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Abstract: Studies of in mesial temporal lobe epilepsy (nTLE) patients with hippocampal sclerosis (HS)
have reported reductions in both functional and structural connectivity between hippocampal struc-
tures and adjacent brain regions. However, little is known about the connectivity among the default
mode network (DMN) in mTLE. Here, we hypothesized that both functional and structural connectiv-
ity within the DMN were disturbed in mTLE. To test this hypothesis, functional magnetic resonance
imaging (fMRI) and diffusion tensor imaging (DTI) were applied to examine the DMN connectivity of
20 mTLE patients, and 20 gender- and age-matched healthy controls. Combining these two techniques,
we explored the changes in functional (temporal correlation coefficient derived from fMRI) and struc-
tural (path length and connection density derived from DTI tractography) connectivity of the DMN.
Compared to the controls, we found that both functional and structural connectivity were significantly
decreased between the posterior cingulate cortex (PCC)/precuneus (PCUN) and bilateral mesial tem-
poral lobes (mTLs) in patients. No significant between-group difference was found between the PCC/
PCUN and medial prefrontal cortex (mPFC). In addition, functional connectivity was found to be
correlated with structural connectivity in two pairwise regions, namely between the PCC/PCUN and
bilateral mTLs, respectively. Our results suggest that the decreased functional connectivity within the
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DMN in mTLE may be a consequence of the decreased connection density underpinning the degenera-

tion of structural connectivity. Hum Brain Mapp 32:883-895, 2011.
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INTRODUCTION

Mesial temporal lobe epilepsy (nTLE) is characterized
by the epileptiogenic focus and neuropathological changes
in the mesial temporal regions, i.e., the usually pathologic
substrate of hippocampal sclerosis (HS) [Engel, 2001].
Moreover, evidence from neuroimaging studies has sug-
gested that the damage can extend to other brain struc-
tures far from the mesial temporal lobe, such as the
thalamus, subcortical nuclei, and a few of neo-cortices,
which are generally included in a mesial temporal epi-
lepsy network [Spencer, 2002]. Functional magnetic reso-
nance imaging (fMRI) [Bettus et al., 2009; Frings et al.,
2009; Laufs et al., 2007, Waites et al., 2006] based on blood
oxygenation level-dependent (BOLD) contrast and diffu-
sion tensor imaging (DTI) [Focke et al., 2008], have been
extensively used for the investigation of mTLE.

Recently, fMRI studies have focused on the default-mode
function of mTLE patients. Laufs and colleagues have
shown that the interictal epileptiform discharges (IEDs)
related deactivation is associated with the default mode
network (DMN), which suggests that the epileptic activity
may spread from the temporal lobe into functionally inter-
connected DMN regions in TLE [Laufs et al., 2007]. Subse-
quently, functional connectivity abnormality within the
DMN was found in mTLE patients who performed an
object-location memory task [Frings et al., 2009]. A group of
left mTLE patients showed reduced connectivity between
the precuneus (PCUN) and hippocampus compared to con-
trols [Frings et al., 2009]. Moreover, a study of Waites et al.
[Waites et al., 2006] and a recent work of us [Liao et al.,
2010] both concerned the altered functional connectivity of
the DMN in mTLE patients by using resting state fMRI
data. An independent component analysis-based functional
connectivity has further indicated that differently sided
mTLE patients have different functional impairments in the
DMN [Zhang et al., 2010]. Whereas the DMN is engaged in
maintaining the baseline brain activities associated with
cognitions of self-awareness, episodic memory, and envi-
ronmental monitoring [Buckner et al, 2008], the im-
pairment of the DMN in epilepsy may underlie the
pathophysiological mechanism of impaired cognitions in
the patients [Gotman et al., 2005; Zhang et al., 2010].

Functional connectivity-fMRI addresses on the temporal
coherence of spontaneous BOLD fluctuations within brain
network that are anatomically connected or not [Honey
et al., 2009]. On the other hand, DTI fiber tractography is a
direct way to depict the structural connectivity of brain
network. This approach can be used to estimate the routes

taken by fiber pathways connecting different brain regions
of the human brain [Catani et al., 2002; Johansen-Berg and
Rushworth, 2009]. It was demonstrated that the structural
connectivity overlaps with the functional connectivity
among the DMN [Greicius et al., 2009; van den Heuvel
et al., 2008, 2009]. This finding provides an anatomical evi-
dence in support of the notion that memory is processed
in the DMN [Greicius et al., 2009]. Interestingly, not only
the regions within the DMN been found to be structurally
connected with the cingulum tract but also the microstruc-
tural organization of this interconnecting cingulum has
been found to be directly related to the level of functional
synchronization in the DMN [van den Heuvel et al., 2008,
2009]. It is widely accepted that the functional connectivity
reflects the structural connectivity architecture, which can
enrich our understanding of brain networks [Greicius
et al., 2009; Honey et al., 2009; Rykhlevskaia et al., 2008;
van den Heuvel et al., 2008, 2009]. Therefore, it is impor-
tant to improve our understanding on the neural under-
pinnings of the mTLE via studying the changes in
functional and structural connectivity within the DMN.

