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ABSTRACT OF THE DISSERTATION
The Development of Optical Coherence Tomography to Study Optical Changes of
Cortical Tissue During Seizures
by
Melissa Marion Eberle
Doctor of Philosophy, Graduate Program in Bioengineering
University of California, Riverside, August 2015
Dr. B. Hyle Park, Chairperson

High-resolution, minimally invasive imaging techniques are vital in visualizing and
understanding the functionality of the brain. Scattering is the dominant source of light
attenuation in biological tissue, making a reflective imaging technique ideal for studying
changes in the optical properties of cortical tissue. Optical coherence tomography (OCT)
is a high-resolution, minimally-invasive, imaging technique, capable of producing depthresolved, cross-sectional, 2D and 3D images and has shown to be a promising method for
in vivo imaging in highly scattering tissues such as the cerebral cortex. The goal of the
research presented here was to develop OCT as a tool to study the optical changes of
cortical tissue during induces seizures in vivo and in vitro. Initially, the average intensity
changes were observed from 2D images during the induction of global seizures in vivo. A
significant decrease (P < 0.001) in intensity during seizures was observed before the
onset of generalized seizures. Next, the spatiotemporal resolution of OCT was fully
utilize to visualize changes in the cerebral cortex optical properties through the
development of 3D functional OCT (fOCT) images of intensity changes. A focal seizure
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model was also introduced, and significant decreases in intensity were observed in both
models. To further characterize the optical changes observed in cortical tissue, depthresolved attenuation coefficient volumes were calculated. A confidence interval statistical
analysis method was developed creating fOCT volumes to localize and quantify regions
with significant changes in attenuation coefficient values during the progression of both
seizure models. From the fOCT volumes, depth-dependent increases and decreases in
attenuation coefficients were localized. To compare the electrical and optical temporal
evolution, implanted electrodes were included for EEG analysis. Lastly, to investigate the
biological mechanisms eliciting the changes in attenuation observed during seizure,
phase-resolved Doppler OCT was used to show that attenuation values in tissue increase
to match values within blood vessels. Second, in vitro seizure experiments were
conducted showing the presence of changes in attenuation independent of blood. The
results from this work demonstrate the potential utility of OCT as a minimally-invasive
tool for studying seizure onset and propagation with high spatiotemporal resolution.
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Chapter 1. Introduction and Background of OCT
1.1.

Optical Coherence Tomography (OCT)

The development of optical imaging techniques that can provide noninvasive imaging of
biological tissue with micrometer to millimeter imaging depths and micrometer
resolution has helped advance a wide range of research and medical fields [1,2]. Optical
coherence tomography (OCT) is one such technique that was first developed in the
1990’s and used to investigate the thickness of retinal layers in vivo [3–11]. OCT uses
low-coherence interferometry to create high-resolution, cross-sectional images of the
intrinsic reflectance from biological tissue. Figure 1.1 illustrates how OCT compares in
resolution versus imaging depth to other common imaging techniques used in the medical
and research fields. Clinical imaging techniques such as functional magnetic imaging
(fMRI), computed tomography (CT), and positron emission tomography (PET), have
large imaging depths (tens of centimeters) and can image entire organisms, but have
limited spatial resolution (millimeters) [1,2,12–18]. Ultrasound and especially highfrequency ultrasound have improved resolution (100 micrometers) while still maintaining
large imaging depths of a couple centimeters [19]. When moving into the optical
imaging regime, the resolution improves to single micron and submicron resolution, but
the imaging depth is restricted to the upper few hundred microns. OCT bridges the gap
between these commonly used imaging techniques by achieving micrometer resolution
while maintaining an imaging depth of a few millimeters.

1

Figure 1.1: Comparison of resolution and imaging depth for functional magnetic resonance
imaging (fMRI), positron emission tomography (PET), ultrasound, OCT, intrinsic optical
signal imaging (IOS), and confocal microscopy.

1.2.

Principles of OCT

OCT is an optical analog of ultrasound imaging, in which the magnitude and delay of
backscattered waves reflected from within a sample are used to generate depth-resolved
reflectivity images. The fact that light travels much faster than sound makes direct
differentiation of light “echoes” from different depths within a sample impossible. This
necessitates the use of low-coherence interferometry to detect the intensity and optical
path delay in OCT [20]. Interferometry creates interference patterns between light that is
backscattered from a sample and light reflected from a known reference path length.
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Figure 1.2: Schematic of a Michelson Interferometer with a beam splitter.

In a Michelson interferometer, light is split between a reference path 𝐸𝑅 (𝑡) and a sample
path 𝐸𝑠 (𝑡) before being reflected, interfered, and sent to a detector arm (Figure 1.2). The
intensity (𝐼𝑑 ) at the detector is proportional to the sum of the square of the total
field [21]:

𝐼𝑑 ~|𝐸𝑅 |2 + |𝐸𝑠 |2 + 2𝐸𝑅 𝐸𝑠 cos(2𝑘∆𝐿)

(1.1)

The interference term is dependent on the path length difference (∆𝐿) between the sample
and reference arms. In OCT, gating in the axial direction is achieved by the use of a lowcoherence, broad-bandwidth light source. The path length differences must be within the
coherence length of the light source ensuring interference over only the coherence length.
In time-domain OCT (TD-OCT), the reference arm is scanned to obtain a depth
profile (A-line) from the sample, which is generated by demodulation of the resulting
time-resolved interferogram. Through scanning the incident beam across the sample and
collecting sequential depth profiles, 2D cross-sectional imaging can be performed. 3D
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imaging can be performed by raster scanning the beam across the sample taking
consecutive 2D images (Figure 1.3).

Figure 1.3 OCT image and volume construction. (A) A-line plotted in depth vs. dB (B) cross-sectional
images composed of 2048 A-lines of cortical tissue with the intensities on a logarithmic inverse gray scale
(C) stacks of sequential images (D) a 3D volume rendering of 200 consecutive cross-sectional images.

TD-OCT was the first generation of OCT systems [5,8,10,11,22], however, due to limited
sensitivity and physical limitations of the mirror scanning speed, depth profile acquisition
with this methodology is limited to several thousand hertz [23], making video rate image
acquisition difficult. The major advancement of OCT was in the development of Fourier
Domain OCT systems such as spectral-domain (SDOCT) and swept-source (SSOCT)
(also called optical frequency domain imaging or OFDI) [3,4,6,7,9,23–25].
1.3.

Spectral Domain- Optical Coherence Tomography

Spectral Domain-OCT (SD-OCT) uses a broadband, continuous wave source and the
reference and sample arms are fixed to nearly the same optical path length. The
interference pattern is detected in a spectrally-resolved manner. Fourier transformation
of the interferogram yields a depth-resolved intensity profile. This has a number of
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significant advantages over TD-OCT detection: an order of magnitude improvement in
detection sensitivity that can be used to increase acquisition speed, simultaneous
acquisition of information at all depths, and improved system stability resulting from a
stationary reference arm configuration [3,6,9].
A fiber optic SD-OCT system is illustrated in Figure 1.4 [26] with a light source
composed of two superluminescent diodes (SLDs) centered at 1298 nm, the longer
wavelength allowing for deeper imaging depth due to a longer mean free path between
scattering events and a local minimum in the water absorption spectrum. This provides an
imaging depth up to two millimeters in highly scattering tissue [27]. From the source, the
light is sent through a circulator (cr) and then split with an 80/20 fiber coupler between
the sample and reference arm. The reflected light from both arms is then recombined and
the now interfered light is sent back through the circulator to the spectrometer where it is
collimated, dispersed by a grating, and the spectral lines are focused on a 1024 pixel line
scan camera (lsc). Scanning of the optical beam to perform 2D and 3D imaging is done
through galvanometer mounted mirrors (gm) in the sample arm.

5

Figure 1.4: Schematic of the SD-OCT system. SLD: superluminescent diodes, cr: circulator, lsc: line scan
camera, gm:galvanometer.

As described in Section 1.2, the intensity at the detector 𝐼𝑑 is the square of the
sum of the of the returning reflection electric fields from both the sample arm 𝐸𝑠 and the
reference arm 𝐸𝑅 , which can be expressed as:
𝜌

𝐼𝑑 (𝑘, 𝜔) = 〈|𝐸𝑅 + 𝐸𝑠 |2 〉
2

(1.2)

where ρ represents the detector sensitivity, the factor of 2 accounts for the second pass of
each field through the beamsplitter, and the angular brackets denote the integration over
the response time of the detector. Assuming a polychromatic plane wave source, the
incident electric field can be expressed as 𝐸𝑖 = 𝑠(𝑘, 𝜔)𝑒 𝑖(𝑘𝑧−𝜔𝑡) , where 𝑠(𝑘, 𝜔) is the
electric field amplitude as a function of the wavenumber 𝑘 = 2𝜋/𝜆 and angular
frequency 𝜔 = 2𝜋𝜈. Reflections along the sample beam axis 𝑟𝑠 (𝑧𝑠 ), where 𝑧𝑠 is the
pathlength of the reflection measured from the beamsplitter, are generally continuous in
biological tissue and can be complex encoding the phase as well as the amplitude of the
reflections. For simplification, we assume a series (N) of real delta-function reflections of
the form: 𝑟𝑠 (𝑧𝑠 ) = ∑𝑁
𝑛=1 𝑟𝑆𝑛 𝛿(𝑧𝑆 −𝑧𝑆𝑛 ), with each reflection characterized by its electric
6

field reflectivity 𝑟𝑆𝑛 and the pathlength (𝑧𝑠 ) from the beam splitter, where 𝑧 = 0. Using
this simplification and expanding for the detector current, the reflections of the electric
fields from the sample and reference arm are expressed in terms of the incident field as:

𝐸𝑅 =
𝐸𝑠 =

𝑠(𝑘,𝜔)

𝑠(𝑘,𝜔)
√𝑠

𝑟𝑅 𝑒 𝑖(2𝑘𝑧𝑟− 𝜔𝑡)

(1.3)

𝑖(2𝑘𝑧𝑆𝑛− 𝜔𝑡)
∑𝑁
𝑛=1 𝑟𝑆𝑛 𝑒

(1.4)

√𝑠

If Equations 1.3 and 1.4 are substituted back into Equation 1.2 then expanding the
squared functions give the following equation for 𝐼𝐷 :
𝜌

𝐼𝐷 (𝑘) = [𝑆(𝑘)(𝑅𝑅 + 𝑅𝑆𝑛 + ⋯ )]
4

𝜌

𝑖2𝑘(𝑧𝑅 −𝑧𝑆𝑛 )
+ [𝑆(𝑘) ∑𝑁
+ 𝑒 −𝑖2𝑘(𝑧𝑅−𝑧𝑆𝑛 ) )]
𝑛=1 √𝑅𝑅 𝑅𝑆𝑛 (𝑒
4

(1.5)

