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OBSERVATIONAL STUDY

Interhemispheric Connectivity in Drug-Naive Benign
Childhood Epilepsy With Centrotemporal Spikes

Combining Function and Diffusion MRI

Yun Wu, MD, Gong-Jun Ji, PhD, Ke Li, MS, Zhen Jin, MD, Ya-Li Liu, BS,
Ya-Wei Zeng, BS, and Fang Fang, MS

Abstract: Decreased intelligence quotients (IQ) have been consist-
ently reported in drug-naive benign childhood epilepsy with centro-
temporal spikes (BECTS). We aimed to identify the neurophysiological
basis of IQ deficits by studying interhemispheric and anatomical func-
tional connectivity in BECTS patients. Resting-state functional and
structural magnetic resonance images were acquired in 32 children with
BECTS and 25 healthy controls. The IQ was estimated using Wechsler
Intelligence Scale for Children China-Revised. The functional connec-
tivity between bilateral homotopic voxels was calculated and compared
between groups. Homotopic regions showing abnormal functional
connectivity in patients were adopted as regions of interest for analysis
by diffusion-tensor imaging tractography. The fractional anisotropy,
fiber length, and fiber number were compared between groups. Abnor-
mal homotopic connectivities were correlated with 1Q in BECTS
patients. Compared with control subjects, patients showed decreased
1Q, and decreased voxel-mirrored homotopic connectivity (VMHC) in
the bilateral frontal lobule and cerebellum. The performance and full
scale 1Q significantly increased with the VMHC strength of the middle
frontal gyrus (MFG) in controls but not in BECTS patients. A significant
negative correlation was observed between VMHC in the premotor
cortex and disease duration. Microstructural features within white
matter tracts connecting functionally abnormal regions did not reveal
any differences between groups. This study provides preliminary evi-
dence for the disrupted functional cooperation between hemispheres in
children with BECTS. The findings suggest that the hyposynchrony
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between the bilateral MFG may be involved in the decreased 1Q of
BECTS patients.

(Medicine 94(37):e1550)

Abbreviations: BECTS = benign childhood epilepsy with
centrotemporal spikes, VMHC = voxel-mirrored homotopic
connectivity, IQ = intelligence quotient, fMRI = functional
magnetic resonance imaging, EEG = electroencephalography,
ROI = regions of interest, SMA = supplementary motor area,
ACC = anterior cingulate cortex, MFG = middle frontal gyrus, IFG
= inferior frontal gyrus.

INTRODUCTION
enign childhood epilepsy with centrotemporal spikes
(BECTS) is the most common type of childhood idiopathic
focal epilepsy.' The age of onset ranges from 1 to 14 years with
75% starting between 7 and 10 years.” Transient or long-lasting
cognitive and behavioral problems may also occur in these
patients,”® even after seizure remission.'®

Modern neuroimaging techniques and computing methods
rapidly developed in the past decade. These achievements
enabled researchers to investigate the underlying neural basis
of the abnormal neurocognitive ability in BECTS. Using varied
task designs, functional magnetic resonance imaging (fMRI)
studies have revealed abnormal activation patterns in BECTS
during cognitive performance, such as language.'' ~'* However,
neuronal correlates of comprehensive neuropsychological
measures (eg, intelligence) are not easily estimated with a
signal task design, and if multiple tasks are designed the
experiment feasibility dramatically decreases, especially among
child patients. The occurrence of resting-state paradigms pro-
vides a new opportunity for partially resolving this issue.
Resting-state fMRI does not require particular task for subjects,
but instead emphasizes the importance of spontaneous neuronal
activity that might be the basis of task activation. This paradigm
has high feasibility in clinical studies whereby multiple cogni-
tive networks could be simultaneously investigated after only a
few minutes of scanning. More importantly, it has been impli-
cated that resting-state functional connectivity provides a new
avenue to identify abnormal brain activity that cannot be found
by task activation in BECTS patients.'*

Recent resting-state fMRI studies have demonstrated that
abnormal functional connectivity is involved in the language
dysfunction'® and attention deficits'® in children with BECTS.
These findings suggest that investigating functional cooperation
between brain regions could be a way to understand the neu-
ropsychological impairments in those affected by BECTS. The
coordinated processing between hemispheres is a fundamental
characteristic of the functional architecture of the brain and is
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sensitive to maturational processes.'” As BECTS has been impli-
cated as a disorder maladaptive to neurodevelopment,'® we
hypothesized that interhemispheric communication in the brain
might be disrupted and that this disruption is involved in the
neuropsychological impairments found in children with BECTS.

