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Summary
Purpose—BECTS (benign epilepsy with centro-temporal spikes) is one of the most common
childhood-onset epilepsy syndromes. We investigated quantitative evidence for brain
morphological variation associated with BECTS to provide insights into the neuroanatomical basis
of this disorder.

Methods—Three independent BECTS groups were imaged at different stages: (a) near onset (n =
16, mean age 9.3 ± 1.6 years), (b) ~9 years after onset (n = 9, mean age 15.8 ± 2.3 years), and (c)
~15 years after onset (n = 10, mean age 22.7 ± 2.7 years). Age-matched controls were imaged with
each group. Whole brain T1-weighted MRI was acquired. Voxel-based morphometry (groups a–c)
and cortical thickness analyses (groups b and c) were undertaken within each group and for the
groups combined. The relationship between cortical morphology and age was investigated.
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Key findings—The voxel-based morphometry analysis indicated increased bilateral grey matter
volume in the superior frontal gyrus, insula and right inferior frontal gyrus regions in BECTS. The
magnitude of the increase lessened with age of the cases. Cortical thickness analysis revealed
thicker cortex in BECTS along middle and inferior frontal gyri bilaterally, left insula and bilateral
supramarginal gyrus in the 9-year-after-onset group, that normalised with age. The rate of cortical
thickness changes with age were greater in BECTS cases than in controls.

Significance—Increased cortical gray matter associated with BECTS was found. The decreasing
magnitude of the effect with increasing age parallels the natural history of the disorder. The areas
affected are consistent with neurocognitive dysfunction in BECTS.

Keywords
Rolandic epilepsy; Developmental disorders; Quantitative MRI; Cortical thickness; Voxel-based
morphometry

Introduction
BECTS (benign epilepsy with centro-temporal spikes) is one of the most common
electroclinical epilepsy syndromes and accounts for 5–10% of all epilepsy in the pediatric
age range (Berg et al., 1999; Callenbach et al., 2010; Jallon et al., 2001). Distinctive features
of BECTS include its specific EEG signature (centrotemporal spikes), seizure semiology,
and age dependent onset and remission (Wirrell and Nickels, 2010). Children with BECTS
are generally of normal intellect, have no antecedent history of a neurological insult or
condition that could explain their epilepsy, and have no obvious focal neurological deficits.
Clinical neuroimaging including MRI is typically lesion negative. In fact, recent guidelines
identify BECTS as one of four pediatric epilepsy syndromes in which clinical imaging can
generally be omitted (Gaillard et al., 2011). Virtually all children with BECTS remit by age
sixteen (Wirrell and Nickels, 2010; Bouma et al., 1997).

Despite IQ measures that are typically within normal range, neurodevelopmental features of
BECTS have been demonstrated in a number of studies. Examples of these features include
neurocognitive deficits in language and attention (Danielsson and Petermann, 2009;
Giordani et al., 2006; Kavros et al., 2008; Riva et al., 2007; Smith et al., 2012; Staden et al.,
1998). Impairments in memory and phonological processing have been reported (Danielsson
and Petermann, 2009; Northcott et al., 2005). These features of BECTS are sometimes
described as developmental delay and are likely responsible for poorer educational outcomes
and behavioural problems (Nicolai et al., 2007; Pinton et al., 2006; Vinayan et al., 2005;
Volkl-Kernstock et al., 2009; Yung et al., 2000). It has been previously hypothesised that
epileptogenic activity in BECTS may interfere with cognitive development (Metz-Lutz et
al., 1999).

Although genetic factors may be important (Rudolf et al., 2009), BECTS is not a simple
monogenic epilepsy. A twin study failed to find any of 18 twin pairs (10 monozygous and 8
dizygous) concordant for the classic BECTS phenotype (Vadlamudi et al., 2006). An
association between centrotemporal spikes and the ELP4 gene has been reported (Strug et
al., 2009), and linkage with locus 11p13 in speech sound disorder (Pal et al., 2010) and loci
1q42 and 7q21 for reading disability in BECTS (Strug et al., 2012). There appears to be a
nonspecific increased occurrence of seizures in affected family members of probands with
BECTS (Callenbach et al., 1998, 2010; Vears et al., 2012). No genetic association between
the full electroclinical syndrome with seizures has been found. These data suggest a general
underlying genetic contribution to seizure susceptibility or brain dysfunction in BECTS;
however the precise nature of the genetic involvement and the role of other factors that may
influence expression of the disorder are not clear at this time.
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Advanced neuroimaging methods allow for quantitative, objective assessment of variations
in brain morphology associated with neurological disorders, and can be particularly
powerful when studying well defined groups of patients. We studied three independent
groups of BECTS patients each with controls to determine whether we could find replicable
evidence of structural variation associated with BECTS. Because our study groups were
scanned over a wide age range, we were also able to examine whether any differences
observed might progressively vary as a function of age (maturation) which might be
expected given the distinctive age-dependent profile of this disorder.