𝜌

𝑖2𝑘(𝑧𝑆𝑛 −𝑧𝑆𝑚 )
+ [𝑆(𝑘) ∑𝑁
+ 𝑒 −𝑖2𝑘(𝑧𝑆𝑛 −𝑧𝑆𝑚 ) )]
𝑛≠𝑚=1 √𝑅𝑆𝑛 𝑅𝑆𝑚 (𝑒
4

A Gaussian function 𝑆(𝑘) = 〈|𝑠(𝑘, 𝜔)|2 〉 is used to model the source spectrum and then
using Euler’s rule to simplify Equation 1.5 generates a real result for 𝐼𝐷 as a function of
wavenumber creating a “spectral interferogram” expressed as:
𝜌

𝐼𝐷 (𝑘) = [𝑆(𝑘)(𝑅𝑅 + 𝑅𝑆𝑛 + ⋯ )]
4

𝜌

+ [𝑆(𝑘) ∑𝑁
𝑛=1 √𝑅𝑅 𝑅𝑆𝑛 (cos[2𝑘(𝑧𝑅 − 𝑧𝑆𝑛 )])]
4

(1.6)

𝜌

+ [𝑆(𝑘) ∑𝑁
𝑛≠𝑚=1 √𝑅𝑆𝑛 𝑅𝑆𝑚 (cos[2𝑘(𝑧𝑆𝑛 − 𝑧𝑆𝑚 )])]
4
The first term in Equation 1.6 is the power reflectivity from the reference mirror plus the
sum of the sample reflectivities and is referred to as the DC component. The second term
is the cross-correlation or interferometric term of the path length difference between the
7

reference arm and each sample reflector with respect to the source wavenumber. The
frequency of the cosine encodes the axial location of the scatterer. The third term is the
auto-correlation term between the different reflectors within the sample. In the case of
multiple reflectors in the sample, the spectrum is modulated by multiple cosineusoids
with a frequency and amplitude corresponding to each sample reflection.
In SD-OCT all the spectral components of 𝐼𝐷 (𝑘) are captured simultaneously on
the line scan camera at the output of the spectrometer arm. Depth resolved reflectivity is
constructed through the inverse Fourier transform of 𝐼𝐷 (𝑘) utilizing the Fourier transform
pair

𝐹

1

[𝛿(𝑧 + 𝑧𝑜 ) + 𝛿(𝑧 − 𝑧𝑜 )] ↔ cos 𝑘𝑧𝑜 and the convolution property of Fourier
2
𝐹

transforms 𝑥(𝑧) ⊗ 𝑦(𝑧) ↔ 𝑋(𝑘)𝑌(𝑘). The inverse Fourier transform of Equation 1.6 is
calculated as:
𝜌

𝑖𝐷 (𝑧) = [𝛾(𝑧)(𝑅𝑅 + 𝑅𝑆𝑛 + ⋯ )]
8

𝜌

+ [𝛾(𝑧) ⊗ ∑𝑁
𝑛=1 √𝑅𝑅 𝑅𝑆𝑛 (δ[𝑧 ± 2(𝑧𝑅 − 𝑧𝑆𝑛 )])]
4

(1.7)

𝜌

+ [𝛾(𝑧) ⊗ ∑𝑁
𝑛≠𝑚=1 √𝑅𝑆𝑛 𝑅𝑆𝑚 (δ[𝑧 ± 2(𝑧𝑆𝑛 − 𝑧𝑆𝑚 )])]
8
where the coherent function 𝛾(𝑧) is the 𝐹𝑇 −1 of the Gaussian source function S(k)
defined as:

𝛾(𝑧) = 𝑒

−𝑧 2 ∆𝑘 2

𝐹

↔ 𝑆(𝑘)=

1
∆𝑘 √𝜋

𝑒

(𝑘−𝑘𝑜 ) 2
]
∆𝑘

−[

(1.8)

where 𝑘𝑜 represents the central wavenumber of the light source spectrum and ∆𝑘 is the
spectral bandwidth. Carrying out the convolution of Equation 1.7 we obtain the final
depth resolved reflectivity profile referred to as an “A-line”:
8

𝑖𝐷 (𝑧) =

𝜌
[𝛾(𝑧)(𝑅𝑅 + 𝑅𝑆𝑛 + ⋯ )]
8
𝜌

+ [ ∑𝑁
𝑛=1 √𝑅𝑅 𝑅𝑆𝑛 (𝛾[2(𝑧𝑅 − 𝑧𝑆𝑛 )] + 𝛾 [−2(𝑧𝑅 − 𝑧𝑆𝑛 )])]
4

(1.9)

𝜌

+ [ ∑𝑁
𝑛≠𝑚=1 √𝑅𝑆𝑛 𝑅𝑆𝑚 (𝛾[2(𝑧𝑆𝑛 − 𝑧𝑆𝑚 )] + 𝛾[−2(𝑧𝑆𝑛 − 𝑧𝑆𝑚 )])]
8
With the assumption of a Gaussian source, the axial point-spread function (PSF) is
characterized by its full width at half the maximum (FWHM) value and defines the round
trip coherence length of the light source 𝑙𝑐 and is defined as:

𝑙𝑐 =

2√ln(2)
∆𝑘

=

2ln(2) 𝜆2𝑜
𝜋

𝛥𝜆

(1.10)

for both wavenumber and wavelength, where 𝜆𝑜 is the center wavelength of the source
and 𝛥𝜆 is the bandwidth and has an inverse relationship to the coherence length, which
defines the axial resolution of the OCT system. The optics used in the sample arm dictate
the lateral resolution of the system.
1.3.1. Autocalibration for accurate wavelength assignment
The spectrometer does not evenly distribute the spectral interferogram, described by
Equation 1.9, across the lsc, which is necessary in order to perform the FT-1 from
wavenumber (k) to distance (z) [28]. Proper wavelength assignment can be achieved by
introducing a perfect sinusoidal modulation as a function of k by passing light through a
coverslip in the source arm. The wavelength mapping is determined by minimizing the
nonlinearity of the phase of the perfect sinusoid through an iterative process [28]. The
initial wavelength array W is used to interpolate the spectral interference fringes to
equally spaced k values. The phase of the zero-padded, k- space interpolated spectrum is
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determined and fitted with a third order polynomial. The nonlinear part σ(k) of the
polynomial fit is used for correcting the wavelengths W. Thus a new k-array, k’, is
calculated from the previous k = 2π/W array and σ(k):

𝑘 ′ = 𝑘 + 𝜎(𝑘)/𝑧𝑝𝑒𝑎𝑘

(1.11)

where 𝑧𝑝𝑒𝑎𝑘 = 2𝜋𝑃𝐼/(𝑘𝑚𝑎𝑥 − 𝑘𝑚𝑖𝑛 ). PI, or peak index, is the location of the coherence
peak and kmax and kmin are the extremes of k. This correction, applied iteratively to the
original spectrum, results in the wavelength array:

𝑊 ′ = 2𝜋/𝑘 ′

(1.12)

The wavelength array W ’ (Figure 1.5B) can be used to map the spectrum (Figure 1.5A)
to the correct k values for each A-line (Figure 1.5C) [28]. After interpolation, the inverse
Fourier transform is taken (Figure 1.5D).

Figure 1.5: A-line preprocessing schematic. (A) Fringe magnitude with respect to the pixel array for one Aline. (B) Wavelength array W ‘with respect to wavenumber used to correct wavenumber assignment in each
pixel in (A). IP: Interpolation step of A with respect to B. (C) Resulting fringe magnitude plot post IP with
correct wavenumber assignment. FT-1: inverse Fourier transform. (D) Resulting dB intensity A-line with
depth (mirror image removed).
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Also, in SD-OCT, the sensitivity of the system decreases as a function of depth
due to the finite resolution of the spectrometer. Because of this, the sensitivity was
measured and removed during image processing by multiplying each A-line by a
calculated correction curve [7,9] to yield adjusted intensity images, a correction step
necessary for accurate depth-dependent calculations.
1.4.

Doppler OCT

Doppler OCT is a functional extension of OCT used to perform high-resolution mapping
of fluid flow within biological tissue [29–32] . The velocity of the fluid flow can be
determined from the phase information of the complex signal obtained after the Fourier
transform of the interferogram through calculating the phase difference (∆𝜑) between
two successive A-lines where i is the A-line number and z is depth position. The phase is
corrected for the intensity-weighted mean phase difference and then the phase difference
was calculated [33]:

∆𝜑𝑖+1 (𝑧) = 𝜑𝑖+1 (𝑧) − 𝜑𝑖 (𝑧)

(1.13)

∆𝜑𝑖+1 was phase-unwrapped and the bulk motion of individual phase values are
corrected for

𝜑𝑖+1,𝑛𝑒𝑤 (𝑧) = 𝜑𝑖+1 (𝑧) − (∑𝑧 𝐼𝑖+1 (𝑧)∆𝜑𝑖+1 (𝑧)/(∑𝑧 𝐼𝑖+1 (𝑧))) (1.14)
The new phase values for each A-line were again corrected for phase wrapping (∆𝜑𝑖′ ).
Lastly, the bi-directional phase is calculated through an intensity-weighted normalization:

𝜔𝑖 (𝑧𝑖 ) =

|𝐼𝑖 (𝑧𝑖 )|2 ∆𝜑𝑖′ (𝑧𝑖 )
|𝐼𝑖 (𝑧𝑖 )|2
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(1.15)

The values of the phase difference range from −𝜋 to 𝜋 and dictate the direction of flow.
Phase variance images are generated through squaring the generated phase difference:

𝑉𝑎𝑟𝑖 (𝑧𝑖 ) =

|𝐼𝑖 (𝑧𝑖 )|2 ∆𝜑𝑖′ (𝑧𝑖 )2
|𝐼𝑖 (𝑧𝑖 )|2

(1.16)

The values of the phase difference range from 0 to 𝜋 2 and are only an absolute presence
of flow and are used for the reconstruction of high-resolution images of flow.
1.5.

