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Photoacoustic imaging as a highly efficient and precise imaging
strategy for the evaluation of brain diseases
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Abstract: Photoacoustic imaging (PAI) is an emerging imaging strategy with a unique combination of rich

optical contrasts, high ultrasound spatial resolution, and deep penetration depth without ionizing radiation.

Taking advantage of the features mentioned above, PAI has been widely applied to preclinical studies in

diverse fields, such as vascular biology, cardiology, neurology, ophthalmology, dermatology, gastroenterology,

and oncology. Among various biomedical applications, photoacoustic brain imaging has great importance

due to the brain’s complex anatomy and the variability of brain disease. In this review, we aimed to introduce

a novel and effective imaging modality for diagnosing brain diseases. Firstly, a brief overview of two

major types of PAI system was provided. Then, PAT’s major preclinical applications in brain diseases were

introduced, including early diagnosis of brain tumors, subtle changes in the chemotherapy response, epileptic

activity and brain injury, foreign body, and brain plaque. Finally, a perspective of the remaining challenges of

PAI was given for future advancements.
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Introduction

Photoacoustic imaging (PAI) is a promising optical imaging
method that has been actively evaluated for translation from
bench-to-bedside (1). In PAI, light pulses excite target subjects,
cause thermal expansion, and then emit acoustic waves,
which are recognized by ultrasound (US) transducer (2).
The acquired signal can be recorded on the computer by
converting US waves into electrical signals. Then, high-
resolution images can be reconstructed employing specific
computer algorithms. The imaging capability of PAI is
further enhanced by the availability of broad choices of

contrast agents.

A wide variety of endogenous chromophores or
exogenous contrast agents can be applied to PAI to
comprehensively reflect physiological and pathological
information and disease stage (3). Especially, endogenous
chromophores including oxyhemoglobin (HbO,) (4),
deoxyhemoglobin (Hb) (5-7), melanin (8), fat (9), water (10),
and nucleic acids (11) possess different optical absorption,
which enables PAI to capture subtle changes in the tissue
micro-environment, such as angiogenesis in the tumor,
lipid accumulation in atherosclerosis (9,12,13), and melanin
deposition in the skin (8). Also, the broad choice of
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Table 1 Comparison between PAI and other imaging modalities in clinical application of brain diseases

| .

nT:ilarl;tgy Resolution  Speed Penetration Price Safety Main clinical application in brain disease

us 30-500 ym sec-min mm-cm + Safe Vascular malformation, venous plaque

CT 20-200 ym min No limit ++ lonizing radiation Brain atrophy, cerebral hemorrhage, cerebral infarction, tumor

MRI 25-100 pm min-hour No limit +++ Strong magnetic  Brain atrophy, cerebral hemorrhage, cerebral infarction, tumor

field

PET 1-2 mm sec-min  No limit ++++ lonizing radiation Depression, Parkinson’s disease, Alzheimer’s disease and
brain tumors

SPECT 0.3-1mm  sec-min  No limit +++ lonizing radiation Epilepsy, migraine, Parkinson’s disease, Alzheimer’s disease

PAI 10-500 pm sec-min  mm-cm + Safe Brain tumor, epilepsy, cerebrovascular disease, Amyloid
cerebrovascular disease

FL 3-5mm sec-min  1-2 cm + Safe Cerebral apoplexy, brain tumor

PAI, photoacoustic imaging; US, ultrasound; CT, computed tomography; MRI, magnetic resonance imaging; PET, positron emission
tomography; SPECT, single photon emission computed tomography; FL, fluorescence imaging.

exogenous contrasts for PAI, including organic dyes (14-16),
nanoparticles (17-21), and reporter genes (22-24), plays a
unique and valuable role in the detection of various diseases.

Consequently, endogenous and exogenous agents are of
great importance as a supplement of PAIL In comparison
with other traditional biomedical imaging modalities, PAI
possesses several unique advantages: (I) In contrast with
X-ray, computed tomography (CT), and positron emission
tomography (PET), PAI does not employ ionizing radiation.
(II) PAT has a superior spatial resolution in biological tissues
compared to US imaging (25). (IIT) PAI requires less time
for detection than magnetic resonance imaging (MRI).
(IV) Compared with fluorescence imaging (FLI), PAI
possesses better molecular sensitivity (26,27). These unique
advantages allow PAI to play an increasingly critical role in
both preclinical research and promising clinical practice.
Table 1 summarizes further specific differences between PAI
and other imaging methods.

