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Abstract

Epilepsy affects over 3 million people in the United States alone. In many of those cases,
the disease is refractory to medication, leaving patients limited in their daily lives. When oral
medication does not mitigate or relieve seizure activity, neurosurgery is performed in order to
remove the seizure centers of the brain. Herein lies the unmet need in the treatment of this
disease. This research is the first step toward creating a novel intraoperative microscope that can
delineate the boundary between healthy and epileptogenic tissue in order to assist surgeons in the
surgical resection of the diseased tissue in real time. This research aims to use Optical Coherence
Tomography (OCT) to quantify the changes before and after seizure activity in cortical tissue. In
a rodent model, seizures were induced using pilocarpine and verified by electrocorticography
(ECoG). OCT was utilized to quantify the scattering coefficient, blood flow, and the structure of
cortical tissue. The optical scattering coefficient of the cortical tissue exhibited a significant
increase after the induced seizure activity. This distinct change in the optical property of tissue,
which can be detected by OCT in real time and without fluorescence, supports the technical

feasibility of the proposed intraoperative microscope.



Introduction

Epilepsy in Humans

In 2015, the CDC estimated that 3 million adults and 470,000 children were living with
epilepsy. This equates to 1.2% of the population in the United States [1]. Epilepsy is
characterized by recurrent seizures, which involve interrupted brain function caused by increased
excitation of neurons [2]. Generalized seizures require emergency treatment, and longer durations
of status epilepticus increase the adverse outcomes [3]. The goal of immediate intervention during
a seizure is to terminate clinical and electrical signs of status epilepticus, but the underlying cause
must be addressed separately [4].

Status epilepticus can present in various cases, such as after a traumatic head injury, in
patients with diagnosed epilepsy, or in patients who have never had an unprovoked seizure [4].
Diagnosable epilepsy can be separated into two major categories: symptomatic and idiopathic [5].
Idiopathic epilepsy is genetically transmitted and has no structural markers in the brain, which
appears neurologically normal [4,5]. Symptomatic epilepsy is caused by another underlying
problem, such as head trauma, neurodegenerative diseases, brain tumor, among others [4,6].
Beyond these two categories, there are 6 different types of seizures, and more than 40 different

types of epilepsy that patients can be diagnosed with.

Current treatments and their limitations

Temporal lobe epilepsy (TLE) is the most common type of symptomatic epilepsy in
adults, making up 41% of cases [5,6,7]. In patients that suffer from TLE, 2/3 of them present with
hippocampal sclerosis, while the remaining 1/3 present with focal limbic lesions [8]. TLE is a
type of refractory epilepsy, where patients do not respond to anti-epileptic drugs [9]. Patients with

epilepsy suffer from psychological dysfunction, social stigma, and eventually, decreased life



expectancy, outside of the direct effects of a seizure [10]. In cases of refractory TLE, patients
undergo surgery to remove the regions of the brain associated with seizure onset [8,10].

Patients who are to undergo neurosurgery first have to undergo a battery of tests. Pre-
surgical tests include a neurological examination, magnetic resonance imaging (MRI), ictal
video-EEG recordings, and a psychiatric evaluation [10]. Ictal video-EEG recordings allow
experts to correlate the onset of seizures both visually and electrically. After surgery, 46-53% of
patients were reported to be seizure free [7,11]. This poor outcome might result from the fact that
the pre-surgical tests are limited in their ability to accurately identify seizure centers in the brain,
making it difficult for surgeons to remove epileptogenic tissue while refraining from damaging

healthy brain tissue [12,13,14].

Idea and Objectives

Given the reasons stated above, there is a proven clinical need for an improvement in the
characterization technique of epileptogenic tissue. The long-term vision of this project results in
the creation of an intraoperative microscope that delivers label-free sub-millimeter resolution
differentiation of diseased vs. healthy tissue to better guide neurosurgeons in real time [15].
Toward the long-term goal, this thesis aims to test the idea of imaging status epilepticus with
label-free optical methods in a rodent model.

Specifically, these trials will deliver quantifiable changes that occur in the cortex after
there has been seizure activity, as observed by OCT imaging techniques. We hypothesize that we
will see an increase in blood flow due to heightened seizure activity in the brain. We also
hypothesize that there will be an increase in the scattering coefficient of the cortex, associated

with changes in the extracellular concentration of ions.



Scientific premise underlying the idea of detection of epileptogenic tissue

The long-term vision of the intra-operative microscope is based on two major
physiological paradigms: changes in blood flow and extracellular space constriction. These
paradigms have been proven in vivo and in vitro, and will be able to be visualized using OCT.

Extracellular space constriction has been observed in seizure models both in vivo [16-17]
and in vitro [18,19,20]. Although the mechanism is not yet fully understood, epileptic seizures are
known to be accompanied by changes in extracellular concentration of ions [27]. These changes
are associated with depolarization of neurons and glial cells, paired with ion flux and water
movement from the extracellular space into the intracellular space. During a seizure, there is
about a 30% decrease in extracellular space [24]. Extracellular space constriction acts as a
positive feedback cycle, leading to an increase intensity of epileptic activity [21,22,23,24].

