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ABSTRACT

Background: Previous functional magnetic resonance imaging (fMRI) studies have identified
brain systems underlying different components of working memory (WM) in healthy subjects.
The aim of this study was to compare the functional integrity of these neural networks in
children with self-limited childhood epilepsy with centro-temporal spikes (ECTS) as
compared to healthy controls, using a verbal working memory task (WMT).

Methods: Functional MRI of WM in seventeen 6-to-13 year-old children, diagnosed with
ECTS, and 17 sex- and age-matched healthy controls were conducted at 3T. To estimate
BOLD responses during the maintenance of low, medium, and high WMT loads, we used a
Sternberg verbal WMT. Neuropsychological testing prior to scanning and behavioral data
during scanning were also acquired.

Results: Behavioral performances during WMT, in particular accuracy and response time,
were poorer in children with ECTS than in controls. Increased WM load was associated with
increased BOLD signal in all subjects, with significant clusters detected in frontal and parietal
regions, predominantly in the left hemisphere. However, under the high load condition,
patients showed reduced activation in the frontal, temporal and parietal regions as compared
to controls. In brain regions where WM-triggered BOLD activation differed between groups,
this activation correlated with neuropsychological performances in healthy controls but not in
patients with ECTS, further suggesting WM network dysfunction in the latter.

Conclusion: Children with ECTS differ from healthy controls in how they control WM
processes during tasks with increasing difficulty level, notably for high WM load where

patients demonstrate both reduced BOLD activation and behavioral performances.

Keywords: Rolandic epilepsy, BCECTS, working memory, fMRI, children with
epilepsy, verbal



INTRODUCTION

Working memory (WM) is a set of cognitive functions and mechanisms that allow us to store,
manipulate and use task-relevant information over a short period of time under attentional
control (Baddeley and Hitch, 1974). Four modality-specific storage systems exist for holding
information in WM: 1) the “phonological loop” which holds speech-based (verbal and
acoustic) information (Schweickert and Boruff, 1986), 2) the “visuospatial sketchpad”, which
holds the visual and spatial information in a temporary store (Logie, 1995), 3) the “episodic
buffer”, i.e., a temporary store of episodes and 4) the “central executive”, which is responsible
for control and integration of the information from the first three systems, and manipulating
the information within WM (Baddeley, 2000). Executive functions, including working
memory (Gur and Gur, 2013), mature throughout adolescence (Best et al., 2011; Gur et al.,
2012), with WM showing a tendency for a linear growth trajectory (Conklin et al., 2007) and
protracted development into late adolescence (Luna et al., 2010). Several studies have
demonstrated that these age-related behavioral improvements were associated with increases
in the BOLD signal during tasks requiring working memory (Geier et al., 2009; Satterthwaite
et al., 2013).

According to current views, several fronto-parietal regions, such as the inferior and middle
frontal gyri, the parietal cortex within and around the intraparietal sulcus, the anterior
cingulate and supplementary motor area, as well as the anterior insular cortex, are the
neurobiological bases of WM (Casey et al., 1995; Glahn et al., 2002; Miller and Cohen, 2001;
Nee et al., 2013; Nee and D'Esposito, 2018; Ranganath and D'Esposito, 2005; Satterthwaite et
al., 2012; Sreenivasan et al., 2014; Veltman et al., 2003).In terms of functional specialization
within the WM networks, the dorsally located caudal superior frontal sulcus and superior
parietal lobule (SPL) are predominantly recruited in the maintenance of spatial information,
whereas the mid-lateral prefrontal cortex in the left hemisphere is more sensitive to verbal
content (Nagel et al., 2013; Nee et al., 2013). Additionally, Levy & Goldman-Rakic proposed
that the ventrolateral prefrontal cortex (VLPFC) is responsible for the processing of verbal
non-spatial information of WM while the dorsolateral prefrontal cortex (DLPFC) is
responsible for spatial content (Levy and Goldman-Rakic, 2000). This was confirmed by
several meta-analyses of fMRI data, where several aforementioned cortical regions within
mostly the frontal and parietal lobes (DLPFC, VLPEC, bilateral and medial premotor cortex,
dorsal cingulate, frontal pole, bilateral and medial posterior parietal cortex, fusiform gyrus

and cerebellum), were activated during verbal WM task (the n-back and Sternberg tasks)



(Emch et al., 2019; Owen et al., 2005; Rottschy et al., 2012). Furthermore, in adults, the
prefrontal cortex is involved in the active maintenance process of verbal WM and is sensitive
to task load (Narayanan et al., 2005). In adults, a linear increase in fMRI activation is
observed in parietal and frontal lobe regions as load increases, while this effect is much less
pronounced in children (O'Hare et al., 2008; Thomason et al., 2009; Vogan et al., 2016).
Generally, increase in load reflects the neural activation linked to the increase in memory
demand of information (Cowan et al., 2012) and is primarily associated with activation in the
bilateral inferior frontal gyrus (BA 44, BA 45, ventral premotor cortex and caudal lateral

prefrontal cortex) (Rottschy et al., 2012).

In many brain disorders expressed early in the childhood, such as attention deficit
hyperactivity disorder (ADHD) (Bedard et al., 2014; Martinussen et al., 2005; Massat et al.,
2012; van Ewijk et al., 2015) or autistic spectrum disorder (ASD) (Barendse et al., 2013;
Barendse et al., 2018; Koshino et al., 2005; Russell, 1997; Vogan et al., 2018), patients
experience poor WM skills and show altered WM networks. A recent cross-sectional study of
a large cohort of children with epilepsy and matched controls also identified WM difficulties
in patients, especially in those with early-onset epilepsy (van Iterson and de Jong, 2018). The
WM storage capacity seems to be impacted in children with recently diagnosed idiopathic or
cryptogenic epilepsy (Schouten et al., 2002) and remain affected 3-4 years after initial
diagnosis (Oostrom et al., 2005). Furthermore, children with new onset childhood absence
epilepsy perform worse on verbal WM tasks (Bhise et al., 2010). The performance is also
impaired when the demand increases for a WM task (Schouten et al., 2002). Memory and
phonological awareness difficulties have been well described in self-limited childhood

epilepsy with centro-temporal spikes (ECTS) (Northcott et al., 2007; Northcott et al., 2005).