The brain is the most complex organ in the human body.
It controls our feeling, action, memory, and thoughts. The
forebrain, midbrain, and hindbrain are the three major
divisions of the brain, and these structures have a multitude
of functions. The forebrain is responsible for motor control,
relaying sensory information, and controlling autonomic
functions. The midbrain is involved in auditory and visual
responses as well as motor functions. The hindbrain helps
maintain balance, movement coordination, the conduction
of sensory information, and control such autonomic
functions as breathing, heart rate, and digestion. Brain
disease tends to affect the functions of the human body
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severely.

Moreover, as the most sensitive and vital organ in the
body, the brain is susceptible to any kind of infection and
other disorders of varying intensity, such as traumatic
brain injury, brain tumor, epilepsy, alcoholism, amnesia,
altitude sickness, and autism, among others. Each of the
abovementioned conditions adversely affects the functions
of the brain. Therefore, it is a matter of urgency to develop
a novel and efficient imaging approach superior to other
imaging methods for the early diagnosis of brain diseases.
This review focused on PAI as a robust research tool and
medical method for diagnosing brain disease. The use of
PA images can provide valuable information about brain
diseases and enhance other mainstream imaging methods’
findings. Further exploration may lead to the discovery of
more useful applications for PAI in the biomedical field.

Representative PAI systems

For a better understanding of the PA devices, this section
presents a brief overview of photoacoustic systems. There are
two major types of PAI systems; one is based on photoacoustic
microscopy (PAM), and the other is based on photoacoustic
computed tomography (PACT). The PAM is designed
for high-resolution (1-50 pm) imaging over a shallow
depth, while PACT is targeted at deeper imaging depth
with a compromised spatial resolution (50-200 pm) (25).
Tissues at a depth of millimeters can be imaged using
PAM with micrometer-scale resolution, whereas PACT
can be used to image tissues at a depth of centimeters with
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Figure 1 Schematic diagram of the device. (A) Schematic representation of AR-PAM system, OR-PAM system, and their photoacoustic

images (39); (B) Three categories: circular, spherical, and planar geometry transducers of the PACT imaging system and their photoacoustic

images (40-43). AR-PAM, acoustic-resolution photoacoustic microscopy; OR-PAM, optical-resolution photoacoustic microscopy; PACT,

photoacoustic computed tomography.

half millimeter-scale resolution (28,29). Therefore, PAM
is capable of real-time single-organelle and single-cell
imaging and is sensitive enough to capture subtle changes of
disease microenvironments, including nutrition supplying
capillaries, drug pharmacokinetics, and local acidity (30-32).
There is a preference for PACT for macroscopic imaging
such as organs, the whole-body, and so on (33,34).

Principle of PAM

In PAM, both the optical excitation and ultrasound detection
are focused, and the dual focuses are usually configured con-
focally to maximize sensitivity. Depending on whether the
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optical or US focus is finer, PAM is further classified into
optical-resolution PAM (OR-PAM) and acoustic-resolution
PAM (AR-PAM) (35-39). In OR-PAM, the optical focus is
tighter than the acoustic focus, which provides the system
optically defined lateral resolution. Owing to its high spatial
resolution, OR-PAM has promoted technology advances
to millisecond timescales and sub-micron length scales.
In AR-PAM, the acoustic focus is smaller than the optical
focus. Because the acoustically defined lateral resolution is
not affected by optical scattering, AR-PAM could attain a
deep imaging depth beyond the diffusion limit. Schematic
representations of the AR-PAM system, OR-PAM system, and
their photoacoustic images are exhibited in Figure 14 (39).
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Principle of PACT

The PACT systems usually utilize a bright-field laser beam
to illuminate a relatively large region of interest (ROI) (44).
Photoacoustic signals are detected by unfocused or focused
US transducers. Then, high resolution images can be
reconstructed based on inverse algorithms such as back
projection or time-reversed algorithms (45,46). According
to the anatomy of the target sample, commonly configured
US transducers can be divided into three categories: circular
(47,48), spherical (49), and planar geometry (50). These
transducers have been implemented for imaging in both small-
animals and humans (40-43), and are shown in Figure 1B.

