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Brain network alterations have been studied extensively in patients with mesial temporal lobe epilepsy (mTLE) and other focal
epilepsies using resting-state functional magnetic resonance imaging (fMRI). However, little has been done to characterize the basic
fMRI signal alterations caused by focal epilepsy. Here, we characterize how mTLE affects the fMRI signal in epileptic foci and networks.
Resting-state fMRI and diffusion MRI were collected from 47 unilateral mTLE patients and 96 healthy controls. FMRI activity, quantified
by amplitude of low-frequency fluctuations, was increased in the epileptic focus and connected regions in mTLE. Evidence for spread
of this epileptic fMRI activity was found through linear relationships of regional activity across subjects, the association of these
relationships with functional connectivity, and increased activity along white matter tracts. These fMRI activity increases were found
to be dependent on the epileptic focus, where the activity was related to disease severity, suggesting the focus to be the origin of
these pathological alterations. Furthermore, we found fMRI activity decreases in the default mode network of right mTLE patients
with different properties than the activity increases found in the epileptic focus. This work provides insights into basic fMRI signal

alterations and their potential spread across networks in focal epilepsy.
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Introduction

The view of mesial temporal lobe epilepsy (mTLE) and
other focal epilepsies as brain network disorders is
now well established (Davis et al. 2021). Brain network
alterations in mTLE have been studied extensively using
functional connectivity (FC) measured from resting-state
functional magnetic resonance imaging (fMRI) (Bettus
et al. 2009, 2010; Morgan et al. 2010; Pereira et al. 2010;
Pittau et al. 2012; Englot et al. 2017). However, fMRI
measures blood oxygenation, which is only an indirect
reflection of neural activity, and little is known about the
fundamental changes in the fMRI signal caused by mTLE
and other focal epilepsies.

Abasic measure of spontaneous activity in the resting-
state fMRI signal, the amplitude of low-frequency fluc-
tuations (ALFF) (Zang et al. 2007), has been shown to
be increased in mesial temporal structures (Zhang et al.
2010, 2015) and decreased in regions of the default mode
network (DMN) (Zhang et al. 2010, 2015; Wei et al. 2016)
in mTLE. Furthermore, Zhang et al. showed that subcor-
tical and cortical regions that show frequent interictal
spike activity in mTLE also demonstrate ALFF increases

(Zhang et al. 2010). These studies indicate that there
are consistent abnormalities in the fMRI signal in mTLE
involving the epileptic focus which may be linked to
interictal activity. In this work, we will use the terms
“fMRI activity” and “ALFF” synonymously to refer to these
signal changes, with ALFF as the quantification of fMRI
activity.

The goal of this work was to use mTLE as the model to
characterize how focal epilepsy affects the resting-state
fMRIsignal in the epileptic focus and the potential spread
of these alterations across epileptic networks. In this
work, our use of the term “spread” refers to the idea that
the most significant and primary change in the activity
across the group occurs in the epileptic focus but can also
be detected in other regions of the network in individual
patients in a less uniform manner. Toward this goal, we
quantified fMRI activity alterations by assessing ALFF
differences between mTLE patients and controls. Next,
we evaluated evidence of potential epileptic fMRI activity
spread across the network using four complementary
methods. First, networks of regional fMRI activity
covariance across subjects were constructed similar to
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previously studied structural covariance networks (He
etal. 2007). This was followed by associating this regional
fMRI activity covariance to FC. Next, by incorporating
diffusion MRI, we quantified the fMRI activity along
white matter tracts connecting regions of the network,
given the growing evidence that fMRI activations in
white matter are modulated during tasks and are
related to regional glucose metabolism (Ding et al.
2018; Mishra et al. 2020; Guo et al. 2022). Lastly, we
evaluated potential spread of epileptic fMRI activity by
assessing the linear interdependence of the fMRI activity
changes between the epileptic focus and other regions.
We then investigated the associations of these fMRI
activity changes with the severity and progression of
mTLE to determine their clinical relevance. Finally, to
further understand the properties and origins of these
alterations, we probed their frequency specificity, which
has been shown to be relevant in other epilepsy disorders
(Wang et al. 2014; Gupta et al. 2017; Tan et al. 2018).
Overall, we hypothesized that epileptic fMRI activity
alterations in mTLE spread from the epileptic focus to
other regions, become more pronounced with severity
and progression of epilepsy, and are associated with
specific frequencies in the fMRI signal. If evidence for
this hypothesis is found in this cohort, it would support
the potential of fMRI to help localize the seizure focus
and to quantify the evolution of this disease.

Materials and methods
Subjects

Drug-refractory unilateral mTLE patients (n =47) were
recruited for this study after a series of testing to
localize the seizure focus, including structural magnetic
resonance imaging (MRI), scalp electroencephalogra-
phy (EEG), seizure semiology, and positron emission
tomography (PET), with a few patients also undergoing
stereo-EEG (SEEG). Inclusion criteria for patients were
either signs of mesial temporal sclerosis (MTS) on MRI
or postoperative pathology, mesial temporal gliosis
on postoperative pathology, or concordant localization
of the focus with both EEG and PET. Patients with
other significant structural abnormalities or who had
signs of bilateral mTLE were excluded. In addition, 96
healthy controls were enrolled. The Vanderbilt University
Institutional Review Board approved the use of human
subjects for this study and written consent was acquired
from all subjects prior to participation.

