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Abstract

Objective—The purpose of this study was to investigate regional homogeneity (ReHo) in
children with new-onset drug-naive Benign Epilepsy with Centrotemporal Spikes (BECTYS),
chronic BECTS and healthy controls (HC) using the Regional Homogeneity (ReHo) method
applied to resting state fMRI data.

Methods—Resting state fMRI data was collected from three groups of children aged 6 to13,
including new onset drug naive BECTS, chronic BECTS with medication, and HC; the data
analyzed by ReHo method. Mandarin school exams scores were acquired and compared across
groups.

Results—There were three main findings. Firstly, compared with HC, abnormally increased
ReHo was observed in bilateral sensorimotor regions in new onset BECTS which normalized or
even reversed in the chronic BECTS group. Secondly, enhanced ReHo was found in the left
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frontal language region in the two BECTS groups, with even higher ReHo value in the chronic
group. Lastly, decreased ReHo was found in regions of the default mode network (DMN), bilateral
occipital lobes and cerebellum in both the new onset and chronic BECTS groups, lower in chronic
BECTS. Behavioral analyses of school scores showed the chronic BECTS group presented
significantly lower scores compared to HC (p < .05).

Significance—The coherence of low frequency fluctuations is disrupted in sensorimotor,
language and DMN-related regions in new-onset BECTS. Some of these effects seem to be
selectively normalized in chronic BECTS, thus allowing us to explore possible chronicity and
AED-induced effects on BECTS. Abnormal ReHo in left language and DMN regions could be
responsible for impairments of cognitive function.

Keywords

Epilepsy; fTMRI; Regional Homogeneity; Resting state; BECTS; Pediatric

INTRODUCTION

Benign epilepsy of childhood with centrotemporal spikes (BECTS) is characterized by
abnormal nocturnal epileptiform spike activity originating in the rolandic or sensorimotor
cortex, without a significant lesion, typically observed in children between 7-10 years of
age. Although seizure prognosis is good in children with BECTS, growing evidence
suggests that BECTS is associated with abnormalities in cognition, specifically language
and language dependent abilities, 1Q, visuomotor abilities, and reading disorders/dyslexia.
(Nicolai et al., 2006)

Changes in task-related functional activation patterns, alterations in functional connectivity
patterns, and structural brain volumes have been reported in both chronic and new-onset
pediatric epilepsies. (Bonilha et al., 2014; Datta et al., 2013; Lillywhite et al., 2009; Pardoe
et al., 2013) Additionally, functional neuroimaging studies have reported that blood
oxygenation level dependent (BOLD) fMRI activity is influenced by epileptiform activity.
(Detre, 2006; Mankinen et al., 2011; Salek-Haddadi et al., 2006) There is sparse but growing
evidence that BECTS is also characterized by alterations in functional connectivity.
(Besseling et al., 2013; Oser et al., 2014) However, all studies to date have examined
children with chronic BECTS with or without antiepileptic treatment, thus confounding
seizure frequency and severity, chronicity, and cumulative medication exposure which could
affect brain activation and network connectivity patterns in neuroimaging studies. (Datta et
al., 2013; Lillywhite et al., 2009)

Our objective in this study was to investigate alterations in brain connectivity patterns
comparing new-onset drug-naive children with BECTS to children with chronic BECTS
treated with antiepilepsy drugs (AEDs) and healthy controls (HC). As children with BECTS
have been reported to have a significantly increased history of need of language-based
services antecedent to seizure onset and diagnosis, it is possible that brain connectivity
patterns may be abnormal at the time of seizure onset and diagnosis, and may further evolve
over time with chronicity of epilepsy and treatment with AEDs. To address these issues we
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focused on resting state functional connectivity using a novel measure known as regional
homogeneity.

Functional connectivity is defined as the temporal correlation or synchronization of low
frequency oscillations between anatomically separate brain regions. (Biswal et al., 1995;
Constable et al., 2013; Friston, 2011; Negishi et al., 2011) Resting state functional
connectivity is increasingly recognized as a useful tool to investigate brain connectivity
patterns in patients as no exogenous task demands are made on the subject. This is
particularly useful in young children who may or may not comprehend a task well enough to
perform reliably in the scanner.