This extracellular space constriction has been linked to changes in the optical properties
of the tissue. Previous work has shown that after global seizure induction, there was an increase
in attenuation coefficient of the cortical surface [25]. However, this study was performed in a

mice model comparable to petite mal seizures, where we plan to model temporal lobe epilepsy.
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Figure 1: Histogram data of attenuation coefficient before (left) and after (right) global seizure induction using PTZ
mouse model. Reprinted from Eberle et al. [25]

Data suggests that in early status epilepticus, there is an increase in cerebral blood flow in
regions of the brain with increased activity in order to increase nutrient delivery [26].

Experimental studies have shown that pericytes actively dilate capillaries in the brain [27]. These



studies showed that depolarization leads to contraction of blood vessels, and hyperpolarization
leads to dilation. Prior studies report an increase in blood flow for focal seizures [28], however
changes in blood flow for global seizures remain largely unstudied. Such changes in the
vasculature and blood flow coupled to neural activation can be visualized as eloquent areas in the
exposed cortex during the epilepsy surgery.

Based on these paradigms we expect to distinguish epileptogenic tissue, which should be
removed, from normally functioning tissue, which should be preserved, during the epilepsy
surgery in real time. This thesis reports the detection of epileptogenic areas with label-free
imaging technique, optical coherence tomography, in animal models. Our data will inform future
algorithms that are designed to delineate the boundary between healthy and diseased brain tissue

in real time.

Technical Background of Optical Coherence Tomography (OCT)

Optical coherence tomography (OCT) was first introduced in the 1990s and is a type of
ballistic optical imaging, and their scattering are analyzed [29]. OCT is a non-invasive optical
imaging technique that delivers high-resolution label-free images, analogous to ultrasound
imaging techniques [30]. OCT uses low coherence interferometry to produce cross-sectional
images of the sample that can then be compiled into 3D volumes [31].

The most basic OCT setup based on the Michelson interferometer is shown below in
Figure 2 [30]. Beginning at the low coherent light source, the beam goes immediately to the beam
splitter. The beam is split 50/50 into sample and reference arms. The sample arm is directed at the
sample, where it is reflected back to the beam splitter. Similarly, the reference arm is directed to
the reference mirror where it is reflected back to the beam splitter. Both the reflected sample arm
and the reflected reference arm are recombined at the beam splitter, and then collected at the

detector. When these two beams come back together, the interference pattern results. This pattern



is then reconstructed by the computer to produce the axial profile of the sample (more accurately,

the sample’s optical field reflectivity).

Reference Mirror
1

v/
> /-
Light Source / Beamsplitter

\ 4

Sample

Detector

Figure 2: Schematic of a Michelson interferometer in free space. Adapted from Wang et al.[29]

To obtain 3D images of the sample, the sample

| ==
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in the Z-axis (Fig. 2). A B-scan is a collection of A- ”"’ .
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B-scans along the Y-axis to reconstruct the complete Figure 3: A 3D volumetric scan.
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highlighted in yellow. Each small

volumetric scan. cube represents a voxel, a 3D pixel.

Beyond the described basic structural imaging,
recent advances in OCT enable us to image different properties, including vasculature, blood

flow, and scattering coefficient.



OCT angiogram delivers high resolution, 3D, label free images of the blood vessels and
capillary networks of the brain [32]. Through angiogram images, we hope to visualize changes in
blood vessels based on the theory of neurovascular coupling. Doppler OCT combines the basic
principles of OCT discussed earlier with the Doppler principle to generate tomographic images of
moving components in biological tissue [33]. This technique is used in this study to map blood
flow in the brain with single-vessel resolution, to investigate how status epilepticus leads to a
change in cerebral blood flow.

Scattering coefficient images are taken to measure the optical properties of the surface of
the cortex. Two structural images are taken at two different z depths of the cortex, and then the
two 3D images will be analyzed together to produce a 2D map of the tissue scattering coefficient
(see the Methods section for details). Because the scattering coefficient of the cortical tissue is
known to be related with a range of properties such as the cellular density, cell swelling, and

extracellular space, its map will reveal the localized status epilepticus area.

Animal model: Pilocarpine

In rodents, the pilocarpine model is a widely accepted model for human temporal lobe
epilepsy [26]. Pilocarpine treatment in rats leads to the eventual development of chronic seizures,
marked first by initial status epilepticus, followed by a latent seizure-free time period [34,35].
This model mimics the upregulation of neurotrophins in the hippocampus that is present in
humans with TLE, as well as cognitive and memory deficits, while this was beyond the scope of
this current study [36]. Pilocarpine also results in lesions in the brain, often appearing in the
hippocampus, as temporal lobe epilepsy presents in humans.

It is hypothesized that pilocarpine inhibits the ability of hippocampal cells to buffer the
concentration of K+ in the extracellular space. This increased extracellular concentration of K+

has been linked to the initiation of seizure-like activity, as discussed previously [38]. Pilocarpine



is a muscarinic agonist, which, in rats, shows signs of activation such as salivation, piloerection,
defecation, and eventually death [8,37]. Because pilocarpine alone has these effects, rats are often
pre-treated with a muscarinic antagonist in order to counter these effects. The antagonist will
prevent the peripheral effects of pilocarpine, but because it is unable to cross the blood-brain-
barrier, the effects of pilocarpine will still be visible in the brain, leading to status epilepticus.
This will be discussed further in the Methods section.