Imaging

All imaging was performed on a Philips 3T MRI scanner
(Best, Netherlands) using a 32-channel head coil. Each
subject underwent a T1-weighted 3D scan for segmenta-
tion (1 mm isotropic), a T1-weighted 2D scan in the same
slice orientation as the functional images for spatial
normalization and segmentation (1 x 1 x 3.5 mm with
a 0.5-mm gap), 2 consecutive 10-min T2*-weighted eyes-
closed resting-state fMRI scans (3 x 3 x 3.5 mm with

a 0.5-mm gap, repetition time=2 s, echo time =35 ms),
and a diffusion-weighted imaging (DWI) scan for trac-
tography (50 slices, 2.5 mm isotropic, one b =0 volume
acquisition, and a single-shell of b = 1,600 s/mm? with
92 directions). A pulse oximeter and respiratory belt
collected cardiac and respiratory fluctuations for fMRI
preprocessing. Imaging data were acquired before and
after a scanner software upgrade that required data
harmonization, as described in following sections.

Segmentation

The T1l-weighted 3D images were segmented into
white matter, gray matter, and cerebrospinal fluid
masks using SPM12 (https://www.fil.ion.ucl.ac.uk/spm/
software/spm12/). The 107 regions of interest (ROIs)
were obtained using a multiatlas segmentation method
(Asman and Landman 2013), while anterior and posterior
hippocampi were segmented using FreeSurfer 6 (Fischl
2012), for a total of 111 regions.

fMRI preprocessing

Physiological noise was corrected with RETROICOR
(Glover et al. 2000), which was followed by preprocessing
with SPM12 that included slice-timing correction, motion
correction, normalization to Montreal Neurological
Institute (MNI) coordinates, and spatial smoothing with
a 6-mm FWHM Gaussian kernel. Next, the mean white
matter and cerebrospinal fluid signals, along with the
6 translational and rotational motion parameters were
regressed out of the fMRI time courses. The 2 consecutive
fMRI scans were then concatenated in time to obtain
one 20-min scan. There was no difference in maximum
framewise displacement during the scans between the 3
groups as determined by 1-way ANOVA (P =0.12; controls:
1.114+0.94 mm; right mTLE (RmTLE): 1.47 £0.77 mm; left
mTLE (LmTLE): 1.40 +1.01 mm).

FMRI activity (ALFF)

The voxelwise power spectra of the preprocessed fMRI
time series were obtained using Welch’s method of esti-
mating power spectral density with a Hamming window
of length of 120 s and an overlap of 50% (frequency bin
width =8.3 mHz), as opposed to the commonly used Fast
Fourier Transform, as Welch’s method is less sensitive to
noise (Welch 1967). Welch’s method uses spectral averag-
ing of frequency spectra obtained from time windowing
of the signal to reduce noise and to more accurately
approximate the signal in the frequency domain. Since
Welch’s method requires time windowing, we used a long
enough window (120 s) to recover frequencies as low
as 0.0083 Hz but short enough to maximize the num-
ber of windows to average over for sufficient mitigation
of noise. The square root of the power spectrum was
then summed over the 0.0083-0.1 Hz band to obtain
ALFF (Zang et al. 2007). ALFF was then Z-standardized
across gray matter voxels within each subject. We chose
to use Z-standardization since it has been shown to
remove motion artifacts more effectively than regression
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of motion covariates from the fMRI time courses (Yan
et al. 2013) as well as having high test-retest reliability
(Zuo et al. 2010; Jia et al. 2020).

To obtain frequency-specific ALFF measures, we
took the previously obtained power spectra and Z-
standardized the square root of the power at each
frequency bin across gray matter voxels within each
subject. This resulted in 1 ALFF measure per frequency
bin (bin width=8.3 mHz) per subject. Analysis was
constrained to frequencies < 0.2 Hz (23 bins in total).

All ALFF metrics of each region were obtained by
taking the mean ALFF within the region. Since the fMRI
data were collected before and after a scanner upgrade,
resulting in different MR signal scales, ALFF metrics were
harmonized by linearly regressing out the difference
between the 2 groups of data across subjects, while
accounting for differences between groups of interest
(RMTLE, LmTLE, and controls).

Functional connectivity

FC was obtained by first bandpass filtering the prepro-
cessed fMRI time courses in the 0.0083-0.1 Hz band, then
averaging the voxelwise time courses within each region.
FC was computed as the Fisher Z-transformed Pearson
correlation between each pair of regional time courses.

DWI preprocessing and streamline generation

DWI data were processed according to the PreQual
pipeline (Cai et al. 2021), which included denoising
(Cordero-Grande et al. 2019), eddy current and motion
correction (Andersson and Sotiropoulos 2016), bias
correction of Bl field inhomogeneity (Tournier et al.
2019), and synthetic BO diffusion distortion correction
(Schilling et al. 2019). Next, the response function was
estimated for spherical deconvolution for the estimation
of fiber orientation distribution (Tournier et al. 2007). The
gray matter-white matter interface was generated from
the T1-weighted and BO images using SPM12. The 2 x
107 anatomically constrained probabilistic streamlines
were generated through the white matter from this
interface (Smith et al. 2012) using MRtrix3 (Tournier
et al. 2019). The streamlines were then reduced to 1 x
107 using spherical deconvolution-informed filtering of
tractograms (SIFT) and then given weights using SIFT2—
both of which attempt to better quantify the fiber cross-
sectional area (Smith et al. 2015). From this, streamlines
connecting each of the 111 ROIs were identified.

