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Abstract

Optical resolution photoacoustic microscopy (ORPAM) is an emerging imaging technique, which
has been extensively used to study various brain activities and disorders of the anesthetized/
restricted rodents with a special focus on the morphological and functional visualization of
cerebral cortex. However, it is challenging to develop a wearable photoacoustic microscope, which
enables the investigation of brain activities/disorders on freely moving rodents. Here, we report a
wearable and robust optical resolution photoacoustic microscope (W-ORPAM), which utilizes a
small, light, stable and fast optical scanner. This wearable imaging probe features high
spatiotemporal resolution, large field of view (FOV) and easy assembly as well as adjustable
optical focus during the in vivo experiment, which makes it accessible to image cerebral cortex
activities of freely moving rodents. To demonstrate the advantages of this technique, we used W-
ORPAM to monitor both morphological and functional variations of vasculature in cerebral cortex
during the induction of ischemia and reperfusion of a freely moving rat.
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INTRODUCTION

Understanding the complicated cerebral hemodynamics of rodents is a concerned issue in
the communities of imaging, neuroscience, physiology and psychology [1, 2]. Recently,
various optical imaging techniques, such as epifluorescence imaging, multi-photon
microscopy, laser speckle and intrinsic optical imaging, have been developed to investigate
neurovascular relationships in freely moving animals [3-6]. However, most of them suffer
from inherent limitations such as small field of view (FOV), insufficient penetration depth
and requirement of external contrast agent. Apart from optical imaging, functional
ultrasound imaging is able to observe brain activities in freely moving rats with an ultrahigh
temporal resolution [7]. Unfortunately, the spatial resolution is not capable of capturing
microscopic neurovascular events and image contrast is low.

Optical resolution photoacoustic microscopy (ORPAM), featuring high spatial resolution,
deep penetration depth and large FOV, is a noninvasive and label-free imaging approach
capable of monitoring brain hemodynamics at microscale level [8-12]. Current
developments of ORPAM mainly focus on miniaturization of the device using new scanning
mechanisms and optical/acoustic scanners [8, 13-17]. However, it is challenging to develop
a wearable photoacoustic microscope, which enables the investigation of brain activities on a
freely moving rodent. There are two major challenges: (a) the lack of a small, light, stable
and fast optical scanner, which is applicable for ORPAM,; (b) optimal design of the
miniaturized photoacoustic microscope, which owns high image quality and is easy to
assemble, optimize and adjust during the in vivo experiment. Hu group proposed a
conventional motorized-scanner-based photoacoustic microscope to image cerebral
hemodynamics in awake mice restricted by an angle- and height-adjustable head-restraint
apparatus [18]. Xi et al. developed a miniature hybrid probe integrating photoacoustic sensor
and microelectrodes to study brain hemodynamics of freely moving rats [19]. However, this
technique is invasive and only able to visualize hemodynamics in one spatial point.
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Utilization of an electrical-micro-mechanical-system (MEMS) based optical scanner, we
reported an ultracompact photoacoustic microscope with a size of 22 x 30 x 13 mm3 and a
weight of 20 g, which was still not appropriate for freely moving rodents [20-22].

In this study, we proposed and developed a wearable and robust optical resolution
photoacoustic microscope, which utilizes a small, light, stable and fast optical scanner. We
monitored the cerebral hemodynamics of freely moving rats, showing a long-term stability
of the imaging probe. Thereafter, we established an ischemia and reperfusion model to
investigate and quantify the evoked hemodynamic response of cerebral cortex under
different physiological conditions.

2| MATERIALS AND METHODS

2.1| Animal preparation

Female Sprague-Dawley rats (n = 12), weighting 200 to 250 g, were used. The ethic
committee at the Southern University of Science and Technology (SUSTech) has approved
all the experimental procedures. After the experiments, all the rats were sacrificed following
a standard procedure approved by SUSTech.

2.2 | Surgery and experiments

In order to evaluate the stability of W-ORPAM, we continually imaged cerebral cortex of a
freely moving rat for 2 hours. Before the experiment, the rats were anesthetized by
intraperitoneal injection of chloral hydrate at a dose of 50 mg/kg. A feedback-controlled
heating pad was used to maintain the body temperature at 37.0 + 0.5°C during the surgery.
Then, we did craniotomy to remove both the scalp and skull over a circular area with a
diameter of 7 mm in the left hemisphere. The dura was kept intact and continually bathed
with artificial cerebrospinal fluid. Post the surgery, we attached an adaptor on the skull and
fixed it with screws. The imaging probe was mounted on the adaptor and immobilized with
both screws and hot glue. We optimized the imaging quality through adjusting the effective
focal length of the collimator.

