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The investigation of neuronal activity in non-human primate models is of critical importance due to their genetic
similarity to human brains. In this study, we tested the feasibility of using photoacoustic imaging for the
detection of cortical and subcortical responses due to peripheral electrical stimulation in a squirrel monkey
model. Photoacoustic computed tomography and photoacoustic microscopy were applied on squirrel monkeys
for real-time deep subcortical imaging and optical-resolution cortical imaging, respectively. The electrically

evoked hemodynamic changes in primary somatosensory cortex, premotor cortices, primary motor cortex, and
underlying subcortical areas were measured. Hemodynamic responses were observed in both cortical and
subcortical brain areas at the cortices during external stimulation, demonstrating the feasibility of photoacoustic
technique for functional imaging of non-human primate brain.

1. Introduction

Non-human primates (NHPs) play a significant role in medical and
scientific advances, especially in brain research. Because of the physi-
ological similarities between humans and NHPs, animal models based
on NHPs can address questions that cannot be addressed using other
species [1]. Development of functional imaging methods that can be
applied to the NHP brain is vital for understanding of brain functions
and has the potential for relevance to a wide range of neurological
conditions such as stroke, Alzheimer’s disease, Parkinson’s disease and
epilepsy [2,3].

Studies using invasive neurophysiological electrical recording tech-
niques in NHPs have provided knowledge about the functional organi-
zation of the primate brain. However, electrical recording using
microelectrodes is quite invasive. Though it can provide good spatial
resolution and depth-resolved information, it is confined to only a
limited expanse of tissue at one time. Hence, electrical recording tech-
niques can only offer limited information in primate-based brain

mapping, and are very difficult to utilize when deep brain functional
information is desired. Subcortical structures located a few centimeters
below the cortex play a pivotal role not only in sensorimotor processing,
but also in cognitive, affective and social functions associated with
various psychiatric disorders including schizophrenia, depression, and
autism spectrum disorders [4]. Currently, it is largely unknown how
abnormalities of specific subcortical nuclei are associated with neuro-
cognitive and socio-functional consequences.

Functional magnetic resonance imaging (fMRI) has been widely used
to detect functional changes simultaneously throughout the entire brain
[5-10]. However, this technique is associated with high cost and limited
temporal and spatial resolution when collecting functional information.
Particularly, for brain research involving awake, behaviorally active
monkeys, the limited temporal resolution of fMRI can be a significant
barrier for obtaining accurate functional information because of motion
artifacts [11-13]. Although human MRI scanner has been applied in
NHP research, significant technical challenges such as motion artifacts
remain to be solved [14,15]. Even with anesthesia, it is not possible to
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completely eliminate the motion artifacts in fMRI due to cardiac and
respiration cycles.

Optical brain imaging can provide complementary information to
other modalities such as microelectrode recordings and fMRI, and pro-
vides a low-cost alternative in many settings [16-23]. Furthermore,
optical imaging can be performed in real time, opening up new oppor-
tunities for studying the functional activation of the brain, and has
accelerated progress in many fields including neuroscience, psychology,
and psychiatry. In studies involving NHPs, optical imaging techniques
have been utilized to visualize functional modules in the cerebral cortex,
and enabled the visualization of functional organization in visual,
auditory, and somatosensory cortical areas [24,25]. Such visualization
is made through monitoring variations in blood oxygenation driven by
functionally specific neural activity and detecting the optical properties
of tissue via either absorption or scattering. However, due to the over-
whelming light scattering in brain tissue, high-resolution optical mi-
croscopy modalities can only monitor the surface of the exposed cortex;
while diffuse optical modalities, although able to access subcortical
brain region, have poor spatial resolution and limited depth
information.

Ultrafast Doppler-based functional ultrasound imaging (fUS) has
recently demonstrated some exciting capabilities of imaging cerebral
blood volume (CBV) in NHPs [26]. However, it can only detect relatively
large blood vessels with a flow speed above a certain detectable level,
while its sensitivity to capillary flow is limited. In addition, blood
oxygenation (sO3), a vital measure of brain function, cannot be assessed
by fUS.