Circular-array PACT is designed to accommodate
around objects, such as the brain, a peripheral joint, and
even a small animal’s whole body. The ROI is encircled by
the array to detect PA waves propagating along with all in-
plane directions, unlike partial-view detection in linear-
array PACT. Full-view detection provides high-quality
images without any boundaries being missed (40).

The hemispherical PAI system is an emerging, powerful,
and non-invasive imaging mode in vivo. Owing to the
unique bowl configuration, 128 flat transducers located on
the surface of a bowl can collect photoacoustic signals from
as many solid angles as possible. The 128 channel parallel
data-acquisition system can acquire a volumetric image
within 6 s. Meanwhile, the laser’s optical intensity is 1-2
orders of magnitude lower than the maximum permissible
exposure, which guarantees its safety of use on living
subjects (41,42).

Planar array-based PACT can be implemented by
taking advantage of commercial linear acoustic transducer
arrays (43). Because of their cost-effectiveness, hand-held
probes, and co-registered PA/US imaging characterization,
the linear scanner arrays have been widely applied in PACT
with much higher clinical availability than circular or
spherical detectors.

PAI of brain disease
Brain tumors

Brain tumors have caused significant mortality throughout
the world. Brain tumors may cause different symptoms
depending on the location of diverse functional regions.
Hence, the early diagnosis and effective therapy of brain
tumors are of great significance for effective treatment.
Owing to the brain’s unique anatomical structure, surgical
therapy is the predominant method of brain tumor therapy.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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The completeness of surgical resection is a key factor in
the prognosis of patients with brain tumors. However,
the surgeon often encounters several challenges during
the operation, including irregular and indistinct tumor
margins and tumor growth adjacent to or invading crucial
neurological structures. A wide variety of techniques have
been investigated to visualize tumor margins better. For
example, in preoperative MRI guided resection surgery, the
MR images determine the tumor’s macroscopic outline (51).

Moreover, intraoperative MRI usually requires the use
of gadolinium, which has a short blood half-life; therefore,
repeated injections and high dosages are often required that
may result in inaccuracies (52). Brain tumor detection based
on PAI breaks through these limits by taking advantage of
diffusing photons and weak acoustic scattering (53). The
device can be utilized to perform in vivo imaging before
and during operation. Moreover, PAI can be used in the
clinical diagnosis and treatment of brain tumors combined
with other medical methods (54). For example, exogenous
contrast agents like nanoparticles can be employed
in vivo imaging for obvious and effective results (55).
Also, PAI can be used together with other traditional
medical methods, allowing for a more comprehensive brain
tumor characterization. As shown in Figure 2, the tumor
angiogenesis images (Figure 24) were obtained by PACT
after the injection of contrast agents (56). The shape and
position of a brain tumor are shown in a photoacoustic
image enhanced by nanoparticles’ injection in Figure 2B (57).
Figure 2C reveals the blood vessels (532 nm, red) and the
nanoparticles accumulating in brain tumor tissue (680
nm, green) in PA images captures after a tail vein injection
of contrast agents (58). Figure 2D shows an in vivo PAI
of tumor-bearing mice at different time points following
intravenous nanoparticle injection, which was monitored by
the photoacoustic system (59). The photoacoustic images
showed the contrast enhancement of nanoparticles in the
tumor site. Before the injection of nanoparticles, a weak
photoacoustic signal was observed in the tumor’s upper
skin region, which indicated an endogenous photoacoustic
signal from hemoglobin in the blood vessels. Following the
injection of nanoparticles, the photoacoustic signal at the
tumor site increased over time. The photoacoustic signal
at the injection site peaks at 4, 12, or 24 h, depending on
nanoparticles’ property, which suggests highly efficient
tumor retention and a sensitive photoacoustic contrast of
nanoparticles.