Regional homogeneity (ReHo) analysis evaluates the degree of synchronization between the
time-series of a voxel and its neighboring voxels (Liu et al., 2010; Zang et al., 2004) and can
be computed from a five minute ‘resting-state’ functional MRI scan when the children are
lying in the scanner with eyes closed or fixating on a plus sign. It requires no a priori
definition of regions of interest and provides information about the local activity of regions
throughout the brain. It is a data-driven method and has been widely used in the literature to
characterize changes in the functional integrity of brain regions with aging and disease.
(Mankinen et al., 2011; Paakki et al., 2010; Wu et al., 2007; You et al., 2011) We have
previously used this technique in a study with adult epilepsy patients and found increased
ReHo in a network of regions that may be responsible for seizure genesis and propagation
(Zeng et al., 2013).

In the current study we applied this technique to children with new-onset drug-naive
BECTS, children with chronic BECTS on AEDs, and healthy controls. We applied the
ReHo method to resting state fMRI data to characterize differences among these groups to
provide information regarding the natural history of alterations in brain connectivity
patterns.

METHODS

Participants

Participants were 84 children, aged 8-12, including 24 children with new-onset drug naive
BECTS, 30 with chronic BECTS, and 30 healthy controls (HC). Children with BECTS were
recruited from the Shenzhen Children’s Hospital, Guangdong, China and met the following
inclusion criteria: (1) EEG showing classic centro-temporal spikes arising from a normal
background, (2) clinical history of at least one seizure that was consistent with the diagnosis
of BECTS, and (3) no other clinically diagnosed neurologic disorder. Exclusion criteria
were: (1) epilepsy other than BECTS, (2) any parenchymal pathology, for example,
pathologic abnormality revealed by magnetic resonance imaging (MRI); and (3) other
accompanying neurological disorders such as cerebral palsy, brain tumor, or neurometabolic
diseases. Table 1 provides demographics for the three groups of children. All children were
diagnosed by the attending pediatric neurologist and all were native Mandarin speakers.

The HC were recruited via local primary schools and hospital staff. All controls had
acquired Mandarin as their first language and were screened for medical and developmental
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disorders and had normal structural MRI at the time of recruitment. Middle and final
semester Mandarin exam scores (an academic achievement test considered related to
language ability, in which lower scores represent lower language ability) for each participant
was recorded (Total raw score=100) and the means per group were calculated. This study
was approved by Institutional Review Board of both Shenzhen Children’s Hospital and
University of Wisconsin-Madison. Written informed assent (from the child) and consent
(from the parents) was obtained for each participant.

One way ANOVAs showed statistically significant differences in age represented in Table 1
between new onset BECTS and chronic BECTS group (p=0.009) as well as a trend towards
significant difference between new onset BECTS and HC (p=0.056). No statistically
significant difference in age was noted between chronic BECTS and HC (p=0.41). There is
no significant difference in age of onset between the new onset and chronic BECTS groups
(P=0.17, t=1.407).

Medication usage—10 of 17 chronic BECTS took single anti-epileptic drugs
(Lamotrigine, n=3; Oxcarbazepine, n=4; levetiracetam, n=2; Depakene, n=1), 2 of the 17
were switched from one drug to another (one from Tegretol to Topiramate, the other from
Lamotrigine to Oxcarbazepine). The remaining 5 patients took multiple (2-3) anti-epileptic
drugs. The average medication period was 2.73+1.76 years.