White matter fMRI activity connectomes

FMRI data that were corrected for physiological noise
(RETROICOR), slice-timing, and motion, but not normal-
ized to MNI coordinates or spatially smoothed, were
used for white matter fMRI activity (ALFF) connectome
construction. The mean cerebrospinal fluid signal, along
with the 6 translational and rotational motion param-
eters were regressed out of the fMRI time courses and
the fMRI data were concatenated to obtain a single 20-
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min scan. ALFF maps were calculated by taking the
square root of the power spectrum in the 0.0083-0.1 Hz
band of the fMRI data using Welch's method with the
same parameters as above. ALFF maps were then Z-
standardized across white matter voxels within each
subject.

ALFF maps were registered to the mean B0 diffusion
image and were applied to the diffusion MRI-generated
streamlines described above to obtain 111 x 111 matrices
of the mean ALFF along tracts connecting each pair of
gray matter regions. These matrices represent the white
matter fMRI activity connectomes. Lastly, group differ-
ence dependent on the scanner upgrade was linearly
regressed out of white matter MRI activity connectomes
in the same manner as the other ALFF metrics above.

Analysis

Statistical testing of subject demographics and clinical
information

Kruskal-Wallis tests were carried out to assess the dif-
ferences in age and gender between controls, RmTLE
patients, and LmTLE patients. Wilcoxon rank-sum tests
were carried out to test the differences in clinical param-
eters between RmTLE and LmTLE patients.

Comparison of fMRI activity between groups

FMRI activity (ALFF) was compared between each group
of patients and controls using 2-sample t-tests at each
region, with significance set at prwe <0.05 (111 regions).
Twenty-six regions were then identified to be used in sub-
sequent analysis as regions that were different between
either RmTLE or LmTLE patients and controls as well as
their contralateral counterparts in order to include all
regions that may be implicated in mTLE.

FMRI activity covariance and associations

with mean FC across subjects

ALFF covariance between 2 regions was computed by
taking the Pearson correlation between ALFF vectors
of the 2 regions, where vector 1 represents the ALFF
of region 1 for all n subjects and vector 2 represents
the ALFF of region 2 for the same n subjects. From these,
ALFF covariance matrices were constructed by taking
the ALFF covariance of each pair of the 26 identified
regions within each group (RmTLE, LmTLE, and controls).
To test the linear relationship between ALFF covariance
and FC, ALFF covariance values were compared to mean
FC values across subjects in each group at each edge
of the 26 x 26 matrix (325 edges) using Spearman
correlations. Two separate correlations were run within
each group, i.e. edges where the ALFF correlation was
>0, and edges where the ALFF correlation was <0. To
obtain P-values for the correlations, a null distribution
of Spearman correlation coefficients was built for each
of the correlations run by randomly permuting the ALFF
covariance and FC values 10,000 times.
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Comparison of white matter fMRI activity between groups

White matter fMRI activity connectomes were reduced
to the 26 identified regions used in the previous anal-
ysis, and 2-sample t-tests were performed at each edge
between RmTLE patients and controls as well as between
LmTLE patients and controls. Note: 1 RmTLE patient and
1 control subject did not undergo DWI and were thus
excluded from the white matter fMRI activity analysis.

Testing the dependence of the fMRI

activity increases on specific regions

We then aimed to determine the dependence of the group
differences on the ALFF of the anterior hippocampus
ipsilateral to the epileptic side (the presumed focus). To
test this, the ALFF of the ipsilateral anterior hippocampus
was linearly regressed out of the ALFF of all other regions
across subjects. Then, 2-sample t-tests between patients
and controls were performed at each region previously
found to be significant using the same significance
threshold as previously (P <0.05/111 regions). Next,
we sought to determine whether the ALFF increases
in other regions could explain the ALFF increase in
the anterior hippocampus as a control for the above
analysis. The previous procedure was repeated but
with linearly regressing out the ALFF of all the other
previously identified regions with increased ALFF, aside
from the ipsilateral anterior hippocampus, using 2
different methods. We first built a multiple linear
regression model to control for all increased ALFF regions
at once, then tested the differences between patients and
controls. Due to possible confounds of multicollinearity
between predictors in this multiple linear regression
model, we then built regression models for each one of
these increased ALFF regions individually and tested the
differences between patients and controls after each of
these regressions.

Relating fMRI activity to clinical metrics

The ipsilateral anterior hippocampus ALFF change from
controls was quantified as the ALFF difference from
the control mean in the right anterior hippocampus in
RmTLE patients and as the ALFF difference from the
control mean in the left anterior hippocampus in LmTLE
patients. This change was correlated with the duration of
disease using a Spearman correlation. Next, this change
was compared between patients with and without MTS
identified by MRI as well as between patients with
and without presence of focal-to-bilateral tonic-clonic
seizures (FBTCS) using 2-sample t-tests.

The decreases in ALFF seen in RmTLE patients were
quantified as the difference from the control mean
and were compared to the duration of disease using
a Spearman correlation. These decreases were also
compared between patients with and without MTS
identified by MRI as well as between patients with and
without presence of FBTCS using 2-sample t-tests. This
was performed only in RmTLE patients since no ALFF

decreases were detected in LmTLE patients. Significance
was set at prwe <0.05 for the comparisons of ALFF of
these 7 regions with the clinical metrics. Note: 1 subject
in the RmTLE group reported an unknown age of onset
in their childhood, so they were not included in any
duration correlational analyses.

