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ABSTRACT

We present an ischemic stroke study using our newly-developed PAUSAT system that integrates photoacoustic
computed tomography (PACT), high-frequency ultrasound imaging, and acoustic angiographic tomography.
PAUSAT is capable of three-dimensional (3D) imaging of the brain morphology, blood perfusion, and blood
oxygenation. Using PAUSAT, we studied the hemodynamic changes in the whole mouse brain induced by two
common ischemic stroke models: the permanent middle cerebral artery occlusion (pMCAO) model and the
photothrombotic (PT) model. We imaged the same mouse brains before and after stroke, and quantitatively
compared the two stroke models. We observed clear hemodynamic changes after ischemic stroke, including
reduced blood perfusion and oxygenation. Such changes were spatially heterogenous. We also quantified the
tissue infarct volume in both stroke models. The PAUSAT measurements were validated by laser speckle imaging
and histology. Our results have collectively demonstrated that PAUSAT can be a valuable tool for non-invasive

longitudinal studies of neurological diseases at the whole-brain scale.

1. Introduction

Stroke is a common and devastating disease that affects millions of
people in the US. There are two main types of stroke: ~87 % of strokes
are ischemic (vessel blockage), while the rest are hemorrhagic
(bleeding) in nature [1-3]. Current effective treatment for ischemic
stroke is limited to reperfusion therapy. This therapy, however, is con-
strained by strict selection criteria of patients, and thus, is not applicable
to the majority of ischemic stroke patients. As such, many stroke sur-
vivors have permanent vessel occlusion. During the last decades,
tremendous efforts have been invested into experimental stroke
research. Disappointingly, we still do not have much to offer for stroke
patients and the search for new stroke therapies continues. Additionally,
it has been described that COVID-19 may increase the likelihood of
stroke and stroke severity, highlighting even more the importance of the
continuous study of stroke [4-6].

Evaluation of novel therapeutic strategies in ischemic stroke nor-
mally involves histological analysis and behavioral testing on animal
models, together providing essential information to determine
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treatment outcomes. One key quantitative readout is infarct volume in
the brain tissue, which is commonly measured using triphenylte-
trazolium chloride (TTC) staining. However, this post-mortem analysis
only reveals information on end-point state of stroke recovery. Although
small-animal MRI is capable of longitudinally monitoring stroke in-
farcts, it is cost prohibitive. Behavioral tests can be performed at mul-
tiple time-points and indirectly indicate severity of brain damage, but
they provide no concrete physiological or anatomical information.
Therefore, there is still a need for technologies that can provide cost-
effective, non-invasive, longitudinal evaluation of the stroke severity
on small animal models.

In this study, we aim to apply a new small-animal imaging technol-
ogy to stroke studies that can provide complimentary information.
Photoacoustic tomography (PAT) is a hybrid imaging modality that uses
short pulse laser light to induce deep-penetrating acoustic waves inside
biological tissues, via the photoacoustic effect [7,8]. Due to the strong
optical absorption of oxyhemoglobin (HbO3) and deoxyhemoglobin
(HbR) [9], PAT can provide structural information of blood vessels and
functional information of blood oxygenation, without the use of
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exogenous contrast agents. Thus, PAT is a promising tool for studying
the brain’s hemodynamics in small-animal stroke models, particularly
by providing blood oxygenation measurement. Blood oxygenation is an
important functional parameter that can be used for evaluating stroke at
both acute and chronic stages [10,11]. At the acute stage, blood
oxygenation can reflect the stroke-induced vessel impairment and tissue
hypoxia. At the chronic stage, blood oxygenation can indicate the
progress of tissue restoration. There are two major implementations of
PAT: photoacoustic microscopy (PAM) and photoacoustic computed
tomography (PACT) [12]. PAM can achieve high-resolution imaging of
blood vessels but is limited in the imaging depth to several millimeters.
On the other hand, PACT can image several centimeters deep in tissue
but has lower spatial resolution than PAM. PACT is better suited for
non-invasive brain imaging; however, it is limited by its poor spatial
resolution.