Although findings of intellectual ability in BECTS patients
have varied among studies,” most estimations from drug-naive
patients suggest a lowered intelligence quotient (IQ).'*"° To
minimize the effect of antiepileptic drugs, only drug-naive
children with BECTS were recruited in the present study and
therefore, a lowered 1Q was predicted in these patients. To
uncover the underlying neurophysiological basis of this
abnormality, we evaluated the interhemispheric functional syn-
chronization in patients with BECTS using voxel-mirrored
homotopic connectivity (VMHC).'” This novel method has
been successfully used to explore interhemispheric coordination
in idiopathic generalized epilepsy®' but has not been applied to
BECTS, although abnormal interhemispheric coog)eration has
been implicated in the latter patient group.'***** Compared
with controls, we predicted abnormal functional cooperation
between the bilateral prefrontal cortex, a structure which has
been integrally linked to intellectual ability in humans.®*
Furthermore, we also investigated corresponding anatomical
connections to reveal other structures involved in the functional
abnormalities of BECTS patients.

METHODS

Participants

Thirty-two BECTS patients (aged 7.1-13.5 years) and 25
healthy volunteers (aged 7.6—12.4 years) were recruited in the
present study. All of the healthy volunteers were attending regular
schools without history of learning disorders, dyslexia, or any
psychiatric disorders. The mean age (P=0.604) and gender
distribution (47% male in patient group; 60% male in control
group; P =0.325) were similar in patients and controls. All the
BECTS patients were diagnosed according to the International
League Against Epilepsy (ILAE) diagnostic criteria.*>?¢
Additional excluding criteria included: abnormality in routine
structural MRI examinations; aged <7 or >14 years; a history of
other neurological diseases; and full-scale 1Q (FSIQ) < 70. This
study was approved by the Beijing Children’s Hospital Subcom-
mittee on Human Studies (ethics number is 2013-11) and carried
out in accordance with the Declaration of Helsinki. All study
subjects and parents (or guardians) gave written informed consent
before participation. Fifty-four subjects are right handed (31
patients and 23 controls). One patient and 2 controls are left
handed. Patients had not received any antiepileptic drugs. The
mean and standard deviation of disease duration (range 0.1-39
months) are 9.4 and 10.1 months, respectively.

Neuropsychological Evaluation

All the subjects were asked to participate the neuropsy-
chological assessment with the Wechsler Intelligence Scale for
Children China-Revised (WISC-CR) test, including FSIQ, ver-
bal 1Q (VIQ), and performance 1Q (PIQ). However, only 21
patients and 18 controls accomplished this evaluation. As with
previous studies on drug-naive BECTS patients,'>*>* we
predicted decreased IQ in our patients (2-sample ¢ test, 1 tail).