A DTI tractography study of mTLE has demonstrated
the altered white matter pathways linking the medial tem-
poral lobe and the parahippocampal gyri in the patients
[Yogarajah et al., 2008]. Widespread fractional anisotropy
(FA) reduction was also found in the ipsilateral temporal
lobe of the unilateral mTLE patients [Focke et al., 2008].
More recently, a combination of BOLD functional connec-
tivity and DTI structural connectivity has been used to
observe the memory network changes in mTLE patients
[Voets et al., 2009]. Hence, the DMN disruption in mTLE,
reflected in functional and structural connectivity proper-
ties, may be worthy of consideration. In the present study,
we investigated changes in functional (temporal correla-
tion coefficient derived from fMRI) and structural (path
length and connection density derived from DTI tractogra-
phy) connectivity of the DMN in the mTLE. We aimed at
providing novel imaging indices to further investigate the
neuro-pathophysiological mechanisms of mTLE.

MATERIALS AND METHODS
Participants

Twenty mTLE patients (all right-handed, 10 females, age
range: 17-51 years, mean age: 25.9) participated in this
study. These patients were partially selected from those
included in our previous studies [Zhang et al., 2009a,b],
and successfully underwent both DTI and fMRI scans.
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General patient information is summarized in Table SI. All
patients underwent a comprehensive clinical evaluation
according to the epilepsy classifications of the International
League Against Epilepsy (ILAE). Recruitment was based
on the following three inclusion criteria: (1) Symptoms of
mTLE were present: Patients had suffered from complex
partial seizures; parts of them were accompanied by the
secondarily generalized or simple partial seizures. (2) MRI
evidence of bilateral HS: Hippocampal atrophy—the hip-
pocampal volume is smaller than the Chinese normal hip-
pocampus volume (2.62 cm® on the right and 2.48 cm® on
the left; these criteria were set as the two standard devia-
tions below the mean hippocampal volume of the healthy
Chinese adults) [Wu et al., 1998a,b] measured in coronal
T1 images, and increase in T2 fluid-attenuated inverted re-
covery (FLAIR) signal in the hippocampus were used as
the diagnostic criteria. There was no other MRI abnormal-
ity rather than the HS. (3) Specific pattern of electrophysio-
logical activity measured by EEG: The patients’ interictal /
ictal scalp and sphenoidal EEGs showed epileptic spikes
in the bilateral frontotemporal or temporal lobes. The
exclusive criteria included (1) Structural abnormality other
than HS, such as cortical dysplasia, vascular malformation,
or brain tumor. (2) Unilateral HS or MRI negative in the
conventional MRI. More patients details can be found in
our previous studies [Zhang et al., 2009a,b].

Twenty healthy volunteers were recruited as controls
(all right-handed, 11 females, age range: 20-38 years, mean
age: 26.2), matched to the patients in age (P = 0.9332, two-
sample two-tailed t-test) and gender (P = 0.7546, Kruskal-
Wallis test). None of the controls had neurological or psy-
chiatric disorders. All examinations were carried out
according to the Declaration of Helsinki [1975]. Written
informed consents were obtained from all participants.
The research protocol was approved by the local Medical
Ethics Committee in Jinling Hospital, Nanjing University
School of Medicine.

Data Acquisition

MRI data were collected using a 1.5-Tesla scanner (GE-
Signa, Milwaukee). Participants were instructed to rest
with their eyes closed and keep their heads still. First, ana-
tomic images were acquired for clinical diagnosis, includ-
ing axial T1 weighted images (TR/TE = 2,200 ms/24 ms,
matrix = 512 x 512, FOV = 24 x 24 ¢cm?, slice thickness/
gap = 4.0 mm/0.5 mm, 23 slices covered the whole brain),
coronal Ty and T, FLAIR images (4 mm thickness without
gap and 14 slices) used for measuring hippocampal vol-
ume and detecting hippocampal lesions.

Functional imaging covering the whole brain was
acquired axially using a T2*-weighted single-shot echo pla-
nar imaging sequence: (TR = 2,000 ms, TE = 40 ms, flip angle
= 80°, matrix = 64 x 64, FOV = 24 x 24 cm; 4 mm thickness
and 0.5 mm gap, 23 slices; voxel size = 3.75 x 3.75 x 4 mms).
For each subject, fMRI scanning lasted 7 min, with 210 vol-

umes recorded in total. The DTI acquisition used a single-
shot spin-echo planar imaging sequence in contiguous axial
planes covering the whole brain (TR = 9,000 ms, TE = 79.7
ms, NEX = 2, matrix size = 256 x 256, FOV = 24 x 24 cmz,
slice thickness = 3 mm without inter-slice gaps, 32 slices cov-
ered the whole brain). At each slice position, except for SO (b
=0s/mm?),a single b-value (b = 1,000 s/ mm?) was applied
to 15 non-collinear gradient directions.