ECTS, also called Rolandic Epilepsy, and previously known as benign childhood epilepsy
with centro-temporal spikes (BCECTS) (Scheffer et al., 2017) is the most common self-
limited focal epilepsy of childhood, and considered a developmental disease. It has a
characteristic onset between 3 and 13 years of age, a male predominance, a genetic
predisposition, and remission during mid-adolescence (ILAE, 1989; Panayiotopoulos, 2005).
The EEG pattern is distinctive, with focal uni- or bilateral high-voltage spikes or spike and
waves over the centro-temporal region, usually activated by sleep. ECTS is often associated
with neuropsychological deficits believed to reflect the interference between the epileptic

focus and other brain regions during development. The cognitive dysfunctions observed in



children with ECTS, including altered WM, have been linked to an abnormal developmental
trajectory of brain structures, particularly those affected by epilepsy (Besseling et al., 2013a;
Bourel-Ponchel et al., 2019; Ciumas et al., 2014; Garcia-Ramos et al., 2015; Garcia-Ramos et
al., 2016; Hutchinson et al., 2010; Lin et al., 2012; Tosun et al., 2011; Widjaja et al., 2012).
Task-based functional neuroimaging studies have shown that ECTS is associated with: 1)
reduced activity during verbal generation task within language-related regions, in particular
over the anterior language network (Lillywhite et al., 2009), 2) a wider network recruitment
during sentence reading comprehension (Malfait et al., 2015), 3) reduced language laterality
index, with more bilateral and right-hemispheric activations (Datta et al.) , 4) remodelling of
language networks (Vannest et al., 2013) and 5) altered responses to fearful stimuli (Ciumas
et al., 2017). Resting state functional MRI have in ECTS have demonstrated altered global
brain networks as well as nodal abnormalities in linguistic and ventral and dorsal attention
networks (Xiao et al., 2015). Abnormalities in functional connectivity of language-related
circuits (Besseling et al., 2013c; Fang et al., 2017; McGinnity et al., 2017) and between
rolandic regions and Broca’s area have also been reported (Besseling et al., 2013b). Regional
homogeneity was found to be increased in sensorimotor and left frontal regions while it was
decreased in the default mode network (DMN) (Zeng et al., 2015). Finally, a reduced
activation was observed in typical areas supporting the DMN which partly normalized during

cognitive effort (Oser et al., 2014).

Given that attention, language and WM interact so intently (Baddeley, 2003; Marchetti, 2014)
and are all being altered in ECTS, it is important to further investigate the mechanisms of
WM dysfunction in ECTS and understand how such dysfunction could be prevented or
treated in the affected children. In an attempt to tackle this issue, we have investigated the
neural correlates of WM in children with ECTS and age-matched controls using fMRI, an

endeavour not previously performed to the best of our knowledge.

MATERIALS AND METHODS

Subjects
Seventeen children (five females and 12 males) from the outpatient clinic of the Department
of Epilepsy, Sleep and Pediatric Neurophysiology (HFME, University Hospitals of Lyon,

France) diagnosed with epilepsy volunteered for this study. Our selection criteria included: (I)



diagnosed with ECTS according to ILAE diagnostic criteria assessed by experienced
clinicians (E.P., J.B., AM., K.O,, A A, P.R.); (I) < 24 months duration of antiepileptic drug
(AED) treatment to reduce the potential impact of AEDs on our findings; (III) no other
neurological disease; and (IV) normal MRI if available prior to inclusion. Seventeen (five
females and 12 males) age- and sex-matched healthy volunteers were recruited as controls
(HC). Subjects’ handedness was determined by administering the Edinburgh Handedness
Inventory (Oldfield, 1971).

Informed written consent from all children and their parents were obtained. The study was

approved by the Ethical Committee of Hospices Civils de Lyon.

Memory task during imaging

To avoid fatigue, all subjects were tested on an off-school day, in the morning. For training,
each child was tested individually in a quiet room, and the experimental task was explained in
easy-to-understand terms: first in an animated playful presentation, then in a form similar to
the task used in the scanner room. A practice program was run, and each subject practiced the
task until they were successful in completing the task. Immediately after the completion of
training, subjects were introduced to the MRI scanning room and equipment. Prior to the WM
testing, subjects had already completed an fMRI evaluation of other cognitive tasks and were

thus already familiar with the environment and the scanner noise.

Verbal working memory task (WMT) during fMRI

We used the modified Sternberg maintenance task (Sternberg, 1966), similar to the one used
by O’Hare et al (O'Hare et al., 2008), according to its capacity to generate working memory
induced fMRI activation in the frontal regions (O'Hare et al., 2008; Thomason et al., 2009)
typically affected in ECTS. In this procedure, a list of items is first presented and required to
be encoded, then, after a few seconds, a probe is presented which the subject shall identify as

being part or not of the encoded items.

All stimuli were projected on a screen at the rear end of the magnetic bore. Each of the 36
trials started with the presentation of a 400 ms central fixation cross followed by a probe
which consisted of a horizontal, central and linear array of two, four or six letters (Figure 1).
This 1500 ms probe-stimulus was replaced by an empty screen during a retention period of

3000 ms. The patient was instructed to remember the letters on the screen until sample



presentation. The sample consisted of a letter shortly presented (1500 ms) on the screen. The
participant was asked to remember the identity of the letters and respond after the retention
period if the presented sample matched the probe. Each trial was followed by a fixation cross
with an interstimulus interval between 1000 and 6000 ms. Memory load was manipulated by
changing the number of letters to retain — two for low, four for medium, and six for high
load. Additionally, 36 trials consisted of a control condition — the same letters appeared — for
different loads — two, four or six letters. There was a 50% match in each condition (both
control and task trials). All conditions were pseudorandomly assigned across the two runs.
Performance data were recorded during scanning, for response time, accuracy (percentage of

correctly identified target letters), errors and missed responses.