MR Data acquisition

Brain imaging data were acquired on a Signa Excite 1.5 T MR imaging system (General
Electric, Fairfield, USA) and a standard head coil. Foam pads were used to reduce head
motion and scanner noise. All participants were asked to hold still, with eyes open and
instructions to stay awake. The eyes open resting-state fMRIs were acquired by using an
echo planar imaging sequence with the following parameters: 26 axial slices, thickness/skip
= 4/0 mm, in-plane resolution =64 x 64, repetition time (TR) = 2000 ms, echo time (TE) =
30 ms, flip angle = 90, field of view = 240 mm x 240 mm, 190 volumes. Axial T1-weighted
images (T1WI), were also obtained with a T1 FLAIR sequence with TR = 2307 ms, TE =
10.6 ms, and T1 = 620 ms.

Data processing

Data were preprocessed and analyzed using DPARSF based on SPM8 and REST(Chao-Gan
and Yu-Feng, 2010; Song et al., 2011) (http://www.restfmri.net, http://
www.fil.ion.ucl.ac.uk/spm/). The first 10 time points of each subject’s resting state fMRI
data were discarded because of the instability of the initial MRI signal. The remaining 180
images were pre-processed. Preprocessing of the fMRI datasets included standard slice
timing, realignment, normalization (voxel size [3,3, 3]), any subjects with head motion
greater than 1.5 mm or 1 degree in any of the six parameters (X, v, z, pitch, roll, yaw) were
excluded. 8 subjects in new onset drug naive group, 13 in chronic group and 12 in healthy
control group were excluded. Linear detrending and temporal band pass filtering (0.01-0.08
Hz) were carried out using DPARSF software. Thus, bandpass (0.01-0.08 Hz) filter was set
up to reduce the effect of very low frequency and high frequency physiological noise(Chao-
Gan and Yu-Feng, 2010).
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Individual ReHo maps were generated by calculating Kendall’s coefficient concordance
(KCC, also called ReHo value) of the time series of a given voxel with those of its nearest
neighbors (26 voxels), on a voxel-wise basis. (Zang et al., 2004) Then, the data were
smoothed with a Gaussian filter of 4 mm full width at half-maximum (FWHM) to reduce
noise and residual differences in gyral anatomy. The ReHo maps were generated for each
subject in each group.

2.5. Second-level analysis

RESULTS

One-sample t-tests were performed within each group to show where in the brain the
standardized KCC value was larger than one. The significant threshold was set at p<0.05
and results were corrected for multiple comparison using the false discovery rate (FDR)
criterion. (Genovese et al., 2002) Then, the second-level random effects two-sample t-tests
were performed to compare the ReHo results between the patient and HC within a
conjunction mask. A conjunction mask was generated by combining the voxels in 2 of the 3
compared groups (new-onset drug-naive, chronic patients or HC), which were obtained from
one-sample t-test results. The t-map was set at a threshold of p<0.05 (combined height
threshold p<0.01 and a minimum cluster size of 10 voxels), using the AlphaSim program in
the REST software.

New-onset drug-naive BECTS vs. HC

New-onset drug-naive BECTS patients, relative to HC, showed increased ReHo in
sensorimotor regions including precentral and postcentral gyri; language regions including
left middle and inferior frontal regions; right superior and middle temporal regions, and the
cuneus. In contrast, decreased ReHo was observed in cerebellar and occipital regions,
superior parietal, and cuneus/precuneus -which composed regions of the default model
network (DMN)-compared to HC. Figure 1 shows regions exhibiting significantly different
ReHo values between the groups.

Chronic BECTS on AEDs vs HC

Chronic BECTS patients relative to HC showed increased ReHo in language regions
including middle and inferior frontal regions, superior and middle temporal regions, and the
temporal pole. Decreased ReHo was observed in cerebellar and occipital regions as well as
in regions of the DMN including the posterior cingulate, precuneus, and parietal regions.
Figure 2 depicts the regions exhibiting significantly different ReHo values for the chronic
BECTS and HC groups.

Chronic vs. new-onset BECT groups

Increased ReHo was observed in language related regions including the left inferior and
middle frontal gyrus and inferior temporal regions in the chronic BECTS group relative to
new-onset drug naive BECTS children. Additionally, increased regional homogeneity was
seen in the right inferior frontal lobe in patients with chronic versus new onset BECTS.
Decreased ReHo was observed in cerebellar and occipital regions as well as regions of the
DMN (posterior cingulate, precuneus and cuneus) and parietal regions in chronic BECTS.
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Table 2 and Figure 3 depict the significantly different ReHo values for the new onset and
chronic BECTS groups.