Neuroimaging and OCT applications

High resolution and minimally-invasive imaging techniques have been vital in
understanding and visualizing the functionality of the brain in vivo [1,2,34].Clinical
imaging techniques such as functional magnetic imaging (fMRI), positron emission
tomography (PET), computed tomography (CT), and ultrasound are widely used in
investigating the structure and function of the brain, but have limitations with regards to
image resolution, acquisition speed, and specificity [1,2,12–19].
Examples of functional imaging techniques developed in order to capture cortical
dynamics in vivo are Positron Emission Tomography (PET) and genetically encoded
calcium indicators (GECIs) [12,17,35,36]. PET can acquire millimeter resolution with
functionally labeled substrates but lacks structural image information if not paired with
another imaging modality such as MRI or CT [12]. Furthermore, the labeling agents are
positron-emitting radionuclides that can have toxic side effects. GECIs can achieve single
cell resolution with fluorescent, confocal, or two-photon imaging and can functionally
control the activation and deactivation of select groups of cells. However, degradation
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due to optical scattering limits the imaging depth to a few hundred micrometers and
genetically engineered proteins are required altering the native biology [35,36].
Optical imaging techniques such as intrinsic optical signal (IOS) [37–42], diffuse
optical

imaging

and

tomography [43–46],

photoacoustic

tomography

and

microscopy [47–50], and spatial frequency domain imaging (SFDI) [51] overcome these
limitations by achieving high-resolution, minimally invasive, imaging of the occurrence
and propagation of neuronal and epileptic activity through changes in intrinsic tissue
optical properties.
Optical coherence tomography (OCT) is a label-free, high-resolution, minimallyinvasive imaging technique, which can produce depth-resolved, cross-sectional 2D and
3D image data [3–9], bridging the gap between clinical and microscopy imaging
techniques (Figure 1.1). These combined traits make OCT an ideal imaging technique for
functional localization of the intrinsic optical change of cortical tissue associated with
neural activity and has been shown to be a promising method for in vivo imaging in
highly scattering tissues such as the cerebral cortex [22,27,34,48,52–61].
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Chapter 2. In vivo detection of cortical optical changes associated with
seizure activity with optical coherence tomography
2.1.

Introduction

Epilepsy, affecting at least 2% of the population [62], encompasses a group of disorders
of the brain characterized by the periodic and unpredictable occurrence of seizures. As
seizures are intermittent in patients with epilepsy, detection of seizures before they occur
would be revolutionary in both warning patients and also developing “closed-loop”
seizure detection and termination paradigms. To date, seizure detection algorithms have
been solely based on analysis of either surface or intracranial electroencephalography
(EEG). However, EEG has low spatial resolution, minimal depth discrimination and high
susceptibility to electrical noise and motion artifacts. While great efforts are underway,
there are currently no real-time methods of EEG analysis capable of reliably and
reproducibly predicting seizure onset [63,64].
Optical techniques using near-infrared (NIR) light have been implemented to
improve upon EEG technology by decreasing noise and increasing spatial and temporal
resolution [51,65]. Previous research has suggested that optical changes, specifically
changes in near-infrared optical scattering, may precede EEG seizure onset in animal
models and that these optical changes are due to pre-seizure physiological changes, in
particular reduction in the extracellular space [51,66,67]. Due to changes in the optical
properties of the tissue, a decrease in intensity of backscattered light has been observed
during the progression of seizures using noncontact NIR imaging and fiberoptic
probes [51,68].
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Optical coherence tomography (OCT) is a high resolution, minimally invasive,
imaging technique which uses the short temporal coherence of a broadband light source
to create cross-sectional images in real time [5,8]. OCT has shown to be a promising
method for in vivo imaging in highly scattering tissues such as the cerebral cortex and
several groups have demonstrated that through functional OCT imaging, changes in
tissue composition can be detected optically during stimulation [52,58–60,69]. In this
study, we demonstrated that changes in the optical properties of brain tissue during the
progression of seizures can be detected with the use of spectral-domain optical coherence
tomography (SD-OCT) [4] by inducing a generalized seizure, measuring the changes in
the intensity from the imaged tissue over time, and then quantifying these changes.
2.2.

Materials and experimental methods

2.2.1. Animal preparation for in vivo experimentation
6-8 week old, CD1 female mice (25-35 g) were initially anesthetized intraperitoneally
(i.p.) with a combination of ketamine and xylazine (80 mg/kg ketamine, 10 mg/kg
xylazine) and anesthesia levels were carefully monitored via breathing rate and reflexes.
A 4x4 mm thinned skull cortical window was created with a dental bur over the cerebral
cortex [70]. The skull was thinned to a uniform 55 µm. The mice were then imaged and
a 10 min baseline was collected before a saline control injection was administered. After
25 to 30 min, pentylenetetrazol (PTZ) (100 mg/kg) was injected i.p. to induce a seizure.
PTZ is a GABAA antagonist that reproducibly causes generalized seizures in this mouse
model with a latency after injection [71], allowing for the study of the optical
characteristics of the post-injection, pre-seizure state. Once a generalized tonic-clonic
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(stage-5) seizure was observed, involving fore- and hind-limb twitches and tail
movement, the animal was sacrificed with an anesthesia overdose. All experimental
procedures were approved by the University of California, Riverside Institutional Animal
Care and Use Committee.
2.2.2. Spectral-domain optical coherence tomography (SD-OCT)
The SD-OCT system outlined in Chapter 1, [26] utilized a broadband source composed of
two super-luminescent diodes (SLD), one centered at 1295nm with a full-width at half
maximum (FWHM) bandwidth of 97 nm (Thorlabs Inc.) and the other centered at
1350 nm with a FWHM bandwidth of 48 nm (Denselight Semiconductors Pte Ltd). The
combined source was centered at 1298 nm with a 120 nm FWHM bandwidth. The
experimentally determined axial and lateral resolutions were 8 μm and 20 μm
respectively. From the source, the light was sent to a fiber circulator (Thorlabs Inc.) and
split with an 80/20 fiber coupler between the sample and reference arm. In the sample
arm, a pair of galvanometer (gm) mirrors provided transverse scanning of a 10 μm
diameter focused beam. The lens used to direct light to the sample (AC254-075-C,
ThorLabs) had a 1 inch diameter with a focal length of 75 mm. The reflected light from
both arms was then recombined at the coupler and the now interfered light was sent to a
spectrometer with a transmission diffraction grating (1100 lines per mm, Wasatch
Photonics) before being focused by a planoconvex lens onto a 1024 pixel line scan
camera (lsc, Goodrich SUI SU-LDH linear digital high speed InGaAs camera).
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2.2.3. Image acquisition and data processing
To image the mouse brain, we continuously scanned the motor cortex region of the right
hemisphere centered over the corpus callosum. An imaging depth of 2 mm was obtained
with 6 mW of incident power and a focal point 1 mm below the thinned skull. Axial line
scans (A-lines) were acquired at 15 kHz, with each cross-sectional image consisting of
2048 A-lines spanning a 3 mm imaging plane. The spectral data was then sent to the
graphics processing unit (GPU) where, to correct for the nonlinear k-space sampling
interval, 512 sampled points per A-line scan were mapped to uniform frequency spacing
by linear interpolation [9]. The GPU also handled the Fourier-transformation into the
spatial domain and secondary image processing, including plotting the intensity images
on a logarithmic inverse gray scale (Figure 2.1) [26]. In SD-OCT, the sensitivity of the
system decreases as a function of depth due to the finite resolution of the spectrometer
and because of this, we applied a depth-correction function, reported by Yun et al. [9],
during image processing by multiplying each A-line by a calculated correction curve. The
resolution of the spectrometer is measured as a function of depth:
sin 𝜁 2

𝑅(𝑧) = (

𝜁

) ∗ 𝑒

𝑤2 2
𝜁 ]
2𝑙𝑛2

[−

(2.1)

where 𝜁 = (𝜋/2) ∗ (𝑧/𝑧𝑅𝐷 ) is the depth normalized to the maximum ranging depth,
𝑧𝑅𝐷 = 𝜆2 /(4𝛥𝜆) where Δλ is the wavelength spacing between pixels, and 𝑤 = 𝛿𝜆/𝛥𝜆
where 𝛿𝜆 is the spectrometer’s spectral resolution (FWHM). The resulting spectrometer
dropoff was 11dB and the above equation was used to fit the dropoff and calculate the
correction curve (See Appendix A1). By applying the depth-correction, it insured any
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change in tissue intensity was caused by biological effects not axial movement of the
sample in the imaging window.
2.3.

Results and discussion

2.3.1. Calculating average intensities from regions of interest
To analyze the changes in backscattered intensity resulting from changes in tissue
composition during seizure progression, we calculated average intensities from regions of
interest (ROI) over time. Our images had a maximum SNR of 45 dB above the noise
floor and when selecting our ROIs we were careful to avoid regions where the SNR
dropped below 10 dB. The ROIs we selected were approximately 1 mm deep and 3 mm
wide and included all the cortical tissue in the imaging window because we were
interested in the overall trend in intensity exhibited by the tissue. Minor variations in the
ROI shape do not affect the final average intensity due to the high intensities of the
selected regions (Figure 2.1). To produce the results in Figure 2.1, an image was analyzed
every 10 s and the average intensities, which were normalized to the 10 min baseline,
were plotted versus time. We also used a reference reflector during our experiments and
analyzed small ROIs over time to ensure any changes were from biological phenomena
and not system artifact.
2.3.2. Experimental controls
When designing our experiment, we used two controls. The first was a time sequence of
baseline measurements, which were obtained prior to any experimental injection over the
course of 10 min. The second was a saline injection with a volume equivalent to the PTZ
dosage. This injection directly followed the baseline and post injection data was acquired
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for 25-30 min to establish if an injection alone causes a change in backscattered intensity
from the imaged cortical tissue. In order to determine whether the saline injection caused
any significant change in intensity, we calculated a two standard deviation (2SD) interval
above and below the mean of the baseline spread and plotted the intervals in Figure 2.1 to
establish a high and low threshold for the intensity data. Due to low variability in the
baseline data for all four experiments, we are able to construct narrow threshold intervals
allowing us to detect even minor changes in intensity throughout experimentation.
It is apparent that there is no significant change in intensity during our controls
(Figure 2.1). To quantify our results, we calculated the baseline and post saline injection
slopes through linear regression of the data in Figure 2.1B for all four experiments. The
intervals, from which the baseline slopes were calculated, began at time zero and ended at
saline injection and the post saline injection slopes were calculated from the
administration of the saline injection to PTZ injection. The average baseline slope
was -0.16 x 10-3 NI/t and the average post saline injection slope was -0.59 x 10-3 NI/t. We
used a Tukey multiple comparisons test to compare baseline, post saline injection, and
post PTZ injection slopes and our results indicated no significant change in intensity
between baseline and post saline inj. with a P-value of 0.9997.
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Figure 2.1: Reduction in intensity during seizure progression. (A) OCT images of mice brain, one for each
experiment, acquired in vivo. The red boxes indicate the ROIs used for average intensity calculations. The
scale bar is 0.5 mm. (B) Plots of normalized intensity (NI) from the ROIs on left over time. The
occurrences of the experimental steps are indicated: S: Saline injection (first red bar), PTZ: PTZ injection
(second red bar), FMJ: facial myoclonic jerks (green dashed line), FS: full stage-5 seizure (blue dashed
line). The gray region is the 2SD interval above and below the mean of the 10 min baseline.