Acoustic angiography (AA) is a contrast-enhanced ultrasound im-
aging method that can map blood perfusion [13]. Microbubbles (MBs),
such as perfluorocarbon gases enclosed by lipid shells, can be injected
into the bloodstream and enhance acoustic contrast of blood vessels due
to their nonlinear response to low-frequency ultrasound waves (e.g., 2
MHz), and their acoustic impedance mismatch with the surrounding
tissue [14]. MBs produce a broadband response when excited at their
resonant frequency, including subharmonic and super harmonic signals.
The tissues generally produce weak super harmonic response. This en-
ables the acoustic echo signals originated from MBs to be separated from
the signals originated from the tissues. In AA, a dual-element (or
dual-frequency) transducer transmits low-frequency ultrasound waves
and receives high-frequency ultrasound waves to allow automatic sep-
aration of MBs and tissues without the need of post-imaging processing
[15]. AA can produce high-resolution images of blood vessel perfusion.
However, AA lacks information on the functional status of the vessels
such as blood oxygenation. Thus, taking advantage of the complemen-
tary imaging contrast of PACT and AA, we have recently developed a
new PAUSAT imaging system that integrates PACT, AA, and
high-frequency B-mode ultrasound imaging, simultaneously providing
morphological, functional, and molecular imaging on the same animals
[16].

This study applies PAUSAT in preclinical ischemic stroke studies
using two different models. We first introduce the imaging principle of
the PAUSAT system, followed by a detailed description of the stroke
animal models. We then present co-registered brain images before and
after ischemic stroke, and we show the anatomical and functional im-
pacts of ischemic stroke as imaged by PAUSAT. The PAUSAT results
were validated by laser speckle imaging and histology. We conclude the
paper by discussing the limitations and future improvements of our
technology for stroke studies.

2. Materials and methods
2.1. Imaging principle of PAUSAT system

The PAUSAT system (Fig. 1) was adapted from the Vega robotic
imaging system (SonoVol, Inc., Durham, NC). PAUSAT consists of a
dual-element wobbler ultrasound transducer and a linear-array ultra-
sound transducer, both mounted on the same motorized platform (Fig. 1
(b)). PAUSAT uses two separate transducers to address the differing
requirements for AA and PACT. AA requires a low-frequency trans-
mitting element to achieve a high mechanical index (MI), which is
necessary for generating strong super harmonic signals by the micro-
bubbles. A high-frequency receiving element is necessary to detect the
super harmonic signals. On the other hand, PACT requires a transducer
array, rather than a single element, to achieve parallel signal detection
and high imaging speed. Furthermore, a low detection frequency is
necessary in PACT to detect laser-induced ultrasound waves originating
from the deep brain. The motorized platform and transducers are sub-
merged in a hydrocarbon fluid, with an optically and acoustically
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Fig. 1. The imaging principle of PAUSAT. (a) Overall schematic of the PAUSAT
system. (b) The inside view of the PAUSAT system, including a dual-element
wobbler transducer for B-mode ultrasound (US) and AA, and a linear array
transducer with bilateral laser excitation for PACT. Both transducers are
mounted on the same motorized stage with a fixed distance. The linear array
transducer is mounted 6 mm below the dual-element wobbler along the z-axis
to compensate for their different focal depths (25 mm and 19 mm,
respectively).