Data Pre-Processing

For fMRI images, the first 10 images were excluded to
avoid instability in the magnetic field. The remaining 200
consecutive volumes were used for data analysis. Data
preprocessing were performed using SPM2 software
[www filion.ucl.uk/spm]. After slice-timing adjustment
and realignment for head motion correction, any data
affected by head motion of over 1 mm or rotation of more
than 1° was excluded. We also evaluated group differences
in translation and rotation of head motion according to the
following formula [Liu et al., 2008]:

Head Motion Rotation

1 &L
L1 Z \/|xi - xifl‘z +lyi - 3/1‘71\2 + zi — zia?
i—2

where L is the length of the time series (L = 200 in this
study), x;, y;, and z; are translations/rotations at the ith
time point in the x, y, and z directions, respectively. The
results showed that there were no significant differences
between patients and healthy groups in head motion and
rotation (two sample two-tailed t-test, T = 0.8263, P =
0.4138 for translational motion and T = 1.0168, P = 0.3157
for rotational motion). The data were then coregistered to
the individual’s unweighted BO image (b = 0 s/mm?)
using a linear transformation [Hagmann et al., 2008],
resulting in a coregistered functional images in DTI space.
The coregistered functional images were then spatially
normalized to the echo-planar imaging (EPI) template in
Montreal Neurological Institute (MNI) space (Resampling
voxel size into standard stereotaxic space at 3 x 3 X
3 mm°) using a nonlinear transformation, resulting in a
nonlinear transformation (T). Finally, all the images were
spatially smoothed by convolution with an isotropic Gaus-
sian kernel (FWHM = 8 mm).

To extract the time series for cerebrospinal fluid (CSF)
and white matter (WM), subject-specific CSF and WM tem-
plates were created. For individual’s T1 weighted anatomi-
cal image acquired with the same prescription as the fMRI
data were also coregistered to the individual’s unweighted
B0 image (b = 0 s/mm?) using a linear transformation.
The coregistered T1 weighted anatomical image was then
spatially normalized to T1 template in MNI space (Resam-
pling voxel size into standard stereotaxic space at 3 x 3 X
3 mm3). The image was then segmented using SPM2, and
thresholded the segmented probability images at 80%.
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TABLE I. Details on the brain regions in the DMN map (P < 0.05, FDR corrected) from the controls

Anatomical region Hemisphere MNI coordinates (x, y, z) Brodmann’s area Cluster size (Voxels) T value
PCC/PCUN L/R —6, —54, 36 23, 26, 27, 30 1,942 16.41
IPL L —42, —66, 33 39, 40 306 10.10
R 54, —63, 36 39, 40 266 6.12
mTLs L -21, =15, =27 20, 30, 35, 36 60 3.59
R 24, -9, =21 20, 30, 35, 36 86 4.28
TG L —-60, —12, —21 20, 21, 22, 38 635 8.42
R 60, —3, =27 20, 21, 22, 38 699 8.69
mPFC L/R 0, 54, —6 8,9,10, 11, 32 3,514 12.56

The cluster size corresponds to the ROI size in subsequent connectivity analyses.
PCC/PCUN, posterior cingulate cortex/precuneus; IPL, inferior parietal lobule; mTLs, mesial temporal lobe; ITG, inferior temporal

gyrus; mPFC, medial prefrontal cortex.

Finally, once the CSF and WM masks were coregistered to
functional images, the subject-specific CSF and WM masks
were, respectively, generated.

For DTI images, head motion was removed by aligning
15 diffusion-weighted scans to the unweighted BO image
(b = 0 s/mm>?). Eddy current distortions existing in the
single-shot spin-echo planar imaging sequence were cor-
rected by affine registration to the reference B0 image.

ROI Extraction

To examine the DMN in both groups, spatial independ-
ent component analysis (ICA) was first conducted to
decompose the data of each individual in both group into
30 independent components (ICs) with the Infomax algo-
rithm using the GIFT software (http://icatb.sourceforge.
net/, version 1.3e) [Calhoun et al., 2001]. The number (i.e.,
30) of ICs was determined by a dimension estimation using
the minimum description length (MDL) criterion [Li et al.,
2007]. For each IC, the waveform corresponds to the time
course of a specific pattern of brain networks, and the inten-
sity with which this connectivity is found across the voxels
is expressed in the associated spatial map [Mantini et al.,
2007]. To display the voxels that contributed most strongly
to a particular IC, the intensity values in each spatial map
were converted to Z-values (standard deviation of image)
map [Calhoun et al., 2001; Mantini et al., 2007]. As ICA on
fMRI data intrinsically extracts patterns of coherent neuro-
nal activity (i.e., networks), it is commonly accepted that
Z-values can provide an indirect measure of functional
connectivity within the network [Bartels and Zeki, 2005].

