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Abstract

Objective—Temporal lobe epilepsy is associated with functional changes throughout the brain,
particularly including a putative seizure propagation network involving the hippocampus, insula
and thalamus. We identified a specified frequency range where functional connectivity in this
network was related to duration of disease. Then, to identify specific thalamic nuclei involved in
seizure propagation, we determined the subregions of the thalamus that have increased resting
functional oscillations in this frequency range.

Methods—Resting-state functional MRI (fMRI) was acquired from twenty unilateral TLE (14
right, 6 left) patients and twenty healthy controls who were each age and gender matched to a
specific patient. Wavelet based functional MRI connectivity mapping across the network was
computed at each frequency to determine those frequencies where connectivity significantly
decreases with duration of disease consistent with impairment due to repeated seizures. The voxel-
wise power of the spontaneous blood oxygenation fluctuations of this frequency band was
computed in the thalamus of each subject.

Results—Functional connectivity was impaired in the proposed seizure propagation network
over a specific range (0.0067-0.013 Hz and 0.024-0.032 Hz) of blood oxygenation oscillations.
Increased power in this frequency band (<0.032 Hz) was detected bilaterally in the pulvinar and
anterior nucleus of the thalamus of healthy controls, and was increased over the ipsilateral
thalamus compared to the contralateral thalamus in TLE.

Significance—This study identified frequencies of impaired connectivity in a TLE seizure
propagation network and used them to localize the anterior nucleus and pulvinar of the thalamus
as subregions most susceptible to TLE seizures. Further examinations of these frequencies in
healthy and TLE subjects may provide unique information relating to the mechanism of seizure
propagation and potential treatment using electrical stimulation.
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Introduction

Identifying and investigating the network of seizure propagation across the brain in focal
epilepsy is a difficult but significant challenge. Understanding this network may provide
insight into seizure mechanisms in order to understand their behavioral and cognitive
effects, and to aid in the development of more specific treatments. In previous work,! we
have investigated a proposed seizure propagation network including the hippocampus, insula
and thalamus ipsilateral to the seizure focus in a population of unilateral temporal lobe
epilepsy (TLE) patients using functional MRI (fMRI) resting-state functional connectivity
mapping.2 3 We found that the difference in functional connectivity across this network
between the TLE patient and an age and gender matched healthy control subject changed
linearly with duration of disease. Specifically, for durations less than approximately 20
years, the TLE patients had greater functional connectivity within this network than their
matched control subject. This difference decreased linearly over time so that those TLE
patients with the longest durations of approximately 40 years had a much lower functional
connectivity within this network than the matched controls. This relationship supports the
idea that the insula -8 and thalamus, %14 are important nodes in the seizure propagation
network in TLE of hippocampal origin.

Functional connectivity mapping measures the synchronicity of low frequency blood
oxygenation fluctuations between two fMRI time series in the brain.2 2 This measurement is
generally confined to and averaged over frequencies less than 0.1 Hz 15 reflecting known
periods of spontaneous oscillations in cerebral oxygenation measured with near infrared
spectroscopy (NIRS).16 Wavelet coherence, a method borrowed from oceanography
research 17 and recently applied to resting-state functional connectivity mapping,8 allows
interrogation of functional connectivity across the time and frequency domains, where
traditional functional connectivity does not. Therefore, we used this method to determine the
contribution of specific frequencies of functional connectivity to the correlation between
functional connectivity and duration of disease in the ipsilateral hippocampus-insula-
thalamus network. We hypothesize that there exists a subset of frequencies within the
typical 0.01-0.1Hz range that have an increased contribution over other frequencies,
indicating that they are specifically involved in seizure propagation in TLE in this network.
Further, we believe that the power of the spontaneous hemodynamic oscillations at these
specific frequencies may delineate regions of increased propagation susceptibility within
nodes of the network. Therefore, we segmented the thalamus into regions of increased
power at these frequencies to identify subregions that are most susceptible to the seizure
propagation.
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Twenty-two unilateral TLE patients were recruited for this study, with 20 completing the
entire imaging procedure (See Table 1). Localization of the epileptogenic zone was based on
standard presurgical evaluation, including structural imaging with MR, ictal and interictal
EEG, analysis of seizure semiology, and functional imaging with PET. To create a
homogeneous group of mesial TLE subjects, no patients with structural abnormalities other
than hippocampal sclerosis were included. Those with bilateral hippocampal sclerosis, but
otherwise unilateral findings on presurgical evaluation were included. Note that in patients
without hippocampal sclerosis on presurgical MRI, gliosis was identified via resection
pathology. In addition, 20 healthy controls with no history of head trauma or neurological or
neuropsychological disease were also enrolled. Each individual control subject was age (+ 3
years) and gender matched to a TLE patient.