transparent membrane window through which images are acquired. The
mounting of both transducers on the same motorized platform allows for
3D scan acquisitions, in which the transducers are automatically moved
along the scanning direction in discrete steps, acquiring 2D images in the
lateral and axial plane at each elevational step. The dual-element
wobbler transducer is made of a low-frequency transmitting element
centered at ~2 MHz and a high-frequency receiving element centered at
~26 MHz. The pulse repetition frequency is ~1 kHz with 256 A-lines
acquired per frame, and a frame rate of ~4 Hz. The two elements are
concentrically aligned and share a 19 mm focal depth. In the AA mode,
the outer (low-frequency) element bursts the MBs at their resonant
frequency and the inner (high-frequency) element receives the super
harmonic signals of the MBs. The peak negative pressure of the transmit
pulse in the AA mode is ~1 MPa with a corresponding MI of ~0.707. The
inner element of the wobbler transducer is also capable of high-
frequency B-mode US imaging, with a frequency range of 10-50 MHz.
Both 3D B-mode US and AA volumes are generated using a pixel-based
volume reconstruction algorithm (PLUS Toolkit) [17]. The linear-array
transducer consists of 128 elements centered at 5 MHz (L7-4, Philips,
USA), and is bilaterally coupled with optical fiber bundles in a line
configuration along the transducer. The light source for PACT is an Nd:
YAG laser (Q-smart 850, Quantel Laser, USA) that can emit at 532 nm
with a pulse repetition rate of 10 Hz. The 532 nm light is used to pump
an optical parametric oscillator (OPO) (veraScan-L532, Spectral Physics,
USA) to generate light ranging from 680 nm to 900 nm (Fig. 1(a)). The
output pulse from the OPO is directed into a fiber optic cable that bi-
furcates to provide illumination for PACT. The PA data is acquired by a
programmable ultrasound scanner (Vantage 256, Verasonics, USA). A
control box with an FPGA (myRIO, National Instruments, USA) is
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programmed to synchronize the motorized stage motion, laser firing, 2.2. Stroke mouse models

and PA data acquisition. 2D PACT images are generated using a dual

speed-of-sound delay-and-sum reconstruction method [16]. Stacks of 2D 2.2.1. Animals

PA images are then combined to create a 3D PACT volume. Male and female C57Bl/6 mice (2-6 months old, Jackson Lab) were

used for these studies. All animal procedures were approved by the Duke
University Medical Center Animal Care and Use Committee and were
conducted in accordance with the United States Public Health Service’s
Policy on Humane Care and Use of Laboratory Animals.
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Fig. 2. pMCAO and PT stroke models. (a) Illustration of the surgical procedure for pMCAO. (b) Illustration of the surgical procedure for PT stroke (created with
Biorender.com). (c) Setup for laser speckle contrast imaging (LSCI). (d) Photo of the MCA before cauterization. (e) Photo of the MCA after cauterization. (f) Example
LSCI 3 days after pMCAO. (g) Photo of the brain 1 day after PT stroke. (h) Example LSCI of an uninjured brain before PT. (i) Example LSCI 1 day after PT stroke.
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2.2.2. Permanent middle cerebral artery occlusion (pMCAO)

We modified our transient MCAO model [18]. Mice were anes-
thetized, intubated using a 20-gauge IC catheter, and maintained with
1.5 % isoflurane in 30 % oxygen and 70 % nitrogen throughout the
procedure. The rectal temperature was maintained at 37.0 + 0.5 °C
using a heat lamp. A midline neck incision was made, and the right
common carotid artery (CCA) was exposed and ligated using 4.0 silk
suture. A small incision was made between the right eye and ear and the
temporalis muscle was pulled to expose the skull. A small window was
created over the MCA by using an electric drill to thin the skull until the
internal layer of the bone was fractured. The bone pieces were removed
carefully, exposing the MCA (Fig. 2(a), (d)). The permanent occlusion of
the MCA was induced by coagulation and a visual confirmation of blood
perfusion was assessed (Fig. 2(e)). The skin incisions were closed with
interrupted nylon sutures.

2.2.3. Photothrombotic stroke (PT stroke)

PT stroke was performed as described previously [19]. Mice were
anesthetized with 1.5 % isoflurane in 30 % oxygen and 70 % nitrogen
using a face mask and then placed in a stereotaxic frame. Body tem-
perature was maintained at 37.0 + 0.5 °C using a recirculating water
heating pad. The skull was exposed by a dorsal midline incision, and a
cold green light with a 2.5-mm opening light guide was positioned at
1.5 mm from the bregma. Mice received intraperitoneal injection of
Rose Bengal (10 mg/mL in saline, 0.1 mg per gram of body weight). Five
minutes later, the green light was turned on to induce cortical vessel
occlusion by illumination through the intact skull for 15 min (Fig. 2(b)).
Skin incisions were closed with interrupted nylon sutures or tissue ad-
hesive (3 M, Vetbond, USA). An example of PT stroke at day 1 after
injury is shown in Fig. 2(g).