Comparison of frequency-specific ALFF between groups
Frequency-specific ALFF at each of the 26 identified
regions was compared between each group of patients
and controls at each frequency bin using 2-sample t-
tests with false-discovery rate (FDR) correction for the
number of frequency bins (23 bins).

Results
Subject demographic and clinical characteristics

There were no differences found in any of the demo-
graphic characteristics tested between RmTLE, LmTLE,
and controls (Table 1). The only difference in clinical
characteristics was a higher percentage of LmTLE
patients with MTS on MRI than RmTLE patients (P < 0.05,
Table 1).

FMRI activity alterations in mTLE

In RmTLE patients, increases in ALFF were found in the
bilateral anterior hippocampi, bilateral posterior hip-
pocampi, right amygdala, right entorhinal cortex, right
parahippocampal gyrus, right inferior temporal gyrus,
right temporal pole, bilateral ventral diencephalon,
and the right basal forebrain compared to controls
(prwe <0.05, Fig. 1a). In LmTLE patients, increases in
ALFF were found in bilateral anterior hippocampi and
in the right ventral diencephalon compared to controls
(prwe < 0.05, Fig. 1b). The most significant increases were
in the anterior hippocampus ipsilateral to the epileptic
side in both groups. Decreases in ALFF were found in
multiple nodes of the DMN in RmTLE patients, i.e. the
right medial superior frontal gyrus (MSFG), bilateral
posterior cingulate cortex (PCC), bilateral precunei, and
bilateral angular gyri (prwe < 0.05, Fig. 1a). No decreases
in ALFF were found in LmTLE patients. The union of
regions with altered ALFF in both groups of mTLE
patients as well as their contralateral counterparts (26
regions total) were then identified to be used in the
subsequent analyses.

FMRI activity covariance and

association with FC

We next evaluated the covariance of ALFF between
regions across subjects to probe whether the ALFF
changes in different regions were related. We constructed
covariance matrices by calculating the Pearson corre-
lation of ALFF across subjects between the 26 regions
mentioned above. Positive ALFF covariance indicates
coupling of signal power changes across subjects,
whereas negative ALFF covariance indicates that an
increase in power of 1 region corresponds to a decrease in
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RmTLE (n=32) LmTLE (n =15) Controls (n =96) P-value

Age (years) 41.1+11.7 37.1+14.4 37.9+134 0.342
Gender (M/F) 15/17 10/5 50/46 0.45¢2
Duration of epilepsy (years) 20.0+15.0P 23.2+16.7 0.51¢
MTS on MRI 19 (59%) 14 (93%) 0.024.¢
MTS or mesial temporal gliosis from 28 (97%)¢ 14 (100%)" 0.51¢
pathology

PET hypometabolism localization 27 (84%) 12 (80%) 0.72¢
Interictal EEG localization 26 (81%) 9 (60%) 0.13¢
Ictal EEG localization 27 (84%) 14 (93%) 0.41¢
Had SEEG study 4 (13%) 0 (0%) 0.16¢
Presence of FBTCS 15 (47%) 10 (67%) 0.22¢

2Kruskal-Wallis test. POne RmTLE patient’s duration of epilepsy is unknown and was not included (n = 31). “Wilcoxon rank-sum test. 4P < 0.05. ®Three RmTLE
patients did not have a postoperative pathology specimen (n =29). fOne LmTLE patient did not have a postoperative pathology specimen (n = 14).

RmTLE>Controls

7=24

T-score:

LmTLE>Controls

7--16 T-score:
R 3

4

Fig. 1. FMRI activity changes in mTLE. a) Regionwise comparison of ALFF between RmTLE patients (n = 32) and controls (n = 96). b) Regionwise comparison
of ALFF between and LmTLE patients (n = 15) and controls (n =96). Maps are thresholded at prwe < 0.05, 2-sample t-test.

power in another region. There was significant positive
covariance in ALFF within and across temporal lobes
as well as within DMN regions in controls (pync <0.05,
Fig. 2a). MTLE patients showed overall similar covariance
patterns to controls. Interestingly, there was significant
positive ALFF covariance in a small core of ipsilateral
mesial temporal regions, i.e. the anterior hippocampus,
amygdala, parahippocampal gyrus, and entorhinal
cortex in both RmTLE and LmTLE groups (red boxes,
DPunc <0.05, Fig. 2b and c). RmTLE patients had positive
covariance between the ALFF of right and left mesial
temporal regions similar to controls (punc <0.05, Fig. 2b).
Both groups of mTLE patients had negative covariance
between the ALFF of a few temporal and DMN regions
(Punc <0.05, Fig. 2b and c). Notably, there was negative
ALFF covariance between the right inferior temporal
gyrus and the bilateral PCC and precunei in RmTLE
patients as well as between the right inferior temporal
gyrus and the bilateral precunei and left angular gyrus
in LmTLE patients (punc < 0.05, Fig. 2b and c).

Mean FC matrices between each pair of the 26 regions
have a similar overall structure to the ALFF covariance

matrices. By visual inspection, the mesial temporal
regions with strong ALFF covariance are also highly
functionally connected (Fig. 2d-f). Along with these
qualitative observations, there is a strong association of
positive ALFF covariance and mean FC between regions
across each group (controls: Tspearman =0.74, P <0.0001;
RmMTLE: rspearman = 0.59, P < 0.0001; LMTLE: rspearman = 0.51,
P <0.0001; permutation test; Fig. 2g-i).