The recently developed photoacoustic (PA) imaging (PAI) modality
provides a unique solution to the above-mentioned barriers in NHP
brain imaging. In contrast to conventional diffuse optical imaging
methods, PAI has the unique capability to represent highly-sensitive
optical information in deep brain tissues with excellent ultrasonic
spatial resolution (better than 300 um) at depths over 3 cm [27,28]. In
previous research, the capability of PAI in mapping the structural and
functional information in small-animal brains and monkey brains has
been extensively studied [29-37]. PAI can quantitatively measure
changes both in blood volume and blood oxygen saturation. The com-
bination of these two measurements can directly assess the metabolic
activities in brain tissues associated with brain functions. A PAI system
has the potential to be mounted on the head of a monkey as a wearable
device, without constraining any motion, to map brain function through
a cranial window, and provide depth-resolved functional information in
deep brain regions such as subcortical areas in real time with high
spatial resolution.

The current study represents our initial results in applying PAI for
real-time deep NHP brain imaging. For the first time, real-time photo-
acoustic computed tomography (PACT) was applied to image the
subcortical region of a squirrel monkey through a cranial window when
a forelimb digit was electrically stimulated. The hemodynamic re-
sponses of both cortical and subcortical brain regions underlying
different cortices were monitored. Recent publication has demonstrated
PACT through an intact human skull [38], where the imaging depth,
however, was limited to the cortical regions. Therefore, NHP with a
cranial window is still a necessary model for brain research and potential
clinical translation. In addition, a photoacoustic microscopy (PAM)
system was also used to detect the hemodynamic response on the
cortical surface. Together, PAM and PACT provide a multi-scale map-
ping of the hemodynamic responses in the squirrel monkey brain during
peripheral electrical stimulation.

2. Material and methods
2.1. Squirrel monkey preparation

Experiments were performed in two adult squirrel monkeys (Saimiri
scuireus) aged approximately 12-15 years old. All procedures were done
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in accordance with protocols approved by the University of Kansas
Institutional Care and Use Committee. All mapping and imaging were
performed in a single procedure while the animal was anesthetized.
Following completion of the data collection, monkeys were humanely
euthanized and processed for post-mortem analysis.

2.1.1. Surgical procedures

Monkeys were initially anesthetized using ketamine (20-30 mg/kg i.
m.) and atropine (0.04-0.07 mg/kg i.m.) and then prepared for surgery
by shaving the head and forelimbs. Monkeys were intubated and gas
anesthesia (70% nitrous oxide/30% oxygen plus 0.5-3% isoflurane to
effect) was introduced and continued for the duration of the cranial
opening. The saphenous vein was catheterized to allow for fluid delivery
(10 ml/kg/hr of lactated Ringers with 3% dextrose). During the mapping
and imaging procedures, ketamine was delivered (10-60 mg/kg/hi.v. in
bolus doses of 2-6 mg, as needed) to maintain a steady anesthetic state.
The head of the monkey was secured in a stereotaxic frame using earbars
(Model 1430 Stereotaxic Frame, Kopf), and penicillin (G benzathine and
G procaine 45,000 IU s.q.) was given. The incision area was infiltrated
with bupivacaine (0.5-1.0 cc) and Mannitol (0.75-2 g/kg i.v.). Once
body temperature and other vital signs were stable, surgery was initi-
ated. The scalp over the right hemisphere was incised and reflected, the
insertion of the temporalis muscle was cut, and a portion of the skull
overlying the somatosensory and motor cortex was removed. The dura
was incised and removed and a plastic cylinder (inner diameter: 2.5 cm)
was affixed to the skull around the opening with dental acrylic.

