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Abstract

Temporal-lobe epilepsy (TLE) involves seizures that typically originate in the hippocampus. There is evidence
that seizures involve anatomically and functionally connected brain networks within and beyond the temporal
lobe. Many studies have explored the effect of TLE on gray matter and resting-state functional connectivity in
the brain. However, the relationship between structural and functional changes has not been fully explored.
The goal of this study was to investigate the relationship between gray matter concentration (GMC) and func-
tional connectivity in TLE at the voxel level. A voxel-wise linear regression analysis was performed between
GMC maps and whole-brain resting-state functional connectivity maps to both the left thalamus (Lthal) and
the left hippocampus (LH) in a group of 15 patients with left TLE. Twenty regions were found that exhibited
GMC decreases linearly correlated with resting-state functional connectivity to either the LH or the Lthal in
the patient group only. A subset of these regions had significantly reduced GMC, and one of these regions
also had reduced functional connectivity to the LH in TLE compared to the controls. These results suggest a net-
work of impairment in left TLE where more severe reductions in GMC accompany decreases (LH, Lthal, right
midcingulate gyrus, left precuneus, and left postcentral gyrus) or increases (LH to right thalamus) in resting func-
tional connectivity. However, direct relationships between these imaging parameters and disease characteristics
in these regions have yet to be established.
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Introduction

Mesial temporal-lobe epilepsy (TLE) involves sei-
zures that typically originate in the hippocampus.

There is growing evidence to support a functionally and
anatomically connected network or networks of neural struc-
tures within and beyond the temporal lobe that are involved
in seizure propagation (Bettus et al., 2009; Blumenfeld et al.,
2004; Bonilha et al., 2004; Morgan et al., 2010; Spencer,
2002). These networks frequently include the hippocampi,
the thalamus, the amygdalae, the entorhinal cortices, lateral
temporal neocortices, the inferior frontal lobes, the cerebel-
lum, and the brainstem (Norden and Blumenfeld, 2002;
Spencer, 2002).

The most common structural defect associated with TLE
is hippocampal sclerosis (Margerison and Corsellis, 1966).

However, studies examining the gray matter volume and
gray matter concentration (GMC) of structures outside of
the epileptic focus have revealed gray-matter alterations in
structures beyond the hippocampus (Bernasconi et al., 2003;
Bonilha et al., 2004, 2010; Jutila et al., 2001; Keller et al.,
2002). It is still not clear if recurrent seizure activity is the
cause of the observed gray matter structural changes. A num-
ber of studies have shown a reduction of gray matter in the
hippocampus as well as in structures outside of the temporal
lobe that increase with time (Bernasconi et al., 2005; Bonilha
et al., 2006; Kalviainen et al., 2002), implying that repeated sei-
zure activity over time is associated with gray matter atrophy.

In addition to the observed structural changes in patients
with TLE, several recent studies have explored alterations
in functional connectivity. A resting-state functional con-
nectivity map represents a network of brain regions with
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synchronous fluctuations of blood oxygenation level-
dependent (BOLD) magnetic resonance imaging (MRI) sig-
nals during the resting state (Biswal et al., 1995; Fox and
Raichle, 2007; Lowe et al., 1998). Functional connectivity in
both healthy (Damoiseaux et al., 2006; Newton et al., 2007)
and diseased populations (Greicius et al., 2004; Zhou et al.,
2008) has been previously explored. In patients with left
TLE (LTLE), increased negative correlations of BOLD signal
were observed in regions implicated in seizure propagation
networks (Morgan et al., 2010). Bettus et al. (2009) found
decreased basal functional connectivity in the left hemisphere
in patients with LTLE, and in addition, they also observed in-
creased basal functional connectivity within the right hemi-
sphere in the same patient group. Cognitive impairments in
patients with TLE have also been correlated with changes
in functional connectivity (Vlooswijk et al., 2010; Waites
et al., 2006; Zhang et al., 2009). Liao et al. (2010) found both
increases and decreases in resting-state functional connectiv-
ity in patients with TLE; two regions with significant de-
creases in connectivity displayed a negative correlation with
the duration of epilepsy. Similar to observed changes in
gray matter, alterations in connectivity appear in structures
thought to be involved in seizure networks, suggesting a re-
lationship between repeated seizure activity and functional
connectivity.