Behavioral performance/academic achievement

The mean score on the annual Mandarin school exam was 87.2+9.2 for HC, 80.5+11.6 for
new onset BECTS, and 76.0+12.9 in chronic BECTS. Statistical analysis showed that there
was a significant difference only between the chronic BECTS and HC groups (t=2.946,
p=0.006), with no significant differences between the new onset BECTS groups versus
chronic BECTS and controls (p> 0.10).

Discussion

This investigation of children with new-onset BECTS, chronic BECTS and HC yielded three
major findings: 1) In new-onset BECTS, abnormally increased ReHo was observed in
bilateral sensorimotor regions, which was normalized or even reversed in the chronic
BECTS group. 2) ReHo was abnormally higher in a left frontal language region in both
new-onset and chronic BECTS, which was even higher in the latter. 3) Compared with HC,
decreased ReHo was found in regions of DMN, bilateral occipital lobes (prominently in
right side) and cerebellum in both BECTS groups, while ReHo value was lower in chronic
compared to new onset BECTS. Behavioral analyses of school scores showed that the
chronic BECTS group got lower scores t compared to HC (p<0.05), with no other pairwise
differences. For the first time we show significant differences of the coherence of low
frequency fluctuations in the early course of the disorder.

ReHo measures the coherence of the low frequency fluctuations in the BOLD signal in
neighboring voxels and likely represents spontaneous neuronal activity. Increased ReHo is
indicative of abnormal enhancement of local neuronal activity while reduced ReHo is
indicative of decreased neuronal activity that could lead to local brain dysfunction. (Sheng et
al., 2014; Zang et al., 2004)

BECTS has historically been viewed as a “benign” disorder, mainly because seizures remit
in adolescence (Loiseau and Duché, 1989) and patients go on to lead a relatively normal life.
(Camfield and Camfield, 2014) However, there is growing evidence that points toward a less
benign nature of this epilepsy syndrome in which affected children exhibit a variety of
cognitive impairments (Danielsson and Petermann, 2009) linked largely but not exclusively
to language function. (Datta et al., 2013; Overvliet et al., 2011b; Overvliet et al., 2013) Here
we found that, compared to HC, new-onset drug-naive BECTS patients exhibited increased
ReHo while chronic BECTS on medication exhibited decreased ReHo in bilateral
sensorimotor regions including the rolandic cortex, the putative source for abnormal
epileptiform activity in BECTS. This result suggests that antiepileptic drugs (AEDs) may
reverse this abnormal activity observed in the new-onset drug-naive BECTS and even reach
a lower level when compared with HC. These cross-sectional findings, which require
confirmation in prospective studies, suggest evidence for exploration of AEDs effects on the
unmedicated neural-network level. Another possible explanation is that the natural course of
the disorder contributed to a reverse in the increased ReHo rather than an effect of the
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AEDs. Further studies comparing chronic BECTS with and without AEDs would provide
valuable clues to explore the more specific reasons for the decreased ReHo.

In the present study both groups of children with BECTS showed increased ReHo in left
inferior frontal gyrus (IFG; Broca’s area) and middle frontal gyrus (MFG) when compared
to controls, areas that are established regions in the language network in both healthy
children and adults as well as in patients with epilepsy. (Friederici and Gierhan, 2013;
Scharff et al., 2013; Swanson et al., 2007) The increased ReHo value in these language
regions might indicate abnormal enhanced coherence patterns which might serve to interrupt
normal language network and function. More interestingly, the ReHo values in these regions
of the chronic group were higher than new-onset drug-naive BECTS patients, which might
suggest more severe interruption in language function. These findings raise the possibility
that increased ReHo value in these language regions cannot be normalized by AEDs, with
ReHo even higher in the chronic BECTS group. Evidence that lowers performance on the
annual Mandarin school exam in chronic BECTS group provides some support for this
inference. As the Mandarin exam score was considered related to language ability, so lower
scores meant lower language ability, indicating lower language and cognitive function. More
interestingly, increased ReHo in the right inferior frontal lobe in patients with chronic versus
new onset BECTS was found, which could represent a compensatory/adaptive mechanism in
language networks which are known to be bilateral, albeit with a left hemispheric
predominance.