The scope of this study will solely focus on the initial status epilepticus. Studies
published in literature have shown initial seizure onset to start anywhere from 4 minutes to 45
minutes after pilocarpine injection. For example, Lenz et. al. reported spike activity only 4
minutes after pilocarpine injection (i.p.), followed by a seizure episode that lasted 8-24 minutes
[38]. Meanwhile, Turski et al. reported seizure onset to occur between 18-45 minutes after
pilocarpine injection (i.p.) [39,40]. Based on these findings, we validate the seizure onset by

recording ECoG signals for 40 minutes after pilocarpine injection.



Materials and Methods

Below is a figure outlining the experiment timeline. Throughout the experimentation on

many animals (n=23 in total), several iterations were tested in order to find the optimal course of

administration. Initially, pilocarpine was being administered via intrahippocampal injection,

however intraperitoneal injection proved to be more effective and easier to perform. It was found

that there was a higher margin for error with intraperitoneal injection, as there were several

instances where the cortex bled after intrahippocampal injection. Additionally, one experiment

was performed solely to monitor the vital signs of the rodent throughout the course of the

experiment to test the transitions between drugs. More details can be found in Appendix A,

outlining all the animal experiments performed.

Craniotomy
under
isoflurane

OCT
Imaging

Transition from
isoflurane to
ketamine/xylazine
Methscopolamine Pilocarpine
bromide iniection iniection
Insert Remove
IH%CEI | ECoG ECoG
gmns probe probe
<— 30 mins > <€ 40 mins —————>

Figure 4: Schematic of experiment timeline. Specific dosages and OCT imaging techniques are further discussed in this

section.




Anesthesia

All experiments were approved by the Brown University Institutional Animal Care and
Use Committee (IACUC). Adult Sprague-Dawley rats were first anesthetized with isoflurane.
Isoflurane is used commonly in rodent models, due to its ease of use and rapid clearance.
However, it is a known anti-convulsant [41]. Therefore, only the craniotomy was performed
under isoflurane in order to expose the cortex (Figure 5).

The rats were then transitioned to ketamine/xylazine, with boosters administered as
needed throughout the experiment. The ketamine/xylazine model is also well established and
common for small animals. Ketamine and xylazine have no anti-seizure properties, and status

epilepticus has been achieved under this anesthesia [42].

Screw
Cranial window

Ear bar

Figure 5: Schematic of craniotomy setup with ECoG screw. The screw serves as the ground electrode, the recording
electrode array is placed in the cranial window, as shown in Figure 8.
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Pilocarpine and Methscopolamine Bromide

Methscopolamine bromide is first administered (1 mg/kg, i.p.) (Sigma, St. Louis, MO,
USA) to prevent the peripheral effects of pilocarpine [43]. 25 minutes later, anesthesia is
transitioned between isoflurane and ketamine/xylazeine. Five minutes after the transition between
anesthesia drugs, pilocarpine was administered (380 mg/kg, i.p.) (Sigma, St. Louis, MO, USA)
[44].

Because methscopolamine bromide drug does not cross blood brain barrier, it will limit
the peripheral muscarinic effects of pilocarpine without preventing the achievement of status
epilepticus [45,46]. The addition of this drug is necessary because methscopolamine bromide has
been shown to prevent the defecation, salivation, and lethality produced by pilocarpine [47,48]. In
this model, seizure activity is expected to present within the first 40 minutes after pilocarpine

administration.
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Data Acquisition
OCT setup and acquisition

After the transition from isoflurane to ketamine/xylazine and the administration of
methscopolamine bromide, OCT images were taken before and after status epilepticus, according
to the setup in the figure below. The first OCT images will serve as the baseline, to which the
second image set taken after seizure activity will be compared. Angiogram, Doppler, and
scattering coefficient images were acquired using the LSMO03 lens (Thorlabs, Newton, NJ, USA)

[49].

< OCT Probe

« LSMO03 Lens

Cranial window

Figure 6: OCT data acquisition schematic.

Images were acquired using the custom Lee Lab application. The app allows for 2D and
3D previews, as well as final image acquisition. Prior to acquisition, certain parameters must be

set in the configuration section of the software, as shown in the figure below.
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Figure 7: Screenshot of custom Lee Lab software for angiogram OCT (screenshots of other image acquisition settings
are shown in Appendix B) dx and dy are the size of the spatial sampling steps in the x and y axis, respectively, in um. nx
and ny are the number of sampling points, again in the x and y directions respectively. apx is the number of repeating
A-scans per each x point. For angiogram (ANG) and scattering coefficient (SC) images, apx = 1, but for doppler
(DOP), apx = 8. bpy is the number of repeating B-scans per y point, set to 2 for ANG. For DOP and SC, bpy=1. nv is
the number of repeating volume scans. For ANG nv = 5, DOP nv = 2, SC nv = 2. X and Y are the total distance that the
scan cover in the x ory axis direction (a.k.a., field of view; FOV). For ANG and SC images, X =Y = 3.072 mm. For
DOP images, the FOVis X =Y = 1.536 mm. MX, MY, and MZ are the numbers of volume scans in X, Y, and Z,
respectively. MX = MY = MZ = 1 for ANG, SC and DOP. The order of volume acquisition is nv > MX > MY > MZ.

Once the parameters have been set, then the image can be previewed using the 3D tab of
the application. This preview shows both an image of a single B-scan, along with en face images.
The B-scan Y position can be manipulated to visualize different positions within the sample. The
projection of the en face images can be set to maximum, average or minimum. Their Z position
can also be manipulated along with the depth +/- Z.

Finally, using the Acquire tab of the application, volume data will be collected and
written to data files. For angiogram and Doppler OCT images, a single image is captured.