Many studies have explored the effect of TLE on the gray
matter structure and volume or on resting-state functional
connectivity in the brain. However, the relationship between
structural and functional changes has not been fully explored.
Combining different imaging methods has the potential to
improve the diagnostic accuracy of each technique (Damoi-
seaux and Greicius, 2009), as well as lead to insights that
may not be found through the lens of a single imaging modal-
ity. The goal of this study was to investigate the relationship
between gray matter variations and functional connectivity at
the voxel level. Specifically, in patients with LTLE, we per-
formed a voxel-wise multiple regression analysis between
GMC maps and whole-brain resting functional connectivity
maps to both the thalamus and the hippocampus. Whole-
brain connectivity to the left hippocampus (LH) was chosen,
as this structure is highly implicated in the origination of sei-
zure activity in patients with LTLE. Whole-brain connectivity
to the left thalamus (Lthal) was also considered, as it is highly
implicated as a component of the epileptogenic network;
studies across several imaging modalities have observed ab-
normal activity in the thalamus during seizures and loss of
consciousness in patients with TLE (Arthuis et al., 2009; Blu-
menfeld et al., 2004; Henry et al., 1993; Morgan et al., 2010;
Newberg et al., 2000; Yune et al., 1998). We hypothesized
that within the LTLE patient group, decreases in GMC
would be associated with changes in functional connectivity
from both the hippocampus and the thalamus to affected re-
gions in the epileptic network. We posited that within the re-
gions demonstrating changes in GMC and resting-state
functional connectivity, we would observe one or more func-
tional networks unique to the patient population.

Materials and Methods

Subjects

As a part of a larger study, 60 patients were recruited from
the Vanderbilt University Epilepsy Program for functional

and structural MRI. We selected 15 (mean age – standard de-
viation = 35 – 10 years, 10 women, 1 left-handed) of these pa-
tients for this study. The main inclusion criterion for the study
was unilateral TLE by ictal and interictal electroencephalogra-
phy (EEG). Video-EEG monitoring with scalp EEG in the
Epilepsy Monitoring Unit classified these patients with
pure LTLE (only left-temporal interictal discharges and ictal
EEG onsets; see Table 1 for individual patient characteristics).
Fifteen normal healthy controls (31 – 11 years, three women)
participated in this study, and all control subjects were right-
handed by self-report. None of the controls had a history of
neurological, psychiatric, or medical conditions as determined
by interview. All subjects gave written informed consent.

Imaging

All study participants underwent an MRI scan on a 3T
Philips Achieva MRI scanner (Philips Healthcare, Inc., Best,
Netherlands). Subjects were asked to rest with their eyes
closed and lie still. Foam padding was used to prevent
head motion. Three-dimensional anatomic T1-weighed im-
ages of the brain with 1-mm3 isotropic voxels were acquired
using a fast gradient-echo sequence (TR = 8.9 msec, TE = 4.7 msec,
matrix = 256 · 256, FOV = 256 · 256 mm, flip angle = 8�, slice
thickness = 1 mm, 150 or 170 slices). Two-dimensional T1-
weighed structural images in the same orientation as the
functional images were also acquired for coregistration.
Functional images of the whole brain were acquired using a
gradient-echo–echo planar imaging sequence (TR = 2000
msec, TE = 35 msec, matrix = 64 · 64, FOV = 240 · 240 mm,
flip angle = 79�, slice thickness = 4.5 mm/0.5 mm gap, 30 slices
and 300 dynamics [200 dynamics for healthy controls]).