2.3.3. Detection of optical changes during seizure progression
Directly after the saline control, we administered the PTZ injection to induce a seizure.
OCT images were continuously acquired through the onset of a stage-5 seizure. The same
ROI analysis was performed as was done for the controls and the resulting average
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intensities were plotted verses time in Figure 2.1B. In all four experiments, a decrease in
backscattered intensity post PTZ injection was observed. This decrease from normal is
due to the change in tissue composition, which precedes the onset of a seizure [66–68].
The average intensity in the ROI was monitored as it decreased below the 2SD threshold.
Variability between when PTZ injection occurred and when the threshold was crossed in
each experiment was due to the noise in the baseline spread from which the 2SD
threshold was calculated (Figure 2.2). Soon after the threshold was crossed, we observed
facial myoclonic jerks (FMJs) (Figure 2.1), which are events associated with the early
stages of seizure progression [72]. The timing from when the threshold was crossed to
when the FMJs were observed varied between experiments, ranging from 1 to 10 min.
However, the threshold crossing always occurred at least a minute before the first
observed FMJs. This indicated that a significant decrease in intensity from baseline can
be detected with OCT before the onset of observable physical manifestations associated
with early stages of seizures. Also, because of the narrow threshold interval, we detected
a significant decrease in intensity, even in the experiments where the total percent
decrease from baseline was under 10%.
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Figure 2.2: OCT-detected “optical threshold” precedes myoclonic jerks and full seizure. Latency from PTZ
injection (min) displayed for optical threshold (defined as 2SD change in intensity), myoclonic jerks, and
full stage-5 (generalized tonic-clonic) seizure. Optical threshold crossing preceded both myoclonic jerks
(focal seizure) and generalized seizure, indicating the ability of OCT to optically detect pre-seizure state.

2.3.4. Analysis of changes during experimental steps
We imaged through the initiation of a stage-5 seizure, which due to the variability in
anesthesia levels occurred at different time points after PTZ injection (Figure 2.2). As the
seizures progressed, the intensity from the imaged areas continued to decrease. To
quantify the changes in intensity, we calculated the slopes post PTZ injection for each of
the four experiments using linear regression. The intervals for the slope calculations
began at PTZ injection and ended once the data began to deviate from the linear
decreasing trend. We then averaged the four slopes and plotted them in Figure 2.3 along
with the baseline and post saline injection average slopes. The interval bars in Figure 2.3
were calculated by a 90% confidence interval (C.I.) using the t-distribution for small
sample sizes. The average slopes and intervals for each of the three experimental steps
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were: baseline -0.16 x 10-3 ± 0.99 x 10-3 NI/t, post saline inj. -0.59 x 10-3 ± 0.81 x 10-3
NI/t, and post PTZ inj. -5.3 x 10-3 ± 1.99 x 10-3 NI/t.
The differences in the slopes between experimental steps were analyzed with an
ANOVA F-test and the results are summarized in Table 2-1. Even with slope variability
between the four experiments, there is a significant difference between the treatments
(P < 0.001), indicating that the mean slopes for all three steps are not equal.

Figure 2.3: Plot of the three average slopes: Baseline, Post saline injection, and Post PTZ injection. The
average slopes were calculated from four seizure experimental data sets. The interval bars were calculated
with a 90% confidence interval using the t-distribution. NI: Normalized Intensity, t: time (min),
Inj.: Injection

Table 2-1. ANOVA for the average slopes of the three experimental steps
df

Sum of
Square
Treatment
2
5.98 x 10-5
Error
9
1.2. x 10-5
df: degrees of freedom

Mean of
Square
2.99 x 10-5
1.34 x 10-5

Fvalue
22.34

P-value
1 x 10-4

To explore the differences found with the ANOVA F-test, we performed a Tukey
multiple comparisons test to compare the baseline, post saline, and post PTZ slopes (See
Appendix A2). As mentioned previously in Section 2.3.2, the baseline and post saline
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slopes were not significantly different. This procedure also compared the post PTZ
injection slopes to the baseline and post saline injection slopes. The resulting P-values
were P < 0.001 for both comparisons: post PTZ injection slope to the baseline slope and
post PTZ injection slope to the post saline injection slope. This demonstrates that the
change in backscattered intensity as a seizure progresses can be quantified and when
compared with pre-seizure states, signifies that there is a significant decrease in intensity,
detectable with OCT.
2.4.

Conclusion

In conclusion, we conducted seizure experiments in vivo to establish, as a proof of
principle, that a decrease in intensity during seizure progression can be detected through
OCT imaging. We created a threshold interval model for the temporal identification of
changes in the backscattered intensity. Our results indicated that crossing below the
definable optical detection threshold occurred prior to either FMJs or generalized (tonicclonic) manifestations of seizure activity. In the future, we plan on further developing this
into an optical trigger to help identify the occurrence of seizures prospectively even
before physical manifestations are present. These results could lead not only to optical
seizure detection but also prediction with appropriate algorithmic real-time analysis of
the OCT signal. Furthermore, previous research has used OCT to spatially resolve
changes in cortical tissue during electrical stimulation [52,69] and by utilizing the high
spatial and temporal resolution of OCT, it will be possible to map changes in intensity
during seizure progression and propagation through the intact brain.
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Chapter 3. 3D Visualization of Intensity Change Progression During
Seizures in vivo
3.1.

Introduction

There is a wide variety of imaging techniques used to image neuronal activity. Clinical
imaging techniques such as fMRI, PET, CT and Ultrasound are widely used in
investigating the structure and function of the brain, but have limitations with regards to
image resolution, acquisition speed, and specificity [1,2,12–19]. Optical techniques such
as OCT, IOS, DOT, SFDI, and confocal/fluorescent microscopy overcome some of these
limitations by achieving high-resolution, targeted, video-rate imaging.
OCT is label-free, high-resolution, noncontact imaging technique, capable of
producing depth-resolved, cross-sectional, three-dimensional (3D) volumes [3–9] and
has been shown to be a promising method for in vivo imaging in highly scattering tissues
such as the cerebral cortex [22,27,48,52–60]. In Chapter 2, we previously identified
changes in the intensity of the cortex during the progression of induced generalized
seizures in vivo in mice with OCT [53]. From each cross-sectional image, the average
image intensity was calculated from a large region of interest, spanning 4 mm in the
sagittal plane of the cerebral cortex and 1.5 mm in depth. By analyzing the temporal
changes of these values, we observed significant decreases in the average intensity of
cortical tissue preceding and during generalized tonic-clonic seizures induced with
pentylenetetrazol (PTZ) [53].
The objective of this study was to expand on our previous findings by utilizing the
spatiotemporal resolution of OCT in order to localize changes in the optical properties of
murine cerebral cortex during seizure progression in vivo in both a global model (PTZ)
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and a focal model (4-aminopyridine (4-AP)), which is known to induce localized seizures
at the site of 4-AP injection. Sequential volumetric scans of the cortex were acquired for
both global and focal animal models and the spatiotemporal progression of the percent
change in intensity was determined highlighting the differences in seizure propagation
between the two models. To compare the electrical and optical temporal evolution, we
included implanted electrodes for EEG analysis in our 4-AP model.
3.2.

Materials and experimental methods

3.2.1. Animal preparation for in vivo experimentation
Adult female (>6 weeks of age) CD1 mice were anesthetized with urethane (1.5 mg/g).
The animals were then placed into a standard rodent stereotactic frame. Animals were
kept on a heating blanket to maintain normal body temperature throughout the
experiment. Anesthesia was maintained using a Ketamine/Xylazine mixture (80 mg/kg
Ketamine, 10 mg/kg Xylazine) intraperitoneally (i.p.). Eight animals were used: two for
the global model and six for the focal model (two control and four experimental). All
experimental procedures were approved by the University of California, Riverside
Institutional Animal Care and Use Committee.
3.2.1.1 Global seizure model
A 4 x 4 mm thinned skull cortical window was created with a dental bur over the cerebral
cortex in the right hemisphere [70]. The skull was thinned to an approximately 55 µm
throughout the window. OCT volumetric data was collected prior to i.p. injection of PTZ
(100 mg/kg) and was collected through the entire experiment with an imaging window of
4 x 2 mm. PTZ is a GABAA antagonist that reproducibly causes generalized seizures in
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this mouse model with a latency after injection [71]. Once a generalized tonic-clonic
(stage-5) seizure was observed, involving fore- and hind-limb twitches and tail
movement, the animal was sacrificed with an anesthesia overdose. Internal control
measurements, prior to PTZ injection, were acquired with a 10 min baseline and 20 min
post i.p. injection of saline (100 mg/kg). More extensive controls showed no significant
change over 80 min in the same animal model with an n = 3 [73].
3.2.1.2 Focal seizure model
While the use of a thin skull cortical window better preserves the natural state of the
brain, localized injections of 4-AP, a potassium channel blocker known to cause acute
focal seizures at the injection site [38,41,74], required partial removal of the skull. After
anesthesia induction, a linear midline skin incision was made on the scalp. A
hemicraniectomy was performed to remove the bone between coronal suture and the
lambdoidal suture. Animals then received intracerebral injections of 4-AP (15 mM) at a
rate of 50 nl per minute for 10 minutes using a Nanoject II injector (Drummond
Scientific) to induce focal seizures. The pipette was placed 0.5 mm into the cortical tissue
and positioned 1.5 mm lateral and 1.0 mm caudal relative to bregma. The pipettes were
custom pulled from 3.5” capillaries with a tip dimension of approximately 300 µm.
Attached to the pipette and implanted into the tissue was a bipolar concentric electrode.
Recording was continuously sampled at 5 kHz through the duration of the experiment
with a MP 150 BIOPAC system and AcqKnowledge recording software.
OCT volumetric data was acquired through the entire experiments. The first two
of the six animals were imaged with a 3 x 3 mm imaging window directly at the injection
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site to ensure we observed any possible changes in intensity and attenuation during the
focal seizure. Once we verified that we could in fact visualize these changes, we widened
the imaging window to a 5 x 4 mm imaging window covering the hemicraniectomy
region for the next four animals to visualize the spatial propagation of the changes from
the site of injection. For the control experiment, artificial cerebrospinal fluid (ASCF) was
substituted for the 4-AP injections.
3.2.2. Spectral- domain OCT
An SD-OCT system [3,4,6,9] optimal for imaging cortical tissue in vivo, utilizes a NIR
light source centered at 1300 nm, providing an imaging depth of a few millimeters as
well as achieving high spatial resolution [27]. The SD-OCT system used in this study is
described in detail in Chapter 1 and Chapter 2 (see Figure 1.4) where the LED source was
centered at 1298 nm with a 120 nm FWHM bandwidth. The experimentally determined
axial and lateral resolutions were 8 μm and 20 μm respectively.
3.2.3. Image acquisition and OCT data processing
OCT volumetric data acquisition was performed with axial depth profiles (A-lines)
acquired at 15 kHz. Two different acquisition protocols were used to either optimize the
spatial or temporal resolution. To optimize the spatial resolution, a single volume of 200
sagittal cross-sectional images composed of 2048 A-lines was acquired every 2 minutes.
To optimize the temporal resolution, a single volume of 150 images composed of 512 Alines was acquired every 40 s. In either case, an imaging depth of 2 mm was obtained
with 6 mW of incident power with a focal point 1 mm below the cortical surface. To
correct for the nonlinear k-space sampling of the spectral data, 512 sampled points per A-
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line scan were mapped to uniform wavenumber spacing by linear interpolation [28]. The
fast Fourier-transformation (FFT) from wavenumber to spatial domain was performed as
well as secondary image processing, including plotting the intensity images on a
logarithmic inverse gray scale [26]. The depth-dependent sensitivity of SD-OCT
acquisition was measured and then removed by multiplying each A-line by a calculated
correction curve [7,9] to yield adjusted intensity images, a correction step necessary for
accurate depth-dependent calculation described in Chapter 2. Our images had a maximum
SNR of 35 dB and analysis was performed on regions with an SNR of at least 10 dB.
After initial OCT image processing, gross registration of sequential volumes was
performed by maximizing the 3D cross-correlation with the initial volume of each data
set. Registration was achieved through the following algorithm: Initially, the correlation
matrices (𝑟𝐶 , 𝑟𝐹 , 𝑟𝐺 ) were calculated. 𝑟𝐶 was calculated through correlation of each
preceding volume matrix 𝐺 with the initial volume matrix 𝐹 and 𝑟𝐹 and 𝑟𝐺 were calculated
through correlation of each matrix F and G with themselves. This process was performed
through the use of the Fourier transform (ℱ) method for matrix 𝐹 and the complex
conjugate matrix 𝐺̅ .