The DMN IC was identified by spatially correlating all
ICs with a DMN template. This template was extracted
using the MarsBaR toolbox (http://marsbar.sourceforge.
net). It covered the bilateral posterior parietal cortex, tem-
poroparietal, and the mPFC, as well as the posterior cingu-
late cortex (PCC)/PCUN [Greicius et al.,, 2004]. More
specifically, our selected default mode component matched
the cerebral ICs with the largest spatial correlation coeffi-
cient with the DMN template [van de Ven et al., 2004,
2008]. The IC corresponding to the DMN was extracted

from all the subjects. For each group, the IC maps of the
DMN were then subjected to a random-effect analysis by
using a one sample f-test. Thresholds were set at P < 0.05,
false discovery rate (FDR) corrected. Regions of interest
(ROIs) for the PCC/PCUN, mPFC, bilateral inferior parie-
tal lobule (IPL), mTLs, and the inferior temporal gyrus
(ITG) were selected from the DMN map of the control
group using the xjView toolbox (see Table I for ROIs size).
These eight ROIs were used for the subsequent analyses in
both the patient and the control groups.

Subsequently, the IC maps for the DMN in the patient
group were compared to those in the control group by
using two sample f-tests (IT1> 1.69, P < 0.05, clustering
extent threshold, 15 voxels). The group comparison was
restricted (masked) to the voxels within the DMN maps of
either patients or controls. Accordingly, the mask was cre-
ated as the union of the DMN maps from the two groups,
thresholded at P < 0.05, FDR corrected.

Functional Connectivity Within DMN

To quantify the functional connectivity between each
pair of ROIs within the DMN, temporal correlation coeffi-
cients between each pair of regions were calculated using
the Pearson correlation. The time series of each ROI was
preprocessed as follows: first, averaged time series were
extracted from each ROI. Each time series was further cor-
rected for the effect of six head motion parameters by lin-
ear regression to reduce the influence of head motion [Fox
et al., 2005, 2009; Murphy et al., 2009; Weissenbacher et al.,
2009]. Second, the averaged signals from the subject-spe-
cific CSF and WM masks were regressed according to the
method reported in previous resting state fMRI studies
[Bettus et al., 2009; Fair et al., 2008; Fox et al., 2005; Honey
et al., 2009] to remove possible spurious fluctuations, of
physiological origin, but unrelated to neuronal activity
[Fox et al., 2009; Murphy et al., 2009; Weissenbacher et al.,
2009]. Finally, the time series were band filtered (0.01-0.08
Hz) to reduce the effects of low-frequency drift and high-
frequency noise [Fox et al., 2005]. The residuals signal after
regression and filtering constituted the regional time series
used for further analyses.
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Structural Connectivity Within the DMN
Fiber tracking

Whole brain fiber tracking was performed in the DTI
native space for each subject using interactive software
Trackvis [Schmahmann et al., 2007], which used an inter-
polated streamline propagation algorithm [Chao et al.,
2008]. Path tracing proceeded until either the FA was
lower than 0.15, or the angle between the current and
the previous path segment was higher than 35°. After
whole fiber tracking, short fibers lower than 20 mm, and
obvious false paths were discarded. The remaining tracts
were highly congruent with the DTI tractography atlas
[Catani and Thiebaut de Schotten, 2008, Wakana et al.,
2004].

Fiber extraction

As eight ROIs were derived from the normalized MNI
space, the inverse transformation of the spatial normaliza-
tion were applied to acquire the ROIs in the native space
of DTI [Gong et al., 2009; Greicius et al., 2009]. More spe-
cifically, the inverse transformation (T™Y) was applied to
the eight ROIs in the normalized MNI, resulting in the
subject-specific ROIs in the native space of DTL.

The ROIs were dilated 2-3 mm into the white matter to
ensure that they were in contact with the fibers. Fiber bun-
dles connecting each pair of ROIs were then extracted
from the total collection of brain fibers. This was done by
a three-step procedure (Fig. S1) [van den Heuvel et al.,
2008, 2009]. First, an initial ROI was selected, and the
tracts that reached the first ROl were chosen from all
fibers. A second ROI was then retrieved from the rest of
the ROIs. Only those tracts that reached the second ROI
were picked from the resulting tracts of the previous step.
Finally, fibers that did not really connect the two ROIs
were deleted by visual inspection. The remaining fiber
tracks connecting each pair of ROIs were prepared for the
subsequent analyses.

Path length and connection density

Path length and connection density are two basic meas-
ures characterizing two connective nodes. Previous
research in macaques used connection strength or density
as an estimate of the white matter volume [Klyachko and
Stevens, 2003]. The white matter volume was found to be
highly correlated with the anatomical strength of connec-
tions, as derived from track-tracing experiments [Hag-
mann et al, 2007]. The weighted edge that captures
connection density and the path length between two nodes
was been defined as the combination of fiber tracks con-
necting them [Hagmann et al., 2008], as described in the
following.

Two ROIs ROI(z) and ROI(v) were considered to be con-
nected through an edge e(u,v), in case at least one fiber f
was present between them [Hagmann et al., 2008]. If F, is

the set of all fibers connecting the two ROlIs, the length I(e)
of e(u,v) can be calculated by averaging the lengths of all
the fibers in F, [Hagmann et al., 2008], according to:

I(e) = ﬁ S M)

feF,

where |F,| denotes the number of all fibers in set of F,
and I(f) is the length of fiber f along its trajectory [Hag-
mann et al., 2008].