Functional image preprocessing

The images were preprocessed and analyzed using the
statistical parametric mapping software package SPM8
(www.fil.ion.ucl.ac.uk/spm). The functional image sets

Table 1. Clinical and Demographic Data

for 15 Patients with Left Temporal Lobe Epilepsy

Patient
No. Gender

Age
(years)

Age of
seizure
onset

(years) Handedness
MRI-temporal

lobe

1 M 45 39 R
2 M 44 1 R
3 M 41 17 R MTS
4 F 46 5 R MTS
5 F 19 1 R
6 F 32 31 R
7 F 31 26 R
8 M 22 5 R
9 F 49 27 R MTS

10 F 39 23 R MTS
11 F 47 1 L
12 M 37 29 R MTS
13 F 22 1 R MTS
14 F 24 19 R
15 F 34 32 R MTS

M, male; F, female; R, right; L, left; MRI, magnetic resonance imag-
ing; MTS, mesial temporal sclerosis identified by MRI.
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were corrected for slice-timing effects, motion-corrected, and
spatially normalized to the Montreal Neurological Institute
(MNI) template using coregistration to the three-dimensional
and two-dimensional T1-weighed structural images. This
produced a functional image series of 46 · 55 · 46 voxels
(4 · 4 · 4 mm). These images were spatially smoothed using
an 8-mm FWHM kernel. The preprocessed data were low-
pass filtered at 0.1 Hz (Cordes et al., 2001) for functional con-
nectivity analysis.

Resting-state functional connectivity maps

We selected two regions of interest (ROIs) for the whole-
brain resting-state functional connectivity analysis: the LH
and the Lthal. We used the atlas in the WFUpickatlas toolbox
(fmri.wfubmc.edu/software/PickAtlas) to define each ROI,
shown in Figure 1. For each subject, we calculated the aver-
aged functional time series across all voxels in the ROI as
the seed time series for the connectivity analysis. Low-pass
filtered functional images were used for each subject, and
we conducted a general linear-model analysis using the
seed time series as the regressor of interest, with the cerebro-
spinal fluid time series and the six motion time series calcu-
lated from SPM8 as nuisance variables. The results from the
analysis are in the form of t-statistic maps (spmT), which rep-
resent the spatial distributions of the resting-state functional
connectivity to the ROI for each subject.

Voxel-based morphometry

Voxel-based morphometry (VBM) was performed using
SPM2, and a standard optimized VBM protocol was followed
(Ashburner and Friston, 2000). All three-dimensional T1-
weighed structural images were reoriented to match the func-
tional images for subsequent analyses, and then the center
point was manually positioned on the anterior commissure.
A customized T1-weighed anatomical template was created
from the average of the reoriented structural T1-weighed
MR images of patients and controls that were affine trans-
formed into the MNI space. Each subject’s T1-weighed
image was normalized to the customized template, and
then segmented into a gray-matter image. The SPM segmen-
tation algorithm incorporates an image intensity nonunifor-

mity correction to address intensity variations across the
image. A customized gray matter template was created
from the normalized segmented images. Then, each subject’s
T1-weighed image in the native space was segmented into a
gray matter image. Normalization parameters were deter-
mined using the gray matter template, and these parameters
were then applied to each T1-weighed image in the native
space. Each normalized T1-weighed image was then seg-
mented into a gray matter image and smoothed with a 12-
mm FWHM isotropic Gaussian kernel. Smoothing with a
Gaussian kernel is performed to generate images with a
Gaussian-like distribution for later voxel-based analyses, as
well as to compensate for the approximations inherent in spa-
tial normalization (Ashburner and Friston, 2000). The resul-
tant smoothed image is the GMC map.

Statistical analysis

Statistical analysis of the group differences between pa-
tients with LTLE and controls was performed with SPM8
using two-sample t-tests comparing the connectivity maps
to each ROI of patients with LTLE to healthy control partici-
pants. We also conducted two-sample t-tests comparing the
GMC of patients with LTLE to healthy control participants;
age was included as a covariate. The analysis included
grand mean scaling and proportional threshold masking of
0.8. Proportional threshold masking was included to exclude
nongray matter voxels; images were thresholded at the
default value of 0.8, and only voxels at which all images
exceeded the threshold were included. Our statistical thresh-
old was p < 0.05 (family-wise error [FWE]-corrected) with an
extent threshold cluster size of 50 continuous voxels.

Biological parametric mapping and robust BPM

Biological parametric mapping (BPM) is a software pack-
age for multimodal image analysis based on a voxel-wise
use of the general linear model (Casanova et al., 2007). The
software package robust BPM (rBPM) is an extension of the
BPM software tolerant to outliers (Yang et al., 2011) and
was used to provide confirmation of the BPM results.