Advances in mechanical engineering have allowed the
integration of photoacoustic devices with other traditional
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Figure 2 In vivo PAI of brain tumor. (A) PAI of tumor vessels prior to, 1 min after, and 48 h after laser irradiation. Red arrow denotes

vascular tortuosity (56), Scale bar: 100 pm; (B) PAI of brain tumor region before, and after 24 h, of injection of nanoparticles showing blood

vessels (gray) and brain tumor (green tumor) (57); (C) Representative PAI of brain tumor region before, and 12 h after, tail vein injection of

contrast agents showing blood vessels (532 nm, red) and the nanoparticles accumulate in the brain tumor tissue (680 nm, green) (58); (D) In

vivo PAI of tumor-bearing mice at a different time points after intravenous injection of nanoparticles (59). PAI, photoacoustic imaging.

imaging methods. Kircher et #/. developed a unique
triple-modality MRI-PAI-Raman imaging nanoparticle
(termed here MPR nanoparticles), that was detected by
all three modalities, to accurately delineate the margins
of brain tumors in living mice both preoperatively and
intraoperatively (2). They injected MPRs in tumor-
bearing mice through the tail vein and performed PAI
After injecting MPRs into tumor-bearing mice, the tumor
accumulates and retains nanoparticles, which accurately
delineates the brain tumor margins. In addition to coupling
with MRI, the PA technique can also complement US
devices. With the help of exogenous contrast agents, the
AR-PAM system collects the PA and US dual-modality
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images of the tumor’s cross-section synchronously
(Figure 3) (60). The US images show the skin and skull
margins, and the PAI visualizes the tumor boundaries and
confirms the tumor site.

Epileptic seizure

Epilepsy is the most common serious brain disorder,
affecting 1% of the population worldwide (61). The
population and shape of involved epileptic neurons vary
along with the time and course of each epileptic event
within a very short period (62). The imaging device’s
high temporal resolution facilitates finding the complete
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Figure 3 Multi-modality photoacoustic imaging of brain tumors. US images (grey) and B-scan photoacoustic images (green) of the brain

tumor before and after nanoparticles injection (60). US, ultrasound.

mapping of epilepsy networks and the best opportunity for
this is before and during epilepsy surgery. Current clinical,
functional imaging methods, such as functional MRI,
PET, and single-photon emission computed tomography
(SPECT), are limited by their low temporal resolution in
documenting such paroxysmal epileptiform events (63,64).
Since epileptic signal often appears for a very short time
window, some patients with a subtle structural abnormality
or functional abnormalities remain undetected with these
imaging modalities, including MRI, PET, and SPECT. The
PAM is an innovation in functional imaging that provides
functional data such as the oxygen saturation of red blood
cells in the microvasculature. Therefore, the PAM is a
technology expected to have great utility in the diagnosis
of epilepsy events. To the best of our knowledge, two forms
of PA signals can be captured to detect epileptic seizures
(65-71). The first is a PAI obtained by PAM (65-68), and
the second is a PA signal curve captures by PA sensor
technology (69-71).

A real-time three-dimensional (3D) PAI system was
developed by Wang et al. for epilepsy imaging in small
animals. It can record a complete set of 3D data, and the
spatial resolution is about 0.2 mm (65). Also, phantom
experiments were conducted to demonstrate the system’s

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

high imaging quality and real-time imaging ability. The
induced seizure’s focus area was successfully detected using
this system on an acute epilepsy rat model: a set of PAI
recovered from the data obtained at 6 time points after
the bicuculline methiodide (BMI) injection (66). Another
scientist observed a direct association of de-oxygenation
at a wavelength of 755 nm with a significant optical
absorption change (67); the area of focus increases in size
over time, corresponding to an increase in the amplitude of
the electroencephalography (EEG) spikes. Moreover, the
PAM device captures the small blood vessels’ vasodilatation
caused by epileptic seizures (68).

On the other hand, PA sensor technology can detect
the PA signal curve in epileptiform events. Hemodynamic
changes are closely related to seizures. Accordingly, Wang
et al. developed a portable device that integrates PA sensor
technology with EEG to simultaneously record blood flow
dynamics and total hemoglobin inside a single capillary (69).
Changes in the PA signal present local field potential
changes during BMI-induced localized and generalized
seizure onsets. Our group has also explored the average
PA signals of the superior sagittal sinus (SSS) and their
comparison with the EEG signal (70). Herein, all the
acquired results were following the results of EEG.
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Compared with other existing functional neuroimaging
tools, the method proposed here enables reliable tracking
of hemodynamic signals with both high spatial and high
temporal resolution in 3D, making it more suitable for the
neurovascular coupling study of epilepsy.