2.3. Animal imaging procedure

The mouse brain imaging was performed with PAUSAT one day
before, and one or three days after the PT or pMCAO stroke operation,
respectively. PAUSAT imaging was entirely noninvasive, with the scalp
and skull intact. To prepare the brain imaging, we used 5 % isoflurane
for anesthesia induction, and 1-1.5 % isoflurane for anesthesia main-
taining. The mouse scalp was shaved. A 100-microliter solution of
microbubbles (VesselVue, SonoVol Inc., Durham, USA) with a concen-
tration of 2.43 x 10° microbubbles/mL was injected retro-orbitally
using a 27-gauge needle. The high microbubble concentration allowed
a circulation time of > ~10 min. The mice were then mounted in a su-
pine position on a custom height-adjustable ramp. The body tempera-
tures were regulated at 36.0 + 1.0 °C with a heating pad and an infrared
heating lamp. The heads were positioned just above the transparent
membrane of the imaging window. A thin layer of room temperature
water was added to the imaging window for acoustic coupling. The in-
ternal body temperatures of the mice were closely monitored during
imaging via an anal thermocouple probe. A B-mode US scan was first
performed at 16 MHz, which allowed for deeper penetration through
intact skull. Two AA scans were performed with different focal depths by
adjusting the height of the mounting ramp. The B-mode US scan took
~1 min, and the first AA scan was initiated 1-2 min post microbubble
injection. The first AA scan focused at deeper brain vasculature while the
second scan focused at cortical brain vasculature. The microbubble
signal strength in deeper regions was lower than that in the superficial
regions, but the microbubble concentration was lower in the second
scan. Thus, the signal strength in both scans was similar. The two scans
were later combined and normalized individually (Supplementary
Fig. 1). Each AA frame was averaged 10 times per elevational position to
increase signal-to-noise ratio and the elevational scanning step size was
0.2 mm over a 20 mm scanning range. Each AA scan took ~5 min. Two
PACT scans were performed at 756 nm and 798 nm. The PACT scans
were each averaged 10 frames per elevational position, with a scanning
step size of 0.4 mm over a 20 mm range. Each PACT scan took ~1 min.
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Including transition time between modalities, a complete PAUSAT im-
aging sequence took ~20 min post-microbubble injection. The optical
fluence of the laser pulses on the mouse scalp surface was ~10 mJ/cm?
for both wavelengths.

2.4. Laser speckle contrast imaging (LSCI)

Cortical blood flow of the brain was measured using a full-field laser
perfusion imager (RFLSI III, RWD, Life Science Co., Ltd.) as described
previously [20]. A midline scalp incision was performed, and the skull
was exposed. The imager was positioned above the skull and the
following parameters were used: 2.5x magnification, exposure time
10 ms, continuous recording for 1 s, and image size 2048 x 2048 pixels

(Fig. 2(0), (O, (), ().
2.5. Infarct volume measurement

By TTC staining: Infarct volume was quantified using the 2,3,5-tri-
phenyltetrazolium chloride (TTC) staining method. The mice were
deeply anesthetized with isoflurane (5 % isoflurane in 30 % oxygen and
70 % nitrogen) and the brains were removed. Coronal Section (1 mm
thick) were incubated with 2 % TTC for 15 min at room temperature and
immediately fixed using 30 % formalin for at least 30 min. A macro-
scopic image of the coronal sections beside a metric ruler was acquired.
The ruler reference was used to determine the pixel dimensions, and the
infarct regions were manually segmented to calculate the infarct area.
The segmented areas were then linearly interpolated to estimate the
total stroke volume considering the thickness of the coronal sections.

By AA imaging: A similar procedure was followed to calculate the
corresponding stroke volume using the AA data. The infarct region was
segmented for each frame (0.2 mm thick) and the area was calculated.
The segmented areas were then linearly interpolated to estimate the
total stroke volume.

