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Photoacoustic imaging �PAI� is a noninvasive, nonionizing modality based on the differences in
light absorption of various biological tissues. PAI utilizes the endogenous contrast characteristics of
traditional optical imaging, while benefiting from high spatial resolution of the ultrasound imaging.
A PAI system was developed to reconstruct the two-dimensional cross section image and to visu-
alize the cerebrovascular activities of mouse in vivo. The spatial resolution of the PAI system was
determined to be 0.110 mm by a two-point-source phantom with the Rayleigh criterion. The po-
tential applications of the system were clearly demonstrated by successfully mapping a traumatic
lesion in the mouse brain cerebral cortex, by its ability to monitor physiological changes in the
brain due to carotid ligation and drug stimulation, and two-dimensional sliced images of a traumatic
mouse brain at different depths were also provided. Our experimental results indicate that PAI has
the potential for studying of traumatic brain injury and physiological functions of the
brain. © 2007 American Association of Physicists in Medicine. �DOI: 10.1118/1.2757088�
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I. INTRODUCTION

Cerebrovascular disease occurs when blood vessels supply-
ing the brain with oxygenated blood are damaged. Two pri-
mary pathophysiologic features of cerebrovascular diseases
are the interruption of blood flow to part of the brain and the
rupture of blood vessels, resulting in bleeding in the cerebral
parenchyma. Cerebrovascular disease can cause stroke when
there is a sudden blockage or rupture of a blood vessel within
the brain. If the flow of blood in an artery supplying the brain
is interrupted for longer than a certain period, brain cells can
die, causing permanent damage. Survivors of cerebrovascu-
lar disease often suffer a residual neurologic deficit and re-
quire chronic care.1–3

The brain microvasculature plays an important role in
brain function and metabolism. However, the etiology of
many cerebrovascular diseases is poorly understood. A tech-
nique that would accurately monitor brain blood activities
would be of a great value for studying cerebrovascular dis-
eases. Various methods are being explored for functional im-
aging of cerebrovascular activities, such as single photon
emission computed tomography �SPECT�, positron emission
tomography �PET�, and magnetic resonance imaging �MRI�.
SPECT and PET rely on a family of tracer methods for mea-
suring different physiological quantities such as blood vol-
ume, blood flow, and regional oxygen extraction.4 Functional

MRI, based on blood oxygenation level-dependent �BOLD�
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contrast, can detect changes in hemodynamics. However, the
resolution of these modalities is too poor to satisfy the func-
tional mapping of microvasculature in the cerebral cortex for
basic research. Other shortcomings of the current imaging
modalities are their high cost and large size. Therefore, novel
functional imaging of microvasculature is much needed for
detecting cerebrovascular dysfunction and monitoring the
pathogenic process.

A photoacoustic �PA� signal is the result of photothermal
effects. When biological tissue is irradiated with a laser pulse
of adequate energy, a small temperature rise in the tissue
causes a rapid thermal expansion that leads to the emission
of a thermoelastic sound wave. By detecting the sound wave
on the tissue surface and via signal reconstruction,5–12 pho-
toacoustic imaging �PAI� provides the distribution of ab-
sorbed optical energy density inside the target tissue.13–16 It
has been shown as a powerful tool for visualizing biological
tissues with high optical contrast and high ultrasonic
resolution.17–22 The technique has been used to determine
vessel diameter in rabbits23 and to measure burn depth in
rats.24 Compared with the existing pure optical imaging mo-
dalities such as diffuse optical tomography, optical coherence
tomography, and fluorescence imaging, PAI overcomes the
overwhelming scattering of light in biological tissues by uti-
lizing ultrasonic waves to express the absorbed optical en-
ergy deposit information, thus providing higher spatial reso-
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lution with depth. The available high contrast related to the
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optical properties of biological tissues in visible or near-
infrared �NIR� regions of the electromagnetic spectrum can
be used in determining tissue structures and disorders.

Changes in the optical properties of cerebral tissue are
often caused by variations in cerebral blood flow �volume�,
oxygen consumption, and oxygen saturation, which are often
associated with brain physiology and pathology.26–29 This as-
sociation is the basis for evaluating physiological and func-
tional properties of the brain. Based on the intrinsic optical
absorption of biological tissues, PAI can provide a noninva-
sive method to map and monitor changes in cerebral cortical
vasculature with high contrast and high spatial resolution.
Although it is very difficult to image human brain directly
with PAI at present, the PA imaging of microvasculature in
the mouse brain model can provide more knowledge and
information of cerebrovascular diseases. An article on the
monitoring of cortical neural activities in response to whis-
ker stimulation by the PA technique has been reported.30

In this article, we emphasize the demonstration of PAI
monitoring of different pathology models in the mouse brain.
A PAI system was designed and developed to further study
applying the PA technique for functional brain imaging. The
system was applied to acquire in vivo images of the mouse
brain suffering either a cortical trauma or a carotid artery
occlusion. It was also used to monitor the physiological
changes in the brain caused by drug stimulation. Two-
dimensional slices of a traumatic mouse brain were also ob-
tained.

