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SUMMARY

Objective: Benign epilepsy with centrotemporal spikes (BECTS, also known as Rolan-
dic epilepsy) is a common epilepsy syndrome that is associated with literacy and lan-
guage impairments. The neural mechanisms of the syndrome are not known. The
primary objective of this study was to test the hypothesis that functional connectivity
within the language network is decreased in children with BECTS. We also tested the
hypothesis that siblings of children with BECTS have similar abnormalities.

Methods: Echo planar magnetic resonance (MR) imaging data were acquired from 25
children with BECTS, 12 siblings, and 20 healthy controls, at rest. After preprocessing
with particular attention to intrascan motion, the mean signal was extracted from
each of 90 regions of interest. Sparse, undirected graphs were constructed from adja-
cency matrices consisting of Spearman’s rank correlation coefficients. Global and

- nodal graph metrics and subnetwork and pairwise connectivity were compared
f between groups.

‘ Results: There were no significant differences in graph metrics between groups. Chil-
dren with BECTS had decreased functional connectivity relative to controls within a
Colm J. McGinnity is four-node subnetwork, which consisted of the left inferior frontal gyrus, the left supe-
a research associate rior frontal gyrus, the left supramarginal gyrus, and the right inferior parietal lobe
at King’s College (p = 0.04). A similar but nonsignificant decrease was also observed for the siblings.
London in the United The BECTS groups had significant increases in connectivity within a five-node, five-

Kingdom. edge frontal subnetwork.

Significance: The results provide further evidence of decreased functional connectivity
between key mediators of speech processing, language, and reading in children with
BECTS. We hypothesize that these decreases reflect delayed lateralization of the lan-
guage network and contribute to specific cognitive impairments.

KEY WORDS: BECTS, fMRI, Literacy, Language, Rolandic epilepsy.

Benign childhood epilepsy with centrotemporal spikes an annual incidence of approximately 21 per 100,000 in
(BECTYS), or Rolandic epilepsy (RE), is an idiopathic local-  children younger than 15 years of age and constitutes
ization-related (i.e., focal) electroclinical syndrome that has ~ approximately 8-25% of all childhood epilepsies." The
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Functional Connectivity in BECTS

KEY POINTS

e Cognitive impairments such as reading disability and
speech sound disorder are recognized in both children
with BECTS and their siblings

e The BECTS group had decreased functional connec-
tivity relative to controls within key constituents of
the language network

e A similar decrease was observed for siblings, but this
did not reach statistical significance

e Children with BECTS also had increased connectivity
within a frontal subnetwork

classic sensorimotor seizures, which affect the lower face,
mouth, and vocal tract, are infrequent and typically remit
during teenage years. Patients are often managed without
pharmacotherapy.>

Behavioral and cognitive impairments are increasingly
recognized in BECTS. For example, we found that 67% of
children with BECTS have attention impairments, 54%
have language impairments, and 42% have reading disabil-
ity;> > our meta-analyses identified moderate effect sizes
for reading and language impairments—Cohen’s d = 0.7.?
Speech dyspraxia® is common.

A causal genetic variant in the PAX6 gene has been
identified for centrotemporal spikes;’ and a susceptibility
locus for speech sound disorder has been identified,® as
well as for associated impairments.*° Accordingly, the
prevalence of the same impairments in siblings of pro-
bands is elevated.'®

Structural (T1-weighted, T2-weighted, fluid-attenuated
inversion recovery [FLAIR]) magnetic resonance (MR)
imaging in BECTS usually fails to reveal pathological cere-
bral abnormalities on visual analyses."' Several groups have
recently investigated functional connectivity in children
with RE.'*?? These studies have yielded divergent find-
ings, in terms of directionality (increases or decreases) and
localization of alterations in connectivity (Table 1). Famil-
ial aggregation, genetics, and neurocognition studies sug-
gest that occult abnormalities might also be identifiable in
the siblings of children with BECTS. However, to our
knowledge, functional connectivity has not yet been per-
formed in siblings.

Seed-based connectivity studies have often been limited
to examination of the connectivity of a few regions of inter-
est,'® whereas independent components analysis has been
used to identify a specific network of interest.'> There have
been few attempts to study whole-brain, functional network
connectivity in BECTS using regional parcellation.?**!*

Graph theory is a mathematical framework that allows
the quantification of topological characteristics (i.e., archi-
tecture) of complex functional brain networks. Xiao et al.*®
found that participants with BECTS exhibited both global

and local alterations in network architecture. In contrast,
graph analysis failed to reveal abnormalities of functional
connectivity in another study.*'

The Network Based Statistic (NBSZ4) is a nonparametric
method of family-wise error rate control analogous to clus-
ter-based thresholding of parametric maps, which allows
comparison of the connectivity measures (edges) them-
selves. Using NBS, participants with BECTS were shown to
have decreased connectivity in two distinct subnetworks; a
six-node “sensorimotor” network, which included the left
rolandic operculum and the postcentral gyri, and a four-
node posterior network involving the fusiform gyri and
occipital lobes.*”

In the present study, we compared functional connectiv-
ity between children with BECTS, siblings, and healthy
controls. The primary objective was to test the hypothesis
that patients with BECTS had abnormal network architec-
ture and subnetwork functional connectivity. The secondary
objective was to test the hypothesis that siblings share the
same pattern of functional connectivity abnormalities as
BECTS probands.

METHODS

Ethical approvals and consent

The study was approved by London Camberwell-St.
Giles National Health Service Research Ethics Committee
(10/HO807/93). Because all participants were younger than
16 years of age, informed, written consent was obtained
from a parent of each, along with assent from the partici-
pants themselves.

Study design

We conducted a cross-sectional comparison of patients
with BECTS, siblings of patients with BECTS, and healthy
control participants.

Epilepsy, sibling, and control samples

Twenty-six right-handed patients with BECTS (Rolandic
epilepsy) were recruited from outpatient clinics in southeast
England between October 2012 and October 2014. One
patient was subsequently excluded because of the signifi-
cant head motion during the functional MR imaging. Demo-
graphics of the final cohort are listed in Table 2. Their
diagnoses were based on history, seizure semiology (e.g.,
unilateral orofacial or upper extremity sensorimotor symp-
toms; anarthria; secondarily generalized seizures), interictal
electroencephalography (EEG), and MR imaging data
(where available). Exclusion criteria included interictal
interval of 1 year or more, claustrophobia, and standard MR
contraindications. The median epilepsy duration was
34 months (range 10-169 months); the median interictal
interval was 2 months (range 0-9 months). Centrotemporal
epileptiform discharges were predominantly left-sided in 9
patients, right-sided in 12 patients, and bilateral in 4
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Table |I. Continued.