However, in order to measure the scattering coefficient two images are captured at two different z
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depths, with the second image being vertically translated from the first. These files are then
processed using custom Matlab code, which will be explained in the Data Analysis section (pg.

16).

ECoG Data Acquisition

A NeuroNexus “E16-500-5-200-H16” electrode was located on the cortex for ECoG data
acquisition as illustrated in Figure 8. The 16-electrode array has a surface area of 1.8x1.97mm?’
and a thickness of 20 um. An RHD2132 digital electrophysiology interface chip (Intan
Technologies, Los Angeles, CA) was used to amplify, filter and record ECoG data. Samples were
recorded at a rate of 2 kS/s. Amplifier bandwidth were set to 0.1 Hz and 100 Hz as the lower and

upper bandwidth, respectively. A 60-Hz notch filter was also applied to the data.

Intan Digital Chip
/ ECoG Array
s Cranial window
_ '\/@, y Screw
i i
R )

Figure 8: Schematic of ECoG data collection setup.

ECoG data was recorded from minute 0-40 following pilocarpine injection. After this
time period, ECoG recording is ceased, and the second OCT image set is acquired. After then, the

experiment is halted, and the rodent is euthanized.
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Data Analysis
ECoG spectrogram analysis

Raw ECoG data recorded from the RHD2132 series digital electrophysiology interface
chip is compared to minimize outlying data. Usually, three different channels were chosen that
showed the biggest differences in signals. These channels are compared, both raw data and their
spectrograms, and then the single channel with representative data was chosen for further
analysis.
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Figure 9: ECoG data selection. (Experiment ID 180328. See Appendix for the serial number of experiments). (a) ECoG
raw data plotted from 3 ports. (b) associated spectrograms for each port. For this experiment, port 1 was chosen for
analysis.

Raw data is plotted along with the associated spectrograms, similar to methods used by
Park et al. [50]. The Matlab function spectrogram returns the short-time Fourier transform of the
input signal, in this case the ECoG data. The spectrogram shows the frequency with its associated
intensity over time for each minute of the ECoG data. These images will be further discussed in

the results section.
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OCT data processing

Angiogram data was reconstructed using Lee Lab software which has been coded in
Matlab. This software reconstructs and averages angiogram data resulting in both intensity and
decorrelation maps. For this experiment, contrast-masked averaging was employed. This
technique finds the Y positions that have large motion artifacts and ignores those positions when
averaging volumes. In the decorrelation maps, motion artifacts appear as bright horizontal lines
with low contrast.

The best way to minimize this motion artifact is to place a glass cover over the cranial
window. However, for this experiment in order to gather ECoG data, the cortex needs to be
exposed. As a result of this, there is brain movement during OCT imaging due to the animal’s
cardiac and respiratory motions, resulting in artifacts that cannot be completely removed in post-
processing.

After the angiogram has been reconstructed, it can then be visualized and further
processed when needed. For example, if there is any tilt in the sample, that can be corrected
before the final image is saved. Also, the image can be cropped in the z direction, often to
exclude any areas with high reflection. An example of the selection and resulting image can be

seen in the figure below.
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Figure 10: An example of OCT angiogram data processing (experiment ID: 180221). (a) Intensity plot of the
associated MIP. By selecting different zz depths, areas with large movement artifacts or high reflection can be
eliminated. (b) Reconstructed angiogram MIP from zz [1 512]. (c) Intensity plot with selection of zz [146 512]. (d)
Reconstructed angiogram MIP after re-selection of zz.

Image processing to measure the scattering coefficient

The image processing software to measure the scattering coefficient is also done with
custom Lee Lab Matlab code. First the images must be cropped, excluding the edges of the image
are unusable, shown in the figure below. This crop excludes the part of the image where the

surface of the sample drops below a usable z depth.
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Figure 11: An example of imaging processing for the scattering coefficient measurement (experiment ID: 180404).
Scattering coefficient images (a) before cropping and (b) after cropping. This is the cropping for 1 of 2 scattering
coefficient OCT images taken before pilocarpine injection. Two more OCT images were taken after seizure activity.
The color bar represents the average scattering coefficient for each point in (mm’™). Additional examples of pre- and
post-cropping images are shown in the Appendix.

The code takes the two cropped OCT images, one vertically translated about 20-30 pixels
from the other, as input. It then shifts each B-scan vertically. Finally, it aligns the vertically
translated image with the original image. The resulting image gives a map of the scattering
coefficient of the cortex of the rodent’s brain. In theory, there will be distinguishable changes
between the images taken before and after seizure activity. The mechanisms underlying this
change include the alteration in the extracellular space (see Discussion for details). A final
reconstructed image is shown in Figure 12. This code also delivers the mean scattering coefficient

for the selected region of the cortex.
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Figure 12: An example of reconstructed scattering coefficient image (experiment ID. 180404), before pilocarpine
injection. Mean scattering coefficient is 5.13 mm-1.

Doppler OCT data acquisition and processing

Reconstruction of Doppler images is also done with custom Lee Lab Matlab code. This
code analyzes the phase of the consecutive A-scan signals to produce velocity maps. These
reconstructed maps are then visualized, shown in the figure below. The velocity maps before and
after seizure activity are compared in order to detect changes in blood flow.