̅̅̅̅̅̅̅)]
𝑟𝑐 = ℱ −1 [ℱ(𝐹) ∗ (ℱ(𝐺)

(3.1)

Next, the matrix location of the maximum of the correlation matrix 𝑟𝐶 was found, the
volumes were shifted in all three dimensions with respect to the location of the
maximum, and the correlation coefficient was calculated for each cross-correlation.

𝑅 = 𝑟𝐶 /√𝑟𝐹 ∗ 𝑟𝐺
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(3.2)

Through the calculation and verification of correlation coefficients close to 1, we ensured
accurate registration of the volumes throughout the experiment. A median filter of 64 x
64 µm was applied to minimize variations due to coherent speckle. This kernel size was
determined starting from a cross-sectional area based on the lateral and axial resolutions,
and iteratively expanded to determine the minimum cross-sectional area required to
achieve a speckle contrast ratio (𝐾𝑠 ) below 0.1 over a region of uniform cortical tissue.
𝜎

𝐾𝑠 = 〈𝐼〉𝑠

(3.3)

𝐾𝑠 is defined as the ratio of the spatial standard deviation (𝜎𝑠 ) to the mean intensity.
Thus, the lower 𝜎𝑠 is, the smaller the contrast ratio minimizing the effect of speckle.
3.3.

Results and discussion

3.3.1. Global and focal control results
Control experiments were performed for both global and focal seizure models. To
optimize the spatial resolution, a single volume of 200 sagittal cross-sectional images
composed of 2048 A-lines was acquired every 2 minutes. We acquired 4 x 2 mm volumes
and 3 x 3 mm volumes for the global and focal experiments respectively. After the
collection of baseline volumes, the injection of either saline (global) or ACSF (focal) was
administered. The timing of the injections is shown in Figure 3.1 along with the percent
change in average intensity from selected 0.5 x 0.5 x 0.5 mm regions of interest (ROIs).
Figure 3.1A shows two representative ROIs that were 1 mm lateral from each other and 1
mm from both the anterior and posterior of the volume. It should be noted that a total of
5 ROIs were analyzed in each set of data, with all exhibiting similar behavior. For the
focal experiments (Figure 3.1B), ROIs were selected at the injection site and 1 mm lateral
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and 2 mm posterior from the injection site. The mean of the baseline data in each model
was used to calculate a two standard deviation (2SD) in the intensity change of ±2% for
the global model (Figure 3.1A) and ±3% for the focal model (Figure 3.1B), plotted as
red, horizontal, dashed lines in Figure 3.1, indicating the intrinsic fluctuation in the
intensity values. The trend in the percent change in intensity stayed within the 2SD
throughout the experiments for both the global and the focal models (Figure 3.1).

Figure 3.1 Percent change in average intensity for (A) Global and (B) Focal controls 0.5 x 0.5 x 0.5 mm
ROIs. Global ROIs are separated 1 mm laterally outlined on the en face intensity image. Focal ROIs are
located at the injection site (ROI 2) and 2 mm from the injection site (ROI 1) outlined on the en face
intensity image. Arrows represent time of injection. Red horizontal bars: 2SD of the baseline mean. En face
insets of a reference intensity volume. Top of image: Bregma, left of image: Rostral.

3.3.2. Change in intensity during global and focal seizures
Global and focal in vivo seizure experiments were conducted and in order to
determine the changes in intensity during seizure progression from a pre-seizure state, an
average baseline volume was calculated from five volumes (global) or three volumes
(focal). The fractional intensity change of each following volume was computed by
pointwise division of each volume by the average baseline volume. The square of the
logarithm of the fractional changes were then computed in order to better visualize all
changes in intensity from baseline, with the sign of the original logarithm reapplied after
squaring. The ratio values in each pixel were scaled from black to color saturation at a
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predetermined threshold value that represented a greater than ±50% change from baseline
(blue represented ratios below baseline and red represented ratios above baseline) (Figure
3.2 and Figure 3.3). Three dimensional (3D) volumetric renderings of the spatiotemporal
changes in intensity during both global (Figure 3.2) and focal (Figure 3.3) seizure
progression were generated using Amira (FEI Visualization Sciences Group).
A representative result of the progression of changes in intensity can be seen in
the rendered volumes following PTZ injection shown in Figure 3.2. Twenty-six minutes
post injection, a significantly large decrease in intensity is apparent due to the
accumulation of blue pixels throughout the imaged cortical tissue. The global nature of
the decrease verifies the generalized nature of PTZ seizure progression. Representative
results in Figure 3.3 from the focal seizure experiments show the progression of the
intensity changes from the injection site, which is outlined in white at minute 12,
following the last 4-AP injection. At 16 minutes post injections, a region of decreasing
intensity initiates at the injection site. This significant decrease also corresponds with the
onset of electrical seizure activity recorded at the site of injection from the implanted
electrode, which is shown as the 1 min electrical trace below each frame in Figure 3.3.
The blue pixels continue to accumulate indicating a significant decrease in intensity
focused at the site of injection as the seizure continues to progress through the end of the
experiment. The data for both the global and focal models were representative and the
experiments were successfully repeated with similar results.
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Figure 3.2 Volumes of change in intensity for the global seizure model. Volumes are 4 x 2 x 2 mm. Color
bar: percent change from baseline (0%) saturating at ±50%. Time is min post-PTZ injection. Top of image:
Bregma, left of image: Rostral. Scale bar: 1 mm.

Figure 3.3 Volumes of change in intensity for the focal seizure model with their corresponding 1 min
electrical trace ±1 mV displayed below. Volumes are 3 x 3 x 2 mm. Location of pipette injections is
outlined in the first frame. Color bar: percent change from baseline (0%) saturating at ±50%. Time is min
post 4-AP injections. Top of image: Bregma, left of image: Rostral. Scale bar: 1 mm.

In order to quantifiably differentiate the progression of the changes in intensity
between the global and focal model, we analyzed the time course of the average
fractional reflectivity from ROIs selected in the same manner as outlined in the control
experiments (Figure 3.1). Figure 3.4A shows the location of the ROIs within the volume
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for the global model and both ROIs show mirroring trends of decreasing intensity starting
6-8 min post-PTZ injection and reaching a maximum of 10-15% change from the
baseline at full seizure onset 24 min post-PTZ injection. The animals were then given an
anesthesia overdose at full seizure, which occurred at minute 29, and the average
intensity began to return to baseline by the end of the experiment. In contrast for the focal
model, a significant decrease in intensity occurred only in the ROI at the injection site
starting 10 min post 4-AP injections, and reached a maximum 41% change 28 min postinjection. The two ROIs away from the injection site show no significant change in
intensity outside the 2SD during the experiment. This analysis highlights the difference
between the global and focal seizure spatiotemporal progression of changes in intensity
during seizure progression.
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Figure 3.4 Global (A) and focal (B) seizure ROI analysis with the location of ROIs within the imaged
volume and the intensity percent change plotted vs. time (A) post-PTZ and (B) post 4-AP injections along
with each baseline 2SD as red, dashed, horizontal lines. (A) The first arrow is the time of PTZ injection the
second is the anesthesia overdose. (B) Arrow is time of last 4-AP injection. The vertical dashed lines
indicate stage-2 (green) and stage-5 (blue) seizures respectively. All ROIs are 0.5 x 0.5 x 0.5 mm.

3.4.

Conclusion

In the global and focal seizure experiments, volumetric data was acquired and we
demonstrated the ability of OCT to display the change in intensity in three dimensional
volumes in time, preserving spatial specificity and accurately conveying the intensity
trends occurring during seizure progression. In both seizure models, a large decrease in
intensity occurred during seizure progression either throughout the cortical tissue (global
model) or localized at the injection site (focal model). In the global model, the average
percent decrease became statistically significant 6 min post PTZ injection and achieves a
maximum percent decrease of 15% 24 min post PTZ injection. In the focal model, the
average percent decrease became statistically significant 10 min post 4-AP injection and
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reached a maximum 41% change at minute 28. These results, combined with the
electrical recording for verification of seizure, coincide well with reflectance changes
found in previous work with OCT as well as other imaging techniques and are a result of
interconnected biological changes in absorption and scattering associated with
hemodynamic responses and neuronal and glial swelling [38,39,43,44,51–54,58,59].
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Chapter 4. Localization of Depth-Resolved Changes in Attenuation
Coefficient for Visualization of Seizure Propagation in vivo
4.1.