II. MATERIALS AND METHODS

A. PAI principle and image reconstruction

PA source wave can be generated when optical energy
pulses are delivered to a target tissue. The strength of the PA
source wave is proportional to the locally absorbed energy
density. When optical energy is delivered in a pulse that is
short enough so that thermal diffusion can be ignored, the
resulting PA pressure p�r , t� that reaches a detector at posi-
tion r and time t can be expressed as22,31

p�r,t� =
I0�

4�Cp
� � � d3�r��

�r − r��
A�r��T��t�� , �1�

where � is the isobaric volume expansion coefficient, Cp is
the specific heat, I0 is a factor proportional to the incident
optical energy density, T��t�� denotes the temporal profile of
the light with units of 1 /s, which can be regarded as a Dirac
delta function ��t� for a short laser pulse, and A�r�� is the
absorbed optical energy deposition per unit volume of soft
tissue at position r�.

The PA source wave propagates from its originating re-
gion and can be detected by an ultrasonic transducer or an
array detector. The objective of PAI is to determine the dis-
tribution of absorbed optical energy A�r�� in a target tissue
through a reconstruction algorithm, from a set of measured
PA signals p�r , t�. In the current study, a modified filtered
back-projection algorithm9 developed by our early work is

used to reconstruct the distribution of absorbed optical en-
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ergy density. This algorithm allows the absorbed optical en-
ergy density of a target to be reconstructed by deconvolving
the recorded PA signals from a point source, and without
measuring the impulse response of the transducer. The PA
signals from a point source can be easily obtained by focus-
ing the incident laser on an absorber surface to form a point
source.

B. PAI system for noninvasive imaging of mouse
brain in vivo

The schematic of the PAI system for animal brain imaging
is shown in Fig. 1. An Nd: YAG laser �LS-2134, LOTIS TII,
Belarus� was employed to produce 532 nm laser pulses
�pulse width, 10 ns; repetition rate, 15 Hz� for generating PA
signals. The 532 nm wavelength was selected because of its
prominent high absorption by blood �hemoglobin�. The laser
beam was expanded by a concave lens and then homog-
enized with a ground glass. The light then irradiated onto the
mouse brain and the diameter of the beam is approximately
1.3 cm. The incident energy density on the brain surface was
set at 8 mJ/cm2. A needle hydrophone �Precision Acoustics
Ltd, Dorchester, UK; diameter, 1 mm; sensitivity,
850 nv/Pa; frequency response, 200 KHz to 15 MHz� was
used to receive the PA signals. A custom-built water tank
coupled the PA signals between the hydrophone and the
mouse head. The hydrophone was controlled by a precise
stepper motor to scan circularly around the mouse head in
the horizontal plane �X–Y plane�. To cover a 2� receiving
angle for imaging the mouse brain, a total of 200 steps with
a constant 1.8° interval were taken, where the radius of the
circular scan was about 4 cm. The PA signals acquired from
the hydrophone were amplified and then recorded with a
digital oscilloscope �TDS3032, Tektronix, Beaverton, OR,
USA� at a sampling rate of 500 Msamples/s. At each sam-
pling position, the PA signal was averaged for 64 traces. A
complete circular scan required approximately 15 min. Fi-
nally, the computer acquired all of the amplified and digi-
tized data and reconstructed the distribution of absorbed op-
tical energy density in the imaging plane. The ultrasound
speed is assumed to be exactly 1500 m/s for every PA re-

FIG. 1. PAI system for noninvasive imaging of mouse brain.
constructed image.
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C. Animal model

BALB/c mice �both genders, 25–35 g body weight� were
used for the PAI experiments. Before imaging, the fur over
the skull of mice was shaven and chemically depilated. Gen-
eral anesthesia �i.p. sodium pentobarbital, 40 mg/kg; supple-
mental, 10 mg/kg/h or as necessary� was administered to
keep the mice motionless throughout the experiment.