Informed consent was obtained prior to scanning each subject per VVanderbilt University
Institutional Review Board guidelines. The imaging was performed with a Philips Achieva
3T MRI scanner (Philips Healthcare, Best, Netherlands) using a 32-channel head coil. The
acquisition included the following scans: 1) Three-dimensional, T1-weighted whole-brain
image series for inter-subject normalization and tissue segmentation (Gradient echo, TR =
9.1 msec, TE = 4.6 ms, 192 shots, flip angle = 8 degrees, matrix = 256x256, 1 x 1 x 1 mm3),
2) Two-dimensional, T1-weighted axial whole- brain image series in the same slice
locations as the fMRI scan for functional to structural data coregistration (1 x 1 x 4 mm3),
and 3) fMRI Blood Oxygenation Level Dependent (BOLD) image series at rest with eyes
closed — 80x80, FOV = 240 mm, 30 axial slices, TE = 35 ms, TR = 2 sec, slice thickness =
3.5 mm/0.5 mm gap, 2 x 300 volumes (20 minutes). Physiological monitoring of cardiac and
respiratory fluctuations was performed at 500 Hz using the MRI scanner integrated pulse
oximeter and the respiratory belt.

Image Preprocessing

Functional MRI images were preprocessed with SPM8 software [http://
www.fil.ion.ucl.ac.uk/spm/software/spm8/] and Matlab (The MathWorks, Inc, Natick, MA).
All fMRI images were corrected for slice acquisition timing differences and motion artifacts,
and the motion time series were saved. The maximum subject translation was compared
between groups using a two-sample t-test. Physiological noise correction was then
performed using a RETROICOR protocol 19 using the pulse oximeter and respiratory belt
time series. The corrected fMRI images were spatially normalized to the Montreal
Neurological Institute (MNI) template using the two structural image sets. First, the two-
dimensional T1-weighted image was co-registered to the three-dimensional T1-weighted
image. Then the three-dimensional T1-weighted image was spatially normalized to the
template and the coregistration and normalization parameters were applied to the fMRI
images. Next, the fMRI images were spatially smoothed using a 6 x 6 x 6 mm3 full width,
half maximum Gaussian kernel. The normalized fMRI time series were temporally band-
pass filtered at 0.0067 Hz to 0.1 Hz® for functional connectivity analyses. The temporal
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signal to noise ratio (tSNR) of this time series was computed as the mean over time divided
by the standard deviation over time. The tSNR of the subjects in the control group were
compared to the TLE group using a two-sample t-test. In addition, the spatially normalized
three-dimensional, T1-weighted image was segmented into its gray matter, white matter and
cerebrospinal fluid components. The average time series over all white matter voxels was
computed for use as a confound for the functional connectivity analyses.

Three regions of interest were identified for this study — the hippocampus (HIPI), insula
(INSI) and thalamus (THALI) — ipsilateral to the seizure focus in the TLE patients. The
ipsilateral side in each control subject was determined as the same as their matched TLE
patient. These three regions were identified on the three-dimensional, T1-weighted images
using FreeSurfer software.29: 21 The regions were then transformed to the fMRI images
using the transformation matrices determined above. The fMRI time series across all voxels
in each of the three regions were averaged for a single time series per region per subject.
The average white matter time series and six motion time series for each subject were then
regressed from the regional time series. These preprocessed time series for each region in
each subject were used in the wavelet coherence analysis of functional connectivity. The
FreeSurfer volume of the ipsilateral and contralateral hippocampus was also determined and
their ratio was computed for each subject.