Control population

BECTS population

Findings

Analyses
ICA of task-evoked data

Selected neuropsychology

(meanyears £ SD)
22HC (10 £ 2)

(mean years £+ SD)

22BECTS (11 + 2)

Authors (year)

Decreased connectivity between L IFG and

“sensorimotor network”

CELF-4 Core Language Score

BECTS95 + I8

Besseling et al. (2013)'?

HC 105 + |1

Decreased connectivity between L pre- and

postCentG and R IFG

Seed-based correlation

CELF-4 Core Language Score

BECTS92 + I8

21 HC (10 + 2)

23BECTS (11 + 2)

Besseling et al. (2013)"3

HC 106 + |1

ADHD, attention-deficit/hyperactivity disorder; AngG, angular gyrus; BECTS, benign epilepsy with centrotemporal spikes; C, central; CC, clustering coefficient; CELF, Clinical Evaluation of Language Fundamentals;
DAN, dorsal attention network; DMN, default mode network; F, frontal; FL, frontal lobe; G, gyrus; GCA, Granger Causality analysis; GLM, general linear model; GMV, gray matter volume; HC, healthy controls; ICA,

independent components analysis; IEDs, interictal epileptiform discharges during functional MRI; IFG, inferior frontal gyrus; L, left/lobe; med, medial; MRI, magnetic resonance imaging; NAD, no abnormality detected;
NBS, Network-Based Statistic; O, occipital; Operc, frontal operculum; PL, parietal lobe; preCentG, precentral gyrus; pCingG, posterior cingulate gyrus; postCentG, postcentral gyrus; Puta, putamen; R, right; ReHo,

regional homogeneity; SD, standard deviation; SFG, superior frontal gyrus; SMA, supplementary motor area; SMG, supramarginal gyrus; sub, subsequently; sup, superior; T, temporal; TPN, task-positive network; VAN,

ventral attention network; WISC, Wechsler Intelligence Scale for Children.

Table 2. Demographics and motion indices after
exclusions
Healthy
BECTS Siblings controls
(n=125) (n=12) (n=120)
Mean (SD) Mean (SD) Mean (SD)
Age 10.6 (1.6) 11.6 (2.5) 11.9(1.5)
Males:females 16:9 4:8 12:8
Relative 0.008 (0.008) 0.006 (0.007) 0.007 (0.007)
RMS (mm)
BECTS, benign epilepsy with centrotemporal spikes; RMS, root mean
square, a measure of movement during the acquisition of the resting functional
MRI data; SD, standard deviation.

patients. Thirteen patients were taking antiepileptic drugs
(AED:s).

Fourteen right-handed siblings of patients with BECTS
were recruited, but two subsequently withdrew prior to
scanning. The BECTS proband did not meet the BECTS
group age inclusion criterion (7-14 years) for three
members of the Sibling group (Table 2); these partici-
pants did not, therefore, have a family member in the
BECTS group. One of the siblings is known to have had
two (presumed) seizures only; she was subsequently
diagnosed with BECTS (Rolandic epilepsy) after sleep
electroencephalography. Her most recent seizure occurred
approximately 2 years prior to the MR scan. Exclusion
of this participant does not alter the conclusions of this
study. EEG data was available for 6 of the 11 remaining
siblings; epileptiform discharges were seen for 1 sibling
only (maximal T4 electrode).

A control group of 24 right-handed healthy volunteers
was recruited through advertisement. The healthy controls
(HCs) were without history of neurological or psychiatric
disorder (according to parental reports). Four healthy con-
trols were subsequently excluded to improve age matching;
following these exclusions there were no significant differ-
ences in age or gender between groups.

FMRI data acquisition

One hundred eighty-four gradient echo planar imaging
(EPI) volumes were acquired on a 3-Tesla Signa HDx scan-
ner (GE Healthcare, Little Chalfont, Buckinghamshire, Uni-
ted Kingdom) at the Centre for Neuroimaging Sciences
(Institute of Psychiatry, Psychology & Neuroscience,
King’s College London, United Kingdom) with the follow-
ing parameters: TE =25 ms, TR =2,000 ms; flip
angle = 75°; slice thickness = 2.4 mm, slice gap = 1 mm,
spatial (axial) positions = 38 (prescribed parallel to the AC-
PC line), matrix = 64 x 64, field of view 24.0 cm.

Psychometrics
All participants completed the Wide Range Achievement
Test (WRAT-4%). The majority of participants also

Epilepsia Open, 2(2):214-225,2017
doi: 10.1002/epi4.12051

85UB01 T SUOWIWOD SAIIERID 3(dedl|dde ay) Aq peusenob afe sapie O ‘9sn Jo SNl Joj Ariq1T8UlUO 8|1 UO (SUONIPUCD-pUE-SWIBIW0D A8 1M Ake.q Ul Uo//:Sdny) SUONIPUOD pue swe | 81 88S *[£202/20/0z] uo ARigitauluo (M ‘AiseAiun yinowAid Aq TSOZT ¥1de/z00T 0T/10p/wod A8 im Areiq1jeul|uoy//sdny wouy pepeojumod ‘Z *LT0Z ‘68260L72



218

C. J. McGinnity et al.

completed the following: the Wechsler Abbreviated Scale
of Intelligence (WASI?®); the Children’s Communication
Checklist (CCC, Second Edition®’); the SCAN (Adolescent
and Adult/Child versions; auditory processing®®~%); the
Test of Word Reading Efficiency (TOWRE-2%); the Con-
ner’s (Parent) Rating Scale (Revised’"); the Strengths and
Difficulties Questionnaire (SDQ); http://www.sdginfo.com/);
and the Developmental Coordination Disorder Question-
naire (DCD-Q-07; http://dcdq.ca/). Full-scale Intelligence
Quotient (IQ) data was based on two subtests (Vocabulary
and Matrix Reasoning), rather than four, for one participant
with BECTS.