Linear regression analysis was performed in BPM using
GMC maps as the dependent modality and the resting-state
functional connectivity maps as the independent imaging
covariate. Age was included as a nonimaging covariate. The
analysis included the inclusion of a gray matter mask. The
BPM results were thresholded at p < 0.005 (uncorrected)
with an extent cluster size of 10 continuous voxels. Regions
of GMC both positively and negatively correlated with the
resting functional connectivity to the ROI (LH or Lthal)
were determined.

The same regression model was repeated in rBPM to ac-
count for the possibility of outliers in the data. Standard re-
gression analysis assumes a normal distribution of random
variations; because of this assumption, outlier data can
have a large impact on the final results. Robust regression
methods are designed to account for outliers by weighting
the squared error of each data point. If there are no outliers,
the results from robust regression are the same or close to
the standard regression method. To consider potential outli-
ers in our data, we selected the commonly used Huber weight
function (Huber, 1981) for our robust analysis. The same pa-
rameters and thresholds were used as in the BPM analysis.

FIG. 1. Seed regions used in resting-state functional connec-
tivity analysis. The left hippocampus (LH) seed region is
shown in yellow, and the left thalamus (Lthal) seed region
in red.
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We hypothesized that regions where GMC and functional
connectivity are linearly correlated may indicate regions of
impairment in LTLE and denote unique structural and func-
tional networks in these patients. To determine whether the
relationship between functional connectivity and GMC
found using BPM in patients with LTLE also existed in the
healthy controls in the same regions, we performed linear cor-
relation between GMC and functional connectivity in the re-
sultant clusters found using BPM using IBM SPSS 20 (IBM
Corp., Armonk, NY), including age as a covariate. Disease pa-
rameters, including age of onset and duration of disease, were
correlated with GMC and functional connectivity in each of
the regions found using the BPM to identify any linear rela-
tionships between the imaging measures and these disease
characteristics in these regions. Significant correlations be-
tween these parameters may provide evidence of a more di-

rect link between disease and the imaging parameters.
Finally, we then investigated whether any of the regions
detected by BPM overlapped or were directly adjacent to re-
gions of reduced GMC in LTLE detected by VBM analysis or
reduced or increased functional connectivity in LTLE.

Results

Functional connectivity group differences

We found no significant statistical difference in the resting-
state functional connectivity to either ROI between patients
and controls at the statistical threshold of p < 0.05 (FWE-
corrected) with an extent threshold cluster size of 50 continu-
ous voxels. We chose this threshold to match that of the GMC
t-test comparison.

We did find three regions with higher connectivity from
the LH in the controls than the patients at p < 0.001 uncor-
rected with extent cluster size of 10 voxels, including the
left superior medial gyrus, left midcingulate gyrus, and the
right posterior cingulate cortex. At the same threshold,
patients had greater connectivity to the LH in the left inferior
parietal lobule and the left middle temporal gyrus. From the
Lthal, the connectivity in the controls was greater than the pa-
tients in the left inferior frontal gyrus at the same threshold.
No regions had greater connectivity to the Lthal in the pa-
tients than the controls at this reduced threshold.

VBM group differences

The regions of GMC reduction in patients are listed in
Table 2 and shown in Figure 2. The t-test revealed no regions
at the p < 0.05 FWE cluster size 50-voxel threshold where pa-
tients had increased GMC compared to control subjects.

Table 2. Voxel-Based Morphometry Group Differences

Summary: Gray Matter Concentration Reduction

in Patients with Left Temporal Lobe Epilepsy

Cluster
Cluster size

(voxels)
MNI coordinates

(mm)

Right thalamus 3078 (14,�20,8)
Left thalamus 2582 (�15,�21,2)
Right postcentral gyrus 437 (23,�30,60)
Right midcingulate gyrus 242 (6,�14,42)
Left precuneus 65 (�7,�55,37)
Left postcentral gyrus 96 (�24,�36,59)
Right precentral gyrus 56 (64,10,18)

Two-sample t-test p-value: p < 0.05 (family-wise error-corrected)
and extent cluster threshold > 50 voxels. Age is included as covariate.

MNI, Montreal Neurological Institute.