WM performance assessment

Accuracy (mean percentage of correct responses), response time (milliseconds, ms), missed
responses to the probe and errors (incorrect answers, %) were recorded. A mean response
time per task was determined for each subject over all correct responses. The response time
for incorrect responses was not analysed. Only the first responses were judged as correct or
incorrect and were fed into the model. Unwarranted second responses were excluded from the
analysis. A repeated measurements ANOVA (SPSS v20, IBM Corp.) with group as the

between-subjects factor and memory load as the within-subjects variables was conducted.

Neuropsychological testing

A neuropsychological battery of tests assessing memory was acquired about 10-14 days

before scanning. The current selection of tests refers to the performance on the Wechsler

Intelligence Scale for Children (WISC-IV) test (Needelman et al., 2006):

1. Verbal comprehension index (VCI). This is the first of the four indices required for 1Q
assessment in WISC-IV. It is calculated from three subtests: similarities (evaluates verbal
reasoning and concept formation), vocabulary (assesses knowledge of lexicon and the
formation of verbal concepts) and comprehension (verbal reasoning, conceptualization,
ability to explain practical situations). This index is a relevant measure of crystallized
intelligence and a good predictor of academic success and learning.

2. Perceptual reasoning index (PRI). This is one of the second index which is part of the 1Q
assessment in WISC-IV. It is calculated from three subtests: block design (evaluates the

capacity to analyse and to synthesize abstract visual stimuli), pictures concepts (evaluates



the aptitude to the categorical reasoning and the abstract reasoning) and matrix reasoning
(evaluates fluid reasoning and logical-mathematical reasoning).

Working Memory Index (WMI). This is the third index needed for IQ assessment in
WISC-IV. It is calculated from two subtests: digits span (evaluates short-term auditory
memory and auditory working memory) and letters-numbers sequencing (evaluates
auditory WM).

Processing speed index (PSI). This is the fourth index needed for 1Q assessment in WISC-
IV. It is calculated from two subtests: coding (evaluates the speed of grapho-motive

processing) and symbol search (working speed of visual exploration).

On the day of scanning, the following two tests were also run:

5.

Digit span forward, which primarily evaluates short-term memory. We used an age-
calibrated score for this test, whose norm is zero. The lower the score, the lower the
performance with significant deficit considered at -2 standard deviations (Wechsler and
Psychological, 2004).

Digit span backward, a measure of WM where the subject is required to recall a sequence
of spoken digits in the reverse order and relies on remembering the sequence exactly. Test
begins with two numbers, and gradually increases by one number in each block, until the
subject is unable to recall the correct sequences at a particular block. The number of
correct trials is scored for each child. Same age-calibration was used as for the digit span

forward (Wechsler and Psychological, 2004).

MRI data acquisition

All 3T MRI experiments were performed on a human MRI scanner Philips Achieva
(Philips Healthcare, Best, Netherlands) with a sensitivity-encoding (SENSE) coil (SENSE
Head 32P, Philips Healthcare).

Structural MRI: For the TIl-weighted 3D sequence, the parameters were: transversal

orientation, 232x217 matrix, 170 slices, TE=3.3 ms, TR=7.1 ms, TI=804 ms, flip angle=8°,

voxel size=1.1x1.1x1.2 mm3. Total scan time was 10 min 52 sec.

Functional MRI: We used a standard echo-planar imaging (EPI-FID) sequence (92x90
matrix, TE = 30 ms, TR = 2200 ms, FOV (in-plane) = 220 mm, flip angle = 90°, 26 slices, 0.4

mm gap between, slice thickness= 3 mm, voxel size = 2.4x2.4x3.0 mm3), 2 runs in total.



fMRI data analysis and statistics

fMRI images were pre-processed using spml2 [Wellcome Department of Imaging
Neuroscience, London, UK, http://www.fil.ion.ucl.ac.uk/spm/software/spm12/] on a
MATLAB platform (MathWorks Inc., Sherborn, MA). The first four volumes were discarded

from the analysis to allow for magnetic saturation effects.

All functional images involved motion correction to the first image of the first run by
realigning the remaining volumes using a least-square approach and a six-parameter rigid-
body spatial transformation. A mean image was created during the realignment step. Each
individual data set was screened for data quality via inspection for image artefacts and
excessive head motion (> 3 mm head motion or 2° head rotation). Functional images were
then co-registered to the T1 structural image. The resulting images were then normalized into
standard space using the Montreal Neurological Institute (MNI) template, re-sliced to 2x2x2

mm and smoothed using a Gaussian kernel of full-width half-maximum (FWHM) of 8 mm.

fMRI responses were modelled using the General Linear Model (GLM) across all two runs
modelled as separate blocks with a canonical hemodynamic response function (HRF),
convolved for the length of each block, normalized to the global signal across the whole brain
and the entire session. The data were high-pass filtered at 128 Hz to remove the effects of
scanner signal drifts. To account for the intrinsic autocorrelations, autoregressive noise model
of order 1 (AR1) was used. Movement parameters and outliers were included as nuisance
regressors in the first-level SPM. Individual contrasts were carried out to investigate the
BOLD response. Task activity in each load was contrasted with the corresponding control
load. The main effect of WMT was tested by contrasting all WMT load (all loads) with all
control (no load) conditions [1 1 1 -1 -1 -1]. We were also interested in the areas activated
during high and medium WM load vs. low load (six or four items vs two items), since
contrasting higher load with lower load is thought to reflect maintenance aspects of WM

(Ragland et al., 2002).

These contrast images were taken up to a second level analysis (ANOVA). We looked at the
main effect of group, main effect of load and load by group interaction. At the group level
and for the between-group analysis we used family wise error (FWE) threshold P= 0.05, k=5.

Age, sex and handedness were included as covariates to control for their effect. Significant



BOLD effects were rendered on a normalized MNI template.

At the group level and for the between-group analysis we used family wise error (FWE)
threshold P= 0.05, k=5. Supplementary material also provides results using uncorrected
p=0.001/0.005, k=300. Age, sex and handedness were included as covariates to control for

their effect. Significant BOLD effects were rendered on a normalized MNI template.