Wavelet coherence

In order to examine the frequency dependent functional connectivity, we determined the
wavelet coherence of two time series as demonstrated by Chang and Glover18, utilizing the
algorithms developed by Grinstead et al.1” (available at noc.ac.uk/using-science/
crosswavelet-wavelet-coherence) to study geophysical time series. The algorithms are
designed to identify regions in time-frequency space with large common power and phase
which we attribute to coherence or connectivity between the series. As in 18, we
implemented the cross wavelet transform (CWT) to calculate the wavelet coherence between
two time series using the default values of the Morlet wavelet with the spacing between
discrete octaves set to 0.083 which yielded 81 tested frequencies between 0 and 0.24 Hz.
This method repeatedly convolves each time series with scaled and translated wavelet
functions to decompose the time series into time-frequency space. The magnitude of the
common power or coherence between two time series in this time-frequency space is the
cross-wavelet power (R2), whereas the relative phase between the two is the cross-wavelet
phase (0). Figure 1 shows an example of a CWT plot for the INSI and THALI of a TLE
patient using the Morlet wavelet CWT.

In order to translate the CWT information into a measure relatable to traditional functional
connectivity (a linear correlation coefficient ranging from 0 to 1 incorporating both
magnitude and phase of the relationship), we defined a wavelet functional connectivity
(WFC) measure as

WFC(f, t)=R>2(f, t) * real(e’"Y) (1)
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Like a correlation coefficient, this measure has a range between —1 and 1 and incorporates
magnitude and phase. We then converted to a Z statistic using the Fisher Z transform. 22
This measure was computed for each pair of regions (HIPI-INSI, HIPI-THALI, INSI-
THALLI) and averaged to yield a single wavelet functional connectivity time/frequency
matrix over the entire defined ipsilateral temporal network (IWFC(f,t)) for each subject.

To verify that this measure corresponds to the traditional functional connectivity, we
averaged the IWFC across all frequencies (between 0.0067 and 0.1 Hz) (rows in Figure 1)
and time (columns of Figure 1) for each subject. We have previously reported that in a
subset of 12 of these subjects, the difference in functional connectivity between each patient
and their age and gender matched control (pat-con) linearly correlated with duration of
disease (p=0.03).1 The linear correlation between this frequency and time averaged IWFC
(pat-con) and duration of disease was computed and compared to the correlation between the
traditional functional connectivity (pat-con) and duration of disease across subjects. The
traditional functional connectivity was determined by taking the same preprocessed regional
time series used in the wavelet coherence analyses and performing a Pearson’s linear
correlation between the three pairs of regions in each subject, converting to a Z statistic 22
and averaging them. The linear correlation between the time and frequency averaged IWFC
and the traditional FC was also determined.

After demonstrating the frequency and time averaged IWFC and its relation to duration of
disease, the IWFC(f,t) was averaged across time to compute a series of IWFC(f) for each
subject (one number for each frequency or row in Figure 1). The Pearson correlation
between IWFC(f) (pat-con) and duration of disease across subjects was computed for each
frequency. Frequencies for which the correlation to duration of disease was statistically
significant (p < 0.05) were determined.

Frequency segmentation

After the determination of the specific frequencies most responsible for the association
between functional connectivity and duration of disease, we performed a voxel-wise
segmentation of the thalamus based on the power of its resting BOLD oscillations at these
frequencies to identify regions that are most susceptible to seizure propagation. The
preprocessed fMRI data including slice timing correction, motion correction, physiological
noise correction, spatial normalization to the MNI template and spatial smoothing were
used. The motion and white matter time series were linearly regressed from the time series
and then the Fast Fourier Transform was used to transform the series into the frequency
domain. Similar to the amplitude of low frequency fluctuation (ALFF) procedure to
determine power in fMRI BOLD oscillations,23 24 the square root of the power spectrum
was averaged over the frequency of interest (Fi) and over the rest of the frequencies between
the 0.0067-0.1 Hz band (Fo). The measure Fi/Fo was used as a marker of the relative power
in the frequency of interest. A voxel-wise spatial parametric map of this measure in the
thalamus was obtained for each subject. This frequency ratio parametric map was averaged
across all subjects in each of the three groups (controls, left TLE, right TLE). Also, to
investigate laterality of this frequency ratio, the average of this value across all voxels in the
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ipsilateral thalamus was compared to the contralateral thalamus using a paired t-test. This
was performed in controls and TLE patients separately.