In addition, the connection density (number of connec-
tions per unit surface) between the end-nodes of the edge
e(u,v), can be expressed as [Hagmann et al., 2008]:

2 1
wie) = g5 S;W @)

where, S, and S, are two-dimensional intersected surfaces
between the individual’s white matter, and ROI(x) and
ROI(v), respectively. In the measure of w(e), a correction
term I(f) in the denominator is needed to eliminate the
length bias towards longer fibers introduced by the tractog-
raphy algorithm. The sum S, + S, corrects for the slightly
variable size of intersected surfaces [Hagmann et al., 2008].
In this regard, a “de facto fiber tracking algorithm” can be
free of length bias [Zalesky and Fornito, 2009].

In our study, the two indices I(e) and w(e) were intro-
duced into the connection assessment during the tractogra-
phy analyses to determine whether there were any
abnormalities in patients while compared to the controls.
Some information about the fiber bundles connecting each
pair of regions, including length of each fiber path, mean
and maximum FA values on the same tract, and count of
all the tracks between each pair of ROIs, was extracted
using the TrackVis software.

Statistical Analysis

Statistical analysis of functional and structural connec-
tivity for each pair of ROIs was performed, comparing the
patient and control groups. Specifically, temporal correla-
tion coefficient (r), path length I(e), connection density
w(e), and mean and maximum FA values were investi-
gated. A one-way repeated-measure analysis of variance
(ANOVA) was used to assess the presence of significant
difference (P < 0.05) across all the selected connections
between the two groups. Furthermore, post hoc analysis
on each connection was performed by a two sample t-tests
(P < 0.05, Bonferroni corrected).

Relationship Between Functional and Structural
Connectivity

The relationship between functional and structural con-
nectivity was detected using a regression analysis for
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6.01I l~6.11

Figure I.
Group-level analyses of the DMN. A: DMN in the controls (T >
249, P < 0.05, FDR corrected). B: DMN in the mTLE patients
(T > 2.74, P < 0.05, FDR corrected). C: Contrast between the
DMN in mTLE patients and controls (|T| > 1.69, P < 0.05, clus-
tering extent threshold, |5 voxels).

pairwise ROIs within the DMN. Next, linear regression
analysis between the functional and each of the anatomical
indices (P < 0.05) was performed for each pair of ROIs
and for each group separately. On the basis of regression
analysis, the anatomical connectivity index which mostly
reflected the functional connectivity index was selected.

RESULTS
Spatial Pattern of DMN in Each Group

The random-effect analysis of the single-subject IC maps
revealed a typical spatial pattern of the DMN in both
groups (P < 0.05, FDR corrected) (see Fig. 1). The DMN
pattern in the controls showed functional connectivity
among the PCC/PCUN, the mPFC, the bilateral IPL,
mTLs, and ITG (Fig. 1A and Table I). The DMN pattern of
the patients largely included the same brain areas, but
with specific difference in the connectivity strength with
respect to that of controls (Fig. 1B and Table SII). Particu-
larly, the patient group showed decreased DMN connec-
tivity in the mPFC, the bilateral mTLs, and the left ITG. In
addition, an increased functional connectivity was detected
in the PCC/PCUN (Fig. 1C and Table SIII).

Structural Connectivity Within DMN

Two examples of fiber tracts connecting the PCC/PCUN
to the mPFC, and to the bilateral mTLs were shown in Fig-
ure 2. The cingulum tracts connecting the PCC/PCUN to
mPFC were detected in all controls (more details are
shown in Fig. S2 and Table SIV) and all patients (Fig. S3
and Table SV). The tracts connecting the PCC/PCUN to
bilateral mTLs (both left and right mTLs ROIs) were
detected in all participants in both groups. The left and
right superior frontal-occipital fasciculus connecting the
left and right IPL to the mPFC, respectively, were detected
in 4/4 (left/right) out of 20 mTLE patients and 6/4 (left/
right) out of 20 controls. The tracts that connected the
PCC/PCUN to the left and right ITG, respectively, were
detected in 0/2 (left/right) of 20 mTLE patients and in 0/
5 (left/right) of 20 controls (Fig. S4). Furthermore, other
white matter fibers as for example the arcuate fasciculus
and the corpus callosum were observed (Fig. S5).

Functional Connectivity Within DMN

According to the results from the structural connectivity
analysis, we examined only three pairwise functional con-
nectivities between the PCC/PCUN to the mPFC, to the
left mTLs and to the right mTLs (see Fig. 3). The left and
right superior frontal-occipital fasciculus, connecting the
left and right IPL, respectively, were only detected in a
subset of both groups (Fig. S4). The same was found for
the tracts connecting the PCC/PCUN to the left and right
ITG (Fig. S4). Accordingly, other functional connections
found in the present study (Fig. S6), such as the IPL to the
mPFC and ITG [Buckner et al., 2008] were not considered
in further analyses.