In order to better characterize the significant differences between groups, we extracted the
contrast parameter estimates for peak voxels from a factorial design (Group as between factor,
Load as within factor, significant clusters from Group by Load interaction). Extracted values
for each region of interest were submitted to statistical analysis. To identify regions of
activation correlated with age, separate regression analyses were performed in each group

using age as covariates (multiple regression).

fMRI activation in relation to clinical parameters and neuropsychological scores
Voxel-based regression analysis: To examine whether the group differences in load-
dependent activation varied in relation to subjects’ age and their neuropsychological
performance, we applied a multiple regression analysis for all significant contrasts from the
within-group analysis. This analysis was performed in both patients and controls. For patients,
we also added age of onset, duration of epilepsy, total number of seizures and time after the
last seizure as variables.

Post-hoc ROIs-based correlation analysis: To better understand the clinical variables driving
the differences in fMRI activation observed in the factorial analysis, we used the clusters
identified in the Group by Load interaction contrast to extract the peak of the cluster beta
values. Beta values from the BOLD response were extracted from regions of interest centered
around clusters’ peak voxel and correlated in each group with neuropsychological scores and
performance (correct, missed and errors) measured during scanning using Pearson correlation
(SPSS v20, IBM Corp.). Significance values were set after Bonferroni correction for multiple

comparisons.

RESULTS

Subjects characteristics



Groups were comparable with regard to age, sex and handedness. The patient group included
17 participants with ECTS and 17 HC (age range between 6.4 — 12.8 years old, (Table 1)). In
patients, mean age at the onset of epilepsy was 7.2 years (SD = 1.8, min =51, max = 10),
mean duration of epilepsy from disease onset to the scanning session was 28.3 months
(SD = 26.5, min = 2, max = 84) and mean time between the last seizure and scanning session
was 6.2 months (SD = 5.2, min = 0.4, max = 20, Median = 4 months, Range = 19.6 months).
At the time of inclusion in the study, EEG spike foci were left sided in eight, right sided in
seven, and bilateral in two patients. Seven patients took one AED, one took two AEDs, while
nine patients were free of any AED. One patient (#4) was additionally treated for co-morbid

ADHD with Methylphenidate (Table 2).

Neuropsychological and behavioral data

ECTS patients showed comparable neuropsychological scores to that of healthy controls,
though full-scale 1Q was slightly lower in patients than in HC (Table 1). Regarding
performance data collected during scanning, both groups demonstrated a significant
association between WM load and concurrent behavioral data, with greater response time
(P<0.001), reduced accuracy (P<0.001), higher number of errors (P<0.001) and of missed
responses (P=0.08) for higher WM load. In addition, a significant Group by Load interaction
was observed for missed responses. When findings from all WM loads were averaged, ECTS
patients showed greater response time (P=0.006), reduced accuracy (P=0.001), higher number

of errors (P=0.001) and of missed responses (P=0.006) than HC.

Impact of clinical variables on neuropsychological and behavioral data
Two neuropsychological scores positively correlated with age across both populations (Digit
span forward r = 0.419, p = 0.014, and Digit span backwards r = 0.532, p = 0.001), while

behavioral performance did not correlate with age in any group.

ECTS patients demonstrated several positive correlations between the time passed since the
last seizure and 1) the WMI score (r=0.608, P<0.001), 2) the digit span forward (r=0.765,
P<0.001), 3) digit span backwards (r=0.677, P<0.001), 4) calibrated scores for digit span
forward (r=0.649, P<0.001) and 5) backwards (r=0.536, P=0.003). All these correlations
indicated better neuropsychological performances with longer seizure free period before
testing and remained significant after Bonferroni correction (correction for bivariate

association P = 0.05/9 = P<0.0055). Age at onset of epilepsy negatively correlated with digit



span forward (r=-0.726, P<0.001) and with calibrated digit span forward (r=-0.743, P<0.001),
indicating better performance with earlier age at onset. In contrast, the total number of
seizures, the duration of epilepsy and the presence or absence of AED treatment had no

impact on neuropsychological and behavioral findings.

fMRI data

Table 3 gives an overview of regions significantly activated during WMT. Results of fMRI
analysis are displayed in Figures 2-6 and the exact dimensions of the peak activation clusters
are shown in Table 3. Across all our analyses showing significant WMT-triggered fMRI
activation, both patient and control groups mostly showed activation of frontal and parietal
regions predominantly in the left hemisphere, consistent with previous investigations of

verbal WMT.

All loads analyses

In both groups the activation of the left superior parietal lobule (SPL), precentral gyrus and
medial frontal gyrus (MFG) was associated with WMT.

In the HC group, additional activations were observed: in the left hemisphere over the
superior frontal (SFG) gyri, inferior parietal lobule (IPL), superior and inferior temporal gyrus
(STG and ITG, respectively), insula; in the right hemisphere over the precentral gyrus and the
insular cortex (Figure 2A), while in ECTS, we observed further left sided activation of the

inferior frontal gyrus (IFG) and middle frontal gyrus (MiFG) (Table 3, Figure 2B).

The interaction of Group by Load contrast showed significant interaction over five clusters:
the left superior frontal gyrus, the left precentral gyrus, the left and the right insula and the
right frontal gyrus. The observed differences between groups were greater for high load. This
reflected the fact that healthy controls showed a linear increase in activation with increasing
WM load (except for the left superior frontal gyrus), while patients showed such an increase

only between low and medium load with very little activation for the highest load (Figure 3).

High load analyses

High load versus no load showed significant activation only in HC, where it involved the
MiFG, MFG, STG and insular cortex bilaterally, as well as the left precentral gyrus, superior
parietal lobule (SPL), ITG and middle occipital gyrus, and the right IPL (Figure 4A).



Similarly, high load versus low load showed significant activation only in HC, over the IFG,
insular cortex, MiFG and cingulate gyrus bilaterally, the left middle temporal gyrus and
dorsal striatum and the right MFG and IPL (Figures 4B). Finally, high load versus medium
load, which primarily reflects WM maintenance, showed an activation in the right MiFG in

HC only.