2.6. PAUSAT of the pMCAO and PT stroke models

Using our co-registered PAUSAT system, we were able to compare
the blood perfusion and blood oxygenation before and 3 days after
PMCADO stroke, and 1 day after PT stroke. The co-registered AA, B-mode
US, and PACT images allow the identification of the stroke-impaired
brain structures and functional regions more easily by providing com-
plimentary information. The B-mode US image is particularly useful for
identifying the structure of the brain, such as the skull and brain
perimeter. Using the skull’s structural information, we can create a
spatial mask to accurately remove the signals originating from the scalp
in the PACT images. The two PACT images were both low-pass filtered to
reduce the effects of small displacement due to breathing motion, prior
to the calculation of sO,. The PAUSAT results were validated by TTC
staining of the whole brain extracted after the imaging.

2.7. Measurement of oxygen saturation of hemoglobin (sO2)

Oxygen saturation of hemoglobin was quantified by using two laser
wavelengths at 756 nm and 798 nm. These two wavelengths are
commonly used in photoacoustic studies of blood oxygenation for
several reasons [21-23]. First, 756 nm is a local maximum of the ratio
between HbR and HbO; optical absorption. Second, 798 nm is approx-
imately an isosbestic point of optical absorption between HbR and
HbO,. Third, both wavelengths have relatively similar penetration
depth in tissue, thus the impact due to wavelength-dependent fluence is
minimized. Once the 756 nm and 798 nm images were acquired, we
used a linear-model-based method to quantify relative concentration of
HbO; (i.e., sO2)[24]. We compensated for the optical fluence on the
scalp surface but did not compensate for the wavelength-dependent
optical attenuation inside the brain tissue. However, because statisti-
cal comparisons were performed between left and right hemispheres at
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the same depth in the brain, the impact of wavelength-dependent optical
attenuation on the sO; calculation was reduced. Relative changes in the
calculated sO, were reported.

2.8. Statistical analysis

Blood oxygenation and blood perfusion analyses: Changes in blood
oxygenation and blood perfusion between the left and right upper
hemispheres of control, pMCAO, and PT mice were analyzed (n =3
mice/group). Two regions-of-interest (ROIs) were defined for each
mouse: the left upper hemisphere and the right upper hemisphere. For
each ROI, blood oxygenation was measured by calculating the mean
intensity of the pixels in the ROI, using the sO, images. Similarly, blood
perfusion was measured by calculating the mean intensity of the pixels
in the ROI, using the normalized AA images. For each mouse, the left
ROI was symmetric with the right ROI, and therefore they contained the
same number of pixels. These ROIs were individually adjusted to each
mouse in order to avoid mismatches due to variations in brain size be-
tween mice. For both blood oxygenation and blood perfusion, the
percent change from left to right ROI was calculated for each mouse
group, and a one-sample t-test was performed to evaluate the statistical
difference.

Infarct volume analysis: The stroke-infarct volume was calculated
using TTC slices and AA data. The data were divided into pMCAO stroke
mice and PT stroke mice (n = 3 mice/group). A paired t-test was per-
formed to identify significant differences (p < 0.05) between the
calculated infarct volume using TTC slices versus using AA data for both
stoke model groups. Statistical data are presented as mean =+ standard
deviation.

(b)

_:.

0 Norm. PA Intensity
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The above-mentioned analyses were performed using MATLAB
R2021b (The MathWorks Inc., Natick, MA).

3. Results
3.1. Image co-registration of the PAUSAT system

The dual-element wobbler transducer and the PA linear-array
transducer of the PAUSAT system are rigidly mounted to the same
motorized stage, thus knowledge of their relative distance enables
automatic co-registration of PACT, US, and AA images. Note that the US
and AA share the same wobbler transducer. We used a grid phantom
made of thin copper wire (diameter: 10 um) to accurately measure the
distance between the PA linear-array transducer and the dual-element
wobbler transducer (Fig. 3). The phantom was first imaged using the
wobbler B-mode US at 35 MHz (Fig. 3(a)). The motorized stage was then
moved until the PA linear-array transducer was approximately aligned
with the copper wire grid phantom, and the translation distance was
recorded. The phantom was then imaged using the linear-array trans-
ducer for PACT at 532 nm (Fig. 3(b)). The 3D US and the PA images were
then co-registered in the axial, lateral, and elevational axes by rigid
shifting (Fig. 3(c) (d) (e)). The measured distance between the wobbler
and the linear array transducer is then recorded and used for the auto-
matic image co-registration for all the other experiments.