2.1.2. Motor area mapping

To identify the motor areas of interest (primary motor cortex: M1;
dorsal premotor cortex: PMd; ventral premotor cortex: PMv), we per-
formed standard intracortical microstimulation (ICMS) mapping pro-
cedures [39-41]. A small, clear plastic ruler with 250 pm tick marks was
placed on the surface of the cortex and the chamber was flooded with
warm, sterile silicone oil to keep the surface from desiccating and to ease
electrode insertion. A digital picture of the cortical surface vasculature
was taken through the surgical microscope encompassing the entire
cranial opening. The image was uploaded to a graphics suite (Canvas
GFX Inc., Boston, MA). Distance within the program was calibrated to
the cortical ruler, and a 250 um grid was projected over the vascular
image. Additional layers were added for recording responses to the
microstimulation. A pulled glass micropipette (tapered to 15-20 um o.d.
tip and sharply beveled) filled with 3.5 M NaCl and fitted with a tung-
sten wire served as the microelectrode. It was inserted systematically
into the cortex to a depth of 1750 um + 10 um at grid intersections using
the vascular pattern on the image as a fiducial reference. At each
insertion site, a constant current stimulus isolator (Bak Electronics, Inc.,
Umatilla, FL) was used to inject a stimulus train (13 pulses of 200 ps
duration pseudo-biphasic square waves at 330 Hz) at 1 Hz train intervals
to visually observe evoked motor output. The stimulator was coupled to
an audio amplifier so that stimulation pulse trains and movements could
be visually correlated. Starting at 0 pA, current was ramped up (to a
maximum of 30 pA) until a movement about a joint could be identified
[40]. The movement type was then recorded on the digital image. The
forelimb motor representations for primary and premotor cortex were
mapped at roughly 500 um resolution except at border locations or to
differentiate M1 from PMd where the areas were mapped at 250-350 um
resolution.

2.1.3. Somatosensory area mapping

To derive somatosensory maps in S1, techniques for microelectrode
recording of multiunit neuronal activity were used to define cutaneous
and muscle/joint fields in areas 3a, 3b, and 1/2 [42-44]. The same
digital image that was used to generate motor maps was used to
co-register locations on the surface of the cortex for somatosensory
maps. A 16-channel, single shank Michigan style probe (NeuroNexus
Technologies part no. A1x16-100-703, Ann Arbor, MI) attached to a
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unity-gain headstage and a digitizing amplifier (Tucker-Davis Technol-
ogies, Alachua, FL) was inserted into the somatosensory areas at ~ 1700
pA to span the entire cortical column at each location. Neural signals
were piped to a computer workstation where they were filtered in real
time and sent to an audio amplifier. Using visual analysis of the action
potentials generated on each channel, one was selected based on rate of
activity and the observed signal-to-noise ratio and was used to assess
sensory responses. Minimal cutaneous receptive fields were defined by
determining the skin field over which cortical neurons were driven by
just visible indentation of the skin with a fine glass probe. Deep receptive
fields were defined by high-threshold stimulation and joint manipula-
tion. Two rostral-caudal rows of responses across D1 and D5 brain re-
gions were taken to span from area 3a to area 2. This method allowed
precise identification of borders between the somatosensory areas.

2.2. Peripheral electrical stimulation

To induce a peripheral response for imaging, pairs of 30 ga needle
electrodes were subcutaneously inserted on the medial and lateral as-
pects of digit 2 parallel to the distal phalanges in each hand. These
electrodes were connected to a constant current stimulus isolator (Bak
Electronics, Inc., Umatilla, FL). For each trial, one finger was stimulated
with 200 ps duration monophasic anodal pulses for 20 s at 1 Hz and an
amplitude of either 3 or 8 mA. Current passed from the lateral electrode
to the medial electrode. At these amplitudes, no reflexive movements
correlated to the stimulation were observed.