The anesthetized mouse was placed on a vertical adjust-
able pad with a custom-stereotactic head holder. The mouse
head protruded into the water tank through a hole at the
bottom of the tank under a piece of clear membrane. A thin
layer of ultrasonic coupling gel was applied to the surface of
the animal head to couple the head and the flexible mem-
brane at the bottom of the water tank. A temperature control-
ler was used to keep the temperature of the water at 37 °C.

D. Brain trauma induction

The surface of the head was disinfected with alcohol. A
sterile steel needle with a diameter of 0.3 mm was inserted
into the right cerebral cortex through the skin and the skull to
induce a cortical lesion and cerebral hemorrhage. The brain
was mapped with PAI immediately. A control image of the
brain was acquired before the induction of brain lesions.
Upon completion of the imaging process, the mouse was
sacrificed and an open-skull photograph of the cerebral cor-
tex was taken.

E. Cerebral ischemia induction

The left common carotid artery was exposed through a
small midline incision on the neck, and then was meticu-
lously isolated from the surrounding tissues using microsur-
gical instruments. Finally, it was tightened with an overhand
knot suture to disrupt the blood flow and form the regional
cerebral ischemia.32 The mouse was immediately imaged by
the PAI system. After each experiment, the overhand knot
suture in the mouse was loosened, the incision closed, and
the animal was allowed to recover.

F. Drug stimulation

Acetazolamide �ACZ� is a carbonic anhydrase inhibitor
that increases cerebral blood flow �CBF� and induces dilata-
tion of the cerebral microvasculature,33–35 while leaving ce-
rebral metabolic rate for oxygen unchanged.36 The functional
imaging of blood activities in the mouse brain cortex in re-
sponse to the drug �ACZ� was investigated by the potential
PA technique. The mouse was tube fed with ACZ
�400 mg/kg� via the esophagus. The effects of ACZ in the
mouse could be maintained for up to about 3 h.37 The mouse
was imaged before and after the administration of ACZ. Af-
ter the experiment, the mouse recovered normally without
noticeable health problems.

G. Tomographic images at different depths

To obtain vertical slice tomographic images of a traumatic

mouse brain at different depths, the hydrophone was fixed on
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a translation stage for scanning along the Z axis with a step
size of 1 mm. A cylinder acoustic lens made of polymethyl-
methacrylate �focal length, 1.5 cm� was placed in front of the
needle hydrophone in order to suppress out-of-plane signals
and improve the tomographic ability. At each depth in the Z
axis, the needle hydrophone scanned around the mouse head
in horizontal plane for two-dimensional �2D� cross sectional
imaging.

III. RESULTS

A. Spatial resolution of the PAI system

To evaluate the image resolution of this PAI system, we
imaged two carbon rods �0.7 mm in diameter� fixed in a
phantom �15% gelatin, 12.5% milk, and 74.5% water�, which
was used to simulate the optical properties of human tissue.

FIG. 2. Spatial resolution of the PAI system. �a� PA image of a cross section
of a two-carbon-rods phantom. The two carbon rods �diameter 0.7 mm� are
embedded in the cylindrical phantom at a depth of 2 mm. The center dis-
tance between the two graphite rods is 2.5 mm. The insert at the top-right
corner is the photograph of the phantom. �b� Line profile of the recon-
structed image shown in �a� with y=8.1 mm.
The carbon rods were placed in rotation center and imaged
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with the PAI system. Figure 2�a� shows the PA reconstructed
image of the phantom with two inserted carbon rods. Figure
2�b� is the normalization line profile of the reconstructed
image shown in Fig. 2�a� with y=8.1 mm. The profile in-
cludes two absorption sources. The 40.5%-amplitude line in-
tercepts with the profile at points A, B, C, and D, and it also
intercepts with the centerlines of the two absorption peaks at
points E and F, respectively �Fig. 2�b��. The spatial resolu-
tion of the system is estimated according to the Rayleigh
criterion. The two sources can no longer be clearly distin-
guished when point B touches point C in Fig. 2�b�. There-
fore, the minimum distinguishable distance, R, between the
two sources is approximately R= �EB�+ �CF�−2r, where r is
the radius of the absorption source. From Fig. 2�b�, the R is
measured to be �0.110 mm. The image resolution of the
circular scanning system will deteriorate with an increase in
distance from the center of rotation owing to the aperture
effect. Therefore, the spatial resolution of the imaging sys-
tem in the central area with the diameter of �6 mm is deter-
mined to be �0.110 mm.