3.2. Characterization of the PAUSAT system resolutions

We further quantified the spatial resolution of different imaging
modes of PAUSAT. For PACT and B-mode US, copper wires (diameter:

(e)

Norm. US Intensity 1

Fig. 3. Image co-registration of the PAUSAT system using a copper wire grid phantom. (a) B-mode US image projected along the axial axis. (b) PACT image projected
along the axial axis. (c) Overlay of PACT and B-mode US images before alignment. (d) Overlay of PACT and B-mode US images after alignment along the lateral and
elevational axis. (e) Overlay of PACT and B-mode US images after alignment along the axial axis at the x-y plane indicated by the white line in (d).
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10 um) were used to estimate line spread functions (LSFs) for the lateral
and elevational axes and the point spread function (PSF) for the axial
axis. For AA, a silicone tube (internal diameter: 200 um) perfused with
VesselVue MBs was used to estimate the LSF and PSF (Supplementary
Fig. 2). The resolution is defined as the full width at half maximum
(FWHM) of the PSF for all three dimensions. As shown in Table 1, all
resolutions are sub-millimeter except for the elevational resolution of
PACT, which is approximately 2 mm (note the significant blurring along
the y-axis in Fig. 3(b)). The elevational resolution for PACT is mainly
determined by the weak focusing of the acoustic lens [25]. The resolu-
tions of different imaging modes are variously determined by the fre-
quency, aperture size (~38 mm for the linear-array, ~10 mm for
wobbler), focusing, and/or the transmission pulsewidth. Note that
B-mode US resolution shown in Table 1 can vary with the transmission
frequency and axial depth. We chose 35 MHz for the resolution mea-
surement, which is close to the central frequency.

3.3. Quantitative analysis of the stroke-induced hemodynamic changes by
PAUSAT

We were able to identify the stroke region of the pMCAO (Fig. 4) and
PT (Fig. 5) stroke models using the PACT and AA images. The B-mode US
images were used to provide the structural information of the skull
(Fig. 4(a), Fig. 5(a)). The AA images were used to evaluate the blood
perfusion change (Fig. 4(b), Fig. 5(b)). The PACT images were used to
evaluate the blood oxygenation change (Fig. 4(c), (d), Fig. 5(c), (d)). For
both AA and PACT images, the stroke-impaired regions can be clearly
identified as the reduced blood perfusion and oxygenation, respectively,
which were confirmed by the TTC-staining results (Figs. 4(e) and 5(e)).

The stroke-induced hemodynamic changes were quantitatively
analyzed by comparing the PAUSAT measurements in the contralateral
(intact) and ipsilateral (infarct) hemispheres of the brain (Fig. 6(a)).
From the AA images, the blood perfusion in the ipsilateral hemisphere
showed a 32+ 11 % (p=0.042, n=3) and 29 + 4 % (p = 0.005,
n = 3) decrease, compared with that in the contralateral hemisphere for
PMCAO and PT stroke models, respectively. By contrast, in the control
mice, there was no significant difference in blood perfusion between the
two hemispheres (2.4 + 3.0 %; p > 0.05, n = 3 (Fig. 6(b)). These results
have demonstrated that AA images can be used to identify the stroke
region by quantifying blood perfusion decrease induced by ischemic
stroke. Similarly, the PACT images showed a significant decrease in the
blood oxygenation level in the peri-infarct region, in both pMCAO and
PT stroke models, by 19+7 % (p=0.046, n=3) and 14+3 %
(p = 0.015, n = 3), respectively (Fig. 6(b)). This contrasted with our
control group, which did not show a significant difference in sO, be-
tween hemispheres (2.6 + 5.4 %; p > 0.05, n = 3). The calculated sO,
results of the healthy brain regions were consistent with previously
published PAM studies [26-28]. However, we expect that at greater
depths the accuracy of our calculation was lower.