Introduction

Light is attenuated when propagating through tissue due to scattering and absorbing
components of the tissue composition. The amount of attenuation that occurs is
characterized by the attenuation coefficient (μ), which can be calculated from LambertBeer’s law:

𝐿(𝑧) = 𝐿0 𝑒 −𝜇𝑧

(4.1)

where L(z) is the irradiance of the beam after traveling through the tissue over a distance
z and 𝐿0 is the incident irradiance. Because the attenuation coefficient is an optical
property of the tissue, calculating it provides valuable characterization of the tissue
composition [75]. Previous methods for determining the attenuation coefficient from
OCT image data was to fit the exponential decay of A-lines acquired during imaging.
Extensive lateral averaging or sampling is essential for a reliable fit requiring extensive
segmentation of the data to ensure averaging over a uniform region of tissue. This
method results in the reduction of a 2D image into a single attenuation coefficient value,
losing the spatial and depth-resolved imaging that OCT provides.
In this study, we utilized a recently published method for determining per-pixel
depth-resolved tissue attenuation coefficient images [75] for further understanding of the
optical change through improved characterization of cortical tissue during the progression
of the global and focal experiments described in Chapter 3 [76]. We then applied a
confidence interval statistical analysis method to further quantify and localize regions
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within the attenuation volumes with significant changes during the progression of both
seizure models. Through the development of functional OCT (fOCT) volumes, we were
able to visualize and further localize the spatiotemporal propagation of changes in
attenuation coefficient in the cortical tissue.
4.2.

Materials and experimental methods

4.2.1.

Animal preparation for in vivo experimentation

For animal preparation and protocol see Chapter 3.2.1.
4.2.2. Image acquisition and OCT data processing
For image acquisition and processing protocol see Chapter 3.
4.2.3. Depth-resolved attenuation coefficient volumes
We calculated depth-resolved, per-pixel attenuation coefficient values (µ[i]) (Error!
Reference source not found.) for each volume using the algorithm described by
Vermeer et al. [75]. The attenuation coefficient for a certain pixel was defined as:

𝜇[𝑖] =

1
2∆

𝐼[𝑖]

log (1 + ∑∞

)

𝑖+1 𝐼[𝑖]

(4.2)

where Δ is the pixel size and the attenuation coefficient in a pixel is defined by the
average attenuation over the pixel size. For image processing, we subtracted the noise
floor signal and then applied the depth-correction curve. We also assumed a tissue
refractive index of 1.4. The attenuation coefficients found for gray and white matter
ranged between 1-4 mm-1 and 4-8 mm-1, respectively, and are comparable to previously
published data [55,73] (See Appendix A3). Figure 4.1 highlights how difficult it would
be to fit the different regions of the cortical tissue from the average intensity A-lines and
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that through the depth-resolved attenuation coefficient processing discrete values are
assigned for tissue with differing attenuating characteristics.

Figure 4.1Intensity (left) and the corresponding attenuation coefficient (right) sagittal image of mouse brain
tissue. Color bar: µ in mm-1. Below: average of 200 A-lines of intensity and attenuation within the region
indicated by the red lines (identical regions for both intensity and attenuation). S: skull, CTX: cerebral
cortex and CC: corpus callosum.

4.2.4. Statistical analysis for fOCT volume visualization
A confidence interval (C.I.) analysis was used in order to highlight only the
attenuation values that represent a statistically significant deviation outside the range of
natural and speckle induced variations in attenuation. Baseline volumetric data acquired
prior to seizure initiation was used to generate the confidence intervals with the mean (𝑥̅ )
and standard error (SE) calculated from 30 x 30 x 30 µm voxels. The SEs were calculated
from the sample standard deviation in each voxel (s) and the number of baseline volumes
(n). The confidence level (0.90 or 0.95) chosen for each experiment’s C.I. analysis was
based on the baseline degrees of freedom (df), defined as (𝑛 − 1), dictating which t* value
was selected to ensure a similar t-distribution for all experiments (See Appendix A4).
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𝐶. 𝐼. = 𝑥̅ ± 𝑡 ∗ 𝑆𝐸, 𝑆𝐸 = 𝑠/√𝑛

(4.3)

Once the boundaries of the C.I.s were determined, the mean in each voxel (𝑥̅ ) for each
post-baseline volume was compared to the C.I. defined for the voxel. If the mean value
fell above or below the C.I., then the percent change from maximum or minimum,
respectively, of the C.I. was calculated as:
∆𝜇 = 100 ×

(𝑥̅ (𝑥, 𝑦, 𝑧, 𝑡) − 𝐶𝐼𝑚𝑎𝑥,𝑚𝑖𝑛 (𝑥, 𝑦, 𝑧))
⁄
𝐶𝐼𝑚𝑎𝑥,𝑚𝑖𝑛 (𝑥, 𝑦, 𝑧)

(4.4)

and assigned to the voxel, creating volumes of percent change in attenuation coefficient
while maintaining the spatial specificity of µ in the cortical tissue (See Appendix A5).
As a result, time points where the mean attenuation value was within the C.I. for a given
voxel are made visually distinct from those that were statistically significantly above
(red) or below (blue) this normative range.
4.3.

Results

4.3.1. Global and focal control results
Using the method described in Section 4.2.3, attenuation coefficient volumes were
calculated from the intensity volumes for all of the global and focal control and seizure
experiments. 0.5 x 0.5 x 0.5 mm ROI were selected in regions outlined in Chapter 3 and
Figure 4.2 shows the percent change in average attenuation values for both the global
(Figure 4.2A) and the focal (Figure 4.2B) control experiments. The 2SDs of the baseline
means were ±2.5% for the global model and ±2% for the focal model, plotted as red,
horizontal, dashed lines in Figure 4.2, indicating the intrinsic fluctuation in the
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attenuation values with time. The percent change in attenuation stayed within the 2SD
throughout the control experiments for both models.

Figure 4.2 Percent change in average attenuation for (A) Global and (B) Focal controls 0.5 x 0.5 x 0.5 mm
ROIs. Global ROIs are separated 1 mm laterally. Focal ROIs are located at the injection site (solid gray)
and 2 mm from the injection site (dashed black). Arrows represent time of injection. Red horizontal bars:
2SD of the baseline mean.

4.3.2. Changes in attenuation during global and focal seizures
Using the global and focal in vivo seizure intensity volumetric data previously analyzed
in Chapter 3, we calculated depth-resolved attenuation coefficient volumes and the C.I.
statistical analysis was performed for visualization and localization of changes in
attenuation coefficient during seizure.
Figure 4.3 and Figure 4.4 show the total count of attenuation values in three
different layers of the cortical tissue: layer A was the top 65 μm under the surface, layer
B was the following 52 μm, and layer C was the following 130 μm. Layer thicknesses
were determined based on visual inspection of Δµ patterns visible in the fOCT volumes
in Figure 4.5 and Figure 4.6. The left graphs are the baseline distribution of attenuation
values and the right graphs are the post seizure distribution of attenuation values.
When conducting the global seizure experiments, five volumes were acquired
prior to PTZ injection providing a df of four, allowing for the use of a 0.95 confidence
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level. The black line outlined on the histograms in Figure 4.3 represents the binned
counts of attenuation coefficient values within the calculated 0.95 confidence level for
each of the three distinct layers. From these parameters and the five baseline volumes, a
C.I. for each 30 x 30 x 30 μm voxel was calculated using the method described in
Section 4.2.4.

Figure 4.3 Histograms of the attenuation value distribution in three layers of the cortical tissue in a global
model experiment for baseline (Left) and post seizure onset (Right). The black line is the baseline
attenuation values that formed the 0.95 confidence level. Layer (A) top 65 μm, layer (B) following 52 μm,
and layer (C) following 130 μm.
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For the first set of focal experiments (3 x 3 x 2 mm volumes), the C.I. formation, as seen
in Figure 4.4, was similar to the global experiments except only three volumes, which
were acquired post 4-AP injections but prior to seizure onset, were used to form the
baseline dataset. Due to the fact that this provided a df of only two, the use of a 0.90
confidence level was required. Tissue deformation resulting from the injections inhibited
the use of earlier volumes. The left graphs in (Figure 4.4) are the baseline distribution of
attenuation values and the right graphs are the post seizure distribution with each layer’s
0.90 confidence level displayed as the black line.
When comparing the distribution changes in attenuation values between baseline
and post seizure as well as between global and focal seizure models, it is apparent that in
the focal model there is a distinct difference between the three layers. The distribution of
the top layer (Figure 4.4A) shifts to the right post seizure, indicating a significant increase
in the attenuation values while the middle layer (Figure 4.4B) shows very little shift and
the bottom layer (Figure 4.4C) shows a large shift to the left indicating a significant
decrease in the attenuation values. In the focal seizure there is a layer dependent change
in attenuation where the global model (Figure 4.3) shows significant deviations from the
defined confidence level line, but no layer dependent directionality to the changes.
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Figure 4.4 Histograms of the attenuation value distribution in three layers of the cortical tissue in a focal
model experiment for baseline (Left) and post seizure onset (Right). The black line is the baseline
attenuation values that formed the 0.90 confidence level. Layer (A) top 65 μm, layer (B) following 52 μm,
and layer (C) following 130 μm.

4.3.3. Visualization of fOCT volumes for global and focal seizure progression
In order to visualize the spatial distribution of the changes in attenuation coefficient for
both the global and focal seizure models, 3D fOCT volumes [52,54,57,58] were created.
As defined in Section 4.2.4, for each voxel in every volume post baseline, a Δµ above or
below the C.I. was calculated and then each voxel was assigned a color ranging from
black to color saturation, at a maximum percent change threshold, with gradations of red

44

representing voxels of percent change above the C.I. and gradations of blue representing
voxels of percent change below the C.I.

Figure 4.5 fOCT volumes of the global seizure 4 x 2 x 2 mm. Color is scaled from black to color saturation
at -80% Δµ for blue and 80% Δµ for red representing decreased and increased Δµ respectively. fOCT
volumes are combined with corresponding attenuation coefficient volumes. Time is min post PTZ injection.
Top of image: Bregma, left of image: Rostral. Bar: 1 mm.