FIG. 2. Regions of gray
matter concentration (GMC)
increase in controls over
patients with left temporal
lobe epilepsy (LTLE) ( p < 0.05
family-wise error [FWE]
cluster size 50). Analysis
performed using a two-
sample t-test with age as a
covariate. Regions are listed
in Table 2 and are indicated
by arrows: (1) left postcentral
gyrus, (2) right postcentral
gyrus, (3) right midcingulate
gyrus, (4) left precuneus, (5)
right superior temporal
gyrus, (6) Lthal, and (7) right
thalamus.
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BPM results

In patients with LTLE, we found clusters in the superior
temporal gyrus, putamen, precuneus, and cingulate gyrus
that demonstrated a positive correlation between GMC and
functional connectivity to the LH. Clusters in the cerebellum
(anterior and posterior), thalamus, precuneus, precentral
gyrus, and temporal lobe displayed a negative correlation be-
tween GMC and functional connectivity to the LH. The re-
sults are summarized in Table 3. Plots of the functional
connectivity (quantified by the mean spmT value computed
by SPM8 in the cluster) versus the GMC in both patients
and controls in some regions are shown in Figure 3.

Similarly, we found regions in the medial frontal gyrus,
postcentral gyrus, precuneus, and midcingulate gyrus show-
ing a positive correlation between GMC and connectivity to
the Lthal. We found that regions in the insula, superior tem-
poral gyrus, medial frontal gyrus, supramarginal gyrus, and
the inferior frontal gyrus demonstrated a negative correlation
between GMC and functional connectivity to the Lthal. The
results are shown in Table 4. Plots of the functional connectiv-
ity versus the GMC in some regions in both patients and con-
trols are shown in Figure 3.

At the same threshold, the rBPM analyses reported all re-
gions listed previously with the following exceptions: the me-
dial frontal gyrus cluster, the supramarginal gyrus cluster,
and the posterior cerebellum cluster. These regions appeared
when a more liberal statistical threshold was used ( p < 0.01

Table 3. Biological Parametric Mapping Results

Summary—Gray Matter Concentration

Versus Connectivity to the Left Hippocampus

Cluster
Cluster

size (voxels) Correlation q

Left superior temporal
gyrus (BA 22)

24 Positive 0.94

Right precuneus 12 Positive 0.675

Right midcingulate
gyrus (BA 24)

39 Positive 0.77

Left putamen 13 Positive 0.88
Right anterior
cerebellum/brainstem

99 Negative �0.92

Right temporal lobe
(sub-gyral)

22 Negative �0.78

Right posterior
cerebellum*

10 Negative �0.78

Right thalamus 24 Negative �0.88
Left precuneus 15 Negative �0.91
Left precentral gyrus 17 Negative �0.88

* denotes that cluster did not appear in rBPM results at p < 0.005
threshold, but appeared at p < 0.01.

q is the partial correlation between gray matter concentration and
connectivity with age as a confound. BPM p-value: p < 0.005 (uncor-
rected) and extent cluster threshold 10 voxels. Highlighted regions
overlap with regions found from two-sample t-test results in Table 2.

BA, Brodmann area; BPM, biological parametric mapping; rBPM,
robust BPM.

FIG. 3. Plots of GMC versus connectivity to the Lthal or to LH in regions found from biological parametric mapping
(BPM) analyses. Patients with LTLE are shown as circles, and control subjects as crosses. Linear regression was used to fit
a line to the LTLE patient data and to the controls data for each plot. GMC and connectivity values (as a t-statistic) have ar-
bitrary units.
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instead of p < 0.005), and are noted in both Tables 3 and 4. The
overlap between the BPM and rBPM analyses provides addi-
tional confidence in our data, as well as in the BPM results.

In the 20 regions listed in Tables 3 and 4, we performed lin-
ear correlation between GMC and functional connectivity
across the control subjects with age as a covariate. No regions
had statistically significant linear correlation between the two
measures.