Methods
Subject recruitment details

Three patient groups were included: (a) from Melbourne, Australia and (b) and (c), two
independent groups recruited as part of the Connecticut Study of Epilepsy in Children. Age
matched controls were acquired on each of the scanners.

Group A was imaged shortly after onset of BECTS. Subjects were selected from children in
teaching hospitals who met clinical criteria for BECTS, attending a normal school and who,
at the time they were recruited, also had the characteristic centro-temporal spike EEG
finding. Patients were imaged within months of recruitment. Recruitment details of this
cohort are described in more detail in Lillywhite et al. (2009).

The BECTS cases in groups B and C were recruited as part of the Connecticut study of
epilepsy, a prospective longitudinal study that recruited children from throughout the state of
Connecticut at the time they were initially diagnosed with epilepsy during the years 1993–
1997. Recruitment, characterization, and follow-up of this cohort have been described in
detail elsewhere (Berg et al., 1999, 2009). Group B was imaged during 2002–2006 when
case subjects were invited to take part in a comprehensive reassessment which included
research MRI scan. Controls were recruited so as to represent the sex and age distribution of
all cases being scanned for research purposes. Group C BECTS cases and controls are
different from those in group B and participated in a separate assessment protocol, which
also included an MRI scan and was conducted during 2007–2011. There is no overlap
between the cases or controls in groups A, B or C.

All controls were neurologically normal, without any history of epilepsy, neurologic
disorders or other major medical illness. Standard clinical MRI interpretation was normal.
Written informed consent of adult subjects or written parental permission and assent of
minors were obtained as required by the Institutional Review Board of each site. Ethics
approval for the participation of controls and patients were obtained from the relevant
authorities.

Image acquisition
Imaging for group A was performed on a 3 T GE LX Horizon MRI scanner. A whole brain
coronal T1-weighted SPGR scan was acquired with the following image parameters: echo
time, TE = 1.9 ms; repetition time, TR = 9 ms; flip angle, FA = 20°; inversion time, TI =
500 ms; voxel size: 0.48 mm × 0.48 mm × 2 mm. Imaging for group B was performed on a
1.5 T Siemens Sonata MRI scanner. A whole brain coronal T1-weighted MPRAGE scan
was acquired with the following image parameters: echo time, TE = 4.38 ms; repetition
time, TR = 1730 ms; flip angle, FA = 15°; inversion time, TI = 1100 ms; voxel size: 0.94
mm × 0.94 mm × 1.6 mm. Imaging for group C was performed on a 1.5 T Siemens Sonata
MRI scanner. A whole brain coronal T1-weighted MPRAGE scan was acquired with the
following image parameters: echo time, TE = 3.05 ms; repetition time, TR = 1730 ms, flip
angle, FA = 15°, inversion time, TI = 1100; voxel size: 0.94 mm × 0.94 mm × 1.6 mm.
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Image analysis
Voxel-based morphometry—Voxel-based morphometry was carried out using the
SPM8 software package (http://www.fil.ion.ucl.ac.uk/spm/software/spm8, Ashburner and
Friston, 2000). Images were segmented into gray matter, white matter and CSF using the
unified segmentation technique (Ashburner and Friston, 2005). Gray matter segments were
normalised to MNI 152 space and modulated to preserve total gray matter volume. 12 mm
Gaussian smoothing was applied to the modulated normalised gray matter segments. The
smoothing filter of 12 mm was selected to ensure adequate of control of false positive
findings when using cluster-level statistical inference, as determined in a previous study
(Silver et al., 2011). All modulated normalised gray matter segments were visually assessed
to confirm no misregistration or poor quality segmentation had taken place. Voxels
containing less than 5% GM were excluded from the analysis.

Voxel-wise comparisons of grey matter volume were undertaken with the output voxel value
as the dependent variable and disease status (BECTS/control), age, sex, brain volume and
group included as independent variables using a full factorial model specification. Brain
volume was calculated using the software package “BET” (brain extraction tool), distributed
as part of the FSL software package (http://www.fmrib.ox.ac.uk/fsl/, Smith, 2002).
Individual group BECTS-control comparisons were also carried out. These analyses were
used to confirm that any regional differences identified using the multi-group comparison
also existed in the individual groups.