Acute brain injury

Worldwide, acute brain injury is the leading cause of
disability in people <40 years old, severely disabling
150-200 people per million each year (72-74). Brain
injury may stretch, twist, tear nerve, blood vessels, and
other brain tissues, resulting in damaged nerve pathways
or causing bleeding and edema. Intracranial hemorrhage
and brain edema increase the contents of the cranial cavity
and intracranial pressure, which further destroys brain
tissue. Increased intracranial pressure pushes the brain
downward, forcing the upper brain tissue and brainstem
into the associated foramen and causing a cerebral hernia.
In cerebral hernia, the cerebellum and brainstem can be
shifted from the foramen of the skull base to the spinal
cord. Brain hernia is often fatal because the brain stem
plays an important role in maintaining breathing and
heartbeat (75,76). Brain injury often leads to different
degrees of permanent dysfunction, mainly depending on the
inducement and location of brain injury, such as spinal cord
injury (77), traumatic brain injury (TBI) (78), inflammatory
injury (79), brain injury and rehabilitation (80), and stroke
injury (81). Different brain damage regions can cause
different symptoms, including motor, sensory, verbal, visual,
auditory abnormalities, memory, and sleep disturbance (82-
84). Therefore, the brain injury location, vascular damage,
and bleeding are very important for assessing the disease,
the condition, and the expected treatment. It is meant to
work towards detecting brain injury using the PAI technique
on account of its nondestructive anatomical characteristics
and function of high-contrast high-resolution imaging of
hemoglobin.

Wau et al. have developed a PAI device with 1,730 nm
excitation to assess white matter (WM) loss after a contusive
spinal cord injury (SCI) in adult rats (77). Using this device
in our current study, we were able to acquire B-scan PAI
and the 3D PAI of normal spinal cord tissue and contusive
injured tissue with or without treatment, suggesting that
bond-selective PAI is a valuable tool to assess the progression
of WM pathology after SCI as well as neuroprotective
therapeutics in a label-free manner. Moreover, PAI can
track the brain of mice with congestion and vascular
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damage caused by cortical damage, and the monitoring
results are shown in Figure 44 (78). A series of PA
detection and reconstruction images (from day 1 to day 7)
showed that the intensity of the PA signal of the brain
injury hematoma and the extent of the blood clot section
was gradually diminished and narrowed over time. By day
9, the intracerebral hematoma could hardly be displayed by
PAI On the 11th day following the injury, PAI found that
congestion had disappeared, and cortex surface tissue was
healed, and the previously destroyed cortical vessels could
now be displayed. At this time, the anatomical section of
the dissected mice’s brains was consistent with the PAIL
Most interestingly, scientists have explored the possibility
of assessing resting-state functional connectivity using
photoacoustic tomography (PAT) imaging in immature rat
pups (79). In Figure 4B, locoregional cortical saturation
(SO,) showed a significant decrease in the LPS group
compared to the NaCl group in the left cortex, which
determines the impact of inflammation on the corpus
callosum the cortex, both of which are known to be affected
by inflammation.

Similarly, Li et al. employed fast PACT, with both skull
and scalp intact, to monitor the mouse brain’s damaged
region and its recovery (80). As shown in Figure 4C, the
damage location and the bleeding area’s size change can
be visualized at different time points. Both CT and MR
images of the brain were acquired to confirm the injury.
These findings showed that PACT enabled monitoring of
the damaged vasculature with resulting hemorrhage and
the rehabilitation process accompanied by the blood clot’s
resolution.