Differences Between Patients and Controls

Comparisons between mTLE patients and controls were
performed on both structural and functional indices for
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control

Figure 2.
Example of DTI fiber tractography on one control and one patient. Only three fiber bunches
located between the PCC/PCUN and mPFC, bilateral mTLs, were detected in both subjects.
The color-coding of the obtained fibers is based on the standard RGB code applied to the vector
at every segment of each fiber. Red indicates the medio-lateral plane. Green indicates the dorso-
ventral orientation. Blue indicates the rostro-caudal direction.

the connections from the PCC/PCUN to the mPFC, left
mTLs, and right mTLs. The ANOVA on mean connection
density, mean temporal correlation coefficient, mean and
maximum FA values on the same tract, showed significant
differences between the two groups at P < 0.05. Con-
versely, no significant difference was revealed by ANOVA
on mean path length. Connection density and temporal
correlation coefficient between the PCC/PCUN and bilat-
eral mTLs were significantly decreased (P < 0.05, Bonfer-
roni corrected) in the mTLE group compared to the
controls (Fig. 4B,C). Nonetheless, decreases in mTLE were
found in both mean and maximum FA values on the same
tracts, but with reduced significance with respect to con-

control

nection density (Fig. 4D,E). No significant differences in
temporal correlation and connection density between the
PCC/PCUN and mPFC were found between groups. Fur-
thermore, the path length showed no significant difference
in all three pairwise connections.

Relationship Between Functional and Structural
Connectivity

The regression analyses between functional and struc-
tural connectivity measures showed the presence of signif-
icant relationship (P < 0.05) between mean temporal

r:0.2~0.4 ]

Figure 3.
Functional connectivity within the DMN in patients and controls. Averaged temporal correlation
coefficient r across all subjects in the control group (A) and in the mTLE group (B).
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ANOVA: F(1,38)=4.04 P=0.051

-
~
=

9

60

mean length(mm)

30

PCC_mPFC PCC_ImTL PCC_rmTL

ANOVA: F(1,38)=20.80 P<0.001

O

mean correlation coefficient

PCC_mPFC PCC ImTL PCC rmTL

ANOVA: F(1,38)=35.12 P<0.001

=

max FA on track

PCC_mPFC

PCC_ImTL PCC_rmTL

B

ANOVA: F(1,38)=9.33 P=0.004
% 5

1.6

12

mean weight

PCC_mPFC PCC_ImTL PCC_rmTL
ANOVA: F(1,38)~=19.76 P<0.001

=

0.5

mean FA on track

PCC mPFC

PCC ImTL PCC rmTL

= control
« mTLE

* P<0.05
** P<0.01

Figure 4.

Comparison of functional and structural connectivity from PCC/
PCUN to the mPFC, left mTLs, and right mTLs between mTLE
patients and controls. The ANOVA on mean path length (A),
mean connection density (B), mean temporal correlation coeffi-
cient (C), mean (D), and maximum (E) FA values on the tracts

correlation and connection density in both the patient and
control groups (see Fig. 5). In this case, the statistical anal-
ysis revealed a significant positive correlation between the
PCC/PCUN and bilateral mTLs, in both the patient and
control groups. Conversely, no significant relationship
with mean temporal correlation has been consistently
found, for both connections and in both the patient and

showed significant differences between the two groups at P =
0.051, P < 0.004, P < 0.001, P < 0.001, and P < 0.001, respec-
tively. For each connection, differences at the significant level of
P < 0.05 Bonferroni corrected and P < 0.01 Bonferroni cor-
rected were marked with * and **, respectively.

control groups, among mean path length, mean FA, and
maximum FA (Fig. S7).

DISCUSSION

In the present study, we investigated functional (tempo-
ral correlation coefficients derived from fMRI) and
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Figure 5.

The relation between functional connectivity (y axis) and structural connectivity (x axis) within
DMN. The mTLE and controls groups were considered separately. A: Correlation coefficient r =
0.465 in patients and r = 0.536 in controls on the connected PCC/PCUN and the left mTLs. B: Cor-
relation coefficient r = 0.547 in patients and r = 0.590 in controls on the connected PCC/PCUN
and the right mTLs. In all these cases, correlations were significant at P < 0.05, uncorrected.

structural (connection density derived from DTI tractogra-
phy) connectivity of the DMN in mTLE.

Functional Connectivity Analysis at the
Network Level

Independent component analysis, a data-driven method,
can extract the DMN and look for the functional connec-
tivity with respect to the entire network [Greicius et al.,
2004]. Our ICA results showed that several brain regions
including the bilateral mPFC, mTLs, and the left ITG
within the DMN had significantly decreased functional
connectivity in mTLE patients (see Fig. 1C and Table SIII).
These abnormalities of functional connectivity may reflect
the cognitive impairments of the corresponding DMN
regions [Zhang et al, 2010]. Importantly, the ICA
approach used in the current study enabled us to extract
brain regions in the DMN as ROIs without the need of
prior anatomical hypotheses to test the functional and
structural connectivity across those ROIs.

Structural Connectivity Decrease of the DMN
in mTLE

The current study mainly focused on the important role
of the cingulum and the tracts connecting the PCC/PCUN
to bilateral mTLs interconnecting the brain regions of the
DMN, which were found consistently across all subjects
(Figs. S2 and S3). In addition, some other well-known
white matter fibers [Catani and Thiebaut de Schotten,
2008; Wakana et al., 2004], such as the arcuate fasciculus

and the corpus callosum were also clearly showed in the
data (Fig. S5).