Significant VBM-based volumetric differences in BECTS were reported using two criteria
for statistical significance. The first criterion for statistical significance was based on voxel-
wise difference in GM that exceeded a threshold of p < 0.05 with an adjusted threshold
determined using the family-wise error correction method for multiple comparisons. The
second criteria identified significant regions based on the spatial extent of contiguous voxels
(clusters). A threshold of p < 0.001 has been determined in a previous study to provide
adequate control of false positive clusters (Silver et al., 2011). Significant regions were then
identified as clusters of supra-threshold voxels with an extent determined to be greater than
may be expected by chance. No minimum cluster size was specified.

Cortical thickness mapping—Cortical thickness mapping and across-subject
coregistration was carried out using the software package Freesurfer (http://
www.surfer.nmr.mgh.harvard.edu/, version 5.0). The image processing steps involved in
cortical thickness mapping and coregistration have been described elsewhere (Fischl and
Dale, 2000; Fischl et al., 1999). Details of the image processing steps involved in mapping
the thickness of the cortex are provided as supplementary material.

Visual inspection of images acquired using the same acquisition as group A in a previous
study indicated that the 2 mm slice thickness was unsuitable for modelling of the cortical
sheet. Therefore cortical thickness analyses were restricted to MRI scans from groups B and
C. Three general linear model analyses were carried out, comprising one combined analysis
in which disease status, age, sex and group were included as covariates, and two further
individual group analyses of thickness differences between BECTS and controls. Images
were processed using the procedure described above, with surface-based smoothing of 10
mm full-width half maximum. Maps of significant differences were corrected for multiple
comparisons using the false discovery rate (FDR) method.

Relationship between morphometric differences and age—Given the age
dependence of BECTS, further analysis of the VBM and cortical thickness results was
undertaken to determine if there is any relationship between age and GM volume/thickness.
Statistical analyses were performed using the statistical software package “R”.
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VBM: Average GM volume over (i) the whole brain and (ii) the regions identified in the
previous VBM analysis were used as summary measures. For each summary measure we
tested for differences between BECTS cases and controls using a multiple linear regression
analysis with disease status, age, sex, brain volume, and group membership (A, B or C)
included as explanatory variables. To test whether there was a progressive change in the
case-control difference in volume with increasing age, we included an interaction term for
case-control status and age at the time of the scan.

Cortical thickness: Average cortical thickness over (i) the whole brain and (ii) the regions
identified in the previous cortical thickness analysis were used as summary measures. For
each summary measure we tested for differences between BECTS cases and controls using a
multiple linear regression analysis with disease status, age, sex, and group membership
(groups B or C) included as explanatory variables. To test whether there was a progressive
change in the case–control difference in cortical thickness with increasing age, we included
an interaction term for case–control status and age at the time of the scan.

A total of four statistical analyses were carried out in this part of the study. A p-value of
0.0125 (= 0.05/4, Bonferroni correction for multiple comparisons) was used as the threshold
for significance.

Results
Subject demographic data is supplied in Table 1. All participants had IQ within normal
limits (one participant from group B was borderline low IQ). Standard clinical interpretation
of the MRI scans was normal. The voxel-based morphometry and cortical thickness analyses
both revealed regional increased gray matter in the BECTS subjects. Increased regional gray
matter was primarily located in the frontal lobes.

Voxel-based morphometry
VBM analysis of data combined from all three groups revealed significant volume increases
bilaterally in the superior frontal gyrus, with additional bilateral volume increases in the
insula cortex and right inferior frontal gyrus (Fig. 1A). VBM analysis of volume differences
in each site independently indicated similarly located subthreshold GM increases across
groups. The spatial extent of the effect was largest in group A, intermediate in group B and
smallest in group C imaged at average ages of 9, 16, and 23 years, respectively,
(Supplementary material Figure 1). No suprathreshold volume decreases were observed in
the VBM analyses.

Cortical thickness mapping
In group B, studied at age 16, the cortical thickness analysis showed similar changes to that
seen in the VBM analysis and indicated thickened cortex along the middle and inferior
frontal gyrii bilaterally, insular cortex in the left hemisphere and supramarginal gyrus
bilaterally (Fig. 1B). More diffuse, scattered regions of thickness increase were located in
the parietal lobes. A small spatial extent thickness decrease was observed in the right central
sulcus in group B. In group C, which is the oldest cohort studied at age 23, no regions
showed significantly increased or decreased cortical thickness.

Relationship between morphometric differences and age
VBM and age—There was a highly significant age related decrease in GM volume with
age in BECTS and controls (p = 2.3 × 10−5 in VBM-identified regions, p = 2.06 × 10−8

whole brain, Fig. 1A scatterplot). The expected difference between BECTS and controls was
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demonstrated in this analysis (p = 0.00137 in VBM-identified regions, p = 0.037 whole
brain). No significant diagnosis-age interaction was observed in the VBM analyses.