Between-group analyses confirmed that HCs showed significantly greater fMRI activation
than ECTS patients for high load versus no load contrast over the left STG, ITG, MFG, MiFG
and the right IFG (Figure 5, Table 3). No region was more activated in patients than in

controls.

Medium load analyses

In contrast with high load analyses, medium load versus no load analyses showed larger
activated areas in patients than in HC. Indeed, while both HC and patients showed activation
in the left SPL, ECTS also showed activation over the left precentral gyrus, postcentral gyrus,
insular cortex, IFG and precuneus, and the right MiFG (Figure 6A and 6B). However,

between-group analyses showed no significant difference.

Low load analyses

There were no significant clusters for the low load versus no load contrast in any of the

groups, nor differences between groups.

fMRI activation in relation to clinical parameters and neuropsychological scores

Voxel-based regression analysis

In healthy controls, several clusters detected for the all loads versus no load contrast showed
a positive association with neuropsychological scores: i.e. the left postcentral gyrus cluster
correlated with the VCI and WMI score, while the left ITG, MiFG and right SFG clusters
correlated with the PRI score. Correlations with PRI score were also observed for the right
MiFG and SFG clusters detected in the high load versus no load contrast, as well for the left
MiFG cluster detected in the high load vs low load contrast. All these correlations indicated
better neuropsychological performances in controls with greater fMRI activation. No such
finding was observed in ECTS. There was no correlation with age in any group, nor
association with clinical variables such as seizure frequency, age at epilepsy onset, time since

the last seizure, duration of epilepsy and total number of seizures.



Post-hoc ROI-based correlation analysis

In ECTS, the extracted values showed a negative correlation with the total number of seizures
over the left insula (r=-0.457, P=0.013) and right MiFG (r=-0.432, P=0.019) which indicated
that the higher the number of seizures, the lower and more abnormal the activation of these
regions in ECTS. Patients also showed an association between extracted values in the left
SFG and WMI score (r=-0.441, P= 0.012) and calibrated digit span forward span (r=-0.393,
P=0.021) indicating that lower BOLD changes were associated with higher performance
scores. In HC a negative correlation was observed between the peak of the cluster beta values
of the left precentral gyrus and the WMI score (r=-0.386, P=0.032). However, none of the

above associations survived the Bonferroni correction.

DISCUSSION

To the best of our knowledge, this is the first report of WM neural correlates in children with
ECTS. Overall, there were greater task-induced activations in age and sex-matched healthy
controls than in patients over several brain regions involved in verbal WM. Both groups also
demonstrated that the higher the WM load, the greater the fMRI activation in brain areas
previously shown to be involved in WM, though this did not apply to the highest WM load in
ECTS. Healthy controls responded to increasing WM demands by engaging larger relevant
WM-related regions in the dorsal and ventral prefrontal cortex (DLPFC and VLPFC),
premotor and motor areas, frontal and supplementary eye field areas (FEF and SEF), insula
and parietal cortex. Patients engaged some of these regions to a lesser extent, and maximally
at the medium WM load. The between-group comparisons for high WM load showed lower
activation in ECTS children over a widespread cortical network including the right DLPFC,
the left superior and inferior temporal gyri, FEF and SEF. ECTS also demonstrated lower
behavioral WM performance as compared to healthy children and failure to proportionally
engage WM network in response to increase in WM load. Finally, ECTS patients failed to
show the correlations between WMT-related fMRI activation and neuropsychological

performance observed in healthy controls.

None of the groups showed a significant activation during low memory load (two items - a
relatively simple condition), probably because the low load did not sufficiently burden the

WM system. Indeed, the activation in WM network enhanced when the task become more



difficult (Mather and Sutherland, 2011). The mean capacity of WM in our healthy controls
group was 4.1£1.2 items, whereas it was 3.6+0.9 in ECTS (see Table 1). Regarding fMRI
activation, it is difficult to determine the WM capacity limit as there was no task with five
items (intermediate between medium and high load). Furthermore, comparison between high
and medium load showed significant clusters in HC, but not in patients. Nevertheless, based
on our findings, it appears that ECTS patients reached their limit for the medium WM load,
while HC reached it for the high WM load.

Generally, it is considered that the increase in cognitive demand (higher load) results in
increased load-dependent activity in areas related to WM (Vogan et al., 2016) and hints
towards performance improvements in WM over the course of development (Best et al., 2011;
Bunge and Wright, 2007; Gur et al., 2012). Executive functions, including WM, develop from
childhood till adolescence (Luna et al., 2004), and might even continue to progress until early
adulthood (Satterthwaite et al., 2013). However, many WM components are fully functional
by the age of 4 (Alloway et al., 2004). Other components of WM maintenance, such as those
involved in active verbal rehearsal and attentional refreshing, appears around 7 years of age
(Camos and Barrouillet, 2011). Furthermore, while the executive component of WM is
appropriately developed by the age of 6, performance on simple and complex WM tasks show
a linear increase from age 4 to 14 (Gathercole et al., 2004). This process appears tightly
linked to the network level mechanisms of plasticity and its structural and functional
coupling, with great intraindividual variability in executive functions, notably of the verbal

WM (Baum et al., 2020).

Our patient group was similar to the control group on all demographic variables. Because this
experiment was a rare experience for all participants, arousal and motivation factors were
expected to be similar in both groups. One might argue that patients might have been more
motivated, due to their epilepsy- and health-related concerns, a possibility that would have
resulted in greater activation in patients which would then reduce, rather than accounting for,
the differences observed between ECTS and HC. Also, the observed differences cannot either
be attributed to the female advantage in verbal WM testing (Wang and Carr, 2014), since
there were 29.4% female subjects in each group. Furthermore, the sex difference in WM-
induced brain activation are observed from late adolescence (Voyer et al., 2017), while the

eldest children in our study were 13 years old.