MRI Data Acquisition

We acquired functional and structural datasets of BECTS
patients and healthy controls at Beijing 306 Hospital using a
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Siemens Trio 3T scanner. First, resting-state functional images
were obtained by single-shot, gradient-recalled echo planar
imaging sequences. The parameters were as follows: echo time -
=30 milliseconds, repetition time =2000 milliseconds, field of
view =210 x 210 mmz, matrix =64 x 64, flip angle=90°,
thickness =4 mm, interslice gap =0.8 mm, 30 transverse slices
aligned along the anterior—posterior commissure. Subjects were
instructed to rest, not to think of anything in particular or fall
asleep. Then, T1-weighted anatomical images in high resolution
were acquired by magnetization-prepared rapid gradient-echo
sequences. The parameters were as follows: repetition time =
2300 milliseconds, echo time = 2.98 milliseconds, flip angle =
9°, field of view =240 x 256 mm”, matrix =256 x 256, thick-
ness = 1 mm, interslice gap=0.5mm, and 176 slices. Finally,
diffusion data were obtained by spin-echo echo-planar imaging.
There were 1 volume without diffusion weighting (b =0 second/
mm?) and 30 volumes with diffusion gradients applied along 30
noncollinear directions (b = 1000 seconds/mm?) for each subject.
Each volume contained 49 contiguous axial sections:
matrix = 128 x 128, field of view= 230 x 230 mmz, voxel
size=1.8 x 1.8 x 3mm’. Functional and Tl imaging were
acquired for all subjects, while the diffusion imaging was only
available in a subgroup (21 controls and 23 patients).

MRI Data Processing

Functional data were analyzed using DPARSFA (http://
rfmri.org/DPARSF),>” REST (http://www.restfmri.net)*® and
SPMS8 (www.fil.ion.ucl.ac.uk/spm). After removing the first
10 volumes, slice timing and realignment were performed for
correcting time offsets between slices and head motion, respect-
ively. The head motion of all the participants was less than 3 mm
and 3°. After structure—function coregistration, functional
images were normalized to the Montreal Neurological Institute
(MNI) space through T1 segmentation and resampled at a
resolution of 3 x 3 x 3mm®. To account for different configur-
ation between hemispheres, functional images were further
transformed to a symmetric space. To this end, we performed
the following procedures®': the mean T1 images (in MNI space)
of all subjects was averaged with its left—right mirrored version,
producing a symmetrical template; then, functional images
were further normalized to this symmetrical template associated
with T1 images, and spatially smoothed with a 4 mm full width
at half-maximum isotropic Gaussian kernel. Finally, the sources
of possible spurious variances were removed by removing linear
trends, filtering the temporal bandpass (0.01-0.08 Hz), and
regressing out nuisance covariates (24 head-motion parameters;
mean signals in white matter, cerebrospinal fluid, and the whole
brain). On the basis of the known impact of head motion, the
frame-wise displacement was calculated for each time point.>
If the frame-wise displacement exceeded 0.5 mm, the value of
the signal at that point was interpolated using piecewise cubic
Hermite splines. Pearson correlations were computed between
symmetric voxels in bilateral hemispheres. The correlation
between each paired voxel constituted a VMHC brain map
(Fisher z transformed) and were used for group-level analysis.

Diffusion-tensor images data were preprocessed and ana-
lyzed using the Pipeline for Analyzing Brain Diffusion Images
toolkit (PANDA; http://www.nitrc.org/projects/panda),’
which synthesizes procedures in FSL (http:/fsl.fmrib.ox.
ac.uk/fsl) and the diffusion toolkit. For each subject, diffu-
sion-tensor images were geometrically corrected using an
unweighted BO image (b=0second/mm?) and a filed map.
To minimize head movements, diffusion images were
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TABLE 1. Demographic, Clinical, and Neuropsychological Characteristics of BECTS Patients and Healthy Controls

Characteristic Patients Controls e P-Value
Age (y) 9.8+1.5% 10.0£1.5% —0.65 0.2617
Sex (female/male) 17/15 10/15 0.97 0.325%
FSIQ 89.38 +8.39% 100.44 +15.88% —2.78 0.005"
VIQ 90.76 + 8.39" 103.44 4 18.64° —2.80 0.004
PIQ 89.90 +10.23" 97.06 +12.87% ~1.93 0.030°
Duration (mo) 9.4+10.1% NA -

FSIQ = full scale IQ; NA =not available, VIQ = verbal 1Q; PIQ = performance 1Q.

fTwo tail (2-sample ¢ test).
"One tail (2-sample ¢ test).
'X test.