2.3. Photoacoustic computed tomography (PACT) and photoacoustic
microscopy (PAM) systems

Fig. 1a shows the schematic of the PACT system based on a linear
array for the squirrel monkey brain imaging. An Nd:YAG laser (Surelight
SLIII-10, Continuum, Santa Clara, CA) pumped optical parametric
oscillator (OPO) (SLOPO Plus, Continuum, Santa Clara, CA) was used as
the excitation source, with a pulse duration of 4-6 ns and a pulse
repetition rate of 10 Hz. The laser beam at 797 nm was delivered
through a bifurcated, multimode fiber bundle with fiber tips attached on
both sides of a linear 128-element ultrasonic array (Verasonics L22-14v)
with a central frequency of 15.6 MHz. This wavelength was chosen so
that oxygenated and deoxygenated hemoglobin had the same absorption
coefficients [45]. The maximum light intensity illuminated at the sur-
face of the brain was ~ 20 mJ/cm?, which is below the American Na-
tional Standards Institute (ANSI) limit of 31 mJ/cm? at 797 nm. The
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resulting PA signals were detected by the ultrasonic array, which was
placed vertically above the exposed right hemisphere for images in
coronal view. The PA signals were acquired with a Vantage 128 ultra-
sound research system (Verasonics, Redmond, WA). The PACT imaging
system had an axial resolution of 200 um and a lateral resolution of 400
um within 2 cm imaging depth [46].

For the PAM system (Fig. 1b), the excitation light of 532-nm wave-
length was produced by a Q-switched diode pumped solid state (DPSS)
laser (Elforlight Model SPOT-10-200-532, Bozeman, MT) with a pulse
duration of 1.5 ns and a pulse repetition rate of 10 kHz. The pulse energy
was 50 nJ and was focused by an objective lens (AC127-050-A, Thorlabs,
Inc) onto the surface of the brain with 20 ym in diameter. A self-
programmed Galvo mirror system was used to create a 5 mm x 5 mm
scanning area (256 x 256 pixels). A calibrated needle hydrophone
(HNC1500, ONDA Corp.) was placed near the scanning area to detect
the generated PA signals. The temporal resolution of the PAM system
was 10 s. Both 797 nm wavelength for PACT and 532 nm wavelength for
PAM are isosbestic points, where deoxyhemoglobin and oxyhemoglobin
have the same optical absorption.

2.4. Image reconstruction and signal processing

For each stimulation, 1 min spans (30 s before stimulation, 20 s of
stimulation, and 10 s after stimulation) of monkey brain signals were
acquired with the PACT system and reconstructed using a back-
projection formula [47], resulting in a 600-frame time-lapsed PA
recording. The 1 min PA recording was cross-correlated frame by frame
and corrected for vertical motion induced by breathing of the monkey
[48,49]. The temporal trace at each pixel was extracted from the PA
recording. First, it was detrended by subtracting the linear fitting line of
the pre-stimulation temporal trace to remove the systematic shift from
the detected signal. Then, it was normalized by the root-mean-square of
the signal strength of the original pre-stimulation temporal trace before
subtraction. The resulting temporal trace is referred as the
baseline-subtracted and normalized PA signals (APA/PA). A spatial
moving average of 3 x 3 pixels and a temporal forward-moving average
of 25 frames (2.5 s) were also applied to filter out the noise from random
fluctuations.

For the PAM system, the image was obtained by calculating the
maximum intensity of the received ultrasound waves for each laser
beam from the needle hydrophone. The intensities were calibrated by
the directional response of the hydrophone based on the polar angles
between the scanning points and the orientation of the transducer. The
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Fig. 1. Schematic diagrams of the photoacoustic imaging (PAI) system for squirrel monkeys with peripheral electrical stimulation. (a) Photoacoustic tomography

(PACT) system. (b) Photoacoustic microscopy (PAM) system.



K.-W. Chang et al.

relative hemodynamic change of the PAM system was calculated by
subtracting and dividing the post-stimulation image by the pre-
stimulation image.