Previous reports on activation during verbal WMTs indicated a frontal and parietal

predominance in adolescents and adults (Nagel et al., 2013; Thomason et al., 2009), while in



children, activations are primarily observed over the premotor and parietal cortex, anterior
insula, dorsal striatum and the cerebellum (Ciesielski et al., 2006). Several areas are
responsible for neurodevelopment of verbal WM manipulation such as the lingual gyrus, the
occipital poles and the right VLPFC (Brodmann area 9, 10, 46) (Yang et al., 2015). Thus,
observing activations in some of these areas in both our groups at the limit of their WM

capacity is not surprising.

The prefrontal cortex and parietal cortex play essential roles in active maintenance of WM
(Cohen et al., 1997). In particular, dorsolateral prefrontal cortex is associated with
manipulating and monitoring information held in WM (Fletcher and Henson, 2001), and is
thought to be sensitive to increase in cognitive demand (Thomason et al., 2009). Previous
studies have found increased activity in this region at high WM loads (Linden et al., 2003)
and with greater task difficulty (Jaeggi et al., 2003). The insular cortex is known to respond in
cognitively demanding tasks (Sridharan et al., 2008). The insula has been described as a
multimodal region that supports task demands and attention systems and helps disengaging
other systems in response to high demands (Eckert et al., 2009). The activation of insular
cortex and the left DLPFC during WMT has been associated with increased task difficulty
and with monitoring and maintenance of information (Curtis and D'Esposito, 2003). The fact
that healthy controls activated the insula for high load and ECTS for medium load task
supports the idea that the insula is recruited in the conditions of highest complexity in a given

population.

Studies focusing on other forms of epilepsy than ECTS have reported altered WM-triggered
fMRI responses. Patients with frontal lobe epilepsy demonstrated lower activation in several
brain regions during a verbal WMT (Braakman et al., 2013). In children with temporal lobe
epilepsy, WM deficits, notably in accuracy and response time, and reduced WM-triggered
BOLD signal, were also reported (Oyegbile et al., 2018). Comparable patterns of decreased
fMRI activation and behavioral performance during verbal WMT have been reported in
autism (Urbain et al., 2015) and ADHD (Mattfeld et al., 2016). In contrast, patients with
juvenile myoclonic epilepsy showed a pattern of activation during a verbal WM task which
was similar or greater than those of healthy controls in the motor cortex and supplementary

motor area (Vollmar et al., 2011; Wandschneider et al., 2014).

Our fMRI findings should also be interpreted in the context of previously shown structural
brain changes in patients with ECTS, including abnormal cortical morphology and white

matter development in fronto-parietal regions involved in WM, and reduced structural



connectivity in sensorimotor and language areas (Besseling et al., 2013a; Ciumas et al., 2014;
Garcia-Ramos et al., 2015; Garcia-Ramos et al., 2016; Hutchinson et al., 2010; Lin et al.,
2012; Pardoe et al., 2013; Tosun et al., 2011; Widjaja et al., 2012).

Although the overall intellectual abilities of children with ECTS are preserved, this form of
epilepsy is often accompanied by language impairments, particularly for reading,
impulsiveness and difficulties in concentration, with a risk of academic underachievement
(Croona et al., 1999). It has also been hypothesized that failure to meet WM demands might
participate to academic underachievement (Gathercole and Alloway, 2006). In our cohort,
children with ECTS demonstrated similar neuropsychological scores than controls, but
deficits in WM performance. Memory evaluation in children with ECTS indicates
significantly worse performance on tests that include WM testing compared to children
without epilepsy (Verrotti et al., 2013; Vintan et al., 2012; Volkl-Kernstock et al., 2006).
Consistent with previous studies of verbal WM in this age group, we noticed a significant
effect of load on the performance with more errors, less accuracy, and longer response time
for higher WM load. While this was observed in both groups, ECTS patients choose more

often than controls to not respond to the task if they were not certain of their response.

Several factors might impair WM in patients with epilepsy, including antiepileptic
medication, interictal, ictal or post-ictal epileptic activity, and underlying brain lesion and/or
epileptogenic process. In our patients, AEDs did not appear to have a significant impact on
either the neuropsychological, behavioral and fMRI findings. This might reflect the fact that
only half of the patients were treated with AEDs, using a single drug except for one patient,
and for a period of less than two years. Ictal and post-ictal activities are also unlikely to play
any significant role, since the minimum and median time elapsed since the last seizure was 12
days and 4 months, respectively. Furthermore, the duration of epilepsy and total number of
seizures did not have an impact on behavioral and neuropsychological performances. Yet,
neuropsychological scores were associated with the time elapsed since the last seizure and age
at onset of epilepsy, with better performance for the longest period without a seizure and an
earlier age of onset. One hypothesis that could account for the above findings is that late onset
of epilepsy and recent seizures are just surrogate markers of a more active ECTS-related
neurobiological dysfunction at the time of the study, while a greater proportion of patients
with early-onset epilepsy and long delay from last seizure would have already reached the
stage of long-term remission. The interictal epileptiform abnormalities which characterize

ECTS might well underlie the postulated alteration of WM function (Filippini et al., 2013).



Another contributive factor could be that the age-dependent trajectory of WM development
would render WM performance more sensitive to late- than early-onset ECTS, accounting for
the observed association with age at first seizure but not with disease duration. Data from the
literature offer different perspectives. Previous investigations in children with epilepsy (van
Iterson and de Jong, 2018) and in those with ECTS (Lopes et al., 2014) found that earlier
onset of epilepsy was associated with greater WM memory deficits, while later-onset was

associated with a more persistent deficit.

A limitation of this study is its small sample size, precluding the investigation of various
variables such as the laterality of the EEG focus, and warranting further studies with a larger

number of participants to replicate or extend our findings.

CONCLUSION

Children with ECTS differed from healthy controls in how they modulate WM processes
during tasks with increasing difficulty level, with engagement of the fronto-parietal network
activity at lower WM load than that responsible for larger activation in HC, and reduced

capacity to sustain high WM load from both a behavioral and fMRI point of view.
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Figures Legends:

Figure 1. Example of the verbal WMT.

Figure 2. Overall effect of load analyses (A) Controls. (B) ECTS, Results shown on MNI
brain at FWE corrected threshold p=0.05, k=5, colour bar shows the T-score;

Figure 3. Group by Load interaction —Box plots show mean bold signal for each group at
different levels of task difficulty.