The maximum motion between the controls and TLE patients were not significantly
different as determined by the t-test (controls: 1.08+£0.59 mm; TLE: 1.48+0.87 (SD) mm; p
> 0.05). The tSNR of the fMRI series between the two groups also was not statistically
different (controls: 146+23; TLE: 145432 (SD) mm; p > 0.05). The ipsilateral to
contralateral hippocampal volume ratio for each subject is included in Table 1. All patients
whose ratio is less than two standard deviations from the mean of the 20 controls (mean = st
dev = 1.01 + 0.04 mm3) is indicated in BOLD.

The comparison between the frequency and time averaged IWFC and the traditional FC
measure is given in Figure 2A. While the traditional values are larger than the IWFC values,
the two are significantly correlated (r = 0.828, p < 0.0001) and the linear relationship to
duration of disease remains (Figure 2B, r = —0.505, p = 0.02). It should be noted that while
the network as a whole demonstrates this linear relationship with duration of disease, the
individual paths of the network do not (HIPI-THALI r = -0.36, p = 0.10; HIPI-INSI r =
-0.24, p=0.30; THALI-INSI r =-0.47, p = 0.03).

The IWFC(f) analysis showed that at frequencies of 0.0067-0.013 Hz and 0.024-0.032 Hz
the IWFC (pat-con) was significantly correlated with duration of disease (Figure 3A). When
only these frequencies are used to compute the IWFC, the correlation with duration of
disease is highly significant (r = —0.683, p < 0.001), as expected (Figure 3B).

For the frequency segmentation, the frequency band of interest (Fi) was chosen as 0.0067 to
0.032 Hz to be a continuous band including all frequencies that showed a significant
correlation between IWFC(f) and duration of disease (blue line Figure 3A). The other
frequencies (Fo, red line Figure 3A) were then 0.032 to 0.1 Hz. The ratio of the power of the
resting fMRI BOLD oscillations for each voxel in the thalamus for these two frequency
bands was generally between 1.2 and 1.8. Figure 4 shows the spatial distribution of the
average of this ratio across the control group with increases in the pulvinar and anterior
nucleus regions bilaterally.

Figure 5 shows that the average of this ratio across the left TLE and right TLE patients is
increased ipsilateral to the seizures, but with a less focal distribution pattern. When averaged
across the thalamus in each subject, the average frequency ratio across the ipsilateral
thalamus was increased over the contralateral thalamus in the TLE subjects (p = 0.02), but
not controls.

Discussion

In this work we investigated the frequency characteristics of the functional connectivity of
the proposed seizure propagation network in TLE. First, we demonstrated that the functional
connectivity within this network is impaired as compared with healthy controls and
decreases with increased duration of disease. This is supported in part by Bettus et al. 25 who
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found decreased ipsilateral connectivity and increased contralateral connectivity in TLE,
although they investigated regions more proximal to the hippocampus. We then identified
that frequencies of 0.0067-0.013 Hz and 0.024-0.032 Hz are most responsible for this
functional connectivity impairment over time. Second, we determined that in the thalamus
of healthy controls, spontaneous resting blood oxygenation fluctuations within the 0.0067-
0.032 Hz range have increased power compared to the 0.032-0.1 Hz range in the pulvinar
and anterior nucleus regions bilaterally. Across the TLE patients, this increase was less focal
but greater in the ipsilateral hemisphere. These findings suggest these regions are most
susceptible to functional connectivity impairment from TLE seizures.

The pulvinar of the thalamus is known to be involved in TLE seizures. Electrographically,
Rosenberg et al.28 showed that the pulvinar was involved with 79.7% of 74 unifocal seizures
recorded in 14 patients with refractory TLE who had intracerebral electrodes placed in the
medial pulvinar in the thalamus. In these data the medial pulvinar was more frequently
involved in the ictal process when the seizures originated in the mesial temporal structures,
as suspected in our cohort, rather than lateral neocortex; and was always involved when
propagation between mesial and lateral structures occurred. In another EEG study of 13 TLE
patients, thalamic involvement occurred in all seizures originating from the mesial temporal
structures.2” The placement of the thalamic electrode was variable across subjects in this
cohort, but was located in the pulvinar in 8 of the 13 patients. No comparison was made
between results yielded from different electrode placement.