The cingulum tract forms a direct neuroanatomical link
between the PCC/PCUN and mPFC in the human brain
[Catani and Thiebaut de Schotten, 2008; Lawes et al., 2008;
Schmahmann et al.,, 2007, Wakana et al., 2004], as well as
in the macaque brain [Parvizi et al., 2006]. Our results are
further coherent with a number of resting state fMRI study
[Greicius et al., 2009; van den Heuvel et al., 2008, 2009],
which suggested a key role of the cingulum tract between
the PCC/PCUN and mPFC of the DMN. When the mTLE
patients were compared to the controls, no significant dif-
ferences were found in the functional connectivity (r), con-
nection density (w(e)), and path length (I(¢)) between the
PCC/PCUN and mPFC (see Fig. 4). However, significant
decreases were found in both mean and maximum FA val-
ues on the PCC/PCUN to mPFC tract (Fig. 4D,E). It is
widely believed that the major contribution to the direc-
tion-dependent diffusion signal is attributable to axonal
membranes hindering the diffusion process of water mole-
cules [Beaulieu, 2002; van den Heuvel et al., 2008]. The
decreased FA values of the PCC/PCUN and mPFC tracts
may be explained by the less dense packing of axonal
fibers in mTLE. It has been demonstrated by Kaiser and
Hilgetag [Kaiser and Hilgetag, 2006] that a long-distance
connection may be important for complex neural systems,
since they are not exclusively optimized for minimal
global wiring length, but rather for a variety of factors
including the minimization of processing steps. This may
also explain partially the inconsistent results between con-
nection density and FA value on the PCC/PCUN and
mPFC tract. In this regard, the combination of FA and the

¢ 891 o



¢ Liao et al. ¢

quantitative property, such as connection density, would
provide a better insight into mTLE.

The fiber tracts connecting the PCC/PCUN to the bilat-
eral mTLs were also coherent with a recent resting state
study combining fMRI and DTI on the DMN [Greicius
et al., 2009]. Previous studies have demonstrated that the
pre-existing HS is a cause of the TLE, rather than a conse-
quence of repeated seizures [Locharernkul, 2004]. This
suggests that HS may be responsible for subsequent patho-
logical changes and clinical manifestations in epilepsy
patients. Generally, the pathological substrate of the
impairments in mTLE is thought to be neuronal loss
[Lencz et al.,, 1992] and the damage of microstructure [Kel-
ler et al., 2002]. These impairments are likely to result in
decreased FA in the white matter. For example, Focke
et al. found a widespread FA reduction in the ipsilateral
temporal regions in mTLE patients with HS [Focke et al.,
2008]. A recent DTI tractography study suggested an alter-
ation of white matter pathways of the mTLs connections
linking with the parahippocampal gyri in patients with
unilateral TLE [Yogarajah et al., 2008]. Moreover, other
studies have found a relationship between reduced FA
and degeneration of pathways connecting to the hippo-
campus [Concha et al., 2005]. These findings indicate that
the impairments in the hippocampal formation may ulti-
mately induce degeneration of the fiber path from the
mTLs to the PCC. However, the disadvantage of these
studies was the lack of analysis in quantitative structural
connectivity, such as the path length and connection den-
sity derived from DTI tractography. In the current work,
reduced connection density found in mTLE patients indi-
cated an abnormality in white matter involving the degen-
eration of structural connectivity. Interestingly, although
connection density (Fig. 4B) on tracts between the PCC/
PCUN and bilateral mTLs showed significant decreases,
no significant difference was found in the path length (Fig.
4A). This result may suggest that reduced number of fibers
per unit surface has an important impact on degeneration
of the structural connection between the PCC/PCUN to
mTLs in the DMN on mTLE patients. This finding is con-
sistent with a recent DTI tractography study that described
loss of axonal integrity in parts of the temporo-limbic net-
work [Concha et al., 2005]. Moreover, it is likely that the
reduction of FA in degenerated tracts results from axonal
membrane breakdown (i.e., fiber loss) [Beaulieu, 2002].
Structural connectivity abnormalities of the present study
would postulate downstream degeneration from mTLs
structures a potential neuro-pathophysiological mechanism
underlying disruptions in connectivity in mTLE patients.