In order to calculate absolute blood flow [uL/min] from the velocity map [mm/s], it is
best to focus on bright circular dots, rather than longer shapes. The circular shapes correspond to
blood vessels that are oriented vertically in the brain. Although we used the area-integral method
that is in theory independent of the vessel orientation [51], the vertical orientation leads to more
accurate flow readings, due to the nature of A-scans in OCT. Below is a reconstructed Doppler

OCT image, which will be further discussed in the results section.
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Figure 13: An example of Doppler OCT map of the flow velocity (experiment ID: 180328). This image shows blood
flow at a z depth of 220 pixels (equivalent to 770 um from the cortical surface). F gives the volumetric blood flow in
uL/min. The color bar represents the range of velocities in mm/s. Arteries are shown in red (flowing into the cortex),
and veins are shown in blue (flowing out of the cortex).
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Results

This section will primarily focus on the experiments that used the administration of
methscopolamine bromide, where the rodent also showed seizure activity. This additional drug

completely halted the peripheral effects and high mortality rate that was seen due to pilocarpine.

Table 1: Percent mortality due to pilocarpine. Physical responses in rodents include salivation, changes in breathing,
and dropping heart rate. Results divided between experiments that include the administration of methscopolamine
bromide, and those that did not.

Percent mortality to pilocarpine Percent mortality to pilocarpine
Without methscopolamine bromide With methscopolamine bromide
Dead before OCT imaging 11 Dead before OCT imaging 0
Survived until OCT imaging 6 | Survived until OCT imaging 4
total 17 | total 4
% mortality 64.71% % mortality 0.00%

Before the addition of methscopolamine bromide, the rodents suffered from adverse
reactions such as lacrimation, salivation, defecation, and fatality. Overall, there was a 0% success
rate in producing a confirmed seizure episode and a 64.71% mortality rate (n=17). Once
methscopolamine bromide was added, induction of seizure activity increased to 50% and
mortality dropped to 0% (n=4). Additional experiments in the future should show an

improvement in the percent seizure induction, and continuing to have a low mortality rate.
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ECoG signal and its spectrogram

As stated in the Methods section, chosen channels of recorded ECoG signals were first
compared before analysis; these results will focus on one channel for each experiment. Seizure
episodes are marked by rapid high voltage spiking followed by post-ictal depression and slowing
of spiking. This change can be seen in the figure below, marked by high voltage spikes

approximately 140 seconds after pilocarpine administration.

Figure 14: ECoG detection of seizure activity (experiment ID: 180328). (top) The ECoG signal recorded for 40
minutes from the pilocarpine administration. (bottom) Expanded ECoG of seizure episode. Duration 257.3 sec.

This seizure episode can also be verified via spectrogram (Figure 15). Seizure activity
presented as a spectrogram has characteristic onset/offset bands. The onset bands can be seen in
the expanded spectrogram figure, in the frequency range of 13-17 Hz, for this particular seizure

episode. The offset bands can be seen in the frequency range of 3-33 Hz.

22



Panerfequancy (Hz)

Figure 15: ECoG spectrogram of the seizure activity (experiment ID: 180328). (top) Spectrogram for 40 minutes from
the pilocarpine administration. (bottom) Expanded spectrogram of seizure episode. Duration 257.3 sec.

Previous studies have reported that in the pilocarpine seizure model with pretreatment,

seizure activity was induced in 75% of animals [8]. For these experiments, pilocarpine-induced

seizure activity was visible in 50% of animals that had been pretreated with methscopolamine

bromide. In animals that had not been pretreated, no seizures were induced. Additional

experiments should improve the percent seizure induction, and this table will be updated as

further data becomes available.

Table 2: Percent seizure induction. Seizure episodes have been verified via ECoG analysis as described in the results
section. Results divided between experiments that include the administration of methscopolamine bromide, and those

that did not. Y = seizure episode visualized, N = no seizure episode.

Percent seizure induction
Without methscopolamine

Percent seizure induction
With methscopolamine

bromide bromide
n(Y) 0 n(Y) 2
n(N) 17 n(N) 2
total 17 total 4
% seizure 0.00% % seizure 50%
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OCT angiogram image

In order to achieve the best results from angiogram OCT, a glass slip is placed in contact
with the brain in order to minimize movement. Because this experiment requires ECoG data
collection, we used no glass cover that should be permanently sealed on the craniotomy. For this
reason, larger motion artifacts than usual cranial window preparations were observed. These can
be reduced in image processing; however, they do not disappear completely. Additional artifacts
appear because the surface is not uniformly even and has different areas of reflection.

ang2 MIP

ang1 MIP

(a) (b)

Figure 16: En face maximum intensity projection (MIP) images of OCT angiogram (experiment ID: 180328). (a)
Before pilocarpine administration (b) 54 min after pilocarpine administration. Horizontal lines in (a) and (b) are
motion artifacts. Bright points in both (a) and (b) are reflection points due to uneven surface.

In the angiogram image after pilocarpine administration, there is a marked decrease in the
number of vessels that can be visualized. This supports the hypothesis that after seizure activity
there is an increase in the value of the scattering coefficient of the cortical tissue (see the next
section). A higher scattering coefficient creates a shadow that hides deeper, narrower vessels,

resulting in the difference between the images above.