Figure 4.5 fOCT volumes of the global seizure 4 x 2 x 2 mm. Color is scaled
from black to color saturation at -80% Δµ for blue and 80% Δµ for red representing
decreased and increased Δµ respectively. fOCT volumes are combined with
corresponding attenuation coefficient volumes. Time is min post PTZ injection. Top of
image: Bregma, left of image: Rostral. Bar: 1 mm. shows the global seizure fOCT
volumes numbered as minutes post PTZ injection with Δµ saturating at ± 80% for both
red and blue voxels. We combined the fOCT volumes with their corresponding
attenuation coefficient volumes to show the precise anatomical registration of the fOCT
volumes as well as provide a reference to the location of Δµ in the cortical tissue. In the
global model, voxels that exhibit both positive and negative Δµ are distributed
throughout the imaged tissue. Significant changes in Δµ begin to accumulate throughout
the tissue 6 min post PTZ injection and continue through full seizure (24 min), saturating
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at ± 80% Δµ (Figure 4.5). The fOCT volumes maintain the spatial distribution of the
voxels and eliminate the need for averaging, providing voxel specific Δµ and revealing
significant percent changes in attenuation as well as the heterogeneous distribution of
both positive and negative Δµ, reflecting the known global nature of seizure progression
in the global model.
For the first set of focal model experiments, we acquired 3 x 3 x 2 mm volumes
directly at the injection site for optimal spatial resolution during seizure propagation. The
resulting fOCT volumes are shown in Figure 4.6. Each volume is combined with a
corresponding attenuation coefficient volume and Δµ is displayed with saturated blue and
red voxels at -50% Δµ and 80% Δµ respectively. We extended the red threshold further
than the blue to better visualize the distribution of Δµ since the range of positive percent
change in attenuation was larger than the negative. fOCT volumes provide visualization
of depth-dependent changes in attenuation coefficient and the focal nature of the change
in tissue attenuation is illustrated in Figure 4.6. At the surface of the cortical tissue, a
significant increase in Δµ is visible starting at 16 min, which corresponds with seizure
onset displayed as the increase in electrical activity detected by the implanted electrode.
The increase in Δμ begins to coalesce starting at 20 min post-4-AP injections. Directly
below, there is a corresponding region where Δµ significantly decreases through focal
seizure onset, initiating 24 min post 4-AP injections (Figure 4.6). To further quantify the
depth-dependent regions exhibiting differing changes in attenuation coefficient, we
averaged the Δµ in three small ROIs (0.2 x 0.2 x 0.2 mm), which were stacked in depth
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and plotted versus time for all three regions (Figure 4.7). The top ROI exhibited positive
Δµ, the middle ROI exhibiting no Δµ, and the bottom ROI exhibiting negative Δµ.

Figure 4.6 fOCT volumes of the focal seizure 3 x 3 x 2 mm 1 min electrical trace ±1 mV displayed below.
Color is scaled from black to color saturation at -50% Δµ for blue and 80% Δµ for red representing
decreased and increased Δµ respectively. fOCT volumes are combined with corresponding attenuation
volumes. Time is min post 4-AP injections. Left-back of image: Rostral, right-back of image: Bregma.
Dashed line in first frame indicates location of injection pipette. Bar: 1 mm.

The plot in Figure 4.7 shows the average Δµ as a function of time post 4-AP
injections in each of the ROIs. The top ROI shows an increase of 15% by the end of the
focal seizure (30 min post 4-AP injections) and a significant change as early as 14 min
post injections. The middle ROI shows no significant Δµ through focal seizure onset. The
bottom ROI shows a decreasing trend, but does not reach a maximum change of -11%
until 30 min post 4-AP injections and the change does not become significant until
16 min after the top ROI. The fOCT volumes enable the localization of changes in
attenuation coefficient of seizing tissue as well as the differentiation between localized
regions of cortical tissue exhibiting different spatial and temporal changes in attenuation
coefficients during seizure progression.
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Figure 4.7 fOCT volume 30 min. post 4-AP injections showing 0.2 x 0.2 x 0.2 mm ROIs for three regions
exhibiting increasing (solid), no change (dotted), and decreasing (dashed) Δµ plotted vs. time through
focal seizure progression. Error bars are standard error.

4.3.4. Focal seizure spatiotemporal propagation
Once we verified that we could detect changes in attenuation coefficient locally during a
focal seizure, we expanded our imaging field of view to determine if we could visualize
how focal seizures propagate from the injection site. To maintain reasonable temporal
resolution while increasing the field of view, single volumes of 150 images composed of
512 A-lines were acquired every 40 s. We acquired 5 x 4 x 2 mm volumes with five
volumes, acquired prior to the last 4-AP injection. Five baseline volumes providing a df
of four, allowed for the use of a 0.95 confidence level. The Δµ values were calculated for
each volume from which fOCT volumes were generated with both blue (negative Δµ) and
red (positive Δµ) saturating at ±30% (Figure 4.8). The 4-AP injections were administered
1 mm from the right edge of the volume and 2 mm from bregma with the pipette tip
outlined in the first fame in Figure 4.8. From the fOCT volumes, we were able to identify
localized regions that exhibit both positive and negative change in attenuation as well as
the spatial propagation from the injection site.
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Figure 4.8 fOCT volumes of focal seizure 5 x 4 x 2 mm with their corresponding 30 s electrical trace
±1 mV displayed below. Color is scaled from black to color saturation at -30% Δµ for blue and 30% Δµ for
red representing decreased and increased Δµ respectively. fOCT volumes are combined with corresponding
attenuation volumes. Time is min post 4-AP injections. Dashed line in frame one indicates location of
injection pipette. Right back of image: Bregma, front of image: Rostral. Scale bar: 1 mm.

As a representative of the results for the focal seizure experiments, Figure 4.8
shows the fOCT volumes minutes post 4-AP injections. Significant changes in
attenuation begin 9 min post injection and correspond with the onset of electrical seizure
activity recorded at the site of injection from the implanted electrode, shown as the 30
min electrical trace below each frame. The changes in attenuation coefficient begin to
coalesce at the injection site 18 min post injections and continue to propagate radially as
the focal seizure progresses resulting in a 1 mm area with maximum change. The results
from these experiments also show the layering pattern of changes in attenuation seen
previously. We further investigated the layers of cortical tissue showing differing trends
in attenuation changes by analyzing them as three distinct layers in time post 4-AP
injection (Figure 4.9). Layer A was the top 65 μm under the surface, Layer B was the
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following 52 μm, and Layer C was the following 130 μm and the widths of the layers
were selected based on the spatial Δµ patterns observed in the fOCT volumes a
posteriori. Figure 4.9 shows the fOCT data in each of the three layers in time post 4-AP
injections as maximum intensity projections (MIPs), which were calculated by collapsing
the z-axis of each layer in each volume into a 2D en face image representing the largest
positive or negative Δµ in depth at each pixel. The colors span from white to color
saturation at ±30%.

Figure 4.9 MIP layered fOCT data minutes post 4-AP injections. Layer (A) top 65 μm, layer (B) following
52 μm, and layer (C) following 130 μm. Dashed line in frame one of each layer indicates location of
injection pipette. Color spans from white to color saturation at ±30% Bar: 1mm.

We further investigated the spatiotemporal propagation of the attenuation changes
by selecting 0.5 x 0.5 mm ROIs with three consecutively in front of and three
consecutively lateral of the injection site (Figure 4.10(a-f)). Due to the placement of the
pipette with respect to the midline bone, 3 mm of the brain tissue with a hemicraniectomy
was to the left of the injection pipette and thus a lateral progression of small ROIs were
analyzed in this same direction. We kept the same three layer thicknesses (A, B, and C)
and plotted the average Δμ from each of the ROIs as red, black, and blue lines
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respectively over time post 4-AP injections. In both ROIs (a) and (d) in Figure 4.10 there
are significant changes in Δμ in layer A and C with a 30-60% increase and a 15-30%
decreases during focal seizure propagation. Similarly to the earlier described 4-AP
experiments, the decreasing lower layer C did not exhibit a significant change until
minutes after the increasing trend. A -5% decrease occurred 34 min post injection, 10
min after a 5% increase in ROI (a). Similarly there is an 8 min delay between the 5%
increase and the -5% decrease in ROI (d). Unlike the earlier described 4-AP experiments,
however, significant changes also occurred in layer B in some regions (Figure 4.10d) and
followed a similar pattern as layer A except with a more limited propagation radius. As
the ROIs step forward and lateral from the injection site, the average Δμ values begin to
decrease as seen in the plots in (Figure 4.10 b-c and e-f) where a maximum of only 1015% increase and -5-10% decrease occurred with some layers not even exhibiting a
greater than ±1% change.
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Figure 4.10 Consecutive ROIs of average Δµ in front of and lateral of the site of 4-AP injections. Six 0.5 x
0.5 mm ROIs (a-f) were averaged for three layers (A-C). The letter next to the ROI in the top frame refers
to the plot with the corresponding letter plotted vs. time post 4-AP injections. Layer A (Red line in plots):
top 65 μm, layer B (Black line in plots): following 52 μm, and layer C (Blue line in plots): following
130 μm. Dashed line on each layer indicate location of pipette. MIPs are of the fOCT volume 45 min post
injections.

4.4.

Discussion

In order to better understand the optical properties of the cortical tissue during seizures
independent from system intensity levels, we generated volumes of depth-resolved
attenuation coefficient values. Previous research observed a depth-dependence to the
changes in scattering during neural activation [52,54,56,58] and

depth-resolved

attenuation coefficient volumes provided an even further understanding of the optical
properties of cortical tissue by incorporating changes in both absorption and scattering
coefficients. The development of the fOCT volumes provided high resolution tracking of
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the spatiotemporal changes of the tissue attenuation values as both global and focal
seizures propagate through cortical tissue in vivo. In the global seizure model, the fOCT
volumes revealed significant percent changes in attenuation as well as the heterogeneous
distribution of both positive and negative Δµ, reflecting the known global nature of
seizure progression in the global model. In the focal seizure model fOCT volumes,
distinct depth-dependent regions exhibiting differing changes in attenuation coefficient
were observed. From the analysis of Δµ, we were able to clearly differentiate between a
global (PTZ) seizure model and focal (4-AP) seizure model and further investigations are
necessary to determine the underlying mechanisms that elicited the changes in
attenuation during pathologic levels of neural activity.
4.5.

Conclusion

To utilize the spatiotemporal resolution provided by OCT, we developed an analytical
method, creating fOCT volumes, to display statistically significant changes in the
attenuation coefficient of cortical tissue while maintaining high spatial specificity. We
were able to differentiate between global and focal seizures through the spatiotemporal
pattern of Δµ. In the global model, there was a large change in attenuation throughout the
tissue, where in the focal model, only a localized region around the injection site showed
significant changes in attenuation. The voxel values, which incorporated 30 x 30 x 30 µm
of tissue, provided localized visualization of the changes in attenuation coefficient during
seizure progression. Through the inclusion of implanted electrodes in our focal model, we
were able to verify that the electrical detection of seizure onset corresponds temporally to
significant changes in attenuation. In addition, we were able to quantify depth-resolved
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changes in attenuation and track focal seizure propagation with high spatiotemporal
resolution. The results from this study demonstrate the potential utility of OCT as a
minimally-invasive tool for studying seizure onset and propagation with high
spatiotemporal resolution.
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Chapter 5. Investigating the Biological Mechanisms Eliciting the
Attenuation Changes During Seizures
5.1.