Chemotherapy response

There is no doubt that capturing subtle changes in the
chemotherapy response is essential to assess tumor behavior,
forecast the treatment response, adjust the therapy strategy
if necessary, and maximize the therapeutic effect. Tumor
vessel supply increases the transport of oxygen and other
factors to cancer cells and expedites tumor growth and
metastasis, which are the key criteria of disease aggression
or inhibition (85,86). The level of tumor neovascularization
is a superb criterion to evaluate metastatic potential and
monitor chemotherapy’s response. Noninvasive imaging
techniques are imperative for early cancer detection
and prediction of chemotherapeutic efficacy on tumors.
However, most standard imaging techniques like MRI,
PET, and others provide only morphological tumor
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Figure 4 (A) Continuous monitoring imaging of the recovery process of photoacoustic brain injury (78); (B) Group averaged SO, weighted

PAI for NaCl (controls) and LPS group (79); (C) Photoacoustic images of the mouse brain at predetermined time intervals of injury after

3min, 1,3,5,7,9,11, 13, and 15 days, respectively (80). PAI, photoacoustic imaging; LPS, lipopolysaccharide.

information such as density, size, and shape (87-89).

A sensitive and resolution-scalable PAM system with
theranostic nanoformulation was developed to monitor the
therapy response noninvasively promptly (Figure 5) (90).
The PAI of the tumors receiving chemotherapy by the
conventional PACT system and the PAM system is shown
in Figure 5A,B. The former shows that the PA signal in
the tumor region decreased slightly on day 8. The latter

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

results clearly show that the angiogenic vessels were greatly
suppressed on day 4, indicating the early-stage monitoring
ability. The PAI system is capable of early-stage and
sensitive detection of tumor angiogenesis. This prognosis
method might potentially spare patients from suffering
unnecessarily through an efficient chemotherapy course,
switch to a new treatment course if necessary, and ultimately
impact the survival rate.
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Figure 5 PAI of the tumor receiving chemotherapy by the conventional PACT system (A) and the PAM system (B), Scale bar =1 mm

(90). The arrows indicated the tumor vasculature of the tumor receiving chemotherapy. PAI, photoacoustic imaging; PAM, photoacoustic

microscopy; PACT, photoacoustic computed tomography.

Foreign body

Foreign bodies are frequently encountered in medical
imaging and range from intentionally placed objects, such
as medical devices and surgical hardware, to debris from
accidents and injuries and a wide variety of swallowed
items. Various foreign bodies are well visualized with
radiography, US, MRI, or other imaging modalities (91-94),
and once detected, are often easily treated or even resolve
spontaneously. Occasionally, however, foreign bodies go
undetected and can have serious consequences. Untreated
foreign bodies can cause various complications, including
obstruction and perforation, nerve injury, chronic pain,
abscesses, draining sinuses, and life-threatening infection (95).
Delayed diagnosis can result in cellulitis and deep-tissue
infections such as necrotizing fasciitis (96). Therefore, it is
urgent to develop a noninvasive and feasible new imaging
method based on the difference of optical absorption
distribution for clinical detection of cerebral foreign bodies.

To demonstrate the PAI technique’s ability to detect
foreign bodies and traumatic lesions, a mouse brain cortex
with two inserted small copper wires was imaged in vivo by
our PAI system (76). Cortical vascular destruction and the
abnormal display (black arrowhead, Figure 64) indicated
brain damage induced by the inserted metal wires. The
reconstructed PAI provided the distribution of both the
brain cortical vasculature and the inserted metal wires.
To determine PAI accuracy, the mice with inserted wires
were also subjected to digital X-ray imaging (Figure 6B).

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Furthermore, a whole view of the cortical vessels, the skull,
and the metal wires was displayed by a superposition image
(Figure 6C) recombined from the X-ray image and the PAI

The modality PAI can be used for nondestructive
imaging and localizing detection of foreign bodies in tissues
and provides a noninvasive and feasible novel imaging
method based on the difference of optical absorption
distribution for clinical detection of brain foreign bodies.
Further research may shed light on the current medical
blind spot that low-density foreign bodies cannot be
detected by X-ray.

Brain plaque

Cerebral amyloid angiopathy (CAA) occurs in most patients
with Alzheimer’s disease (AD) (97). The disorder that is
AD is characterized by amyloid beta (AB) deposition in the
walls of leptomeningeal arteries, cortical arteries, and veins
in the brain (98). Considering that AR deposits can occur
simultaneously or separately in both blood vessel walls and
brain parenchyma (99), it is critical to developing a precise
strategy to map the abnormality for further pinpointing CAA
in vivo. However, the brain’s grey and white matter are highly
scattering and absorbing media and pose a great challenge for
deep brain imaging (100); incident light is mainly attenuated
by the cranium, which greatly limits the application of FLI for
locating the plaque. Unlike FLI, PAI can ultrasonically break
the strong optical scattering and simultaneously retain a high
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Figure 6 Metal foreign body detection in the brain by PAI. (A) photoacoustic image acquired with two small copper wires inserted in the