2.5. Magnetic resonance imaging (MRI) of the squirrel monkey brain

After the experiments, the squirrel monkey was euthanized, and the
brain was harvested and fixed in 10% neutral buffered formalin (NBF).
Then, MRI was used to co-register PA images with neuroanatomical
locations. The T2-weighted MRI images of the monkey brain were ac-
quired on a 7T Bruker Biospec MRI scanner (Bruker Inc., Billerica, MA)
with turbo spin-echo (Rapid Acquisition with Refocused Echoes, RARE)
based sequences (TR/TE = 2000/90 ms, 4 averages, RARE factor = 8,
matrix = 256 x 256, field of view = 3.30 cm x 3.30 cm, number of
slices = 50, slice thickness = 1 mm).

3. Results
3.1. Real-time PACT of the squirrel monkey brain in vivo

Before the PACT procedure, intracortical microstimulation (ICMS)
was used to map the different cortical regions including the ventral
premotor (PMv) and the dorsal premotor (PMd) cortices, the primary
motor cortex (M1) and the primary somatosensory cortex (S1). During
the experiments with the PACT system (Fig. 1a), the linear ultrasound
transducer was placed at 3 different positions at the right hemisphere as
indicated in Fig. 2a. PA images in coronal view at the level of the pre-
motor cortices (slice 1), primary motor cortex (slice 2) and primary
somatosensory cortex (slice 3) during peripheral electrical stimulation
were then acquired (Fig. 2b-d). The subcortical region was identified on
the T2-weighted MRI images based on the stereotaxic atlas of the
squirrel monkey brain [50]. The identified regions were marked on the
slices, including frontal gyrus (FG), precentral gyrus (PrG), postcentral
gyrus (PoG), inferior parietal cortex (IPC), cauduate nucleus (Ca), in-
ternal capsule (IC), putamen (Put), and thalamus (Th). PA signals were
produced predominantly from hemoglobin, indicating the blood vessel
locations, which are primarily located subcortically beneath each cor-
onal slice. The image obtained for each slice was reconstructed from the
ultrasound transducer oriented vertically to the brain surface, providing
only a single view of the imaging plane within the brain. Therefore, only
vessels with normal orientation to the acoustic axis of the transducer

—_
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could be clearly shown in the reconstructed images. Even though the
structures of the other vessels might not be clear, the increase of their PA
signals could still be reflected as the increase of the image background.

3.2. Temporal traces of electrically-evoked hemodynamic changes of
different regions in cortical and subcortical brain structures

We next analyzed the temporal traces of PA signals in different re-
gions. The temporal traces in each pixel of the temporal images were
subtracted from the baseline (linear regression of the pre-stimulation
phase) and normalized by the original signal strength of the baseline
(the root mean square of the original pre-stimulation temporal trace)
before subtraction, resulting in the baseline-subtracted and normalized
PA signals (APA/PA). To study the difference in responses from different
cortical and subcortical regions, and to consider all of the vessels,
including those with normal and deviated orientations due to the limited
view of the reconstructed images, the temporal traces were averaged for
different regions. The cortical regions included the gyrus regions (FG,
PrG, PoG, IPC) and cerebral white matter, and subcortical regions (Ca,
IC, Put, Th). After 8 mA electrical stimulation on the left index finger,
the underlying tissue at the level of somatosensory cortex yielded strong
hemodynamic changes in cortical areas (gyrus regions and cerebral
white matter), which matched with the publications [51-53]. Though
there were no limb movements of the monkey during stimulation, the
electrical pulses may cause the contraction of limb muscles, and there-
fore activate weak hemodynamic changes in the cortical regions un-
derlying the motor cortex and premotor cortices (20% and 12% weaker,
respectively) (Fig. 3a, c). Due to the optical and acoustic attenuation
through cortical tissues, the responses in subcortical areas underlying
the somatosensory cortex, motor cortex and premotor cortices were
44-64% smaller than that in cortical areas (Fig. 3a, c, e). Stimulation
level also contributed to different levels of response. All 3 cortices
generated weaker (19%-37%) responses for 3 mA stimulation compared
to 8 mA stimulation (Fig. 3b, d, and f).