B. PAI of normal mouse brain in vivo

A PA image of a mouse brain acquired noninvasively with
the skin and the skull intact is shown in Fig. 3�a�. The PA
reconstructed image corresponds to the cortical surface of the
mouse brain, where the vascular distribution is evidently vi-
sualized. Owing to the different optical absorptions between
blood vessels and the background parenchyma, the major
characteristic tissue structures in mouse brain are clearly dis-
tinguished. The vascular network of the PA reconstructed
image is in excellent agreement with the open-skull anatomi-
cal photograph �Fig. 3�b��. This experiment testified that PAI
has the ability for noninvasively imaging of brain cortical
vasculature.

C. Detection of traumatic brain lesions

The PA images of the mouse cerebral cortex, before and
after the induction of needle-induced lesion, are shown in

FIG. 3. PA images of mouse brain in vivo. �a� Noninvasive image of a mouse
brain acquired using the PAI system with the skin and skull intact. Detailed
brain tissue structures: CB, cerebellum; BV, blood vessel; LH, left hemi-
sphere; LOB, left olfactory lobe; MCA, middle cerebral artery; RH, right
hemisphere; and ROB, right olfactory lobe. �b� Open-skull photograph of
the mouse brain surface acquired postmortem.
Figs. 4�a� and 4�b�, respectively. A region with increased
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optical absorption corresponding to the traumatic lesion re-
gion is clearly shown in Fig. 4�b�. Compared with its ana-
tomical photograph �Fig. 4�c��, the disruption of the vessels
in the right cerebral cortex was unequivocally detected with
PAI and matched well both in position and shape. The im-
ages suggest that PAI can detect not only the intrinsic cere-
bral vasculature, but also the brain hemorrhage caused by
trauma. The brain trauma images from PAI provide the in-
formation on physiological changes in addition to morpho-
logic observation in the brain.

D. Monitoring of brain ischemia

A mouse brain was imaged noninvasively with the PAI
system before and after its left carotid artery was occluded.
On a gray scale, where darker areas represent higher ab-
sorbed optical energy, the images clearly show a diminished
blood volume pattern after carotid artery occlusion. A rect-
angular region in the left cerebral cortex was selected, as
marked with a dotted frame in the images of Figs. 5�a� and
5�b�, corresponding to the anticipated ischemia during the
carotid occlusion. Compared with the preocclusion image in
Fig. 5�a�, the image in Fig. 5�b� represents a clear map of
local ischemic region, where the blood vessels provided a
weak PA signal. The decrease in signal intensity of the blood
vessels within the dotted frame primarily resulted from the
decline of blood flow and blood volume. Hence, amplitude
differences as displayed by the images indicate real changes
in signal strength. The observed fractional change in ab-
sorbed optical energy density, A� /A �A and A� are the optical
absorptions per unit volume before and after artery occlu-

FIG. 4. PA images of traumatic lesion. �a� PA image of the brain before
induction of lesions. �b� PA image of a needle-induced superficial lesion �in
the right cerebral cortex, identified by the arrows� and cerebral hemorrhage
�around the lesion areas� on the mouse brain. �c� Open-skull photograph of
the mouse cerebral surface acquired after the imaging experiment.
sion, respectively, as described in Eq. �1�� in the blood ves-
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sels within the dotted frame was on average reduced by 65%
after the artery occlusion. The images and the regional
changes of the PA signal intensity strongly suggest that brain
blood vessel occlusion can be monitored with the PAI sys-
tem. After the imaging experiment, a phenomenon of hemi-
plegy of the right limbs of the mouse was found after its
recovery from anesthesia. This is consistent with brain func-
tion: The symptoms are usually on the side of the body op-
posite to the side of the brain where the damage has oc-
curred.

E. Response of cortical vessels during drug
stimulation

The PAI system was also used to monitor the brain corti-
cal vessels in response to the changes of CBF due to drug
�ACZ� stimulation. Two subsequent PA images of the corti-
cal vasculature were obtained on the same mouse brain with-
out and during ACZ stimulation �Figs. 6�a� and 6�b�, respec-
tively�. When the ACZ acted on the brain, the dilation of the
major vessel branches could be observed on the PA recon-
structed images. By comparing the two images, it is apparent
that some detailed vascular structures that are difficult to
visualize from the image in Fig. 6�a�, such as the small ves-
sel branches identified by the black arrowheads in the figure,
can be seen clearly during the drug stimulation in Fig. 6�b�.
According to the gray scale, the slightly increased signal
intensity of the blood vessels in Fig. 6�b� likely resulted from
the increase of CBF causing by the ACZ stimulation. More-
over, the diameter changes of the cerebrovasculature can be
observed by visualizing the reconstructed PA images and
analyzing the signal profile. The corresponding PA intensity
profiles along the lines shown in Figs. 6�a� and 6�b� were
evaluated and plotted in Fig. 6�c�. The lines were drawn
through two major blood vessels of interest, with the peaks
likely due to the higher optical absorption of the vessels. The
diameters of the blood vessels were obviously expanded due
to ACZ stimulation and could be estimated from the full
widths at half-maximum �FWHM� of the PA signal profiles.
Using the above method, we measured diameters of different
blood vessels �from 80 to 200 �m� before and during drug