White matter fMRI activity

alterations in mTLE

Next, we evaluated the ALFF changes in mTLE along
white matter tracts connecting the 26 regions. At the
corrected level, the only changes in white matter ALFF
were an increase in ALFF along tracts connecting the
right anterior and posterior hippocampus and a decrease
in ALFF along tracts connecting the right precuneus and
PCC in RmTLE patients (prwe < 0.05, Fig. 3a). There were
no changes in white matter ALFF detected in LmTLE
patients at the corrected level. At the uncorrected level,
tracts connecting ipsilateral temporal and subcortical
regions (red solid boxes) had increased ALFF in both
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Fig. 2. Regional fMRI activity covariance across subjects and association with FC. a-c) Regionwise ALFF covariance matrices across subjects in 26

identified regions for controls (n = 96), RmTLE patients (n =32), and LmTLE

patients (n = 15), respectively, calculated by Pearson correlation ("punc < 0.05).

Regions with ALFF increases are denoted with red lines and regions with ALFF decreases are denoted with blue lines on left and bottom edges of ALFF

covariance matrices. Red boxes highlight a small core of ipsilateral mesia

1 temporal regions with positive ALFF covariance in both RmTLE and LmTLE

patients. (d-f) Mean FC matrices in the 26 regions across each group for controls, RmTLE patients, and LmTLE patients. (g-i) Scatter plots of ALFF
correlations between regions and mean FC between regions across subjects for all pairs of the 26 regions for controls, RmTLE patients, and LmTLE
patients, with each point representing a single edge. Spearman correlations are shown on each plot between mean FC and ALFF covariance for ALFF
covariance > 0 and ALFF covariance < 0 separately. There is a strong association between the ALFF correlation and mean FC in pairs of nodes with a
positive ALFF covariance for all 3 groups (spearman correlation, P < 0.0001, permutation test). R: right; L: left.

groups (punc <0.05, Fig. 3a and b) and tracts connect-
ing contralateral temporal and subcortical regions (red
dashed boxes) had increased ALFF in LmTLE patients.
Decreases in ALFF at the uncorrected level were found
along tracts connecting DMN regions (blue boxes) in
RmTLE patients (punc <0.05, Fig. 3a) and a few tracts
connecting temporal and subcortical regions to DMN
regions (green boxes) in both RmTLE and LmTLE patients
(Punc <0.05, Fig. 3a and b).

FMRI activity alterations in mTLE controlling for
the effects of certain regions

To address whether the ipsilateral anterior hippocampus
(presumed epileptic focus) may be the primary region
of the increased fMRI activity, we tested whether the
ALFF changes in other regions were dependent on the
ALFF of the ipsilateral anterior hippocampus. This was
carried out by linearly regressing out the ALFF of the
ipsilateral anterior hippocampus from the ALFF of other
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Fig. 3. FMRI activity changes along white matter tracts in mTLE. Mean differences in ALFF along white matter tracts are shown between RmTLE patients
(n=31) and controls (n=95) a) and between LmTLE patients (n = 15) and controls (n = 95) b) between the 26 identified regions. Red solid boxes denote tracts
connecting ipsilateral temporal and subcortical regions; red dashed boxes denote tracts connecting contralateral temporal and subcortical regions; blue
boxes denote tracts connecting DMN regions; green boxes denote tracts connecting temporal and subcortical to DMN regions. punc < 0.05, Appwe < 0.05,

2-sample t-test. R: right; L: left.

regions and by retesting the differences between patients
and controls in regions that were previously found to
have differences. We found that the only remaining sig-
nificant differences between RmTLE patients and con-
trols were decreases in nodes of the DMN, i.e. the right
MSEG, bilateral PCC, right precuneus, and bilateral angu-
lar gyri, with no remaining ALFF increases (prwe < 0.05,
Fig. 4a). No significant differences remained in the right
VDC or right anterior hippocampus of LmTLE patients.
We then tested whether the increase in the ALFF of
the ipsilateral anterior hippocampus was dependent on
the ALFF of other regions with increased ALFF. To eval-
uate this, we repeated the previous analysis, but lin-
early regressed out the ALFF of all other regions with
increased ALFF (excluding the ipsilateral anterior hip-
pocampus) in each of the groups: RmTLE—the left ante-
rior hippocampus, bilateral posterior hippocampi, right
amygdala, right entorhinal cortex, right parahippocam-
pal gyrus, right inferior temporal gyrus, right temporal
pole, bilateral ventral diencephalon, and the right basal
forebrain; LmTLE—the right anterior hippocampus and
right ventral diencephalon. After regressing out the ALFF
of all these regions using a multiple linear regression
model, there was still a significant increase between
RmTLE patients and controls in the right anterior hip-
pocampus and significant decreases in the right MSFG,
bilateral PCC, right precuneus, and bilateral angular gyri
(prwe <0.05, Fig. 4b). After controlling for the ALFF of
these regions in LmTLE patients, there was still a sig-
nificant increase in the ALFF of the left anterior hip-
pocampus (prwe < 0.05). When regressing out each of
these increased ALFF regions individually, the ipsilateral
anterior hippocampus remained significantly different
between mTLE patients and controls in all cases (Sup-
plementary Fig. S1).