Cortical thickness and age—A highly significant age related decrease in cortical
thickness with age in BECTS and controls was observed (p = 2.7 × 10−6 in Freesurfer
identified regions, p = 2.9 × 10−4 whole brain, Fig. 1B scatterplot). In addition to the
expected increased thickness in BECTS subjects, a significant interaction between diagnosis
and age was observed in the thickness analysis (p = 2.5 × 10−6, Freesurfer identified region,
p = 4.9 × 10−3 whole brain). BECTS related thickness changes with age are greater than
controls.

For BECTS subjects imaged after their late teens by which time the electroclinical syndrome
has remitted, cortical thickness and gray matter volume in BECTS more closely resembles
controls.

Discussion
BECTS is a well-characterized age dependent electroclinical syndrome with normal clinical
imaging, which almost always remits by mid adolescence. In three independent BECTS
groups we found regional increased cortical thickness and increased grey matter volume in
younger BECTS patients, primarily in frontal and to a lesser extent in insular and parietal
regions, that approach normal values after the clinical epilepsy syndrome remits. The
regional age-dependent changes in cortex in BECTS patients, primarily in frontal and to a
lesser extent in insular and parietal regions, suggests an alteration in the normal
development of these cortical regions.

Language utilises a network of cerebral structures (Price, 2010). The anterior and insular
structural changes observed in our study are consistent with the reported language deficits
(Smith et al., 2012; Nicolai et al., 2007), abnormal fMRI of language in the anterior regions
(Lillywhite et al., 2009), and oromotor dyspraxia in BECTS patients (Lundberg et al., 2005).
The language deficits are associated with modified functional imaging of language tasks in
the inferior frontal gyrus relative to healthy controls (Lillywhite et al., 2009) and could
represent a structural correlate of these language performance and functional imaging
aspects of abnormal language in BECTS. These anterior structural changes are consistent
with other structural studies of BECTS (Kanemura et al., 2011) and language disorder
(Clark and Plante, 1998).

Like language networks, fMRI has indicated that attention utilises a distinct network of
cerebral structures (Bush and Shin, 2006). The structural differences observed in our study
extend into regions associated with attention, in particular in prefrontal cortex and parietal
regions. Impairments in attention in BECTS have been reported (Kavros et al., 2008). The
cortical regions identified in our study are more extensive than areas that generate
centrotemporal spikes (Masterton et al., 2010) and are therefore unlikely to be a direct
consequence of epileptiform activity.

The normal brain develops from childhood to young adulthood with a stereotypical pattern
of cortical changes (Giedd et al., 1999; Gogtay et al., 2004; Shaw et al., 2006; Sowell et al.,
1999), characterised by a progressive regionally specific decrease in cortical gray matter. In
our BECTS cohort, the rate of change in cortical thickness is greater than controls and the
time to reach normative values is delayed. This raises the possibility that the natural course
of BECTS may reflect an altered trajectory in cortical development. Persisting language
problems following remission have been reported (Monjauze et al., 2005). These may reflect
alterations in language networks due to either developmental abnormality in these areas or
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disruption of cortical development during the critical period for language acquisition and
consolidation (Penfield and Roberts, 1959).

The cross-sectional data presented in this study suggests a longitudinal hypothesis (changes
over time with maturation) that should be further tested in a prospective longitudinal study.
Investigating the relationship between structural brain changes and cognitive and
behavioural measures that are known to be affected in BECTS would also be an interesting
future study. Although images were acquired on different scanners, acquisition of control
subjects on each scanner has been demonstrated to be a valid way for adjustment of scanner
specific effects in VBM studies (Pardoe et al., 2008) which was done in the current study.
Changing scanner technology over time, including software and hardware upgrades in the
same scanner, is also an issue for longitudinal studies.

Our findings provide evidence for abnormal cortical morphology in BECTS, including areas
associated with language and attention. The findings of this study are consistent with
reported developmental delays in BECTS, and the cross-sectional structural changes parallel
age-specific features of the clinical disorder.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Regional volume and thickness increases in BECTS. The top row shows volume increases in
the BECTS versus control subjects detected using VBM, with MRI data from all three
groups combined (relative grey matter volume p < 0.001 significant clusters displayed,
change with age in graph). The bottom row shows increased cortical thickness in BECTS
versus control subjects imaged ~9 years after onset (group B only, p < 0.05, false discovery
rate corrected). The scatterplots show gray matter volume (A) and thickness (B) changes
with age in the respective blobs shown on the inflated brains. The magnitude of gray matter
volume and thickness differences in BECTS relative to controls lessened with age.
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