Figure 4. High load analyses. (A) Controls. High load vs. Low load analyses. (B) Controls.
Figure 5. Group comparison analyses, Controls. vs ECTS. High load comparison. Results
shown on MNI brain at uncorrected threshold FWE corrected threshold p=0.05, k=5, colour
bar shows the T-score

Figure 6. Medium load analyses. (A) Controls. (B) ECTS, Results shown on MNI brain at
FWE corrected threshold p=0.05, k=5, colour bar shows the T-score

Figure 7. Behavioral analysis. ** - significant Group by Load interaction, * effect of Load
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Figures Legends:

Figure 1. Example of the verbal WMT.
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Figure 2. Overall effect of load analyses (A) Controls. (B) ECTS, Results shown on MNI
brain at FWE corrected threshold p=0.05, k=5, colour bar shows the T-score;
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Figure 3. Group by Load interaction —Box plots show mean bold signal for each group at

different levels of task difficulty.

+ p=0.006 +

PEf

4 p=0.053

4 P=0.004

| p=0.033

.| P=0.001

il

e s 9K EL

Healthy volunteers
ECTS

Group x Load interaction

A - . g N

Left superior frontal gyrus,
BA 6
[-2,12, 52]

B
t-stat
12
Left precentral gyrus, BA 6
[-50, -2, 48]
C
Left insula, BA 13
[-30, 22, 6]
D
Right insula, BA 13
[34, 18, 6] 0

Right middle frontal gyrus BA 8, BA 10
[36, 32, 38]



Figure 4. High load analyses. (A) Controls. High load vs. Low load analyses. (B) Controls.
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Figure 5. Group comparison analyses, Controls. vs ECTS. High load comparison. Results
shown on MNI brain at uncorrected threshold FWE corrected threshold p=0.05, k=5, colour bar

shows the T-score
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Figure 6. Medium load analyses. (A) Controls. (B) ECTS, Results shown on MNI brain at
FWE corrected threshold p=0.05, k=5, colour bar shows the T-score
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Figure 7. Behavioural analysis. ** - significant Group by Load interaction, * effect of Load
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Table 1. Population characteristics

Controls (N=17) ECTS (N=17) p-Value
Age (years), mean, SD 9.4 1.9 9.7 1.9 0.7
Male, Nb 12 70.6 % 12 70.6 % 1.000
Female, Nb 5 29.4 % 5 29.4 % )
Range (years) 6.4 12.8 6.9 12.6 -
Right-handed, Ambidextrous, Left-handed 12--1--4 12-2--3 -
Full-Scale 1Q, mean, SD 110 16 104 16.8 0.353
Verbal comprehension index (VCI) 111 14.6 102 21.3 0.182
Perceptual reasoning index (PRI) 107 10.6 107 13.6 0.909
Working memory index (WMI) 101 15.1 100 14.4 0.939
Processing speed index (PSI) 110 16 99 15.6 0.053
Digit span forward 54 1.4 5.2 0.9 0.556
Calibrated score for digit span forward 0.2 1.2 -0.06 0.7 0.444
Digit span backward 4.1 1.2 3.6 0.9 0.223
Calibrated score for digit backward 0.4 0.9 -0.05 0.9 0.166




Table 2. Patients description

# Age | Sex | Handedness | Diagnosis | EEG focus | Side Heredity | AED Age at onset | Total Nb of seizures | GTCS Il;lislftifslzure’
1 8,6 F 100,00% BCECTS C-T Bilateral | No CLO 8 1 No 7

2 12,1 | M 100,00% BCECTS C-T Bilateral | No 6 5 No 11
3 8,3 M 100,00% BCECTS C-T Left Yes 8 1 No 3
4* 180 | M 60,00% BCECTS C-T Left No 6 1 No 4

5 11,0 | F -90,00% BCECTS C-T Left No VAL 9 6 No 2

6 109 | M 80,00% BCECTS F-C-T Left No 10 1 No 4

7 104 | M 100,00% BCECTS C-T Left No CBZ 9 1 No 3

8 102 | M -100,00% BCECTS C-T Left Yes CBZ 10 3 No 0,4
9 126 | F 100,00% BCECTS F-C-T Left No VAL 6 2 No 13
10 | 7,2 M 100,00% BCECTS C Left No 6 1 No 6
11 [ 120 | M 20,00% BCECTS C Right No VAL 5 4 Yes 10
12 |94 | M 0,00% BCECTS CT Right Yes CLO+VAL | 5 1 No 1
13 169 M 100,00% BCECTS C-T Right No 6 5 Yes 10
14 193 F 100,00% BCECTS C-T Right No 6 4 No 4
15 19,6 M 80,00% BCECTS T Right Yes 7 1 No 20
16 [ 119 | M -100,00% BCECTS C-T Right Yes 10 2 Yes 6
17 16,9 F 100,00% BCECTS C-T Right No VAL 6 2 No 1

ECTS —epilepsy with centro-temporal spikes, AED- Anti-epileptic medication, CLO - Clobazam, CBZ- Carbamazepine, VAL- Valproate,
Levetiracetam - LEV, Oxcarbazepine - OXZ, *- Methylphenidate (not taken on the day of scanning)




Table 3. fMRI results

Healthy Controls

All loads
Hemi Lobe Cluster covering Brodmann area (BA) p(FWE-corr) Cluster size in voxels T X y z {mm}

Frontal Precentral Gyrus BA6,BA 4 0.000 1373 9.63 -42 -4 42
Sub-lobar Insula BA 13 7.49 -30 14 14
Frontal Precentral Gyrus BA 44 0.000 396 7.22 -52 10 10

Temporal Superior Temporal Gyrus BA 22 6.36 -48 10 0

Left Temporal Inferior Temporal Gyrus BA 19 0.016 5 591 -44 -58 -6
Parietal Superior Parietal Lobule BA7 0.000 649 7.36 -24 -68 42
Parietal Inferior Parietal Lobule BA 40 ) 7.35 -34 -40 44
Frontal Medial Frontal Gyrus 8.99 -2 18 46
. BA6 0.000 1177 8.22 -4 6 54
Frontal Superior Frontal Gyrus 3.66 n 10 5
Right Frontal Precentral Gyrus BA 6 0.000 172 7.39 54 -2 46
Sub-lobar Insula BA 13 0.000 98 7.03 38 16 2