$ Mean 4 SD.

coregistered to BO image by affine transformations. Using the
linear least-squares fitting method, tensor model was estimated
for each voxel. Then, we performed whole-brain fiber tracking
for each subject in the native diffusion space. This was achieved
by a continuous tracking algorithm®' embedded in the diffusion
toolkit. Meanwhile, the path tracking was restricted by the
predefined fractional anisotropy (less than 0.15) and turning
angle (less than 35°). Fibers less than 10 mm or with obvious
false paths were discarded.

The regions with abnormal VMHC in patients were
selected as regions of interest (ROIs) for analysis by diffu-
sion-tensor imaging data. Before the fibers connecting bilateral
ROIs were tracked, several procedures were performed: The
ROIs were transformed from the normalized symmetric space to
each individual’s native functional space, and the mean func-
tional image was coregistered to the BO image (native diffusion
space) and the transformation applied to all ROIs. Finally, the
ROIs were dilated by one voxel into the white matter to ensure
they were in contact with the fibers. Fiber bundles connecting
symmetrical ROIs in the 2 hemispheres were then extracted
from the total set of fibers. This was accomplished using
TrackVis software (www.trackvis.org).

Statistical Analysis

The statistical significance of VMHC within groups was
analyzed using a 1-sample 7 test. Significant differences in
VMHC between groups were analyzed using the 2-sample ¢
test (P < 0.05, corrected with a sin§le voxel height of P < 0.05
and a cluster volume > 1188 mm~ using the AlphaSim pro-
gram). The spatial mask for multiple comparisons is a half
brain of the symmetric template produced in functional normal-
ization. Microstructural measures (fiber length, fiber number,
and fractional anisotropy) of the commissural tracts connecting
the bilateral ROIs were compared between groups using a 2-
sample 7 test. The Pearson correlation analysis was performed
between the imaging data and clinical measurements in patients.

RESULTS

Neuropsychological Evaluation

Table 1 shows the demographic, clinical, and neuropsy-
chological characteristics of patients with BECTS and healthy
controls. The age and gender proportion were not significantly
different between groups (all P > 0.05). All 3 IQ measures (full
scale, verbal, and performance) were significantly lower in
patients with BECTS compared with controls (all P < 0.05).

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

Interhemispheric Functional Connectivity

Within-group results indicated that both patients
(Figure 1A) and control subjects (Figure 1B) had robust homo-
topic functional connectivity with regional differences in
strength. Some brain regions showed abnormal VMHC in chil-
dren with BECTS (P < 0.05, AlphaSim corrected; Figure 1C;
Table 2). Patients showed decreased interhemispheric functional
connectivity between the bilateral premotor cortex, supple-
mentary motor area (SMA), precentral gyrus, anterior cingulate
cortex (ACC), middle frontal gyrus (MFG), inferior frontal gyrus
(IFG), and cerebellum.

Interhemispheric Anatomical Connectivity

We tracked the 6 paired ROIs from functional findings and
found that only commissural fibers connecting the bilateral
premotor cortex could be observed in all participants (except 2
patients), while the commissural fibers of the other ROIs were
found in less than half of the subjects. Therefore, we only
extracted the anatomical parameters in commissural fibers
connecting the bilateral premotor cortex. Between-group com-
parisons indicated no significant differences in fiber number
(r=0.35, P=0.73), fiber length (r=0.68, P =0.50), and frac-
tional anisotropy (r=1.35, P=0.18; Figure 2).

Correlation Between Neuropsychology and
Neuroimaging

In the healthy controls, a positive correlation was ident-
ified for VMHC in the MFG and PIQ/FSIQ scores (Figure 3A,
P <0.05). These associations were absent in children with
BECTS. In contrast, VMHC in the precentral gyrus and PIQ/
FSIQ scores showed a negative correlation in both groups
(Figure 3B, P <0.05). A significant negative correlation was
observed between VMHC in the premotor cortex and disease
duration (Figure 1C, P < 0.05).