24



Scattering coefficient

Analysis of the scattering coefficient maps suggests that the optical scattering coefficient
increases after seizure activity. In the first animal, the mean scattering coefficient increased from
2.46 mm™ to 2.99 mm™ (22% increase). In the second animal, the mean scattering coefficient
increased from 4.54 mm™ to 5.44 mm™ (20% increase). This data supports the original
hypothesis, that constriction of the extracellular space in the cortex occurs by the seizure activity

and can lead to an increase in the optical scattering coefficient.

M (®)

180328scat1: Mean Scattering coefficient is: 2.4584/mm 180328scat2: Mean Scattering coefficient is: 2.9939/mm

0.3

0.15

X (mm)

Figure 17: Increased scattering coefficient after the seizure activity (experiment ID: 180328). Reconstructed scattering
coefficient images before pilocarpine injection (a) and 40 min later the administration (b). Images before cropping are
presented in Appendix B.

The current algorithm that is used to define the surface of the sample is not completely
robust. If there are artifacts on the surface of the sample or above the surface, it may define those
as being the true surface of the cortex (Figure 18). This leads to problems when converging the
two samples and reconstructing this image. In order to combat this issue, small regions of the
original images are chosen. However, this does not allow for complete analysis of the entire

sample and ultimately leaves out important information.
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Figure 18: The effect of image artifacts on the automatic identification of the cortical surface (experiment ID: 180328).
B-scan at pixel position y=100 (correlates to 350 um from the edge of the field of view). Red line indicates what has
automatically been identified as the cortical surface.

In addition to improvement of the surface detection algorithm, specific algorithm
development to compare scattering coefficient images will be the next step in working toward the
long term goal of an intraoperative microscope. More data will reveal how changes in scattering
coefficient values of the surface of the cortex correlate to seizure activity and ultimately show the
differences between healthy and diseased tissue. In the long term, this algorithm will need to be

able to work in real time.
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Cerebral blood flow
Cerebral blood flow has been measured using Doppler OCT images. By selecting the
region of interest (ROI), Matlab code calculates the blood flow in that region. Once the ROI is

selected, different z depths are explored in order to find peak blood flow in that blood vessel.

dop1 iz=220/512 F=4.7 ulUmin dop2 z=224/512 F=4 ulUmin

< . 2
(a) » (b) :

Figure 19: Changes in the arterial blood flow after seizure activity (experiment ID: 180328). (a) Doppler OCT image
before pilocarpine injection. ROI at a depth of 770 um. Cerebral blood flow 4.7 ul/min. (b) Doppler OCT image 51
min after pilocarpine administration. ROI at pixel depth of 224. Cerebral blood flow 4 ulL/min.

In each region of interest, several (2-3) arteries or veins were selected in each volume,
from each rat. These values were then averaged, for arteries and veins respectively, to find the
mean blood flow for arteries and veins, before and after seizure activity. From these averages, the

percent change in blood flow was calculated, shown in Figure 20.
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Percent change in CBF in rats with seizure activity
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Figure 20: Overall percent change in cerebral blood flow in rodents where seizure activity has been induced. Arteries
showed a -40.59+10.62% change in blood flow. Veins showed a -27.55+13.01% change after seizure activity.

It is expected that blood flow increases in the area of local seizure activity. However, we
induced a global seizure in the brain by IP injection, and thus it is not reasonable to expect local
blood flow increase in our data. In fact, a few cerebral arterioles selected for flow measurement

exhibited a decrease in the flow after seizure activity. This result needs further investigation.
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Discussion

The pilocarpine model with methscopolamine bromide pretreatment has induced a
seizure in 50 % of rodents. The induced seizures exhibited large variations in the onset time and
duration. For example, in one animal, the seizure was induced approximately 2.5 minutes after
pilocarpine administration, and lasted 4.5 minutes. Meanwhile, in the other animal, there were
two seizure events that were measured via ECoG. The first lasted approximately 3 minutes, with
an onset 36 minutes after pilocarpine administration. The second event lasted 3.5 minutes, with
an onset 40 minutes after administration. While both of these seizure onset times are within the
expected window, they are drastically different. Moving forward, we expect to see an even
distribution of seizure onset times within the 40-minute window.

Future work also includes control experiments to study the effect of ketamine on ECoG
signals. Ketamine has been known to induce burst firing when administered [52]. Ketamine is a
known NMDA receptor antagonist [53]. However, previous literature has shown that
pretreatment with MK-801 (a NMDA receptor antagonist) does not block seizure induction in the
pilocarpine rodent model [54]. Based on this prior work, ketamine should not interfere with the
induction of seizure events, however, further control experiments will show the direct effects.

Future analysis of structural OCT images will include improvement of the head post in
order to fix the skull as best as possible to minimize motion artifacts. Additional analysis directly
comparing angiograms before and after seizure activity will be done, including changes in vessel
diameter.

The paradigm of neurovascular coupling explains how blood flow changes in response to
neural activation. In order to measure this, it requires controlled activation, such as whisker
stimulation, while measurements are being taken. This method has been employed to characterize
baseline blood flow in the brain. These tests will be added in the future, once seizure activity has

been characterized robustly and with high reproducibility. This will further characterize the
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changes in blood flow that are seen in combination with whisker stimulation and pilocarpine-
induced seizure activity.

Currently, the ECoG array that is used in this experiment does not allow for concurrent
OCT imaging. Park et al. have developed a graphene-based, carbon-layered electrode array
(CLEAR) that can be used for these types of neural applications (Figure 21). Currently, images
are being taken prior to pilocarpine injection, and again 40 minutes later. However, with this
device, it opens up the possibility of imaging during seizure activity. Currently, in order to
alternate between ECoG and OCT setup, the entire OCT probe needs to be moved which can

change the z position of the probe as well as the position of the probe within the cranial window.