FIG. 5. PA monitoring of cerebrovascular occlusion. �a� PA image of brain
cerebral cortex surface before carotid ligation. �b� PA image of brain cere-
bral cortex surface during carotid artery occlusion. Dotted frame corre-
sponds to the anticipated ischemic region.
stimulation and found the averaged dilation of the vessel

Medical Physics, Vol. 34, No. 8, August 2007
diameters to be 38% ±5% upon drug stimulation. These ex-
perimental results demonstrate the feasibility of PAI to ac-
cess the information of cerebrovascular activities in response
to drug stimulation.

F. Tomographic images of a traumatic mouse brain

The traumatic injury in a mouse brain cortex at different
depths was successfully measured by combining circular
scanning on the X–Y plane with vertical scanning along the
Z axis. PA tomographic slices of optical absorption in the
horizontal cross sections at different depths �layers� are
shown in Figs. 7�a�–7�d�. From the reconstruction image of
0.5 mm depth �Fig. 7�a��, a clear distribution of the superfi-
cial blood vasculature in the cerebral cortex was acquired as
well as the trauma lesion and the accompanying hemorrhage.
The gray scale in all the PA images refers to the same range
of absolute values. Hence, the changes of signal strength as
displayed by the images represented the real absorbed optical
energy deposit, which implied the changes of blood �hemo-
globin� distribution at different depths. Therefore, the images
in Figs. 7�b�–7�d� reflected the interior brain structures un-

FIG. 6. Cerebral hemodynamic changes in response to drug stimulation. �a�
Noninvasive PA image of the vasculature in the superficial layer of the
mouse cortex acquired without drug stimulation. �b� Noninvasive PA image
of the vasculature in the superficial layer of the mouse cortex acquired
during drug �acetazolamide� stimulation with several small blood vessels of
interest identified by arrowheads. �c� Signal intensity profiles along the lines
marked in �a� and �b� �dashed profile corresponds to the dashed line outlined
in �a�, and the solid profile corresponds to the solid line outlined in �b��.
derneath the superficial cortex and the needle-induced lesion
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with sufficient clarity up to a 3.5 mm depth. This result in-
dicates that PAI may used to acquire the depth information of
a lesion.

IV. DISCUSSION

Microvascular imaging technologies may provide a much
needed tool for basic research of the cerebrovascular diseases
and the brain hemodynamics. The absorption coefficient of
whole blood ��100 cm−1 at 532 nm� is much higher than the
average absorption coefficient of gray and white matter of
the brain ��0.56 cm−1 at 532 nm�.38 If the incident optical
energy density and the structure of the absorbing object re-
main unchanged, the intensity of the PA signals produced by
the object is proportional to its optical absorption
coefficient.39–41 PAI with high-resolution mapping of the tis-
sue absorbed optical energy distribution is an excellent tech-
nique for blood distribution in cerebral cortex. Compared to
the former study,30,39 our present results further exploit the
potential new application of the PA technique and demon-
strate the noninvasive detection of traumatic lesions and
monitoring of the cerebrovascular changes due to the exter-
nal physiological interference. It is anticipated that this tech-
nique may be used for studying and diagnosing a number of
diseases and visualizing tumor growth and trauma brain in-
jury rehabilitation in the pathogenic process.

Full-view circular-scan geometry and the modified back-
projection algorithm were employed in our experiments. The
superficial mapping of the absorbed optical energy density in
the brain cerebral cortex can be accurately reconstructed
from the detected PA signals. The spatial resolution of the
PAI system is primarily limited by the bandwidth of the de-
tected PA signals rather than by optical diffusion as in con-
ventional optical imaging. The spatial resolution of the cur-
rent imaging system in the central area �diameter, 6 mm� was
determined to be 0.110 mm �Fig. 2�b��. However, small
movements due to the breathing of the animal may influence
the spatial resolution. Moreover, the homogeneity of the la-
ser beam can be influenced when light penetrates the skin
and the skull; this may also produce unwanted errors when

FIG. 7. PA tomography of mouse brain with a needle-induced lesion. The
different depths: �a� 0.5 mm; �b� 1.5 mm; �c� 2.5 mm; and �d� 3.5 mm from
interpreting the distribution of absorbed optical energy den-
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sity. Understanding and minimizing these problems are cen-
tral parts of our future work to further increase the spatial
resolution of the PAI systems.