After the evaluation of the systemic stability, we carried out the in vivo study of cerebral
hemodynamics during the conditions of ischemia and reperfusion. To establish the ischemia
model, we anesthetized the rat, then permanently ligated two vertebral arteries inside the
nape using electrical coagulation and sutured the surgical wound. The rat was kept in the
cage with supply of water for 24 hours. Post the fully recovery of the rat from the first
surgery, we separated bilateral carotids, did the craniotomy on the brain and mounted the
imaging probe. After the optimization of the image quality, we monitored the normal
cerebral hemodynamics for 5 minutes as the baseline. Then, we randomly divided 10 rats
into two groups and performed two types of ischemia/reperfusion by ligating the bilateral
carotids for 10 and 20 minutes, respectively.

2.3| Theimaging system

Figure 1A presents the schematic of the system. A 532 nm laser beam emitted from a high-
repetition-rate (up to 600 kHz) pulsed laser (GLPM-10, IPG Photonics) with a duration of
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1.7 nanoseconds is filtered by a customized spatial filter, which consists of two objectives
and a 15-um pinhole. The filtered laser beam is then coupled into an optical rotary joint
(MJP-532-46-FC, Princetel Inc.) using a space- to-fiber coupler that is integrated with a
customized electrical slip ring to allow the free movement of the rat. A multifunctional data
acquisition card (PCI-6733, National Instrument) is used to generate four triangle
waveforms with a peak-to-peak voltage of 5 V to drive the movement of the MEMS scanner
via the conductive slip ring. The induced photoacoustic signals are detected by a customized
flat transducer (center frequency: 10 MHz, bandwidth: 80%), amplified by a homemade ~66
dB preamplifier, filtered by a band-pass filter (5-20 MHz) to remove electromagnetic noise,
and digitized using a fast data acquisition card (ATS-9325, Alazar Inc.) at a sampling rate of
100 MS/s. Figure 1B shows the enlarged view of the image probe. The output laser beam
from the optical rotary joint is collimated using an adjustable optical collimator (CFC-5X-A,
Thorlabs Inc.), then reflected by a right-angle prism (MRAP1-4.0, MT Optics). We use a
plano-convex lens (LA 1222-A, Thorlabs Inc.) with a numerical aperture value of 0.2 to
focus the laser beam, and a MEMS scanner (WM-L5-5, Wiotek) with a mirror size of 2 mm
in diameter to carry out two-dimensional raster scanning of the converging laser beam. A
water cube with a ultrathin cover glass tilted with an angle of 45° serves as the optical/
acoustic combiner, which allows the fully transmission of light and partial reflection of
acoustic waves. The imaging probe weights 8 g, which is appropriate for rats. It costs 10
seconds to cover a rectangle FOV of 1.2 mm x 1.2 mm. As shown in Figure 1C,D, the
systemic lateral and axial resolutions are measured as 2.25 and 105 pm, respectively, based
on phantom experiments. The lateral resolution deterioration is caused by both the curvature
of the MEMS scanner and the mismatches of the reflective indices among air, glass and
water in the light path. The laser energy per pulse that reaches the surface of brain is under
100 nJ, which will not lead to tissue damage for in vivo animal experiments [20].

Image reconstruction and processing

All raw photoacoustic signals were first processed with Hilbert transform and then directly
back-projected to a rectangular coordinate. We show all volumetric data by projecting the
maximal amplitude of each A-line and obtain the maximum amplitude projection (MAP)
image captured from different time points.

MATLAB (R2012 b, MathWorks) was used for post-processing of MAP images. We
enhanced the contrast of blood vessels by using an adaptive histogram equalization (AHE)
algorithm, sharped the edge of blood vessels via a high pass filter, and improved the signal-
to-noise ratio (SNR) by applying Gabor wavelet transformation, Top hat operators and
Hessian matrix. We calculated and normalized the total hemoglobin and total vascular
numbers. We carried out the statistical analysis by using mean + SD in the graphic display in
Figure 4C,D.

RESULTS

Figure 2A presents the in vivo imaging of the cerebral cortex at 0, 30, 60 and 90 minutes
post the fully recovery of the rat, respectively. Figure 2B shows the photograph of a freely
moving rat wearing the imaging probe in the tank. Video S1 shows that the rat freely moves
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in a transparent tank (left) and longitudinal recording of cerebral hemodynamics with an
imaging interval of 10 seconds over 2 hours (right). During the entire course of the
experiment, the imaging quality keeps stable with no obvious deterioration of contrast, FOV
and spatial resolution. We randomly selected 100 MAP images and calculated the
fluctuation of photoacoustic intensity. Figure 2C presents the derived fractional changes,
which are less than 5% possibly due to the complicated physiological changes during the
experiments.