High load

Frontal Precentral Gyrus BA 6 0.000 1343 11.04 -42 -4 42
Middle Frontal Gyrus BA 10 0.021 5 5.68 -38 36 24

Sub-lobar Insula BA 13 8.38 -34 22 4

Temporal Superior Temporal Gyrus BA 22 0.000 563 6.94 -52 10 -6

Frontal Precentral Gyrus BA 44 6.01 -56 10 4

Left Temporal Inferior Temporal Gyrus BA 19 0.001 50 7.38 -44 -58 -6
BA7 0.000 386 7.11 -24 -66 50
Parietal Superior Parietal Lobule BA 40 0.009 14 6.18 -52 -38 54
0.001 41 6.05 -40 -52 60
Occipital Middle Occipital Gyrus BA 19 0.012 11 5.95 -32 =78 20

Sub-lobar Lentiform Nucleus Putamen 0.021 5 5.85 -16 16 -6
. 10.20 -2 14 46
Frontal Medial Frontal Gyrus BA6 0.000 1509 .83 3 16 6
Frontal Middle Frontal Gyrus BA 8 0.000 137 8.48 38 32 40

Sub-lobar Insula BA 13 0.000 33 7.76 38 16 0

Right Temporal Superior Temporal Gyrus BA 38 ) 5.69 48 14 -6
Parietal Inferior Parietal Lobule BA 40 0.000 207 6.72 48 -40 46
. BA6 0.011 12 5.99 36 0 60
Frontal Middle Frontal Gyrus BAO 0.007 7 536 20 22 3

High load vs low load

Sub-lobar Insula BA 13 0.000 645 8.73 -38 14 -4

Sub-lobar Claustrum * 7.12 -28 26 -2

Temporal Middle Temporal Gyrus BA 22 0.000 33 7.53 -60 -38 8
Inferior Frontal Gyrus 7.43 -46 2 30
Left Frontal Precentral Gyrus BA6 0.000 337 7.08 -36 -4 38
Middle Frontal Gyrus 6.39 -40 -2 48

Lentiform Nucleus Putamen 6.21 -16 4 8
Sub-lobar Caudate Caudate Body 0.001 18 6.10 16 | 2 16




Limbic Cingulate Gyrus BA 32 7.67 -2 20 42
Cingulate Gyrus BA 32 0.000 780 8.46 12 22 34
Frontal Medial Frontal Gyrus BA9 7.33 8 28 28

. Inferior Frontal Gyrus BA 47 8.73 38 16 -6

Right Sub-lobar Insula : BA 13 0.000 384 6.62 30 26 2
Parietal Inferior Parietal Lobule BA 40 0.001 19 6.75 46 -42 42
Frontal Middle Frontal Gyrus BAO9 0.000 42 6.50 32 32 36

High load vs medium load
Right | Frontal | Middle Frontal Gyrus | BAS [ 0.021 8 | 5.94 36 32 40
Medium load
Left | Parietal | Superior Parietal Lobule | BA7 [ 0.014 7 | 5.86 24 -70 46
ECTS
All loads
Left Frontal Inferior Frontal Gyrus, Precentral Gyrus BA9,BA6 0.000 118 7.10 -54 4 22
Medial Frontal Gyrus BA 6 0.008 10 5.92 0 16 46
Parietal Superior Parietal Lobule BA7 0.000 58 6.75 -26 -62 54
Right Frontal Middle Frontal Gyrus BA 10 0.009 9 5.87 40 44 22
Medium load

. Postcentral Gyrus BA3 0.002 23 6.47 -62 -14 26
L | e Precuneus BA 7. BA 19 0.000 84 6.09 28 | 62 |40

Inferior Frontal Gyrus, Insula BA6 0.007 14 6.05 -34 26 2
Frontal Precentral Gyrus BAG6 0.009 16 5.90 -40 2 30
Right Middle Frontal Gyrus BA 10, BA 46 0.006 14 5.98 40 44 24

Group comparison
High load
Superior Temporal Gyrus BA 22 0.001 60 5.84 -56 10 -6
Temporal -

Left Inferior Temporal Gyrus BA 19 0.003 33 5.83 -44 -58 -6
Medial Frontal Gyrus BA 6 0.000 140 6.05 -4 2 58
Frontal Middle Frontal Gyrus BA6 0.003 34 5.74 -44 2 38
Right Inferior Frontal Gyrus BA9 0.014 11 5.22 54 4 30




Table 4. Behavioral results

Load I\I/il::rllthy v0|luntee§i) MeaII:ZCTS SD Group WM load Groups x Load
Response time, ms
Low 2552 209 2777 230 F13=8.8 F2,64=26.1 F2,64= 0.792
Medium 2716 193 2943 260 p =0.006 p =0.000 p =0.457
High 2824 201 2977 262 n’p =0.213 n°p =0.449 n’p =0.024
Accuracy, %
Low 97.5 5.7 88.7 13.1 Fi3=12.7 F2.64=18.9 F2,64= 0.493
Medium 93.1 11.5 80.6 15.9 p =0.001 p =0.000 p=0.613
High 83.8 14.3 69.8 15.6 n°p =0.285 n’p =0.372 n’p =0.015
Errors, %
Low 1.0 2.8 7.3 114 Fi13=4.7 F264=17.9 F2.64=0.219
Medium 6.4 11.2 10.0 11.7 p=0.037 p =0.000 p=0.804
High 14.7 12 21.1 12.5 np =0.129 np =0.359 n’p =0.007
Missed responses, %
Low 1.5 3.3 3.9 6.7 Fi:=114 F264=2.62 F2,64=3.871
Medium 0.5 2.0 9.3 11 p =0.002 p =0.080 p=0.026
High 1.5 4.4 9.1 8.9 n’p =0.262 n’p =0.076 n’p =0.108