Animal models for cerebrovascular diseases, such as trau-
matic brain injury, brain hemorrhage, and acute ischemic
stroke, provide us with knowledge about the causes, diagno-
sis, and therapy of these diseases. In our experiments, the in
vivo imaging of mouse brain structures as well as vascular
distribution is achieved noninvasively, as shown in Fig. 3.
The accurate mapping of the brain lesions and local cerebral
ischemia, as shown in Figs. 4 and 5, demonstrated the clini-
cal potential of PAI. This imaging technique can be ex-
panded to monitor different stages of disease and develop-
mental changes by a series of PA images taken over time,
enabling a more comprehensive description of the pathologic
state of cerebrovascular diseases.

Optical measurement of the brain is desirable due to its
functionality.42–44 Brain physiology and pathology are asso-
ciated with optical properties such as the absorption and scat-
tering of brain tissues.26 Conventional optical modalities for
functional imaging, however, have serious drawbacks due to
the overwhelming scattering of light in biological tissue. The
PA technique, with its unique characteristics, can provide
satisfactory imaging quality on the vasculature of mouse
brain.

The stimulation of cerebral perfusion on the mouse was
performed by ACZ injection, and the images of stimulated
brain were acquired in our experiments, as shown in Fig. 6.
We found that vessel diameter was noticeably dilated com-
pared with that of the control. Thus, this technique can pro-
vide information on blood activities indirectly by monitoring
the changes in vessel diameter. The study of functional
changes in regional CBF is of great significance for diagnos-
tic imaging and therapeutic monitoring. The PAI technique is
likely to make efforts to the study of regional brain activity.

In our study, the circular scan in the X–Y plane in com-
bination with the linear scan along the Z axis constituted a
cylindrical scan around the mouse head. PA signals were
acquired and reconstructed to form the 2D images of mul-
tiple cross sections at different depths, as shown in Fig. 7.

es were reconstructed for horizontal cross sections of the mouse brain at
top surface of the mouse’s head.
imag
The resolution in the X–Y plane is high, but the resolution
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along the Z axis is limited �Figs. 7�b� and 7�d�� and is pri-
marily dependent on the wide acceptance angle and the ele-
ment size along the Z axis of the transducer. Though a cyl-
inder lens was use to select the 2D imaging plane, the
reconstructed images of the mouse brain at different depths
still are superposition images of certain thickness, projected
along the direction of the laser beam onto the observation
cross section. A transducer with built-in cylindrically focused
lens or a 3D reconstruction algorithm can be used to improve
the elevation resolution.

One limitation of this system is the relatively long scan-
ning time. A reduction of the scanning time can be realized
by using a multielement transducer array45,46 instead of a
rotating single-element transducer and by using a laser with a
higher pulse repetition rate. The present imaging depths are
largely limited by the 532 nm laser light delivery. It is prom-
ising for the PA technique to image the neonatal brain when
NIR is applied to help great depths.

Since the brain is highly responsive to changes in the
blood oxygenation level, the application of PAI will be
greatly broadened when multiple wavelengths are employed
to obtain oxygen-dependent imaging, as demonstrated by the
pioneer work.39 PA imaging employing multiple wavelengths
may evaluate hemodynamic changes in the brain such as
hemoglobin concentration and blood oxygen saturation,
which can potentially help quantify the hyperemic and hy-
poxia in the brain. Furthermore, with the use of exogenous
contrast agents,47,48 such as specific agents with capabilities
of targeting tumor cells, PAI can be used for early tumor
detection and molecular imaging.

In summary, we have developed a noninvasive PAI sys-
tem, based on physiology-dependent intrinsic signal changes,
for brain therapeutic monitoring and functional mapping.
Our in vivo imaging results using a mouse model suggest
that PAI can be used for mapping cerebral vasculature and
for monitoring cerebrovascular changes in response to physi-
ological interference. Therefore, the photoacoustic technique
has the potential to be widely applied in neurophysiology,
neuropathology, and neurotherapy.
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