The anterior nucleus of the thalamus has been the site of several investigations of electrical
stimulation for the treatment of intractable focal epilepsy.28: 29 The largest of these is the
controlled clinical trial of stimulation of the anterior nuclei of the thalamus for epilepsy
(SANTE).30 This study included 110 patients undergoing bilateral implantation of
electrodes in the anterior nucleus of the thalamus. In the subset of TLE subjects (60% of the
group), there was a 44.2% median seizure reduction with stimulation compared to 21.8% in
the control group (p= 0.025). Interestingly, those with frontal, parietal or occipital seizures
had no significant changes in seizures with stimulation.

The thalamic frequency map is also comparable to profiles of thalamic structural atrophy in
TLE. In a study of shape characteristics using a point-wise analysis of T1-weighted MRI in
TLE patients with hippocampal sclerosis, Bernhardt et al.12 showed a pattern of ipsilateral
mesial thalamic thinning in TLE compared to controls. The thinning was predominant in the
posterior and anterior mesial regions and was linearly related to duration of disease, but not
age. A similar pattern of exclusively posterior thalamic atrophy was also reported by Keller
etal. 3L in TLE.

Using diffusion sensitive MRI and tractography processing methods it is possible to
parcellate the thalamus by the cortical regions in which the white matter tracts of a given
voxel terminate. Using this structural connectivity in healthy controls the pulvinar region
connections have been mapped to the temporal and parietal lobe cortex.32 33 The structural
connectivity (number of streamlines) between this region of the ipsilateral thalamus and
temporal lobe is reduced 31 in both left and right TLE. When the thalamus is parcellated by
structural connectivity to the amygdala, entorhinal cortex, hippocampus, and
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parahippocampus, the pulvinar showed the highest density of connections to the
hippocampus in controls and TLE.13

Taken together, this evidence supports our results that the pulvinar and anterior nucleus of
the thalamus are part of a functional network including the ipsilateral insula and
hippocampus and are affected by temporal lobe epilepsy. However, the role of the specific
frequency range 0.0067-0.032 Hz remains unclear. Infra-slow (<0.1 Hz) neuronal
oscillations in the brain are believed to be created by long-lasting rhythmic hyperpolarizing
potentials 34 relevant to communication across functional networks in healthy subjects 35 36
and in epilepsy.3"- 38 Oscillations in fMRI BOLD signal, like those measured in functional
connectivity, are believed to stem from the same underlying physiological neuronal
phenomena as these EEG signals.3? Infra-slow EEG oscillations have been found to
correlate with fMRI BOLD signals in known resting state networks,*%-42 but no specific
evidence supporting the frequencies <0.032 Hz detected in our study was found. However,
the increased power of spontaneous BOLD oscillations in the 0.0067-0.032 Hz range in the
ipsilateral compared to the contralateral thalamus in the TLE subjects (Figure 5) further
supports the increased relative contribution of these frequencies in TLE seizures. The less
focal distribution of these oscillations in the ipsilateral thalamus when averaged across the
population of TLE patients suggests variability across patients which may partially reflect an
evolution over years of disease duration.

While we used the frequencies determined from the network analysis to segment only one
node in this work, it may be possible to use a similar approach to investigate the spatial
patterns of the hippocampus and insula as well. However, the spatial resolution of our fMRI
images did not provide identifiable or distinct spatial patterns in these smaller, thinner
regions. This issue is confounded in the hippocampus by the more severe structural changes
in this region in these patients.

One limitation of this study is the inclusion of TLE patients with and without hippocampal
sclerosis. By qualitative clinical assessment of the clinical MRI, four patients did not have
hippocampal sclerosis (#6, 7, 11, 22). By volumetric analysis of the research 3D T1-
weighted MR, five patients did not have hippocampal sclerosis (#2, 11, 16, 17, 22). In the
literature, there is evidence of unique patterns of functional epileptogenic networks between
TLE patients with and without hippocampal sclerosis, 43 in addition to white matter
differences between the groups. 44 Postmortem pathology revealed changes in the thalamus
of TLE patients that differed between those with and without hippocampal sclerosis. 4°
These differences would increase variability in the presented work. However, fMRI
activation resulting from interictal spikes have been detected in the ipsilateral anterior
temporal lobe and insula in both patients with and without hippocampal sclerosis 46. And,
thalamic volume loss was also measured in both types of patients. 47 This suggests that our
choice of an ipsilateral epileptogenic network including the hippocampus, insula and
thalamus is appropriate for all patients in this study.