DISCUSSION

In the present study, we estimated the IQ of BECTS
patients and sought to determine whether lowered IQ in
these patients were related to the disrupted interhemispheric
connectivity. Compared with healthy children, BECTS
patients showed decreased 1Q as well as decreased interhemi-
spheric cooperation (mainly in frontal areas). The disrupted
correlation between abnormal VMHC in frontal regions and
1Q suggested that the bilateral MFG and ACC were involved in
the 1Q deficits found in BECTS patients. On the contrary,
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FIGURE 1. Interhemispheric functional connectivity within and between groups. The pattern of interhemispheric functional connectivity
in (A) patients and (B) control subjects, respectively. (C) Homotopic regions show decreased functional connectivity in the patient group
(P<0.05, AlphaSim corrected). Inset shows that the decreased connectivity between the bilateral premotor cortex negatively correlated

with disease duration.

anatomical connectivity was similar in patients and controls,
indicating that commissural tracts are normal in drug-naive
children with BECTS.

Blood oxygenation level-dependent fMRI has become a
promising way to investigate the neural substrate of neurocog-
nitive abilities. It employs hemoglobin as a convenient
endogenous contrast agent, relying on the magnetization differ-
ence between oxy- and deoxyhemoglobin to create the fMRI
signal.*? In resting state, the fMRI signal keep fluctuating with

the ongoing intrinsic neural activity. The low-frequency part
(<0.1Hz) of this fluctuation has been related to a number of
cognitive abilities® and the neuropathological mechanism of
many disorders.>'**33 In the present study, we adopted this
paradigm to investigate the functional mechanism underlying
the abnormal 1Q in BECTS patients.

In healthy subjects, IQ has been consistently linked to the
integrity, structure, and function of the lateral prefrontal cortex
which is known to support the executive control of action and

TABLE 2. Regions Showing Abnormal Homotopic Connectivity in Patients

MNI Coordinate

Brodmann Area Voxel Number Peak ¢ Value

Brain Region X Y VA
Premotor cortex

Supplementary motor area +21 18 63
Precentral gyrus +57 0 33
Anterior cingulate gyrus +3 42 24
Middle frontal gyrus +27 60 24
Inferior frontal gyrus +54 3 18
Cerebellum +3 —48 -30

6 159 —3.51
4 58 —3.16
32 99 —3.33
46 68 —3.67
44 75 —3.18
NaN 134 —4.68

MNI = Montreal Neurological Institute.

4 | www.md-journal.com

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.



Medicine ¢ Volume 94, Number 37, September 2015

Interhemispheric Connectivity in BECTS

Fiber length
g

0.65- T N.S: ]
> i
=] 0.60-
2 —l_
8 | —
@
£ 0.50-
L — — [
0.45 : T
Controls Patients
N.S: T N.S: 1
120 300-
110 | —_— E
200
E
-
—
2 1004
90 | ic
- | s
80 . : 0 i .
Controls Patients Controls Patients

FIGURE 2. Between-group comparison for commissure fiber parameters. Fibers connecting the bilateral superior frontal gyrus are
illustrated by the diffusion tractographic image from a single control subject. The structural features of this tract were not found to be

significantly different between groups.

attention.>* Consistent with this fact, we found that FSIQ in
controls increased with VMHC of the bilateral MFG. However,
this correlation was absent in BECTS patients. These findings
suggest a disrupted functional cooperation between the bilateral
MFG, which may contribute to 1Q deficits in BECTS patients.
The ACC is a functional hub of the human brain and is
associated with a variety functions, such as attention and
cognitive control.*® It has also been sug%ested as a critical
region contributing to human intelligence.”* Thus, we specu-
lated that the decreased VMHC in the bilateral ACC may also
contribute to the lower I1Q in BECTS patients.