FMRI activity correlations
with clinical metrics
We compared the ALFF increase from the control mean of
the ipsilateral anterior hippocampus to disease duration,
presence of MTS on MRI, and presence of FBTCS. The ipsi-
lateral anterior hippocampus ALFF change was increased
in patients with MTS on MRI (punc =0.02, 2 sample t-test,
Fig. Sa), trended lower in patients with FBTCS (punc =0.07,
2 sample t-test, Fig. 5b), and was positively correlated
with disease duration (rspearman = 0.33, punc =0.03, Fig. 5¢).
We next related the ALFF change from the control
mean of the regions with decreased ALFF in RmTLE
patients (right MSFG, bilateral PCC, bilateral precunei,
and bilateral angular gyri) to clinical metrics. The ALFF
change of the right MSFG had a negative trend with
disease duration (fspearman =—0.47, prwe =0.05, Fig. 5d);
however, none of the other regions were related to disease
duration in RmTLE patients. No relationships were found
between ALFF of these regions and MTS on MRI nor the
presence of FBTCS in RmTLE patients.

Frequency-specific fMRI activity

alterations in mTLE

While the analyses above used the conventional ALFF,
a summed amplitude over a frequency range, we next
assessed the frequency specificity of these ALFF changes
by probing the amplitude at each frequency bin in the 26
identified regions used in the analyses above, resulting
in frequency-specific ALFF. The majority of regions
with increased ALFF in mTLE patients had increases
in frequency-specific ALFF across the conventional ~0-
0.1 Hz band. In a few regions, namely the bilateral
anterior hippocampi, right inferior temporal gyrus and
bilateral temporal pole of RmTLE patients and the
left anterior hippocampus, right basal forebrain, right
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Controlled for ALFF of the right anterior
hippocampus:

RmTLE>Controls

T-score:

Controlled for ALFF of all other ROIs with
increased ALFF:

RmTLE>Controls
T-score:

Fig. 4. FMRI activity increases in mTLE are dependent on the fMRI activity of the ipsilateral anterior hippocampus. Regionwise comparison of ALFF
between RmTLE patients (n =32) and controls (n =96) in regions with previously shown significant group differences after controlling for the ALFF of
the right anterior hippocampus a) and after controlling for the ALFF of all other regions that had increased ALFF in RmTLE patients (excluding the

ipsilateral anterior hippocampus) b). Maps are thresholded at ppwe < 0.05.

inferior temporal gyrus, and bilateral temporal pole
of LmTLE patients, these ALFF increases extended
into frequencies > 0.1 Hz (pppr < 0.05, Fig. 6). RmTLE
patients had frequency-specific ALFF decreases in the
right MSFG and the bilateral angular gyri across the
conventional low-frequency band (~0-0.1 Hz) that
extended slightly >0.1 Hz; however, there were no
differences in these regions in LmTLE patients. RmTLE
patients had decreases in frequency-specific ALFF across
the entire frequency band (~0-0.2 Hz) in the bilateral
PCC and precunei. LmTLE patients had decreases in
frequency-specific ALFF across the ~0.05-0.2 Hz band
in these same regions (prpr < 0.05, Fig. 6).

Discussion

In this study, we identified increased fMRI activity (ALFF)
in a network of temporal and subcortical regions of
patients with mTLE. We then provided evidence that
these epileptic fMRI activity increases are potentially
spreading throughout this network along both functional
and structural connections and likely originate in the
epileptic focus. Furthermore, we found that the increased
fMRI activity of the focus may be related to disease sever-
ity and progression. We also show fMRI activity decreases
in the DMN regions in RmTLE patients, with evidence
that they may originate from a different mechanism than
the reported ALFF increases.

FMRI activity increases and spread

Increases in ALFF were found across the temporal and
subcortical structures in mTLE patients. The most sig-
nificant of these increases was in the epileptic anterior
hippocampus in both RmTLE and LmTLE patients. These
increases both aligned with prior reports of ALFF in mTLE
(Zhang et al. 2010, 2015), as well as provided evidence
that these ALFF alterations have pathological underpin-
nings, given their localization to the epileptic focus.

Because of this, we hypothesized that the signals caus-
ing this increased fMRI activity originate in the focus and
spread throughout the epileptic network. To address this
hypothesis, we showed that the regions of increased ALFF
had strong positive covariance across subjects using a
method similar to that used to identify structural covari-
ance networks. We then showed that this covariance was
positively related to FC, suggesting that the increased
ALFF may be spreading through a functional network.
However, this association between ALFF covariance and
FC was somewhat anticipated, as functionally connected
regions are expected to share changes in signal power.
Next, we detected ALFF increases along white matter
tracts connecting the same network of regions in both
RmTLE and LmTLE patients. However, it should be noted
that most of these white matter ALFF changes were
only found without correcting for multiple comparisons;
hence, these results should be interpreted qualitatively.
Last, we found that the measured increases in fMRI activ-
ity were linearly dependent on the ipsilateral anterior
hippocampus, the presumed epileptic focus, but that the
increase in the fMRI activity of this focus was not depen-
dent on the other regions with increased fMRI activity.
This indicates that the epileptic focus is the region of
primary activity alterations but that the epileptic activity
is not spreading uniformly to the rest of the network.
Taken together, these data imply epileptic fMRI activity
increases in the seizure focus that potentially spread
across a network of temporal and subcortical regions.