3.3. Temporal traces of electrically-evoked hemodynamic change of single
vessels in the cortical brain

In each slice, we identified two primary vessels in the white matter
that had the strongest PA signal amplitude, shown in Fig. 4 (marked
from 1 to 6 in Fig. 2b-d). Some vessels were observed to have stronger

4 8
Azimuth (mm)

Azimuth (mm)

Fig. 2. (a) Cerebral cortex regions including premotor cortex (PMd, PMv), primary motor cortex (M1) and primary somatosensory cortex (S1). (b) PACT images of
the right hemisphere at PMd and PMyv, (c) M1 and S1, and corresponding MRI images at each region. The transducer positions for (b-d) are shown in (a). FG: frontal
gyrus, PrG: precentral gyrus, PoG: postcentral gyrus, IPC: inferior parietal cortex, CW: cerebral white matter, Ca: caudate nucleus, IC: internal capsule, Put: putamen,
Th: thalamus. The colormap represents the normalized PA amplitude. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 3. PACT imaging of electrically-evoked hemodynamic change in vivo. The temporal traces of the baseline-subtracted and normalized PA signals (APA/PA) for
cortical, including gyrus (FG, PrG, PoG, IPC) and cerebral white matter (CW), and subcortical (Ca, IC, Put, Th) brain regions at PMd and PMv of the right hemisphere
with electrical stimulation of (a) 8 mA and (b) 3 mA on the left hand index finger. (c, d) The temporal traces of different brain regions at M1 with electrical
stimulation of 8 mA and 3 mA, respectively. (e, f) The temporal traces of different brain regions at S1 with electrical stimulation of 8 mA and 3 mA. The light red,
green, and blue lines indicate the temporal traces with electrical stimulation on the right hand index finger (control). Shaded area represents the time period of the
stimulation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

responses than the regional analysis in Fig. 3, such as vessel 1 and vessel
4 under 8 mA electrical stimulation. Most vessels had similar levels of
responses, but there was almost no response for vessel 3 under 8 mA
electrical stimulation in comparison with the regional analysis of gyrus
regions of slice 2. This indicated that single vessel analysis had potential
to reveal the vessels contributing to the response in the white matter and
higher hemodynamic responses might be obtained. However, not all the
primary vessels (vessels with strong PA signals) contributed to the re-
sponses in the white matter.

3.4. Functional imaging by hemodynamic change during electrical
stimulation

Functional images were obtained by calculating the relative varia-
tions of the averaged signal amplitude in each pixel of the temporal PA
images during stimulation (30-50 s) compared to the averaged signal
amplitude before stimulation (0-30s). Areas with relative variation
greater than 0.5% (average relative variation in control groups) were
marked from yellow to red color on the grayscale PA images, showing
areas with hemodynamic responses during electrical stimulation
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Fig. 4. Temporal traces electrically-evoked hemodynamic changes in single blood vessels in vivo. The temporal traces of the baseline-subtracted and normalized PA
signals (APA/PA) for the two vessels with the highest signal strength at the level of PMd and PMv of the right hemisphere with electrical stimulation of (a) 8 mA and
(b) 3 mA on the left hand index finger. (c, d) The temporal traces of the two strongest vessels at the level of M1 with electrical stimulation of 8 mA and 3 mA,
respectively. (e, f) The temporal traces of the two strongest vessels at the level of S1 with electrical stimulation of 8 mA and 3 mA, respectively. The vessel positions
are shown in Fig. 2. The light red, green and blue lines indicate the temporal traces with electrical stimulation on the right hand index finger (control). Shaded area

represents the time period of the stimulation. (For interpretation of the reference
this article.)