MRI analyses

JMRI preprocessing

We preprocessed the functional magnetic resonance
imaging (fMRI) data using tools from both the FSL (FSL,
version 4.1.7; http://fsl.fmrib.ox.ac.uk) and SPM (version
12; Functional Imaging Laboratory, http://www.fil.ion.uc
l.ac.uk/spm/software/spm12/) software.

Because significant intervolume head motion was evident
in many datasets, particularly toward the end of the scan,
volumes 4—156 were used for the analyses. Motion outliers
were identified for each participant separately using the
fsl_motion_outliers script, using the default motion metric,
which is known as “refmse.” The mean squared error (MSE)
of intensity differences between each volume and the refer-
ence (middle) volume was computed. Each volume with an
MSE of greater than the (within-subject) 75th percentile
plus 1.5 times the interquartile range of these measures was
classified as an outlier.

Across participants, the 90th percentile of the number of
outliers in each unprocessed 152-volume dataset was 17.4
(which we have rounded to 18). Accordingly, outlier vol-
umes were replaced sequentially by the remaining volumes
(157 onward) until the total number of outliers was <18.

Correction for intervolume motion was performed using
SPM by realignment of all fMRI volumes to the first vol-
ume. The relative root mean square (rRMS) movement over
each run was calculated from the motion regressors, and
participants with a relative root mean square >0.035 mm
(similar to cut-offs used in other studies involving children)
were excluded from further analyses.

The time-series data were bandpass filtered with a high-
pass and low-pass of 0.01 and 0.10 Hz, respectively. Cor-
rection for intravolume acquisition delay was performed
using SPM12. The images were then spatially normalized to
the SPM EPI template in Montreal Neurological Institute
standard space (voxel size 2 x 2 x 2 mm) by linear fol-
lowed by nonlinear registration (16 iterations, 7 x 9 x 7
basis functions).

The mean cerebrospinal fluid (CSF) and white matter sig-
nals were extracted from each dataset using the SPM canon-
ical templates after thresholding at >0.80 and >0.90,

Epilepsia Open, 2(2):214-225, 2017
doi: 10.1002/epi4.12051

respectively. The time-series fMRI data were smoothed
with an isotropic Gaussian filter (5 mm full-width at
half maximum). Residual images were generated using a
General Linear Model (GLM) in FSL, with the mean
CSF and mean white matter signals, the six realignment
parameters, and the motion outliers regressed as nuisance
variables.

Graph construction

The mean times series of each of 90 anatomical regions
of interest (ROIs) were extracted from each residual image
using the Automated Anatomical Labeling atlas.** Func-
tional connectivity was quantified as pairwise Spearman’s
rank correlation coefficients, resulting in 90 x 90 adja-
cency matrices. Negative correlation coefficients were mul-
tiplied by —1, that is, the absolute value of the coefficient
was used (Fig. S1). Sparse, undirected graphs were con-
structed by proportional thresholding of the (weighted)
matrices at 0.20-0.38 (i.e., connection density 20-38%,
intervals of 0.02), followed by binarization (Fig. S1), using
the Brain Connectivity Toolbox (https://sites.google.com/
site/bctnet/; Rubinov and Sporns33), running in MATLAB
(version 7.8 2009a; MathWorks). Proportional thresholding
yields graphs of identical connection density across partici-
pants, which is preferable for comparisons of topology.

Graph metrics

The global efficiency (E), local efficiency (E;,.), mean
local efficiency (MeanE,,.), and nodal degree (d) were cal-
culated for each graph and subsequently compared between
groups. For further details, please see Appendix S1.

Statistical analyses

Psychometrics

We used the univariate ANOVA to compare the follow-
ing between groups: WASI Full-Scale 1Q, Verbal IQ, Per-
formance 1Q; CCC-2 General Communication Composite
(GCC); TOWRE-2 Total Word Reading Efficiency
(TWRE), Sight Word Efficiency (SWE), and Phonemic
Decoding Efficiency (PDE); WRAT-4 Reading Composite,
Word Reading, Sentence Comprehension, and Spelling; and
SDQ Hyperactivity.

We used the Kruskal-Wallis test to compare the follow-
ing metrics, which significantly deviated from the normal
distribution, between groups: the absolute difference
between WASI verbal and performance 1Q; Conner’s Glo-
bal Impairment (GI) total T score and ADHD Index T score;
DCD-Q-07 Total; Scan A/C Competing Words standard
score; SDQ Total Disability, Emotional Symptoms, Con-
duct Problems, and Peer Problems.

Motion
The relative mean root mean square (i.e., motion) was
compared between groups using the Kruskal-Wallis test,
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because the data significantly deviated from the normal dis-
tribution.

Subnetwork connectivity

We used permutation testing (50,000 permutations) as
implemented in the Network-Based Statistics (NBS) tool-
box (version 1.2) to identify subnetworks that differed sig-
nificantly in connectivity (i.e., correlation coefficients)
between groups using t tests (BECTS vs. controls, siblings
vs. controls, BECTS vs. siblings), with age as a covariate,
gender as an explanatory variable, and NBS** correction for
multiple comparisons. The test statistic threshold is an arbi-
trary threshold applied after mass univariate testing of each
connection, but prior to the cluster-based analysis in

topological space. We employed several thresholds (3.0,
3.2, 3.4, and 3.6) in order to identify alterations in subnet-
work connectivity that were not contingent on thresholding.
Component (i.e., subnetwork) size was defined by intensity
(i.e., the sum of test statistic values across all connections of
the component).