There are well-known connections between many
of the regions in the network identified in this study,
namely, the hippocampi, amygdalae, parahippocam-
pal regions, and entorhinal cortex as a part of the
hippocampal-diencephalic-cingulate network, which
is also known as the Papez circuit (Bubb et al. 2017).
The hippocampal commissure also connects the 2
hippocampi and has been suggested as a route for ipsi-
lateral to contralateral mesial temporal seizure spread
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Fig. 5. FMRI activity changes are related to disease severity and progression in mTLE. a) Patients with evidence of MTS on MRI (n =33) have a higher ALFF
increase from controls in their ipsilateral anterior hippocampus than patients without evidence of MTS on MRI (n = 14) (punc =0.02, 2-sample t-test). b)
The ipsilateral anterior hippocampus ALFF increase from controls trends higher in patients without FBTCS (n =22) than patients with FBTCS (n =25);
however, there is no significant difference (punc =0.07, 2-sample t-test). c¢) The ipsilateral anterior hippocampus ALFF change from controls tends to
increase with disease duration in mTLE patients (rspearman =0.33, punc =0.03, n =46). d) Right MSFG ALFF change from controls has a trend toward a
decrease as the disease progresses in RmTLE patients (r = —0.47, prwe =0.05, n =31). "p < 0.05. MTS: mesial temporal sclerosis.

(Gloor et al. 1993). These known anatomical connections
provide evidence for the structural pathways of fMRI
activity spread between many of the temporal and
subcortical regions in this study.

Pathophysiological origins of fMRI activity
1mcreases

The increase in fMRI activity in the epileptic focus was
found to increase with the duration of epilepsy and was
higher in patients with MTS identified on MRI, implying
an association with a more severe, progressed disease.
We did not find a significant relationship between the

fMRI activity of the focus and history of FBTCS. Similarly,
previous work has failed to find a significant associa-
tion between history of FBTCS and progression of mTLE
(Bernasconi et al. 2005).

Zhang et al. proposed interictal spiking as a possible
neurophysiological basis for the ALFF increases in mTLE,
given that a correlation was found between the ALFF
of ipsilateral mesial temporal structures and interictal
spiking (Zhang et al. 2010). Furthermore, multiple studies
have found that the fMRI signal increases in the epileptic
focus during interictal spikes (Salek-Haddadi et al.
2006;Laufs et al. 2007 ; Kobayashi et al. 2009), providing
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Fig. 6. Frequency-specific fMRI activity changes in mTLE. Significant differences in frequency-specific ALFF between RmTLE patients (n =32) and controls
(n=96) A) and LmTLE patients (n = 15) and controls (n =96) B) in the 26 identified regions in the same order as in previous figures. Significant differences
at each frequency bin are indicated by an asterisk, with increases to the right in red and decreases to the left in blue. Vertical dashed lines denote the
typical frequency band used in fMRI (~0-0.1 Hz). "prpr < 0.05 (23 frequency bins), 2-sample t-test. R: right; L: left.

additional evidence that interictal spiking increases
fMRI signal power in the epileptic focus. Additionally,
Beers et al. used concurrent intracranial EEG-fMRI and
found that interictal spikes in the mesial temporal
regions elicited fMRI signal increases with durations of
~5-12.5 s, which corresponds to frequencies of ~0.04—
0.1 Hz (Beers et al. 2015). These frequencies correspond
well to the frequencies in which we found increased
ALFF in mesial temporal regions, which bolsters the
hypothesis that these increases in ALFF are arising from
the hemodynamic response to interictal spiking. Tang
et al. also recently found that the regions identified
as epileptic foci using increased ALFF as a biomarker
were highly concordant with the regions identified using
ictal intracranial EEG (Tang et al. 2021), providing further
evidence for a neurophysiological origin of fMRI activity
increases in focal epilepsy. Another recent study showed
that, like electrical activity, fMRI activity can spread
during interictal spikes (Kowalczyk et al. 2020), which

could be related to the potential spread of epileptic fMRI
activity observed in this study.

FMRI activity decreases in DMN regions

The finding that ALFF was decreased in the DMN regions
in RmTLE patients is consistent with prior studies (Zhang
et al. 2010, 2015; Wei et al. 2016). Decreases in ALFF
were also found along white matter tracts between
DMN regions in RmTLE patients. This decreased activity
propagation throughout the network could be related to
previous reports of fMRI abnormalities in the DMN of
mTLE patients (Liao et al. 2011; Haneef et al. 2012). The
ALFF change of the right MSFG had a negative trend
with epilepsy duration in RmTLE patients; however,
no other regions with decreases had any relationship
with the clinical metrics tested. Multiple studies have
demonstrated fMRI deactivations in the PCC, a primary
node of the DMN, during interictal spikes (Laufs et al.
2007; Kobayashi et al. 2009), which could explain the



suppressed DMN activity we found in RmTLE patients.
However, if interictal spiking was responsible for the
ALFF changes in both regions with ALFF increases and
decreases, we would expect to see stronger negative ALFF
covariance between these 2 sets of regions. Previous
studies using fMRI have also shown that the DMN is
suppressed and decoupled during sleep (Horovitz et al.
2009; Samann et al. 2011) and that ALFF and FC within
the DMN are decreased in the eyes-closed compared to
the eyes-opened condition (Yan et al. 2009), all suggesting
that the activity and connectivity of the DMN are
decreased in lower states of consciousness. There has
been growing evidence that mTLE patients have impaired
consciousness and arousal modulating networks (Englot
et al. 2020), suggesting that the decreases in DMN ALFF
reported here may be due to altered consciousness in
mTLE. However, further evidence would be required to
support this claim.