In conclusion, fMRI was used to identify functional connectivity over a specific range
(0.0067-0.032 Hz) of BOLD oscillations that is impaired over time in a proposed seizure
propagation network in TLE. Increased power in this frequency band was used to identify
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the pulvinar and anterior nucleus of the thalamus of healthy controls as those subregions
most susceptible to epileptic seizures and related functional connectivity impairment. While
there is considerable support for the validity of the role of these thalamic regions in TLE and
their healthy connections to the temporal lobe, frequency dependent segmentation of this
structure is novel. Further examinations of these frequencies in healthy and TLE subjects
may provide unique information relating to the mechanism of seizure propagation and
potential treatment using electrical stimulation.
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e The functional connectivity of the ipsilateral hippocampus, insula and thalamus

»  The spontaneous blood oxygenation fluctuations at frequencies less than 0.032

e The power of these fluctuations less than 0.032 Hz is increased bilaterally in the

« Blood oxygenation oscillations less than 0.032 Hz may be an indicator of

Key Point Box

network changes linearly with duration of TLE.

Hz are most responsible for this association in that network.

pulvinar and anterior nucleus regions in controls.

seizure susceptibility in TLE.
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Figure 1.
Example of a cross wavelet transform (CWT) plot for INSI and THALI of a TLE patient

using the Morlet wavelet. The R? is denoted by color (0-1) and the 6 is indicated by the
direction of the arrow. The white shading represents frequencies temporally filtered in the
preprocessing for functional connectivity. The horizontal axis is the time during the scan.
The vertical axis represents frequency of BOLD oscillations. This example shows that in the
first 200 seconds of the scan, the highest connectivity between the two regions occurs at a
frequency of approximately 0.01 Hz (A); while later in the last 400 seconds of the scan, the
highest correlation occurs at a frequency of about 0.007 Hz (B).
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Figure 2.
Validation of IWFC(f,t) measure. (A) Frequency and time averaged IWFC vs. traditional

FC. (B) Frequency and time averaged IWFC vs. duration of disease. Solid line represents
linear trendline. Each point in (B) represents the IWFC of each patient minus the age and
gender matched healthy control (pat-con).
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IWFC(f) frequency analysis. (A) Correlation between IWFC(f) (pat-con) vs. duration of
disease at each frequency. Dotted black line indicates r2 value over which p < 0.05. Shaded
black areas show frequencies for which this correlation is statistically significant. The blue
line represents the frequency band of interest (F;), while the red line denotes the other
frequencies (Fy) used for thalamus segmentation. (B) IWFC averaged only for significant
frequencies shown in A (0.0067-0.013 Hz and 0.024-0.032 Hz). Correlation to duration of
disease is higher than that of all frequencies shown in Figure 2B (r = —0.505 for all
frequencies vs. r = —0.683 for significant frequencies only). Solid line represents linear
trendline. Each point in (B) represents the IWFC of each patient minus the age and gender

matched healthy control (pat-con).
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Healthy Controls (N=20)

Anterior Nucleus

Pulvinar

Figure 4.
Frequency segmentation of the thalamus in healthy controls. Average of Fi/Fo power across

20 healthy control subjects. (A) Axial slice showing increased power in bilateral anterior
nucleus and pulvinar regions. Increased power in the anterior nucleus region is shown in a
sagittal (B) and coronal (C) section. Increased power in the pulvinar region is shown in a
sagittal (D) and coronal (E) section. Left (L) or posterior (P) side of the image is indicated in
each. MNI template slice location is given in the bottom right corner in mm.
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Figure 5.
Frequency segmentation of the thalamus in TLE. Average of Fi/Fo power across 6 left TLE

patients (left) and 14 right TLE patients (right). MNI template slice location is given in the
bottom right corner in mm.
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