Figure 3 shows the MAP images of two groups with different types of ligation and
reperfusion. The first row presents the MAP images prior to the operation, which serve as
the baseline. The second, third and fourth rows show the MAP images post the first, second
and third ligations and reperfusions. Based on the images, we observe that the photoacoustic
intensity, which represents the relative concentration of total hemoglobin, over the entire
FOV suddenly decrease post the ligation in both groups, and the photoacoustic intensity can
rapidly recover post the perfusion from the carotid. We are noticed that the fractional
changes in the second group post the second and third ligation are much weaker than that of
the first ligation. Besides the concentration of total hemoglobin, some of the blood vessels
start to shrink immediately post the ligation as indicated by the white arrows in both groups.
Video S2 presents the behavior of the rat and operations of ligation and reperfusion, in
which we find that the rat partially loses the balance and functions of limbs. Videos S3 and
S4 show typical hemodynamic changes during the entire course of experiments in two
groups.

Figure 4A,B shows the quantitative analysis of total hemoglobin and diameters of the
selected vessels marked by white lines (Figure 3A,B), and the relative concentration of total
hemoglobin as well as the total number of blood vessels over the entire FOV. Figure 4A
shows that both the total hemoglobin inside a single blood vessel and the concentration of
total hemoglobin over the entire imaging domain decrease significantly post the operation of
carotid ligation and partially recover after the reperfusion, which is consistent with the
visible changes in images. In addition, the rats in the second group (Figure 4B) cannot
recover after the first ligation, which might be caused by the long-term lack of blood supply
and potential embolism. Similar to the hemodynamics, the size of a selected blood vessel
and the vascular number over the FOV have the same tendency. As shown in Figure 4C,D,
we carried out statistical analysis of the relative concentration of total hemoglobin and the
total number of blood vessels over the entire FOV. The results show that most of rats have
the similar responses to the ischemia and perfusion in both groups.

DISCUSSION

Optical resolution photoacoustic microscopy allows detection of both structural and
functional information of cerebral vascular network with rich contrast and a cellular
resolution. However, no existing ORPAMSs can be applied for the study of freely moving
rodents. In this study, the proposed a wearable optical resolution photoacoustic microscope,
which owns the features of miniature, light, high-speed volumetric imaging capability, high
spatial resolution and long-term stability for brain investigations of freely moving rodents.
However, to carry out the investigation of complicated brain activities/disorders and broad
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the impact of this technique, further improvement should be considered. First, to derive
more functional parameters such as oxygen saturation and blood flow, multispectral strategy
using more than two wavelengths and employment of photoacoustic Doppler Effect are
required. Second, to investigate chronic brain diseases such as tumor, spontaneous seizures,
Alzheimer disease, a longterm optical/ultrasonic transparent window is preferred. Third, we
need to introduce imaging/sensing techniques to simultaneously study neural activities and
hemodynamics of the brain, and uncover the neurovascular relationships.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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System configurations and performance evaluation. A, The schematic of the system. B, An
enlarged view of the imaging probe. C, Experimental estimation of the lateral resolution. D,
Experimental estimation of the axial resolution. PC, personal computer; OL1-OL2,
objective; Ph, pinhole; L, convex lens; CP, coupler; DAQ, data acquisition card; Amp,
amplifier; FG, functional generator; RF, optical rotary joint; CSR, conductive slip ring; CL,
optical collimator; P, right angle prism; L, focus lens, MEMS, mechanical and electrical
system mirror; CG, cover glass; T, transducer
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FIGURE 2.
Evaluation of stability and robust of the imaging probe. A, Four typical images captured at

0, 30, 60 and 90 minutes, respectively. B, A photograph of a rat wearing the imaging probe.
C, The fractional change of photoacoustic intensity
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FIGURE 3.
Photoacoustic visualization of cerebral hemodynamics during ischemia and reperfusion. A,

The first row shows the MAP image of a typical rat brain before bilateral carotid ligation in
the first group. 11 and P1 present the MAP images post the first 10-minute ligation and
reperfusion. 12 and P2 present the MAP images post the second 10-minute ligation and
reperfusion. 13 and P3 present the MAP images post the third ligation and reperfusion. B,
Representative MAP images of the second group with a different ligation/reperfusion time
of 20 minutes
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FIGURE 4.
Quantitative analysis of total hemoglobin inside selected vessels, diameters of selected

vessels, total hemoglobin in the image domain and total vascular numbers over the entire
FOV in Group A (A) and Group B (B). The statistical analysis of total hemoglobin and total
vascular numbers in each stage in group A (C) and group B (D). S-HB, total hemoglobin in
selected vessels; S-D, diameters of selected vessels; HBT: total hemoglobin; VNT, total
vascular number. BL: Baseline, 11: the first time to ligation, P1: the first tome to perfusion,
12: the second time to ligation, P2: the second time to perfusion; I3: the third time to
ligation, P3: the third time to perfusion, error bar means the mean £ SD
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