Lilly white et al. found that differences in functional activation patterns between BECTS
and controls were related to poor performance only when high-level cognition was required,
and speculated that language difficulties in BECTS are a regional rather than a global
problem. (2009) However, Datta et al. found significant differences in language fMRI
laterality indices between BECTS and controls and suggested that differences in functional
activation patterns may be due to compensatory mechanisms in the patients given that there
were no significant behavioral differences between the two groups. (Datta et al., 2013)

Additionally, the rolandic cortex has been reported to play an important role in motor
preparation,(Tzagarakis et al., 2010) as well as in the coordination of articulation and
production of words,(Bouchard et al., 2013) suggesting that integrity of functional processes
in this area is critical for word generation. Some studies have found correlations between
motor and language processes in children with BECTS suggesting that disruptions in
sensorimotor regions are indeed negatively affecting aspects of language. (Besseling et al.,
2013; Overvliet et al., 2011b) Specifically, Besseling et al. found a reduction in functional
connectivity between Broca’s and the rolandic network, which they hypothesized, was due
to the link between epileptiform activity in sensorimotor cortex and language difficulties.
(2013) Our results show that regional coherence in treated chronic BECTS patients approach
normal patterns in the sensorimotor regions but continue to exhibit abnormal coherence
patterns in the language regions. BECTS patients have seizures originating in and around the
rolandic cortex, and it is likely that the AEDs primarily exert maximal effects on these
regions leading to normalization of local synchrony in these areas, while other regions such
as language may show abnormal increased activity and function due to effects from AEDs.
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Both groups of children with BECTS showed decreased ReHo in DMN regions (posterior
cingulate, precuneus and cuneus) when compared to HC. However, chronic BECTS
presented the lowest ReHo in some DMN areas when compared to both new-onset BECTS
and HC, which could be due to the chronicity of the disorder. This abnormal reduction in
DMN activity in BECTS during rest is different from what has been reported during task
performance. There is evidence that there may be intrinsic behavioral competition between
attentional resources directed to a specific task and processes subserving the DMN(Fox and
Raichle, 2007). Oser et al. (2014) reported that BECTS patients had problems deactivating
DMN regions only when the language task presented a high level of difficulty(2014). An
inability to successfully suppress DMN activity in BECTS coupled with increased neural
activity in language-related regions could be associated with poor performance on language
tasks generally reported in BECTS(Besseling et al., 2013; Overvliet et al., 2011a).

In our study, both BECTS groups presented decreased ReHo compared to controls in
bilateral occipital and cerebellar regions, with the chronic BECTS group presenting the
lowest values. Again, this might be due to chronicity effects. There is evidence that children
with BECTS tend to engage visual regions in order to perform in a semantic decision task
while HC engaged regions involved in attention and response monitoring (i.e. cingulate
cortex). (Vannest et al., 2013) This could be indicative that children with BECTS are relying
on regions outside the network of interest (e.g. language network) for the successful
completion of a given cognitive task, utilizing less efficient strategies. The cerebellum, is
involved in mator control as well as higher cognitive processes, including aspects of
language. (Buckner, 2013; Buckner et al., 2011; Hubrich-Ungureanu et al., 2002) Therefore,
the known problems encountered by subjects with BECTS could be linked to reduced
regional synchrony as measured by ReHo in bilateral cerebellar areas.