Measuring the volume of brain tissue with little to no blood perfu-
sion, or the infarct volume, is of particular interest in quantifying stroke-
induced tissue damage. The infarct volume is traditionally estimated by
segmenting and interpolating the stroke areas of the limited number of
TTC slices of the extracted brain tissue [29,30], shown in Fig. 7. The
TTC-based method does not allow longitudinal measurement of the
infarct volume (Fig. 7(a)). By contrast, our AA imaging can clearly detect
blood perfusion of the brain tissue in 3D, and thus the infarct volume can
be estimated by measuring the no-perfusion volume inside the brain. A

Table 1
The spatial resolutions of different imaging modes of the PAUSAT system.
PACT B-mode US (35 MHz) AA
Lateral (x) 0.45 mm 0.35 mm 0.42 mm
Axial (z) 0.35 mm 0.15 mm 0.36 mm
Elevational (y) 2.0 mm 0.38 mm 0.40 mm

Photoacoustics 29 (2023) 100444

paired t-test comparing the stroke volume quantified using AA data and
TTC staining for the pMCAO model and PT model showed no statistical
difference. The AA-based method is more efficient than the TTC-based
method and does not need to sacrifice the animals, allowing for longi-
tudinal study.

4. Conclusion and discussion

In this work, we have reported using our recently-developed PAU-
SAT system that seamlessly integrates 3D PACT, B-mode US, and AA
imaging to study ischemic stroke. PAUSAT can provide co-registered
morphological and functional images of the mouse brain with comple-
mentary information. We demonstrated the ability of PAUSAT to
longitudinally and non-invasively evaluate ischemic stroke via blood
perfusion and blood oxygenation measurements. We confirmed previ-
ously reported results of decreased oxygenation in stroke-impaired re-
gions of the brain as measured using PACT [31,32]. We also
demonstrated, using two common ischemic stroke animal models, that
AA can be used to reliably quantify infarct volume. Together, PAUSAT
can be a powerful tool in future longitudinal studies of ischemic stroke
treatments.

Pre-clinical studies of brain disorders could benefit from our co-
registered PAUSAT technology. Since the majority of stroke patients
do not receive reperfusion therapy, we used two common permanent
stroke models in the current study. Most studies evaluating the pro-
gression of the stroke rely on post-mortem histological analysis [33-35],
which requires a large number of animals per time-point studied due to
the inter-animal variations. The three Rs principle emphasizes the
“replacement, reduction, and refinement” of lab animals, recommend-
ing researchers to optimize experimental designs to reduce the number
of animals required. The PAUSAT technology presented here allows the
evaluation of the stroke in a non-invasive and longitudinal manner, and
thus requires a much smaller number of animals needed to achieve the
same statistical power.

In this proof-of-concept study, we evaluated two different models of
permanent stroke. The most important characteristic of permanent
stroke is the complete lack of blood perfusion within the injury site. This
lack of blood supply (ischemia) leads to local hypoxia and tissue infarct.
These physiological features manifest as decreased blood perfusion and
blood oxygenation, allowing the stroke models to be observed by both
AA and PACT in a completely non-invasive manner with both the scalp
and skull intact. Although LSCI is widely used in stroke study [36,37]
providing blood flow information without removing the skull, it cannot
quantify the blood oxygenation and is restricted to evaluate the super-
ficial infarct area. By contrast, the limitation of LSCI is easily overcome
by the seamless integration of AA and PACT. Other stroke models, like
the transient MCAO model, in which the blood perfusion of the brain
tissue is blocked for a short period and subsequently restored, may also
be evaluated by our technology. In this case, AA can provide information
regarding the re-perfusion process and changes in the blood supply, and
PACT can locate the area where the blood oxygenation has been mainly
changed. It is also worth highlighting that PAUSAT is not limited to the
study of stroke, but it also allows for evaluating disease progression and
treatment effectiveness in other organs of the body. For example, most
cancers are known to show increased density and tortuosity of blood
vessels and decreased blood oxygenation [38,39]. Using PAUSAT, we
can measure the changes in tumor volume, tortuosity and density of
blood vessels, and blood oxygenation in cancerous tissues, and provide
non-invasive and longitudinal preclinical studies of cancer therapies.
Furthermore, when imaging soft-tissue tumors without the acoustic
distortion by skull (e.g., breast cancer, liver cancer, prostate cancer), the
image quality is often significantly improved over the brain studies with
the acoustic distortions of the skull [40,41].