(Fig. 5). Most of the areas with strong hemodynamic change were
located in the white matter, less were in the gyrus regions, and func-
tional changes in the subcortical regions were the weakest. These
functional images showed the pixels of vessels responding to the pe-
ripheral electrical stimulation.

s to color in this figure legend, the reader is referred to the web version of

3.5. Photoacoustic microscopy (PAM) imaging in the primary
somatosensory cortex (S1)

The highly sensitive photoacoustic microscopy (PAM, Fig. 1b) was
utilized to examine S1 shown in Fig. 6a in order to demonstrate the
multiscale potential of photoacoustic imaging technology. The vascu-
lature in the generated PAM image (Fig. 6b) matched with the photo-
graph shown in Fig. 6a except for the bottom left corner where the laser
light was out of focus due to the curved surface of the brain. The relative
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Fig. 5. Functional imaging by electrically-evoked hemodynamic change before and during the stimulation. The regions at the level of PMd and PMv of the right
hemisphere under electrical stimulation (grayscale) of (a) 8 mA and (b) 3 mA with the relative variation of the average signals during the stimulation to the average
signals before the stimulation. (c, d) The regions with the relative variation at the level of M1 with electrical stimulation of 8 mA and 3 mA, respectively. (e, f) The
regions with the normalized variation at the level of S1 with electrical stimulation of 8 mA and 3 mA, respectively. The colormap represents the normalized PA
amplitude and relative amplitude variation, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

PA signal of hemodynamic change was then calculated by subtracting
the PA signal before the electrical stimulation and then normalized. The
relative change with 8 mA electrical stimulation was high at the origin
of the primary vessels and became lower along the microvessels
(Fig. 6¢). Similar to the PACT results, the relative change was much
smaller (74% weaker) with 3 mA electrical stimulation than that with
8 mA electrical stimulation. The results in the above demonstrated that
the electrically-evoked hemodynamic change during the stimulation
could be observed with both PACT and PAM imaging setup. PACT was
able to provide information in deep (~ 16 mm) brain regions with high
temporal resolution (10 Hz). PAM, on the other hand, featured high
resolution vasculature and was more sensitive to the hemodynamic
response.

4. Discussion and conclusion

In summary, we have built a linear-array PACT system for imaging
subcortical regions and a high-resolution PAM system for imaging
cortical areas of the brain of the squirrel monkey. We investigated the
hemodynamic responses of multiple cortical areas to peripheral elec-
trical stimulation by monitoring the changes in blood volume in vessels.
Strong cortical responses were observed in both cortical and subcortical
brain regions within coronal slices at the level of the premotor cortices
under 8 mA electrical stimulation. Temporal profiles of electrically-
evoked hemodynamic responses were characterized in individual

blood vessels several millimeters below the cortical surface. Responses
within coronal slices at the level of primary motor and somatosensory
cortex were also observed, but were weaker. Responses were also
weaker with lower stimulation currents (3 mA). Although the PAM
system has shallow tissue penetration and is not applicable for trans-
cranial imaging in non-human primates, the PAM system demonstrated
better sensitivity and higher resolution to observe the hemodynamic
response to stimulation in the cortical areas. The initial results from the
monkey brain in vivo validated the potential of PAI technique for mul-
tiscale and multi-resolution mapping of brain functions.

The temporal resolution (~ 10s) of the current PAM system is
relatively low. This limitation can be addressed by employing a higher
repetition-rate laser for PA excitation. Though signal detection through
a cranial window is a standard approach in brain research with non-
human primates, if detection with an intact skull is desired for future
application, the skull aberrations in the PACT system could be poten-
tially reduced using excitation laser with longer wavelength (e.g.,
1064 nm) and ultrasound transducer with lower central frequency (e.g.,
1 MHz) to compromise both optical attenuation and acoustic aberration
[38,54]. The imaging depth and resolution can also be improved by
providing multiple views of the brain using the linear array [55]. Besides
using the blood volume of vessels for monitoring hemodynamic changes,
PAI systems utilizing multiple laser wavelengths have the potential for
detecting the change in blood oxygenation (sO3) as another measure of
the cortical response to stimulation [56,57].
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Fig. 6. PAM imaging of electrically-evoked hemodynamic change. (a) Cerebral cortex regions shown on the photograph of the squirrel monkey brain. (b) The PAM
image at S1. The relative change of hemodynamic signals at S1 after electrical stimulation of (c) 8 mA and (d) 3 mA. The colormap represents the normalized relative
PA signal change.
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