Frequency specificity of fMRI activity alterations

The frequency specificity of the {MRI activity changes in
mTLE patients revealed differing patterns for the regions
with increased and those with decreased activity. ALFF
increases were primarily in the typical low-frequency
band used in fMRI analyses (~0-0.1 Hz) with a few regions
showing increases in higher frequencies (>0.1 Hz). This
suggests that the increased fMRI activity may primarily
spread throughout these lower frequencies. Increases in
power of the fMRI signal have previously been reported
in the anterior nucleus and pulvinar of the thalamus
in very low frequencies (~0-0.032 Hz) in TLE patients
(Morgan et al. 2015). The anterior nucleus is one of the
main nodes in the hippocampal-diencephalic-cingulate
network described above, which further supports our
evidence of increased low-frequency fMRI activity spread
throughout this network.

On the other hand, the frequencies of ALFF decreases
varied. In the right MSFG and angular gyri, decreases
manifested in the lower frequencies in RmTLE patients.
The PCC and precunei were decreased across the full
frequency band (~0-0.2 Hz) in RmTLE patients and most
of the full band in LmTLE patients, possibly suggesting
different underpinnings than the right MSFG and angular
gyri. This may be linked to decoupling of the anterior
and posterior DMN previously reported in mTLE (Haneef
et al. 2012). The finding of ALFF changes >0.1 Hz in these
regions also bolsters the evidence that there is interesting
information in the fMRI signal above the typical cutoff of
0.1 Hz, as suggested by previous studies (Chen and Glover
2015; Gohel and Biswal 2015); however, we cannot be sure
what the origins of the different frequencies are in this
study.

Links between fMRI activity

increases and decreases

While we showed that the fMRI activity increases and
decreases have different characteristics, there are some
interesting potential links between these 2 sets of regions
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specifically between the right inferior temporal gyrus
and the DMN. We found both negative ALFF covariance
and ALFF decreases in the white matter connecting these
regions, which could indicate an inhibitory connection.
There are also known connections between mesial tem-
poral structures and both the PCC (Bubb et al. 2017) and
the precuneus (Jitsuishi and Yamaguchi 2021), the 2 main
nodes of the DMN. However, the decreases in ALFF in all
of these regions but the left precuneus were independent
of the increases in ALFF, as shown by the regression
analysis, reducing confidence that the decreases in the
DMN are directly linked to spread from the temporal and
subcortical regions.

Notable differences between

FC and ALFF covariance

In this study, we presented a metric we termed “ALFF
covariance,” i.e. the Pearson correlation of ALFF for each
pair of regions across subjects. This metricis similar to FC
in that it assesses the correspondence of 2 regional sig-
nals, implying connectivity between those regions. How-
ever, whereas the conventional computation of FC (0-lag
Pearson correlation) is dependent on the phase of the 2
signals and on a linear temporal relationship between
the 2 signals, ALFF covariance is not dependent on either
of these. Because ALFF is merely a quantification of sig-
nal power, the covariance of this metric across subjects
is phase-independent and allows for nonlinear temporal
relationships between signals. ALFF covariance instead
relies upon a linear relationship between signal power in
the 2 regions across subjects. For example, 2 signals could
both be both 0-lag uncorrelated and have no apparent
lagged linear relationship. These signals would not have
a high FC, lagged or not. However, if the power of these
2 signals increased across subjects together, they would
have a high positive ALFF covariance. We can empirically
see something like this in the scatterplots of ALFF covari-
ance and mean FC, where pairs of regions with a negative
ALFF covariance effectively have an FC of 0. This is likely
due to a relationship between the 2 regional signals that
FC is not sensitive to. However, since ALFF covariance is
computed across a group of subjects, it is unavailable at
the individual level.

Limitations

One limitation of this study is the lack of concurrent
electrophysiological recordings with the fMRI data to
inform the electrophysiological correlates of the fMRI
signal activity and spread observed. These data were
also collected interictally, and the relationship between
ictal and interictal electrographic and fMRI progression
could not be determined. Another limitation is the
small number of subjects in each of the patient groups,
leading to reduced power, particularly with regard to the
LmTLE group. While it would be possible to combine
these 2 groups, numerous studies have shown that
LmTLE and RmTLE patients have distinct network
alterations (Ahmadi et al. 2009; Besson et al. 2014;
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de Campos et al. 2016). The findings of statistically
significant ALFF changes along white matter tracts
were also fairly sparse and most differences were
only found prior to multiple comparison correction.
This study also did not assess how dynamic changes
in fMRI signals corresponded to the ALFF alterations
found. Further studies using high temporal resolution
fMRI may be able to link the spread of dynamic
activity to further infer the causal dynamics of the
spread. The epileptic foci of these patients were also
identified through presurgical workup and were not
verified based on surgical outcomes or other data.
Lastly, no analyses considered the effects of antiepileptic
medications.

Conclusion

In this study, we identified increased low-frequency fMRI
activity in the epileptic focus and connected regions in
mTLE. We provided evidence that these epileptic fMRI
activity increases were potentially spreading through
a temporal and subcortical epileptic network from the
focus across a specific low-frequency band. Moreover,
we found that fMRI activity in the focus may increase
with disease severity and progression in mTLE. We
also identified fMRI activity decreases in the DMN of
RmTLE patients and provided evidence that they may
have a different pathophysiological origin than the
activity increases in the focus. Taken together, this
work provides an important link between fMRI and
potential resting epileptic activity propagation across
the brain, which might inform seizure onset localization
and progression. Furthermore, this work may contribute
to the understanding of the basic properties of the
fMRI signal which produce the resting brain network
alterations reported in mTLE and focal epilepsy.
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Supplementary material is available at Cerebral Cortex
online.
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