The image quality of our system can be improved by a few key design
modifications. First, the ultrasound transducer used for the PACT is a
linear-array transducer that has limited detection angle range relative to
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(e) TTC

Fig. 4. Baseline and pMCAO stroke images of the mouse brain. (a) Baseline and post-stroke B-scan US coronal images. (b) Baseline and post-stroke AA coronal image
(dashed outline shows stroke region). (¢c) PACT coronal image at 756 nm. (d) sO, coronal image calculated using the 756 nm and 798 nm PA data. (e) TTC stained
1 mm-thick coronal slices of mouse brain after PAUSAT imaging (white areas indicate stroke infarct).

the target. This introduces the limited-view reconstruction artifacts for
our PACT [42]. Although many efforts have been made to mitigate the
effects of the limited-view problem via modifications to the recon-
struction algorithm [43-45], the most effective solution is to improve
the hardware. This includes, for example, using a half-ring-array
transducer rather than a linear-array transducer [46-48]. However,
the half-ring-array system presents different limitations, such as the
animal positioning and acoustic coupling. Another alternative is rotating
the linear-array transducer to provide a larger viewing angle range,
which, however, will slow down the imaging [49]. In addition to
acoustic challenges, there are also optical challenges. The light delivery
is currently limited to the top of the head. Using 360-degree light

illumination would allow for the excitation of deeper tissue [50].
Alternatively, internal illumination has proved useful for improving
photoacoustic image quality in vivo [51-53]. The accuracy of the sO;
calculation is also limited due to wavelength-dependent fluence atten-
uation of the excitation light [54]. A Monte Carlo simulation can be used
to compensate for wavelength-dependent fluence, although it results in
a greater computational expense [55,56].

The relatively long time required for completing the whole imaging
process also degrades the quality of information attained in live animal
experiments. This includes the time delay between tuning wavelengths
for PACT and between the transducer repositioning between AA and
PACT image acquisitions. Since PACT and AA scans are performed
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Fig. 5. Baseline and PT stroke images of the mouse brain. (a) Baseline and post-stroke B-scan US coronal images. (b) Baseline and post-stroke AA coronal image
(dashed outline shows stroke region). (c) 756 nm PA coronal image. (d) sO, coronal image calculated using the 756 nm and 798 nm PA data. (e) TTC stained 1 mm-
thick coronal slices of mouse brain after PAUSAT imaging (white areas indicate stroke infarct).

separately, a significant amount of time is spent on changing the im-
aging mode. The time delay between PACT and AA scans leads to
variance in local blood flow and body position (mainly due to breath-
ing). The same problem exists for multi-wavelength PACT scans since
these images are also acquired separately. In our next step, the system
will include a stereotaxic frame to reduce head motion, acquire multiple
wavelengths for a single PA scan, and perform the AA scan concurrently
with PA, all within tens of seconds. To do so, the PACT system may also
use the same wobbler transducer for signal detection, with excitation
laser light delivered through an optical fiber mounted on the wobbler.
The dual-element wobbler transducer has a fixed focus and is mounted
on a motorized stage that moves along the lateral and elevational axes.

In our experiments, we designed a 3D-printed mouse ramp attached to a
manual translation stage to adjust the focal depth inside the mouse
brain. The manual translation may cause an orientation change of the
mouse head, leading to misalignment of the images acquired at multiple
focal depths. This issue can be addressed by adding a motorized stage to
translate the wobbler transducer along the axial axis with high
precision.

In conclusion, our results have demonstrated that the co-registered
PACT, US, and AA imaging by our PAUSAT system allows simulta-
neous monitoring of morphological and functional changes on small-
animal stroke models. Our technology may become a valuable tool for
the developing therapeutic strategies in neurological diseases and
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(dotted line) marked on an AA image of a pMCAO-stroke mouse. (b) Percentage change in blood perfusion (calculated as normalized AA intensity) and sO, between
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Fig. 7. Quantification of stroke-induced infarct volume. (a) Example TTC slices (PT stroke), segmented TTC slices, AA images, and segmented AA images at cor-
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cancers beyond stroke.
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