mouse brain; (B) X-ray images corresponding to (A); (C) Recombined image with both (A) and (B) (78). The copper wires are identified by

the arrows. PAI, photoacoustic imaging.
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Figure 7 PAI of brain plaque in mouse brain. (A) Photoacoustic maximum amplitude projection images recorded for Tg mice after an

injection of contrast agents at different time points; the yellow arrows indicated the brain plaque in blood vessels of mouse. (B) Photoacoustic

signal enhancement in mice brains of T'g (101). PAI, photoacoustic imaging;. T'g, transgenic.

penetration depth and spatial resolution.

For the first time, Li et a/. have reported the evaluation of
a specific PAI probe without antibody-labeling for A plaque-
targeting imaging in a transgenic (T'g) mouse model (101).
The PAI of the mice’s brains is illustrated in Figure 7 at
different time points after injection with the contrast agent.
With the PAI results, the organic dye’s PA signal displays
an outstanding improvement in brain blood vessels in the

Tg group, suggesting high AP fiber accumulation. We

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

also performed differential PAI by subtracting the agent
injection’s raw PAIs from the PAls at different time points
to highlight the brain region further. As shown in Figure 7,
significantly enhanced the PAI contrast of the sagittal
sinus was observed by comparing the PA signals before
and 4 h after injection. This may relate to brain plaque
and the gradual accumulation of the dye in brain blood
vessels. The PA signals of brain vessels from the Tg group
decreased after 8 h, which referred to small molecular dyes’
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Figure 8 MSOT images for the brains of three MCAO mice (left to right) with corresponding HE stained cryosections for each mouse

(bottom; per mouse). From top down: Pre-, during, and 24 h post-ischemia. Data for deoxygenated hemoglobin are presented in blue (108).

MSOT, multispectral optoacoustic tomography; MCAO, middle cerebral artery occlusion; HE, hematoxylin and eosin.

metabolism. Our results demonstrated that PAI is capable
of detecting brain plaque on cortical vessels.

Brain stroke

A stroke occurs when the blood supply to part of the brain
is interrupted or reduced, preventing brain tissue from
getting oxygen and nutrients. In the absence of oxygen and
nutrients, brain cells necrotize in minutes. As a medical
emergency, stroke can be devastating to individuals and their
families. Stroke is the most common cause of adult disability,
and over the past two decades, stroke has emerged as the
second most common cause of death worldwide (102,103).
Therefore, early diagnosis and prompt treatment are crucial
to reduce potential brain damage and other complications.
It is essential to develop a long-term functional imaging
method to monitor the progression of stroke. The sensitivity
for hemoglobin and the non-invasive nature of PAI makes
it possible to apply to brain imaging. Ovsepian ez 4/. have
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developed the latest progress in photoacoustic neuroimaging
(104-107). The use of PAI in stroke has also drawn the
scientific community’s attention (108,109).

Kneipp et al. (108) investigated the applicability of real-
time multispectral optoacoustic tomography (MSOT) for
the monitoring of stroke progression following middle
cerebral artery occlusion (MCAO) in the whole brain of
live mice. As displayed in Figure §, MSOT could monitor
the deoxygenated hemoglobin distribution in several mice.
Compared with the pre-ischemic stage, the images attained
during, and 24 h post-ischemia show clear asymmetry in
the vicinity of the infarcted regions that corresponded well
with the histological sections. Histological findings further
confirmed that the size of the hemoglobin asymmetry area
and the associated signal strength, as revealed in the in vivo
optoacsoustic scans, were closely related to the infarct. In
this study, MSOT could detect an adjacent localized region
with hemodynamic disturbance characteristics that reflect
the ischemic penumbra. The unique capacity of MSOT to
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Table 2 Summary of the modality of PAI
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Types Modality Disease Application

Ref

Single-modality PACT

Brain metabolism, tumor, epilepsy, chemotherapy response et al. (4,7,33,40,43,44,46,50,65-67,78)

PAM Oxygen-metabolic, human lymphnodes, chemotherapy response, (6,8,9,31,32,34,37-

myocardial infarction et al.