We quantified the association between median absolute
connectivity within the (BECTS < controls) subnetwork
identified at the most conservative test statistic (3.6) and
selected psychometrics separately for BECTS and control
groups, using Spearman’s rank correlation coefficient.
Based on the spatial distribution of the resultant subnetwork
and availability of the data, we selected the WRAT-4 sub-
tests (Table 3). We also quantified the relationship of the

Table 3. Psychometrics for the groups
BECTS Siblings Healthy
mean (SD), mean (SD), controls (df, error); F,
Cohen’sd Cohen’sd mean (SD) p value
Intelligence
WASI Full Scale IQ (n = 24; 12;20) 109.5(13.4),0.4 105.0 (8.0), | 114.8(12.5)  (2,53);2.6,0.09
WASI Verbal IQ (n = 24; 12; 20) 109.8 (12.5),0.1 102.0(10.7),0.7 111.3(145)  (2,53);2.1,0.14
WASI Performance IQ (n = 24; 12;20) 107.0 (16.0),0.6 107.2(11.2),0.7 115.1(10.5)  (2,53);2.4,0.10
WASI Verbal IQ — Performance 1Q absolute difference (n = 23; 12; 20) 12.4(10.0),0.2 13.1(10.9),0.3 10.1 (8.6) Kruskal-Wallis
p =0.59
Communication and language
CCC-2 General Communication Composite (n = 23; | |; 19) 72.3(24.8),0.9 80.0 (20.4),0.7 90.5(10.8)  (2,50);4.3,0.02*
SCAN A/C Competing Words (n = 24; | |; 18) 90.5 (19.1),0.3 90.3(19.1),0.2 85.7 (19.1)  Kruskal-Wallis
p=074
TOWRE-2 Total Word Reading Efficiency (n = 24; 12; 18) 100.1 (13.4),0.4 97.6(11.9),0.7 106.2(124)  (2,51);1.9,0.15
TOWRE-2 Sight Word Efficiency (n = 24; 12; 18) 97.3(13.8),0.4 97.3(12.5),0.4 103.2(13.8)  (2,51);1.1,0.33
TOWRE-2 Phonemic Decoding Efficiency (n = 24; 12; 18) 102.7 (13.5),0.4 98.3(11.6),0.9 107.9(10.6)  (2,51);2.4,0.10
WRAT-4 Reading Composite (n = 25; 12;20) 108.3 (14.2),0.4 111.3(13.7),0.2 113.8(10.2)  (2,54);1.0,0.37
WRAT-4 Word Reading (n = 25; 12;20) 107.8(13.9),0.4 111.2(17.4),0.1 112.6 (9.8) (2,54);0.7,0.48
WRAT-4 Sentence Comprehension (n = 25; 12; 20) 108.4(15.2),0.4 I11.1(9.7),0.3 1142(134)  (2,54);1.0,0.37
WRAT-4 Spelling (n = 24; 12;20) 112.5(19.2),0.2 113.3(17.6),0.1 115.4(14.5)  (2,53);0.2,0.86
Behavioral symptoms
Conner’s Global Impairment (n = 23; | I;17) 109.2 (20.1),0.7 99.5(15.6),0.2 97.2(14.9)  Kruskal-Wallis
p = 0.02%
Conner’s Attention Deficit Hyperactivity 107.9 (20.5),0.4 100.7 (13.4),0.1 99.6 (17.6)  Kruskal-Wallis
Disorder Index (n = 23; 11; 17) p=023
SDQ Total Disability? (n = 25; 12; 18) 10.1 (4.8),0.9 5.8(5.7),0.0 5.6(5.2) Kruskal-Wallis
p = 0.004+*
SDQ Emotional Symptoms (n = 25; 12; 18) 2.4(1.9), 1.1 0.8(0.9),0.1 0.7 (0.7) Kruskal-Wallis
p = 0.002%*
SDQ Conduct Problems (n = 25; 12; 18) 1.5(1.5),0.2 1.0(1.1),0.2 1.3 (2.0) Kruskal-Wallis
p=0.5I
SDQ Hyperactivity (n = 25; 12; 18) 4.5(2.9),0.8 2.8(2.7),0.1 2.5(22) (2,52);3.5,0.04
SDQ Peer Problems (n = 25; 12; 18) 1.7(1.8),0.3 1.3(2.1),0.1 1.2(1.4) Kruskal-Wallis
p =036
Coordination
DCD-Q-07 Total’ (n = 24; 10; 19) 56.9 (14.5), 1.0 66.2(9.3),0.4 68.9(7.2) Kruskal-Wallis
p = 0.005%F
Lower scores indicate greater deficit, other than for behavioral symptoms scales.
Bold font denotes results that remain significant after correction for multiple comparisons by FDR (*q = 0.10; **q = 0.05).
“The SDQ Total Disability score has a maximum of 40 (each subtest has a maximum score of 10).
®The DCD-Q-07 Total has a maximum score of 75. Scan A/C scores, Conner’s Global Impairment total t scores, and Conner’s Attention Deficit Hyperactivity
Disorder total t scores were converted to standard scores (distribution mean = 100 and standard deviation = |5).
BECTS, benign epilepsy with centrotemporal spikes; CCC, Children’s Communication Checklist; DCD-Q-07, Developmental Coordination Disorder Ques-
tionnaire; df, degrees of freedom; FDR, false discovery rate; 1Q, Intelligence Quotient; SD, standard deviation; SDQ, Strengths and Difficulties Questionnaire;
TOWRE, Test of Word Reading Efficiency; WASI, Wechsler Abbreviated Scale of Intelligence; WRAT, Wide Range Achievement Test.
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Test statistic = 3.6
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Figure 1.

Subnetworks of decreased functional
connectivity in participants with
BECTS relative to controls. FFG,
fusiform gyrus; HIPP, hippocampus;
IFG-orb, inferior frontal gyrus, orbital
part; IFG-oper, inferior frontal gyrus,
opercular part; IPL, inferior parietal
lobe excluding supramarginal and

Test statistic = 3.2
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angular gyri; L, left; LING, lingual
gyrus; MFG-orb, middle frontal gyrus,
oirbital part; PHG, parahippocampal
gyrus; postCG, postcentral gyrus;
preCG, precentral gyrus; R, right;
Rol-oper, rolandic operculum; SFG-
orb, superior frontal gyrus, orbital
part; SMG, supramarginal gyrus; STG,
superior temporal gyrus. Figure was
prepared using BrainNet Viewer.*?
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median absolute connectivity and the duration of epilepsy.
We employed false discovery rate (FDR) correction
(q = 0.05) for seven comparisons.

Pairwise connectivity

We used permutation testing (50,000 permutations) as
implemented in the NBS toolbox to identify pairwise differ-
ence in connectivity between groups using t tests (BECTS
vs. controls, siblings vs. controls, BECTS vs. siblings), with
age as a covariate, gender as an explanatory variable, and
FDR (q = 0.05) correction for 4,005 tests (90 nodes x 89
nodes x 0.5).