Figure 21: (a) Bright-field image of CLEAR device implanted on the cerebral cortex of a mouse beneath a cranial
window. (b) Fluorescence image of same device shown in a. Mouse was given an intravenous injection of fluorescein
isothiocyanate—dextran to fluorescently label the vasculature. (c,d) Higher magnification bright-field and fluorescence
images of same device shown in a and b, respectively. (e,f) Bright-field and fluorescence images of standard rat-sized
micro-ECoG arrays with platinum electrode sites, respectively. Scale bars, 500 um (a,b), 250 um (c,d), 750 um (e,f). In
vivo vasculature imaging was repeated in three rats, each with a CLEAR and platinum microECoG array. Images were
representative of presented and previously published data Reprinted from Park et al.
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Figure 22: Summary of the result from the first rat (experiment ID 180328). (a) Raw ECoG data for 40 minutes following
pilocarpine injection. Seizure activity seen 2 minutes after pilocarpine administration. (b) Spectrogram showing seizure
activity. (c) Angiogram before pilocarpine administration. (d) Angiogram after seizure. (e,f) Cropped selections of original
angiograms (b,d) respectively. (g) Histogram of (e,f) as angl and ang? in the legend indicate those before and after seizure,
respectively. (h,i) Scattering coefficient maps before (scatl) and after (scat2) seizure activity. (j) Histogram of scatl and
scat2. (k,1) Doppler images before and after seizure, with boxes showing ROI where the absolute blood flow (uL/min) was
calculated. (m) Cerebral blood flow before (dopl) and after (dop2) seizure for both arteries and veins.
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Figure 23: Summary of the result from the second rat (experiment ID 180411). (a) Raw ECoG data for 40 minutes
following pilocarpine injection. Seizure activity seen 2 minutes after pilocarpine administration. (b) Spectrogram
showing seizure activity. (c) Angiogram before pilocarpine administration. (d) Angiogram after seizure. (e,f) Cropped
selections of original angiograms (b,d) respectively. (g) Histogram of (ef) as angl and ang?2 in the legend indicate
those before and after seizure, respectively. (h,i) Scattering coefficient maps before (scatl) and after (scat2) seizure
activity. (j) Histogram of scatl and scat2. (k,l) Doppler images before and after seizure, with boxes showing ROI where
the absolute blood flow (uL/min) was calculated. (m) Cerebral blood flow before (dopl) and after (dop2) seizure for
both arteries and veins
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Conclusion

This study has successfully induced seizure activity in the rat pilocarpine model as
verified by the ECoG recording. OCT imaging has allowed for quantification of the changes in
optical properties associated with this seizure activity. The optical scattering coefficient of the
cortical tissue exhibits a significant increase after the seizure. This increase also leads to a
decrease in visibility of blood vessels in the OCT angiogram images. Doppler OCT enables us to
quantify cerebral blood flow at single vessel resolution in vivo, and its data suggests that overall
cerebral blood flow decreases (in both arteries and veins) by the global seizure.

The biggest challenge during these trials has been to reliable produce seizure activity in
the rodents. The addition of methscopolamine bromide has visibly improved the peripheral
effects of pilocarpine that were present during previous trials, with salivation and defecation
being the two most obvious. As more trials are being run with methscopolamine bromide, the
incidence of seizure onset should improve. Additionally, the differences in the brain before and
after seizure activity are expected to become more evident.

In the future, changes in blood flow as imaged by Doppler OCT will reveal a pattern that
will inform how the brain functions as a result of seizure activity. After a more robust software
can be developed, the same can be said for the analysis of scattering coefficient and angiogram
images.

Once these patterns are identified, the associated software will be able to be developed to
identify these differences in real time. Ultimately, these trials are the beginnings of research that
will be able to inform clinical decisions that are made in the operating room and improve the

outcome of the epilepsy surgery.
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Appendix A

Table A 1: Experiment outcomes. Pilocarpine = pilo, Methscopolamine bromide = meth-br.

Experiment
date

2017/06/13

2017/06/20

2017/07/11

2017/09/27

2017/09/27

2017/10/04

2017/10/11

2017/10/25

2017/11/15

Protocol

IH

IP

IP

IH

IH

IH

IP

60 min no
pilo

IP

OCT
(Y/N)

N

Z

Z

ECoG
(Y/N)

Y

=<

ECoG recording
method

5 min pre
1/5 min post

5 min pre
1/5 min post
5 min pre
1/5 min post
5 min pre
1/5 min post
5 min pre
1/5 min post
5 min pre
1/5 min post

5 min pre
1/5 min post
5 min pre
1/5 min post
5 min pre
1/5 min post

5 min pre
1/5 min post

Pilo dose

2.4mg/uL

340
mg/kg

340
mg/kg
2.4mg/uL

2.4mg/uL

2.4mg/uL

340
mg/kg

380
mg/kg

Meth-br
dose

Result

Brain bleed due to
micropipette injection

Stopped breathing at 31
min

Stopped breathing at 38
min

Stable vitals 65 min post-
pilocarpine injection

Stable vitals 65 min post-
pilocarpine injection

Stable vitals 55 min post-
pilocarpine injection

Stable vitals 45 min post-
pilocarpine

Stable vitals for 60
minutes

(min 8) drooling
(min 35) convulsions

Seizure
episode
(Y/N)