Other regions showing abnormal VMHC in the frontal
cortex included the precentral gyrus, the premotor cortex, and

Controls
Precentral gyrus
15 r=-05 P=004 15

Middle frontal gyrus
r=05P=004

£ g
£ £
> >
05 05
0 ) 100 120 140 50 80 100 120 140
Full scale 1Q Full scale IQ
Patients
Precentral gyrus Middle frontal gyrus
L . r=-080,P=001 = r=015,P=056
15
120
o o
£ £ 10
> >
05
05
"7 80 % 100 110 70 80 50 100 1o
B Full scale I Full scale 1Q

the SMA. This is consistent with previous studies that observed
frontal lobe growth disturbances in children with BECTS.?” The
precentral gyrus is a possible epileptogenic zone in children
with BECTS? while the SMA has been shown to play roles in
motor control and other functions such as sensory, speech
expression, and memory.*®*? The premotor areas may provide
connectivity and mediate information flow between the cogni-
tive and motor networks.*” Functional disturbances in the
premotor cortex could lead to motor and cognitive dysfunc-
tions.*' More importantly, there was a significant negative
correlation between VMHC in the premotor cortex and disease
duration, suggesting a direct relation with disease progression.
Another motor control node, the cerebellum, was also found to

Pracentral gyrus Middle frontal gyrus

r=-062 P=001 r=051,P=004

) )
£ 10 =
= Ly H
=
b PN, 05
60 80 100 120 140 60 80 100 120 10
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FIGURE 3. Correlations between functional imaging findings and intelligence in (A) controls and (B) patients. The VMHC values in four
ROIs were correlated with full scale IQ and performance IQ using Pearson’s correlation, respectively. Dash line represents the 95%

confidence band of the best-fit line.
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be abnormal in BECTS patients. Taken together, these findings
indicate that the premotor cortex, precentral gyrus, cerebellum,
and SMA area, may constitute a motor network and, further-
more, abnormalities associated with this network are involved
in the neuropathological mechanism of BECTS.

Language delay is significantly more frequent in children
with BECTS* and, in agreement with previous studies,**** we
found that children with BECTS had a significantly lower VIQ
score compared with control patients. The pars opercularis (BA
44) of the IFG is part of the traditional Broca’s area and is
involved in phonological and syntactic processing.*> The
reduced synchrony between bilateral frontal language regions
(the pars opercularis of the IFG) in children with BECTS
suggests that aberrant interhemispheric connections may con-
tribute to language impairment in children with BECTS.

We performed a between-group analysis for the commis-
sural tracts connecting the bilateral premotor cortex, but did not
observe significant group differences in microstructure
measures. Some diffusion tensor imaging examinations have
revealed alterations of white matter tract integrity in children
with BECTS, which reflects the progress of long-term impair-
ment.**"* As 70% of patients in the present study had a
relatively short disease duration (less than 1 year), this result
suggests that interhemispheric anatomical connections are
intact in BECTS patients at the onset of this disorder. A
longitudinal follow-up design may reveal how anatomical
connections change with disease duration.

Finally, several limitations of this study are worth men-
tioning. Firstly, the brain is asymmetric in both structure and
function and although the functional data were normalized to a
symmetric standard template and smoothed, the effects of
asymmetry cannot be completely eliminated. Secondly, this
is an interictal state study without simultaneous electroence-
phalography (EEG) recordings. High-density EEG might be
used to investigate the link between interictal discharge and
homotopic connectivity. Thirdly, based on an after-scanning
inquiry, all the subjects reported that they cooperated well
during scanning; they kept awake and did not think of anything
particular. However, we cannot certainly state that they did
follow the instruction sufficiently, just according to this self-
reporting. With an MRI-compatible camera and EEG, future
studies may simultaneously monitor participants’ behaviors
during fMRI scanning, which could provide more objective
evidences for assessing the cooperation level. Lastly, intelli-
gence is a comprehensive estimation. To further explain the
lowered 1Q in children with BECTS, a more detailed and
specified neurophysiological examination should be performed
in the future, including examinations related to attention
and memory.

CONCLUSION

In the present study, lowered IQ and interhemispheric
functional connectivity were found in newly diagnosed drug-
naive BECTS patients. Correlation analysis suggested that the
hyposynchrony of the bilateral MFG may be involved in
cognitive deficits resulting in lowered 1Q in BECTS patients.
These findings improve our understanding of the neurocogni-
tive dysfunction relating to BECTS.
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