Epilepsia Open, 2(2):214-225, 2017
doi: 10.1002/epi4.12051

RESULTS

Psychometrics

There were significant differences in CCC-2 General
Communication Composite (BECTS < siblings < con-
trols), Conner’s Global Impairment (BECTS > sib-
lings > controls), SDQ Total Disability (BECTS >
siblings > controls) and Emotional Symptoms (BECTS >
siblings > controls), and DCD-Q-07 Total (BECTS < sib-
lings < controls) between groups (FDR correction,
q = 0.10; Table 3). Post hoc tests revealed a significant dif-
ference between BECTS and control groups in CCC-2
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General Communication Composite (p = 0.02 after Bonfer-
roni correction), Conner’s Global Impairment (p = 0.02
after Bonferroni correction); significant differences
between BECTS and control groups and also between
BECTS and sibling groups in SDQ Total Disability
(p =0.006 and p = 0.04 after Bonferroni correction,
respectively); and SDQ Emotional Symptoms (p = 0.003
and p = 0.03 after Bonferroni correction, respectively); and
between BECTS and control groups in DCD-Q-07 Total
(p = 0.006 after Bonferroni correction).

Comparison of motion

The rRMS for each group is provided in Table 2. There
were no significant differences in rRMS between groups
(Kruskal-Wallis test, p = 0.92).

Graph metrics
There were no significant differences in any of the graph
metrics between groups (Figs. S2 and S3).

Subnetwork connectivity

Relative to controls, participants with BECTS had a
significant decrease in connectivity (p < 0.05) within a
four-node, three-edge subnetwork that included the left
superior frontal gyrus—orbital part, the left inferior
frontal gyrus—opercular part, the left supramarginal
gyri, and the right inferior parietal lobe (test statis-
tic = 3.6, p = 0.04; Fig. 1). Decreased connectivity was
also observed in similar but more extensive subnet-
works at test statistic thresholds of 3.4 (12 nodes, 11
edges; p = 0.03), 3.2 (17 nodes, 19 edges; p = 0.04),
and 3.0 (20 nodes, 24 edges; p = 0.047). A significant
increase in connectivity was identified in a five-node,
five-edge subnetwork that included the left and right
superior medial frontal regions, the left and right olfac-
tory regions, and the left anterior cingulate gyrus (test
statistic = 3.6, p = 0.04; Fig. 2), and in similar but
more extensive subnetworks at test statistics of 3.4,
3.2, and 3.0.

Controlling for age and gender by General Linear Model,
connectivity within the four-node (BECTS < controls) sub-
network was as follows: BECTS group estimated marginal
mean 0.27, standard deviation 0.24, Cohen’s d versus
healthy controls 1.3; siblings group 0.42 + 0.24, 0.7,
healthy controls group 0.58 + 0.23. There were no signifi-
cant correlations between median connectivity within the
subnetwork and WRAT-4 subtests for the BECTS group
(p = 0.98 FDR correction) or with epilepsy duration
(p = 0.20), whereas for controls there was a positive corre-
lation between median connectivity within the subnetwork
and WRAT-4 Sentence Comprehension (p = 0.58,
p = 0.049 FDR correction).

There were no significant differences in subnetwork con-
nectivity between siblings and healthy controls or between
BECTS and siblings groups.

Pairwise connectivity

Relative to controls, the BECTS group had a significant
decrease in connectivity (p < 0.05) between the left supe-
rior frontal gyrus—orbital part and the left inferior frontal
gyrus—opercular part, and also the left supramarginal gyri,
and a significant increase in connectivity between the right
olfactory region and the left and right superior medial fron-
tal regions.

Relative to siblings, the BECTS group had no significant
decreases or increases in connectivity.

There were no significant differences in connectivity
between the siblings and control groups.

DI1SCUSSION

The present study shows that participants with BECTS
have a significant decrease in functional connectivity rela-
tive to controls within a subnetwork that included, at a mini-
mum, the left inferior frontal gyrus (opercular part), the left
supramarginal gyrus, and the right inferior parietal lobe.

Tomasi and Volkow> identified a reproducible resting
fMRI “language network™ derived from 970 healthy
controls, which included the left inferior frontal gyrus—
opercular part (Broca’s area), the left supramarginal
gyrus (Wernicke’s area), and the inferior aspect of the
right parietal lobe. In the present study, participants with
BECTS had a decrease in connectivity within a four-
node, three-edge subnetwork that substantially overlaps
with this language network. At lower test statistics, we
identified decreases in additional components of the lan-
guage network, such as the left middle frontal gyrus, the
left inferior frontal gyrus, orbital part, the left superior
temporal gyri, and the parietal lobes lobe.**

The left inferior frontal gyrus—opercular part comprises
a subregion of the left inferior frontal gyrus, lesions of
which are associated with Broca’s (expressive) aphasia.
This subregion has been implicated in auditory processing,
speech comprehension, covert articulatory planning, and
auditory and motor feedback during speech production.®

Transcranial magnetic stimulation studies implicate the
supramarginal gyri in phonological processing and visual
word recognition.*® The decreases in functional connectivity
seen in the left rolandic operculum, and in the right pre- and
postcentral gyri may be associated with the centrotemporal
spikes/shape waves (CTS) that typify BECTS and that have
been consistently localized to this region.’” It is unsurprising
that both left and right sensorimotor regions were impli-
cated, given the epileptiform discharges observed in our
BECTS group. In addition to its role in overt articulation,
the precentral gyrus has, via neuroimaging, been implicated
in sublexical reading (reviewed in Ref. 35).

Together, therefore, our BECTS probands had a signifi-
cant decrease in functional connectivity between several
key mediators of speech processing, language, and reading,
constituents of the “language network.”** The children with
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Figure 2.

Subnetworks of increased functional
connectivity in participants with

; BECTS relative to controls. ACG,

7 anterior cingulate gyrus; CAU,
caudate nucleus; L, left; med-CG,
median cingulate and paracingulate
gyrus; MTG, middle temporal gyrus;

Test statistic = 3.2

OLF, olfactory cortex; PCL,
paracentral lobule; R, right; REC,
gyrus rectus; SFG-med, superior
frontal gyrus, medial part; SFG-med-
orb, superior frontal gyrus, medial
orbital part; STG, superior temporal
gyrus. Figure was prepared using
BrainNet Viewer.*?
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BECTS scored markedly lower (Cohen’s d = 0.9) than con-
trols on the CCC-2 General Communication Composite.
Reading scores were also moderately decreased for the
patient group relative to controls (e.g., TOWRE-2 TWRE
d = 0.4; WRAT-4 Reading Composite d = 0.4), although
these differences did not reach statistical significance.
These data suggest multidomain language and literacy
impairment, consistent with the findings of our recent meta-
analysis.”