Z

Seizure episode

duration (sec)

Mortality
due to pilo

Z



2017/11/29

2017/11/29

2017/12/6

2017/12/13

2017/12/20

2018/01/17

IP

IP

IP

IP

IP

5 min pre
1/5 min post

5 min pre
1/5 min post

3 min pre

1/5 min post (until
20)

Continuous post

5 min pre

1/5 min post (until
20)

Continuous post

5 min pre

1/5 min post (until
20)

Continuous post

Continuous post

380
mg/kg

380
mg/kg

380mg/kg

380mg/kg

380mg/kg

380mg/kg

(min 41) stopped
breathing, resumed
(min 44) stopped
breathing

(min 26) heart rate
dropped, experiment
ended

(min 4) stopped
breathing, experiment
ended

(min 5) drooling

(min 29) stopped
breathing, resumed on its
own

(min 36) stopped
breathing, experiment
ended

(min 3) drooling

Stable vitals through (min
60), no change inECoG

(min 2) drooling

(min 17) heavy breathing
(min 55) stopped
breathing, experiment
ended

(min 40) stopped
breathing, experiment
ended



2018/01/24

2018/02/14

2018/02/21

2018/02/28

2018/03/14

2018/03/28

2018/04/04

2018/04/11

2018/04/18

IP

IP

IP

IP

Y

N #*

Y

Continuous post (15
min)

Continuous post (20
min)

Continuous post (20
min)

Continuous post (0-5
min) (10-20 min)

Continuous post (40
min)
Continuous post (40
min)
Continuous post (40

min)

Continuous post (40
min)

380mg/kg

380mg/kg

380mg/kg

380mg/kg

380mg/kg

380mg/kg

380mg/kg

380mg/kg

380mg/kg

(min 59) stopped
breathing, experiment
-- ended

(min 3) breathing

problems

(min 17) breathing

stopped

(min 18) experiment
-- stopped

Stable vitals 60 min post-
-- pilo injection
(min 36) stopped

breathing, experiment
-- ended

(min 20) stopped
breathing, experiment
-- ended

Img/kg Stable vitals

Img/kg Stable vitals

Img/kg Stable vitals

Img/kg Stable vitals

N

N

* No ECoG was recorded because this experiment was simply to test the transition between drugs to explore if that was a cause of mortality.
** No ECoG was recorded because a glass cover slip was used to visualize changes in angiogram images. Ultimately, the difference in image
quality was sacrificed due obtain ECoG analysis.
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Appendix B

4 & 11 i :
Figure B 1: Images of actual OCT and ECoG setup. (a) OCT setup with probe above cranial imaging window. (b) Side
view of OCT setup. (c) Top view of cranial window (right side of skull) and cranial hole for screw (left side of skull).
(d) Top view of ECoG setup. ECoG probe shown in contact with the exposed cortex. Screw shown grounded to the
ECoG probe by yellow wire and alligator clips.
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Figure B 2: Screenshot of custom Lee Lab OCT Software. Settings for Doppler OCT.
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Figure B 3: Screenshot of custom Lee Lab OCT Software. Settings for scattering coefficient OCT.
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Egure B 4 Screenshot ofTECoG data collection soj?v-va;.

1
2 % load all time points
gl= clear all;
4 - E = cell(2,40);
B[= for i = 1:39
o= load (['\\files.brown.edu/Research/ENG_Lee-Lab_Shared/group/data/16ThorlabsSD/scrow/180404_processedECoG/ap_180404_min' num2str(i)])
Yl= E{1,i} = t_amplifier();
= E{2,i} = amplifier_data(l,:):;
9= end
L= EE = cell2mat(E);
11
12 % plot all time points // raw and spectrogram
Lal= figure():
14 — plot (EE(1,:),EE(2,:), k") ;
id|= ylim([-4000 4000]);
16 — x1lim([EE(1,1) EE(1,length(EE))]):
= xlabel ('Time (sec)'):
18 — ylabel ('Voltage (uV)'):
19 — title('ECoG');
20
21 % spectrogram of all time points
122 o figure()
23 — spectrogram(EE (2, :), kaiser (10000,1),500, [1,3000, 'yaxis')
24 - set (gca, 'XTickLabel', []):
25 xlabel ('Time (min)'):;
A= title('Spectrogram');
27 - ylim([0 0.05]);
28 - colormap('iet');:

Figure B 5: Screenshot of Matlab code to plot ECoG and spectrogram over all time points.
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Figure B 6: Selection of scattering coefficient ROI. Experiment date 180328. Scattering coefficient images. scatl
images were taken before pilocarpine injection, while scat2 images were taken after seizure activity. (b,d.f,h)
correspond to (a,c,e,g) after selection of ROI.

wcart botere cras.

Figure B 7: Selection of scattering coefficient ROI. Experiment date 180404. Scattering coefficient images. scatl
images were taken before pilocarpine injection, while scat2 images were taken after seizure activity. (b,d.f,h)
correspond to (a,c,e,g) after selection of ROL.
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Figure B 8: Selection of scattering coefficient ROI. Experiment date 180411. Scattering coefﬁczent images. scatl
images were taken before pilocarpine injection, while scat2 images were taken after seizure activity. (b,d.f,h)
correspond to (a,c,e,g) after selection of ROL
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