Four of the seven regions with significantly reduced GMC
in patients (Table 2) overlapped with clusters of correlated
GMC and functional connectivity from the BPM analysis
(Tables 3 and 4). These regions are highlighted in Tables 3
and 4. The left postcentral gyrus included a region of reduced
GMC adjacent to a region of positive correlation between
GMC and connectivity to the Lthal using BPM (denoted by

** in Table 4). The two regions that showed significant de-
crease of GMC in patients compared to controls, but not cor-
relation, to functional connectivity in the BPM analysis were
the Lthal (used as a seed in one analysis) and the right precen-
tral gyrus. One overlapping region in the right midcingulate
gyrus was identified as having functional connectivity to the
LH correlating to GMC, decrease in GMC in patients with
LTLE compared to controls, and decreased functional connec-
tivity in patients with LTLE compared to controls using the
p < 0.001 uncorrected cluster size 10 threshold. The same re-
gion was adjacent to a region of significant functional connec-
tivity to the Lthal correlating to GMC. These overlapping/
adjacent regions are shown in Figure 4.

Discussion

In this study, we compared changes in functional connec-
tivity to the LH and Lthal to changes in GMC using a
voxel-wise general linear model in LTLE. There was consis-
tent agreement between regions identified as having reduced
GMC in the patients and those where reduced GMC corre-
lated with change in resting functional connectivity. One re-
gion in the midcingulate gyrus showed reduced functional
connectivity to the LH, reduced GMC, and correlation be-
tween GMC and functional connectivity to the LH and
Lthal (adjacent region) in the patients with LTLE. The conver-
gence of these functional and structural changes suggests that
the LH, Lthal, midcingulate gyrus, right thalamus, right and
left postcentral gyrus, left precuneus, and the right precentral
gyrus delineate a network of impairment in LTLE.

The comparison of functional connectivity to the LH be-
tween patients and controls did not detect any regions of sig-
nificant change at the same threshold as the GMC analysis.
However, at lower thresholds, we found decreased functional
connectivity in patients in at least one region in the frontal su-
perior medial gyrus near regions of decreased connectivity to
a manually drawn seed region in the LH detected by Pittau
et al. (2012). We also found decreased connectivity in LTLE
in the right posterior cingulate similar to Periera et al.
(2010). The reason for our decreased significance and reduced
number of regions is unclear, but size and specificity of our
seed region identification may be partly responsible. We
used relatively large atlas-based regions that might include
nongray matter inside and outside the hippocampus. To in-
vestigate if the seed region size was a dominant factor, we
correlated the functional connectivity in the BPM-detected re-
gions listed in Tables 3 and 4 with the GMC in the LH or Lthal
seed region. This showed no correlation between the two in
any region, except the left superior temporal gyrus (Table 4)
( p = 0.002, Spearman Test). This suggests that the problem is
not solely due to an oversized region, but that specificity
may still be an issue. Since the spatial resolution of functional
connectivity is relatively low and the potential for partial vol-
ume effects is high, increased specificity in seed identification
would be difficult to achieve in an objective, repeatable, and
accurate way.

A comparison of GMC between the two populations
revealed several regions in the brain in which patients
exhibited a statistically significant reduction of GMC. The
most significant structure displaying GMC reduction was
the thalamus, with the peak coordinate in the medial dorsal
thalamic nucleus. A 2000 study by Bertram and Scott

Table 4. Biological Parametric Mapping Results

Summary—Gray Matter Concentration Versus

Connectivity to the Left Thalamus

Cluster
Cluster

size (voxels) Correlation q

Left medial frontal gyrus* 11 Positive 0.83

Left postcentral gyrus** 37 Positive 0.92

Left precuneus 14 Positive 0.81

Right postcentral gyrus (BA 4) 11 Positive 0.85

Right midcingulate gyrus** 11 Positive 0.80
Right insula 15 Negative �0.79
Left superior temporal gyrus 25 Negative �0.74
Right medial frontal gyrus 28 Negative �0.92
Left supramarginal gyrus* 10 Negative �0.83
Right inferior frontal gyrus 12 Negative �0.79

q is the partial correlation between gray matter concentration and
connectivity with age as a confound. BPM p-value: p < 0.005 (uncor-
rected) and extent cluster threshold 10 voxels. Highlighted regions
overlap (or adjacent—denoted by **) with regions found from two-
sample t-test results in Table 2. * denotes that cluster did not appear
in rBPM results at p < 0.005 threshold, but appeared at p < 0.01.