In the present study, connectivity within the four-node
subnetwork was not significantly correlated with WRAT-4

Epilepsia Open, 2(2):214-225, 2017
doi: 10.1002/epi4.12051

literacy psychometrics in the BECTS group (but was in
healthy controls). Other investigators have, on occasion,
failed to demonstrate a correlation between functional con-
nectivity and attention or language metrics in RE.'”*° Our
BECTS population appears to have suffered less severe cog-
nitive and language impairment than those of previous stud-
ies.'>!"2®  The lack of correlation could reflect
measurement error, the recruitment bias toward high-per-
forming patients (who may have adaptive, compensatory
mechanisms), or the influence of an unstudied confounder.
It remains a challenge to demonstrate that decreased
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functional connectivity contributes to the pathophysiology
of coexistent cognitive impairment in BECTS; future stud-
ies in children with BECTS should quantify the association
between enhancement of connectivity, for example, via an
fMRI-mediated neurofeedback task (for review, Ref. 38) or
an off-line training program,* and improvement in literacy
and language skills.

A task-driven fMRI study suggested that language later-
alization is delayed in BECTS.*’ It was also recently
demonstrated, albeit in adults, that functional connectivity
can predict language laterality.*' Therefore, the left hemi-
spheric decreases in functional connectivity we identified in
our children with BECTS might reflect delayed left-laterali-
zation of language processing; this hypothesis could be
tested by longitudinal follow-up.

Our finding of decreased functional connectivity in
children with BECTS is broadly consistent with earlier
studies. !> 1218:20-2223 1y the largest (n = 73 per group) and
most comparable study, the NBS method revealed that chil-
dren with BECTS had decreased connectivity in two subnet-
works, including the left (Rolandic) operculum, interictal
epileptic discharge (IED)-generating regions (bilateral post-
central gyrus), fusiform gyri, and occipital lobes;20 these
data are consistent with our findings. Using graph theory,
the authors also identified a decrease in the centrality of the
right supramarginal gyrus, at every test statistic other than
the most conservative one. The right supramarginal gyrus
was also one of the regions identified in our subnetworks.

The identification of the operculum in our subnetwork
adds to mounting evidence for decreased connectivity of the
left inferior frontal gyrus in BECTS. Decreased resting
functional connectivity between this region and the sensori-
motor network (including left precentral gyrus) was demon-
strated using independent components analysis'*> and
Granger causality analysis.'®

Although increases in resting functional connectivity
have been associated with BECTS (Table 1), two of the
studies investigated regional homogeneity (ReHo) rather
than low-frequency fluctuation in BOLD signal,”’18 and a
third compared the amplitude of low-frequency fluctuations
(ALFF'®). These studies are not directly comparable to the
present work. However, increases in medium-long-range
resting functional connectivity have also been reported in
RE."” Where patients with BECTS had co-occurring atten-
tion-deficit/hyperactivity disorder (ADHD) symptoms,
decreases in connectivity were seen,'’ reflecting our pre-
dominant findings in a similar cohort (e.g., 10 participants
with BECTS had a “borderline” or “abnormal” score on
SDQ Hyperactivity/Inattention). Recently, Luo et al.'’
identified several increases in functional connectivity that
included the left and right superior frontal gyri, as seen in
the present study. It is plausible that aberrant maturation
leads to both decreases and increases in functional connec-
tivity in different subnetworks and over differing ranges.
Longitudinal studies are required to delineate the sequence

of functional connectivity alterations in BECTS and their
relationship to language lateralization.

Methodological considerations

Approximately half of the children with BECTS were
medicated with an AED, namely, carbamazepine, leve-
tiractetam, lamotrigine, oxcarbazepine, or valproic acid. A
pharmacological effect on functional connectivity cannot be
excluded; this limitation is common to many epilepsy stud-
ies but has seldom been investigated, particularly in chil-
dren. In the present study, subgroup analyses based on
AEDs were not performed because they would have lacked
of statistical power.

Intrascan head motion is known to confound measure-
ment of functional connectivity and remains a significant
challenge when studying children with epilepsy,*? attention
deficits, or hyperactivity. We took great care to minimize
the influence of motion via (1) exclusion of outlier volumes;
(2) image realignment; (3) exclusion of participants with
rRMS > 0.035 mm; and (4) regression of realignment
parameters. There was no significant difference in rRMS
between groups.

We were unable to replicate the recent findings of differ-
ences in functional connectivity graph metrics between chil-
dren with BECTS and controls.”** This was also the case
for a graph study that was similar in size to the current
work.?! Our results suggest that graph topology metrics are
less sensitive to the subtle abnormalities of functional con-
nectivity in BECTS than NBS subnetwork connectivity
analyses, perhaps because the abnormal edges constitute too
small a proportion of the entire graph.

Our study may not have been sufficiently powered to
detect differences between siblings and healthy controls,
who (based on several psychometrics) might be hypothe-
sized to show less marked decreases in connectivity. We did
observe a decrease in median four-node subnetwork con-
nectivity for siblings, of a lesser extent than that seen in the
BECTS group. Although this did not reach statistical signif-
icance, the effect size was large (Cohen’s d = 0.7), suggest-
ing low study power. Further investigation of functional
connectivity in siblings is warranted.

CONCLUSION

Our findings add to mounting evidence for decreased
functional connectivity between several key mediators of
speech processing, language, and reading in children with
BECTS and communication difficulties. Similar decreases
appear likely to be present in their siblings. We hypothesize
that these decreases reflect delayed lateralization of the lan-
guage network and contribute to impairment. Longitudinal
studies are required to delineate the sequence of functional
connectivity alterations in BECTS and examine the effect
of enhancement of connectivity on literacy and language
skills.