Functional Connectivity Decrease of the DMN
in mTLE

Functional connectivity is typically interpreted as the
temporal synchronization of low-frequency fluctuations
arising from spontaneous neuronal activities in distant

brain regions [Fox et al.,, 2005]. Importantly, functional
connectivity between the PCC/PCUN and bilateral mTLs
has been observed in healthy subjects [Fox et al., 2005;
Vincent et al., 2006]. In the present study, this connectivity
has been found significantly functional decrease in mTLE
patients (Fig. 4C). The function of the DMN can be dis-
turbed by pathological nervous system changes, and ictal
discharges and IEDs can both induce functional connectiv-
ity abnormality within these brain regions [Laufs et al.,
2007]. In a previous study involving an object-location
memory task, group comparisons within the DMN
revealed reduced connectivity to the PCUN in ipsilesional
middle temporal gyrus and hippocampus in left HS
patients compared to controls [Frings et al., 2009]. In addi-
tion, in a resting state fMRI study, the intensity of func-
tional connectivity in a local region of mTLs has been
found to be associated with residual memory function in
mTLE [Bettus et al., 2009]. The hippocampus/parahippo-
campal gyrus, comprised within the mTLs, is an important
DMN node. In healthy humans, it is specifically involved
in memory processes [Buckner et al., 2008; Raichle et al.,
2001]. On the one hand, the hippocampus is the well-
known epileptogenic focus, and the most damaged struc-
tures in mTLE [Engel, 2001]. On the other hand, the PCC/
PCUN, as a core hub showed strong correlation with each
other brain regions in the DMN, putatively plays a pivotal
role for the DMN [Buckner et al., 2008; Fransson and Mar-
relec, 2008; Hagmann et al., 2008]. Disrupted connections
between the PCC/PCUN and mTLs may ultimately cause
the abnormalities of the DMN.

Relationship Between Functional and
Structural Connectivity

Neuronal activity is transmitted via neuronal fibers.
White matter tracts are bundles of huge numbers of axons
that connect large neuronal population over long distances
[Catani and Thiebaut de Schotten, 2008; Schmahmann
et al.,, 2007, Wakana et al., 2004]. Within the DMN, direct
monosynaptic connections between the PCC and mTLs
[Kobayashi and Amaral, 2003; Lavenex et al., 2002] have
been demonstrated. This indicates that there is a flow of
information between these two brain regions [Greicius
et al., 2009] and the structural connectivity is the material
substrate of functional connectivity [Honey et al.,, 2009;
van den Heuvel et al., 2009]. In the present study, we
found decreases in both functional and structural connec-
tivity in patients compared with controls. Furthermore,
high correlation between functional and structural connec-
tivity was detected on two pairwised brain regions associ-
ated with the bilateral mTLs (see Fig. 5). We hypothesized
that an impairment in structural connectivity might con-
tribute to an impairment in functional connectivity. It is
widely assumed that structural connectivity provides a
neural substrate for functional connectivity [Johansen-Berg
and Rushworth, 2009; Rykhlevskaia et al., 2008]. Previous
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studies also suggested that resting state functional connec-
tivity reflects the underlying structural connectivity archi-
tecture [Greicius et al., 2009; Honey et al., 2009; van den
Heuvel et al., 2008, 2009]. It still remains unclear whether
structural damage in patients directly induces abnormal-
ities in functional connectivity. Further work, however,
will be needed to explore this matter, which at present is
speculative.

Study Limitations

The first limitation in our study is that ROI were
selected on the DMN map from the controls. Nonetheless,
possible differences between controls and patients in net-
work topology should be considered. In this regard, our
choice was due to the possibility that reduced connectivity
in patients would potentially result in a worse estimation
of the ROI locations. The selection of the seed nodes in the
network, as well as the seed size, is still matter of debate
in functional connectivity studies [Li et al., 2009; Ma et al.,
2007]. It is important to consider that large ROIs could
blur the results of functional connectivity analysis. In our
study, we defined ROIs even comprising more than one
brain area, just based on the ICA results, and without
using anatomical information or prior seed coordinates
from the literature [Fair et al., 2008]. Moreover, a limitation
in the study could be that DTI analyses were restricted to
the three pairs of connections which were found to exist in
previous studies [Kobayashi and Amaral, 2003; Lavenex
et al., 2002; Morris et al., 1999; Suzuki and Amaral, 1994].
As a matter of fact, few fibers were found connecting other
pair of areas, even in the controls. Moreover, it was dem-
onstrated that robust functional connectivity can be found
between regions not linked by cortico-cortical projections,
and that functional networks continually reconfigure
around the underlying anatomical skeleton [Honey et al.,
2009]. We, therefore, infer that the structural connectivity
may not exist in all pairs of regions among the DMN.
Obviously, neural connectivity may still exist between
some other pairs of regions, but more advanced fiber
tracking techniques (i.e., probabilistic framework tractogra-
phy) and instruments (i.e., higher field strengths) are
required to further examine such connections. A further li-
mitation is that, the current study did not include clinical
variables to allow the examination of any correlation with
the functional and structural connectivity. Such an investi-
gation might potentially improve our understanding of the
pathophysiological mechanisms of mTLE. Finally, as an
explorative study of the correlation between the functional
and structural connectivity in mTLE, we did not use mul-
tiple comparison correction.

CONCLUSIONS

In conclusion, the current study revealed abnormalities
of both functional and structural connectivity in mTLE

patients. We propose that structural abnormalities in the
DMN are induced by HS, which causes a structural
decline in the fiber tracts connecting the corresponding
areas in mTLE. Moreover, we speculate that this structural
change contributes to the functional defects exhibited by
patients suffering from this condition.
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