Previous fMRI studies have failed to find functional differences between non-medicated
BECTS and BECTS on AEDs. For example, Datta et al. failed to find correlations between
performance and language reorganization in non-medicated children with BECTS and
BECTS on AEDs. (2013) Similarly Oser et al. found no differences in activation between
BECTS on AEDs and those not on AEDs in an independent component analysis of task
fMRI data. (2014) It is possible that low to modest sample sizes and the task demands may
have obscured any significant differences in these studies. Our results suggest that both
drug-naive and chronic medicated BECTS groups have differential effects at the level of low
frequency neuronal fluctuations as measured by ReHo compared to controls, suggesting that
medication and/or chronicity has a definite impact at the level of neuronal oscillations.
Furthermore, functional differences between both groups of BECTS may be taking place at
a regional rather than global level. In our study, chronic BECTS also performed significantly
worse than HC in the Mandarin school test while there was no statistically significant
difference between new-onset BECTS and HC.

There are several limitations associated with our study. We were not able to correlate
abnormal ReHo in patients with behavioral performance which precludes drawing any
definite conclusions regarding abnormal ReHo and cognitive impairments in BECTS
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patients. Our sample size was relatively limited given that we had large number of
participants (~40%) with excessive motion who were excluded from the analyses. The new-
onset BECTS were significantly younger in age than chronic BECTS and were showing a
trend towards significance in terms of being younger in age than healthy controls. One
possible explanation for the ReHo changes between new-onset and chronic BECTS is that it
could be due to developmental changes, given patient’s age difference between the two
groups; but given these ReHo changes were mostly different from what was seen when
comparing new-onset BECTS with older healthy controls this is less likely the case. There
was also no significant difference in age between chronic BECTS and healthy controls, yet
ReHo changes were noted between these two groups making ReHo changes more likely due
to seizure and medication effects. Our design was cross-sectional and while we inferred
chronicity effects the answers to these issues can only come from a prospective
investigation. Nonetheless, questions to address in a longitudinal study are clearly raised
here. Resample voxel size was set as 3 mm x 3 mm x 3 mm, which is a very common
resampling voxel size for ReHo analysis (Chen et al., 2015; Ni et al., 2012; Ping et al.,
2013). In this study, its original voxel size was 3.75 mm x 3.75 mm x 4 mm. Slightly
increased ReHo value would be expected. There was one study, which analyzed the
parameters that influenced the sensitivity of BOLD signal and found that smaller resampled
voxel size did produce a significantly greater sensitivity.

CONCLUSION

At present, no study has examined children with new onset and chronic BECTS. We
demonstrate, for the first time, that regional homogeneity or the coherence of low frequency
fluctuations is disrupted in sensorimotor, language and default mode network regions in
new-onset drug-naive BECTS which appears to normalize or even reverse in the chronic
BECTS group. Enhanced ReHo is observed in the left frontal language region in both new
onset and chronic BECTS, with even higher or greater abnormality in the chronic BECTS
group. Lastly, decreased ReHo was found in regions of default model network (DMN) and
bilateral occipital lobes and cerebellum in both the new onset and chronic BECTS groups.
These results provide a new light on this common childhood epilepsy syndrome and possible
changes that occur over time.
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Figure 1. New-onset drug-naive BECTS vs. HC
Statistic t-map showing the difference between the new onset BECTS group and HC (two

sample t-test, p < 0.005, voxel >10). Warm colors indicate new-onset group > HC, whereas
cool colors indicate new-onset group < HC.
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Figure 2. Chronic BECTS on AEDs vs HC
Statistic t-map showing the difference between the chronic BECTS group and HC (two

sample t-test, p < 0.005, voxel >10). Warm colors indicate chronic > HC, whereas cool
colors indicate chronic < HC.

Epilepsy Res. Author manuscript; available in PMC 2016 October 01.

i 8
N R
- o



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zeng et al.

Figure 3. Chronic vs. new-onset BECT groups
Statistic t-map showing the difference between the chronic group and new onset BECTS

(two sample t-test, p < 0.005, voxel >10). Warm colors indicate chronic > new onset,
whereas cool colors indicate chronic < new onset.
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