Epilepsia Open, 2(2):214-225,2017
doi: 10.1002/epi4.12051

85UB01 T SUOWIWOD SAIIERID 3(dedl|dde ay) Aq peusenob afe sapie O ‘9sn Jo SNl Joj Ariq1T8UlUO 8|1 UO (SUONIPUCD-pUE-SWIBIW0D A8 1M Ake.q Ul Uo//:Sdny) SUONIPUOD pue swe | 81 88S *[£202/20/0z] uo ARigitauluo (M ‘AiseAiun yinowAid Aq TSOZT ¥1de/z00T 0T/10p/wod A8 im Areiq1jeul|uoy//sdny wouy pepeojumod ‘Z *LT0Z ‘68260L72



224

C. J. McGinnity et al.

ACKNOWLEDGMENTS

This study was supported by Epilepsy Research UK (ERUK WF11),
the Waterloo Foundation (ERUK WFI11; 164/841), and the National
Institute for Health Research (NIHR) Biomedical Research Centre at
South London and Maudsley NHS Foundation Trust and King’s College
London. MPR is supported by a UK Medical Research Council Pro-
gramme Grant (Grant Number MR/K013998/1). DKP additionally
acknowledges support from the Canadian Institutes of Health Research
(201503MOP-342469); European Union Marie Curie International Rein-
tegration Award of the Seventh Framework Programme; European Union
Grant agreement 602531: “Strategies for Innovative Research to Improve
Diagnosis, Prevention and Treatment in Children with Difficult to Treat
Epilepsy (DESIRE)” of the Seventh Framework Programme; Charles
Sykes Epilepsy Research Trust; American Epilepsy Society, the Epilepsy
Foundation, Anna and Jim Fantaci, Fight Against Childhood Epilepsy
and Seizures (FACES), Neurotherapy Ventures Charitable Research
Fund; Charles L. Shor Foundation for Epilepsy Research Inc.; People
Against Childhood Epilepsy (PACE); Ali Paris Fund; National Institutes
of Health grants NS047530. The funders were not involved in the study
design; in the collection, analysis, and interpretation of data; in the writ-
ing of the report; or in the decision to submit the article for publication.
We are very grateful to all the participants and their families. We thank
the staff of the Centre for Neuroimaging Sciences at Institute of Psychia-
try, Psychology and Neuroscience (IoPPN), King’s College London
(KCL); the staff of the Department of Neurophysiology, King’s College
Hospital; and Stuart Smith (IoPPN-KCL and St. Thomas’ Hospital). We
also sincerely thank our clinical colleagues at various hospitals in the
southeast of England for their support.

DiSCLOSURE OF CONFLICT OF
INTEREST

CIM has received support from GE Healthcare for an unrelated project.
GIJB receives honoraria from GE Healthcare for teaching and acts as a con-
sultant for IXICO. The remaining authors have no conflicts of interest. We
confirm that we have read the Journal’s position on issues involved in ethi-
cal publication and affirm that this report is consistent with those guide-
lines.

REFERENCES

1. Heijbel J, Blom S, Bergfors PG. Benign epilepsy of children with cen-
trotemporal EEG foci. A study of incidence rate in outpatient care.
Epilepsia 1975;16:657-664.

2. Mellish LC, Dunkley C, Ferrie CD, et al. Antiepileptic drug treatment
of rolandic epilepsy and Panayiotopoulos syndrome: clinical practice
survey and clinical trial feasibility. Arch Dis Child 2015;100:62—67.

3. Smith AB, Bajomo O, Pal DK. A meta-analysis of literacy and lan-
guage in children with rolandic epilepsy. Dev Med Child Neurol
2015;57:1019-1026.

4. Vega YH, Smith A, Cockerill H, et al. Risk factors for reading disabil-
ity in families with rolandic epilepsy. Epilepsy Behav 2015;53:174—
179.

5. Demichelis G, Pal DK, McGinnity CJ, et al. Variables associated with
reading disorder in rolandic epilepsy. Epilepsia 2014;55:90.

6. Pal DK, Li W, Clarke T, et al. Pleiotropic effects of the 11p13 locus on
developmental verbal dyspraxia and EEG centrotemporal sharp waves.
Genes Brain Behav 2010;9:1004—-1012.

7. Panjwani N, Wilson MD, Addis L, et al. A microRNA-328 binding site
in PAXG6 is associated with centrotemporal spikes of rolandic epilepsy.
Ann Clin Transl Neurol 2016;3:512-522.

8. Strug LJ, Addis L, Chiang T, et al. The genetics of reading disability in
an often excluded sample: novel loci suggested for reading disability in
rolandic epilepsy. PLoS ONE 2012;7:e40696.

9. Lesca G, Rudolf G, Bruneau N, et al. GRIN2A mutations in acquired
epileptic aphasia and related childhood focal epilepsies and encephalo-
pathies with speech and language dysfunction. Nat Genet
2013;45:1061-1066.

Epilepsia Open, 2(2):214-225, 2017
doi: 10.1002/epi4.12051

10

11

12.

13.

14.

15.

16.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

. Smith AB, Kavros PM, Clarke T, et al. A neurocognitive endopheno-
type associated with rolandic epilepsy. Epilepsia 2012;53:705-711.

. Boxerman JL, Hawash K, Bali B, et al. Is rolandic epilepsy associated

with abnormal findings on cranial MRI? Epilepsy Res 2007;75:180—

185.

Besseling RM, Jansen JF, Overvliet GM, et al. Reduced functional

integration of the sensorimotor and language network in rolandic epi-

lepsy. Neuroimage Clin 2013;2:239-246.

Besseling RM, Overvliet GM, Jansen JF, et al. Aberrant functional

connectivity between motor and language networks in rolandic epi-

lepsy. Epilepsy Res 2013;107:253-262.

Tang YL, Ji GJ, Yu Y, et al. Altered regional homogeneity in rolandic

epilepsy: a resting-state FMRI study. Biomed Res Int

2014;2014:960395.

Wu Y, Ji GJ, Li K, et al. Interhemispheric connectivity in drug-naive

benign childhood epilepsy with centrotemporal spikes: combining

function and diffusion MRI. Medicine 2015;94:¢1550.

Wu Y, Ji GJ, Zang YF, et al. Local activity and causal connectivity in

children with benign epilepsy with centrotemporal spikes. PLoS ONE

2015;10:e0134361.

. Xiao F, Li L, An D, et al. Altered attention networks in benign child-
hood epilepsy with centrotemporal spikes (BECTS): a resting-state
fMRI study. Epilepsy Behav 2015;45:234-241.