Introduction

A variety of optical imaging techniques such as IOS imaging [37,38,41,42,77] and NIR
spectroscopy [46,65,78] have been used to investigate the multiple optical changes
resulting from biological events that occur in tissue during neurological and seizure
activity. These events, such as cellular swelling, changes in the ECS, and the changes in
the cerebral blood volume (CBV) and hemodynamics [16,66,79,80] affect both the
scattering and absorption of light within tissue and it can be difficult to clearly attribute a
particular biological changes with the resulting optical changes.
In order to further ascertain what biological mechanisms are eliciting the
attenuation coefficient changes during the seizures observed in Chapter 3 and 4, we first
utilized phase-resolved Doppler OCT in order to differentiate between changes in
attenuation within large blood vessels vs. changes in tissue minus major blood vessels.
We performed Doppler processing on the in vivo focal seizure imaging data collected
during the experiments outlines in Chapter 4 [76]. Second, we conducted in vitro seizure
experiments to look at changes in attenuation values in cortical slices independent of the
effect from blood.
5.2.

Materials and experimental methods

5.2.1. Brain slice preparation for experimentation with an MEA
We use JAX C57/BL6 wild type mice between postnatal day (P) 15 to P25 of either sex.
Mice are anesthetized with isoflurane, quickly decapitated, and then the brain is rapidly
removed and submerged in ice cold dissection solution. 300 μm thick coronal brain slices
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are made using a Leica vibrotome in oxygenated ice cold low Ca2+, high Mg2+ dissection
solution. Slices are then moved to a holding chamber and incubated in oxygenated
artificial cerebrospinal fluid (ACSF) at 32 oC for 1 hr. After the hour, the holding
chamber is moved from the incubator to the table top allowing the solution and slices to
come to room temperature for 30 mins. Recordings are done on a MultiChannel Systems
60-channel perforated multielectrode array (pMEA). pMEA consists of an 8x8 TiN
electrode grid with 200 μm spacing between electrodes and 30 μm electrode diameter.
Brain slices are positioned such that the electrode grid is able to record from the entire
hippocampus. Local field potential (LFP) recordings from the hippocampus are done
under constant ACSF perfusion at ~2 mL/min and at 32 oC. Epileptiform activity is
induced through bath application of 100 μM 4-AP post a 5 min baseline.

Figure 5.1 (Left) Mouse brain slice with the hippocampus plated on the electrode array. (Right) Volume
rendering of the imaged region of the slice composed of 100 attenuation images spanning 2 x 2 mm.

5.2.2. Image acquisition and OCT data processing
For the in vitro experiments, volumetric data acquisition was performed with axial depth
profiles (A-lines) acquired at 15 kHz. A single volume of 100 sagittal, cross-sectional
images composed of 1024 A-lines was acquired every 30 s with an imaging depth of
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2 mm. The post processing is described in Chapter 3 and 4 to generate registered 3D
attenuation volumes as seen in Figure 5.1 where a 300 μm slice is placed on top of the
highly attenuating MEA. 5 min of baseline volumes were collected and for 25 min post 4AP application through seizure onset.
5.2.3. Phase-resolved Doppler OCT for attenuation analysis
Phase-resolved Doppler analysis was performed on the OCT image data collected during
the in vivo 4-AP seizure experiments described in Chapter 4. Phase variance volumes
were calculated as described in Chapter 1.4 and a blood vessel segmentation algorithm
was developed (Figure 5.2) in order to differentiate between changes in attenuation
within large blood vessels vs. changes in tissue during seizures. From the phase variance
volumes, a 3D mask was calculated to segment the blood vessels in the top 60 μm of
cortical tissue. A positive variance mask was created in order to mask only the significant
blood flow regions using a threshold of 0.7π, which only allowed for blood vessels with
high levels of blood flow (Figure 5.2 top). The mask was then applied to every
attenuation volume, segmenting only the attenuation pixels that were within the masked
areas. In order to analyze the attenuation changes in pixels not within large blood vessels,
in inverse variance mask was created (Figure 5.2 bottom). The threshold in this mask was
lowered, however, to 0.5π in order to encompass more of the vascular network, ensuring
its removal from the analysis. The inverse mask was then applied to every attenuation
volume, creating attenuation volumes minus major blood vessel pixels.
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Figure 5.2 Phase variance segmentation algorithm processing diagram. From the variance volumes (top
row) a positive mask segmenting out only major blood vessels was created and applied to the attenuation
volumes, (bottom row) an inverse variance mask was created to exclude blood vessels and applied to the
attenuation volumes. All images are maximum intensity projections (MIP) of the top 60 μm of cortical
tissue from the in vivo 4-AP experimental data in Chapter 4.

5.3.

Results

5.3.1. Contribution of changes in hemodynamics and blood flow in attenuation changes
In order to differentiate between changes in attenuation within large blood vessels vs.
changes in tissue without the contribution of blood vessels during seizures, we analyzed
the resulting segmented attenuation volumes. The average attenuation values were
calculated for each volume and plotted in time minutes post 4-AP injections (Figure 5.3).
The black dashed line represents the average attenuation coefficient values within the
blood vessels and the red line represents the average attenuation coefficient values in the
cortical tissue minus major blood vessel pixels (Figure 5.3).
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Figure 5.3 Average attenuation coefficients plotted vs. time min post 4-AP injections. Black dashed line:
avg. attenuation within blood vessels, Red line: avg, attenuation in the cortical tissue without blood vessels.

5.3.2. Attenuation changes during in vitro 4-AP activation
To analyze the changes in attenuation coefficient during the in vitro 4-AP seizure
experiments, we calculated the average attenuation from 1.5 x 0.5 x 0.2 mm ROIs within
our volumetric data, which was acquired over the hippocampal region of the brain slice.
Figure 5.4 shows the results from two experiments of the percent change in the average
attenuation coefficient (Δμ) plotted vs. time along with the ±2SD above and below the
baseline mean for the extent of the experiment.

Figure 5.4 Percent change in average attenuation coefficient vs. time (min) from 1.5 x 0.5 x 0.2 mm ROIs
within the volumetric data. Green line: application of 4-AP, Red lines: ±2SD interval above and below the
mean of the 5 min baseline values.

An advantage of our in vitro model was the ability, through the use of an MEA, to noninvasively detect the electrical activity from across the entire hippocampal region of the
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brain slice. Figure 5.5 shows one of the experimental results from Figure 5.4 with its
corresponding electrical trace from a representative activated electrode on the MEA
plotted in time. This provides direct spatiotemporal comparison of the optical and
electrical changes and 3D attenuation coefficient changes can be compared with the
sequence of fOCT volumes (Figure 5.5).

Figure 5.5 Percent change of attenuation coefficient plot from Figure 5.4 and a representative electrical
trace from an MEA electrode plotted vs. time (min). fOCT Δμ volumes 2 x 2 mm, 200μm thick cortical
slice. Color is scaled from black to color saturation at -30% Δµ for blue and 30% Δµ for red representing
decreased and increased Δµ respectively. Scale bar: 1mm
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5.4.

Discussion

Our goal was to ascertain what the biological processes are that elicited the attenuation
changes during the seizure activity we observed in vivo with OCT. To achieve this, we
first utilized phase-resolved Doppler OCT in order to differentiate between changes in
attenuation within large blood vessels vs. changes in tissue minus major blood vessels.
The results in Figure 5.3 show that the attenuation values within the blood vessels stays
within 3 - 4 mm-1 during the extent of the experiment. However, the attenuation values
that exclude the major blood vessels start at values close to 2 mm-1, but increase to
3 mm-1 during seizure progression, which is within the range of attenuation coefficients
values within the blood vessels. These results indicate that during seizure there is an
increase in the CBV in the cortical tissue, most likely through the capillary network,
which our Doppler analysis does not include, resulting in the increase in attenuation in
that region to values observed for blood alone. These results correspond well with the
attenuation trends found in Chapter 4.3.3 in the upper layer ROI, allowing us to assume
that the increasing in attenuation coefficient is due to an increase in the CBV and
hemodynamic changes during seizures.
The second approach we took to further understand the attenuation changes we
see during seizures was to conduct a new set of seizure experiments. This time, however,
we conducted in vitro experiments on cortical brain slices, removing the blood flow
dynamics as a contributing factor to the attenuation changes. Figure 5.4 and Figure 5.5
show representative results from these experiments, where we observed significant
decreases in the percent change of average attenuation coefficients during the onset of
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seizure. There was an 8 - 10% decrease in attenuation during the experiments and this
corresponds well with the percent decreases we observed in vivo, outlined in Chapter
4.3.4, which tended to be smaller than the percent increases. In addition, the percent
change became significant 5 - 8 min post 4-AP application, which is faster than in vivo,
but the temporal dynamics are probably different between in vivo and in vitro 4-AP
seizure models especially due to the use of anesthesia in our in vivo model. The timing in
which the decrease in attenuation became significant corresponded well with seizure
onset indicated by the Epileptiform activity recorded from the MEA, verifying the
presence of seizure throughout the hippocampus.
From these results, we can conclude that there are changes in attenuation during
seizures that are independent from change in CBV and hemodynamic changes. The fact
that the attenuation trends correspond well with results found in other reflective imaging
techniques during neurological and seizure activation of cortical tissue indicated the
decreasing trends are linked to changes due to cellular swelling and changes in the ECS
volume [37,39,41–43,54,66,77].
5.5.

Conclusion

In conclusion, we previously identified differing trends in attenuation coefficient changes
during seizure onset (Chapter 4). We utilized two methods in order to further ascertain
what biological mechanisms are eliciting these changes. We first used phase-resolved
Doppler OCT in order to segment the cortical tissue into blood vessels and no blood
vessels. When we analyzed the attenuation coefficient changes in each of these areas
during seizure, we observed an increase in attenuation, in the region without blood
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vessels, to the coefficient values observed within the blood vessels, concluding the
changes in attenuation coefficients in the upper layers of the cortical tissue are due to
increase in CBV through the capillary network. The second method, we conducted in
vitro seizure experiments to remove the effect of blood flow on the changes in attenuation
coefficient. From these experiments, we observed a significant percent decrease in
attenuation throughout the hippocampus and that the decrease in attenuation
corresponded well with the onset of seizure indicated by the Epileptiform activity
recorded from the MEA. From these results, we can conclude that there are changes in
attenuation during seizures that are independent from change in CBV and the
hemodynamic effects, but are linked to changes in cellular swelling and the ECS volume.
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Appendix: MATLAB code
A1: Fit for spectrometer dropoff for depth correction curve:

A2: Three-dimensional cross-correlation function:

A3: Attenuation coefficient function:
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A4: CI calculation for either a 90% or 95% confidence level

A5: Calculation of percent attenuation coefficient change from CI with color
assignment
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