FIG. 4. Comparison of voxel-based morphometry (VBM),
BPM, and functional connectivity analyses. Red = VBM t-test
shows controls GMC > LTLE GMC ( p < 0.05 FWE cluster
size 50); cyan = BPM indicates GMC linearly correlated with
functional connectivity to LH ( p < 0.005 uncorrected cluster
size 10); yellow = BPM indicates GMC linearly correlated
with functional connectivity to Lthal ( p < 0.005 uncorrected
cluster size 10); magenta = functional connectivity in controls
> LTLE ( p < 0.001 uncorrected cluster size 10). Figure on right
is expanded view of dashed white box on left.
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(Bertram and Scott, 2000) found consistent neuronal loss in
the medial dorsal thalamic region in a rat population with
limbic epilepsy; interestingly, they did not find consistent
neuronal loss in the hippocampus, amygdala, or entorhinal
cortex. In addition, many of the other regions found are con-
sistently reported in other studies, such as the cingulate gyrus
(Keller et al., 2002; Keller and Roberts, 2008) and the sensori-
motor cortex primarily in the postcentral gyrus (Labate et al.,
2011). The result of this comparison is consistent with other
studies, and points to typical gray matter atrophy within
our patient population.

The second part of our study used the BPM software pack-
age to implement a voxel-wise linear regression analysis. We
looked at the relationship between GMC and the resting-state
functional connectivity to the LH as well as to the Lthal in pa-
tients with LTLE. Both analyses resulted in clusters display-
ing a significant linear correlation between GMC and
connectivity (Tables 3 and 4). None of these regions also
exhibited a linear correlation between GMC and the resting-
state functional connectivity in the control subjects.

As GMC reduction in TLE has been consistently found
across many studies, it can be considered an indicator of dis-
ease. Many of the regions from the BPM analysis overlapped
with the GMC group comparison in which patients had re-
duced GMC (overlapping regions highlighted in Tables 3
and 4) in comparison to controls. We focused on these regions,
including the right thalamus, right and left postcentral gyrus,
left precuneus, and right midcingulate gyrus, as well as the LH
and Lthal as potential nodes in a network unique to the pa-
tients with LTLE. The relationship between GMC and resting
functional connectivity in each of these regions is shown in
Figure 3. Note that regions in the right midcingulate gyrus
had GMC values that were found to be correlated with connec-
tivity to both the LH and Lthal, and so are shown in two plots.

We can make several observations about these plots in
Figure 3. First, except for right thalamus and left precuneus,
the decrease in GMC in patients with LTLE compared to con-
trols is clear. These two regions had little overlap between the
VBM- and the BPM-detected region, which supports this dis-
crepancy. Second, the similarity between the functional con-
nectivity between the two groups in each region is also clear
except in the LH to right midcingulate connection, supporting
why the t-test for functional connectivity between LTLE and
controls only found reduced functional connectivity in this
region (at a reduced threshold) and not the others. Third, the
right midcingulate gyrus (both LH and Lthal connection),
the left precuneus, and the left postcentral gyrus indicate a pat-
tern that is consistent with the idea that in LTLE, functional
connectivity changes (decreases) only with greater reductions
in GMC in these regions. We could speculate that in the
right postcentral gyrus, the decrease in functional connectivity
is yet to occur in this population, and that the connectivity
from the LH to the right thalamus increases as the GMC
decreases. Finally, however, we did not detect linear correla-
tions between the GMC or functional connectivity and age of
onset or duration of disease in these regions, so the direct rela-
tionship between the disease progression (as indicated by
these two measures) and the imaging measures has yet to be
established. Similarly, the individual patients with LTLE that
appear to have significantly decreased functional connectivity
in Figure 3 are not the same across regions, implying that no
single patient has more severe changes than the others.