Multi-modality =~ PACT, MRI, Raman Tumor
PACT, MR, FL Intracranial glioblastoma
PACT, MRI, CT Tumor
PACT, OCT Epilepsy
PACT, EEG Epilepsy
PACT, US Lymph nodes
PAM, PET Brain Plaque

39,41,42,53,79,90,108)
@

(54)

(59)

(1)

(68-70)

(60)

(101)

PAI, photoacoustic imaging; PACT, photoacoustic computed tomography; PAM, photoacoustic microscopy; US, ultrasound; CT, computed
tomography; MRI, magnetic resonance imaging; FL, fluorescence imaging; PET, positron emission tomography; OCT, optical coherence

tomography; EEG, electroencephalogram.

monitor the hemoglobin level without introducing contrast
agents demonstrates the further potential for use in the
investigation of acute stroke. It may become a valuable and
unique tool for functional stroke studies.

Discussion and outlook

Low temporal resolution, imperfect image contrast, ionizing
radiation, high cost, and extended time requirements are the
main limitations of conventional brain imaging techniques.
The development of effective imaging approaches for the
diagnosis of brain diseases is sought to circumvent these
limitations. More innovative medical imaging approaches
are required for brain imaging, mainly due to the brain’s
special anatomic structure and important physiological
functions in the human body. As an innovative imaging
modality, PAI has become a prevailing imaging technique
by capitalizing on non-ionizing irradiation (110,111). Based
on thermoelastic expansion and acoustic wave propagation,
PAI has a high spatial resolution of US imaging and deep
penetration of optical imaging in biological tissues. Also, PA
brain imaging has been greatly improved by customized and
well-selected contrast agents.

This review introduced two mainstream PA devices that
enable visualization from anatomical diseases to functional
disorders. With PAM’s powerful imaging capacity in
microscopic biological structures and PACT in macroscopic
structures, PAI has a wide range of preclinical applications
in biology and medicine. This review also discussed and
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summarized PAM and PACT’s preclinical application in
brain disease diagnosis (7able 2). We conclude that PAI can
be applied as a single-modality or integral part of a multi-
modality approach to diagnose brain diseases, including
brain tumors, chemotherapy response, injury, foreign body,
and brain plaques. The PAI can precisely capture subtle
changes in the pathophysiological procedures of brain
diseases such as behavior-related neurology, hemodynamic
activities, localized seizure onsets, and white matter (WM)
loss, which provides disease information at an early stage.
Besides, specific PAI probes also promote PAI’s specificity
and efficiency; for instance, the tumor-targeted and AB
plaque targeted imaging.

While exciting breakthroughs have been achieved, the
development of PAI in brain disease remains challenging. The
research and development of key techniques in the PA device
and the selection of contrast agents for deep brain imaging are
two barriers that restrict PAls further clinical translation. On
the one hand, PAI in practical operation suffers from technical
obstacles such as motion artifacts, inaccurate algorithms, and
slow imaging speed. The precise design of PAI needs further
improvement by instrument engineers. Additionally, PA
systems are relatively bulky and cannot move freely.

Moreover, the current software operation technique is
complicated and needs to be simplified into a user-friendly
system. On the other hand, efficiency and biosafety should
be concurrently taken into account when selecting contrast
agents is conducted. So far, only a few contrast agents
have been clinically approved. For example, the clinically
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approved iron oxide nanoparticles are not easily applied for
deep-brain imaging due to weak absorption in the red or
the near infrared reflectance (NIR) region. As for biosafety,
the potential toxicity of contrast agents has not yet been
fully elucidated. When used for a prolonged period, the rate
of accumulation of contrast agents in the liver and spleen is
also a very poorly understood area.

Nevertheless, there is still a long way to go before PAI
can be widely applied in brain diseases’ clinical diagnosis.
Only clinical research on breast cancers and subcutaneous
lymph nodes of humans by PAI has been reported (112,113).
In the future, the rapid development of nanotechnology and
the promotion of PA devices will aid the advancement of
photoacoustic molecular imaging, facilitate the preclinical
investigation of biological processes in living subjects, and
push the PAI modality towards clinical translation.
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