. Zeng H, Ramos CG, Nair VA, et al. Regional homogeneity (ReHo)

changes in new onset versus chronic benign epilepsy of childhood with

centrotemporal spikes (BECTS): a resting state fMRI study. Epilepsy

Res 2015;116:79-85.

Luo C, Yang F, Deng J, et al. Altered functional and effective connec-

tivity in anticorrelated intrinsic networks in children with benign child-

hood epilepsy with centrotemporal spikes. Medicine 2016;95:e3831.

Xiao F, Lei D, An D, et al. Functional brain connectome and sensori-

motor networks in rolandic epilepsy. Epilepsy Res 2015;113:113-125.

Besseling RM, Jansen JF, Overvliet GM, et al. Delayed convergence

between brain network structure and function in rolandic epilepsy.

Front Hum Neurosci 2014;8:704.

Luo C, Zhang Y, Cao W, et al. Altered structural and functional feature

of striato-cortical circuit in benign epilepsy with centrotemporal

spikes. Int J Neural Syst 2015;25:1550027.

Ji GJ, Yu Y, Miao HH, et al. Decreased network efficiency in benign

epilepsy with centrotemporal spikes. Radiology Epub September 15,

2016.

Zalesky A, Fornito A, Bullmore ET. Network-based statistic: identify-

ing differences in brain networks. Neurolmage 2010;53:1197-1207.

Wilkinson GS, Robertson GJ. WRAT-4—Wide Range Achievement

Test 4. Lutz, FL: Psychological Assessment Resources Inc.; 2006.

Wechsler D. Wechsler Abbreviated Scale of Intelligence. San Antonio,

TX: The Psychological Corporation; 1999.

Bishop DVM. The children’s communication checklist. 2nd Ed.

Oxford, UK: Pearson; 2003.

Keith RW. SCAN-C: test for auditory processing disorders in children

—revised. San Antonio, TX: Pearson; 1999.

Keith RW. SCAN-A: test for auditory processing disorders in adoles-

cents and adults—revised. San Antonio, TX: Pearson; 1994,

Torgesen JK, Wagner RK, Rashotte CA. Test of word reading effi-

ciency. 2nd Ed. Austin, TX: Pro-Ed Inc.; 1999.

Conners CK. Conners’ rating scales—revised. North Tonawanda, NY:

Multi-Health Systems Inc.; 1997.

Tzourio-Mazoyer N, Landeau B, Papathanassiou D, et al. Automated

anatomical labeling of activations in SPM using a macroscopic

anatomical parcellation of the MNI MRI single-subject brain. Neurol-
mage 2002;15:273-289.

Rubinov M, Sporns O. Compex network measures of brain connectiv-

ity: Uses and interpretations. Neurolmage 2010;52:1059—-1069.

Tomasi D, Volkow ND. Resting functional connectivity of language

networks: characterization and reproducibility. Mol Psychiatry

2012;17:841-854.

Price CJ. A review and synthesis of the first 20 years of PET and fMRI

studies of heard speech, spoken language and reading. Neurolmage

2012;62:816-847.

Sliwinska MW, Khadilkar M, Campbell-Ratcliffe J, et al. Early and

sustained supramarginal gyrus contributions to phonological process-

ing. Front Psychol 2012;3:161.

85UB01 T SUOWIWOD SAIIERID 3(dedl|dde ay) Aq peusenob afe sapie O ‘9sn Jo SNl Joj Ariq1T8UlUO 8|1 UO (SUONIPUCD-pUE-SWIBIW0D A8 1M Ake.q Ul Uo//:Sdny) SUONIPUOD pue swe | 81 88S *[£202/20/0z] uo ARigitauluo (M ‘AiseAiun yinowAid Aq TSOZT ¥1de/z00T 0T/10p/wod A8 im Areiq1jeul|uoy//sdny wouy pepeojumod ‘Z *LT0Z ‘68260L72



225

Functional Connectivity in BECTS

37. Pataraia E, Feucht M, Lindinger G, et al. Combined electroencephalog-
raphy and magnetoencephalography of interictal spikes in benign
rolandic epilepsy of childhood. Clin Neurophysiol 2008;119:635-641.

38. Stoeckel LE, Garrison KA, Ghosh S, et al. Optimizing real time fMRI
neurofeedback for therapeutic discovery and development. Neuroim-
age Clin 2014;5:245-255.

39. Horowitz-Kraus T, DiFrancesco M, Kay B, et al. Increased resting-
state functional connectivity of visual- and cognitive-control brain net-
works after training in children with reading difficulties. Neuroimage
Clin 2015;8:619-630.

40. Lillywhite LM, Saling MM, Harvey AS, et al. Neuropsychological and
functional MRI studies provide converging evidence of anterior lan-
guage dysfunction in BECTS. Epilepsia 2009;50:2276-2284.

41. Doucet GE, Pustina D, Skidmore C, et al. Resting-state functional con-
nectivity predicts the strength of hemispheric lateralization for lan-
guage processing in temporal lobe epilepsy and normals. Hum Brain
Mapp 2015;36:288-303.

42. Xia M, Wang J, He Y. BrainNet Viewer: a network visualization tool
for human brain connectomics. PLoS ONE 2013;8:¢68910.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Mean adjacency matrices (left panel) and
graphs (middle and right panels) for participants with
BECTS (top), siblings (middle). and healthy controls (bot-
tom).

Figure S2. Global efficiency (E) versus connection den-
sity, for the BECTS, siblings, and control groups.

Figure S3. Mean local efficiency (E),.) versus connection
density, for the BECTS, siblings, and control groups.

Appendix S1. Comparison of graph metrics between
groups.

Epilepsia Open, 2(2):214-225, 2017
doi: 10.1002/epi4.12051

85UB01 T SUOWIWOD SAIIERID 3(dedl|dde ay) Aq peusenob afe sapie O ‘9sn Jo SNl Joj Ariq1T8UlUO 8|1 UO (SUONIPUCD-pUE-SWIBIW0D A8 1M Ake.q Ul Uo//:Sdny) SUONIPUOD pue swe | 81 88S *[£202/20/0z] uo ARigitauluo (M ‘AiseAiun yinowAid Aq TSOZT ¥1de/z00T 0T/10p/wod A8 im Areiq1jeul|uoy//sdny wouy pepeojumod ‘Z *LT0Z ‘68260L72