The regions shown in Figure 3 have been implicated in TLE
seizure networks (Norden and Blumenfeld, 2002). There is a
large body of evidence supporting the role of the thalamus
in TLE, specifically in the secondary generalization of sei-
zures (Blumenfeld et al., 2009; Englot et al., 2010; Norden
and Blumenfeld, 2002; Yu and Blumenfeld, 2009). Synchro-
nous electrical activity in the thalamus and temporal lobes
during temporal lobe seizures were found using intracerebral
electrical recordings (Arthuis et al., 2009; Guye et al., 2006).
The degree of synchrony was related to the loss of conscious-
ness and inversely related to better surgical outcome (Guye
et al., 2006). We also reported in a recent study that the con-
nectivity between the LH and the right thalamus was in-
creased in patients with LTLE over patients with right TLE
(Morgan et al., 2012).

Using ictal and interictal single-photon-emission com-
puted tomography, Blumenfeld et al. (2009) successfully
mapped the temporal evolution of generalized tonic–clonic
seizure-related perfusion changes. While the thalamus plays
a key role as described above during generalization of the sei-
zure, post-ictally, the bilateral frontal regions near the post-
central gyrus, the precuneus, and the midcingulate region
all showed significant hypoperfusion. One region that had
hypoperfusion in both the pregeneralization and post-ictal
phase was the midcingulate region similar to those shown
in Figure 4, where several of our methods converged. In
this region, three of our results overlap, while the region of
linear correlation between GMC and functional connectivity
to the Lthal is adjacent to them. This convergence suggests
that these processes may reflect the same unique network in
these patients, but that these changes in GMC and functional
connectivity are not completely dependent on each other, and
that other separate factors are involved in these alterations.
The difference in these regions is also due in part to the statis-
tical threshold chosen and the tissue generating the signal,
such as the potential inclusion of draining veins in the func-
tional connectivity signal.

Methodological considerations

Our population of patients included 10 women, whereas
the controls only included three. While studies of gender dif-
ferences in functional connectivity are rare, those in GMC
have been reported (Takahashi et al., 2011). In that study,
women had increased GMC over men in several regions, in-
cluding the thalamus. We detected increased GMC in controls
(with fewer women) in this region, contradicting the trend if
gender was a significant factor. Unfortunately, we cannot as-
sess gender directly in our study due to the low number of
total subjects.

It is possible that the resting-state functional connectivity
maps and the GMC maps used for the analyses are correlated
with a third variable. We examined correlations in the clus-
ters from the BPM analyses related to age of onset and dura-
tion of disease and found none in our data. Approximately
half of the patients in the study had mesial temporal sclerosis
(MTS), so we also examined the regions in Tables 3 and 4 for
divisions based on patients with and without MTS. We found
no clear demarcation between the two groups within the re-
sults. In VBM, we smoothed the GMC maps with an isotropic
Gaussian kernel of 12 mm. As mentioned previously, smooth-
ing the segmented gray matter images is a necessary step for a
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number of reasons, including the creation of more normally
distributed GMC maps. However, the large smoothing kernel
may also diminish the precision of localization within the
brain.

In this work, we restrict our between-group comparisons
to t-tests that assume a normal distribution. It is possible
that our data may not fit this assumption well in all cases;
however, our results in Figure 3 appear to have reduced
GMC in the regions that were detected as having reduced
GMC by t-test. We also note that we used different statistical
thresholds for the t-tests and BPM analyses. These were cho-
sen to illustrate the most focal and significant regions from
each type of analysis. All thresholds are clearly stated, and
Figure 3 illustrates the actual data in some regions. Finally,
our analyses do not investigate the presence of nonlinear re-
lationships between any of the measures discussed, while it
is very possible that other relationships do exist, which is be-
yond the scope of this initial study, and will be the focus of
future work.

Conclusion

In summary, we performed a voxel-wise linear regression
analysis between GMC and resting-state functional connec-
tivity across a group of 15 patients with LTLE. We found nu-
merous regions exhibiting GMC decreases correlated with
resting-state functional connectivity to either the LH or the
Lthal. A subset of these regions had significantly reduced
GMC when compared to the controls, and one of these re-
gions also had reduced functional connectivity to the LH
compared to the controls. These results suggest a network
of impairment in LTLE where more severe reductions in
GMC accompany decreases (LH, Lthal, right midcingulate
gyrus, left precuneus, and left postcentral gyrus) or increases
(LH to right thalamus) in resting functional connectivity.
However, direct relationships between these imaging param-
eters and disease characteristics in these regions have yet to
be established.
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