
Investigating Inhibitory Control in Children with Epilepsy: An 
fMRI Study

Regina L. Triplett1, Katerina Velanova2, Beatriz Luna2,3, Aarthi Padmanabhan4, William D. 
Gaillard5, and Miya R. Asato2,6

1University of Pittsburgh School of Medicine, Pittsburgh PA

2Department of Psychiatry, University of Pittsburgh Medical Center, Pittsburgh PA

3Department of Psychology, University of Pittsburgh School of Medicine, Pittsburgh PA

4Department of Psychiatry, Stanford University School of Medicine, Palo Alto CA

5Center for Neuroscience, Children’s National Medical Center, George Washington University 
School of Medicine and Health Sciences, Washington DC

6Department of Pediatrics, Children’s Hospital of Pittsburgh of the University of Pittsburgh 
Medical Center, Pittsburgh PA

SUMMARY

Objective—Deficits in executive function are increasingly noted in children with epilepsy and 

have been associated with poor academic and psychosocial outcomes. Impaired inhibitory control 

contributes to executive dysfunction in children with epilepsy; however, its neuroanatomic basis 

has not yet been investigated. We used functional Magnetic Resonance Imaging (fMRI) to probe 

the integrity of activation in brain regions underlying inhibitory control in children with epilepsy.

Methods—This cross-sectional study consisted of 34 children aged 8 to 17 years: 17 with well-

controlled epilepsy and 17 age-and sex-matched controls. Participants performed the antisaccade 

(AS) task, representative of inhibitory control, during fMRI scanning. We compared AS 

performance during neutral and reward task conditions and evaluated task-related blood-oxygen 

level dependent (BOLD) activation.

Results—Children with epilepsy demonstrated impaired AS performance compared to controls 

during both neutral (non-reward) and reward trials, but exhibited significant task improvement 

during reward trials. Post-hoc analysis revealed that younger patients made more errors than older 

patients and all controls. fMRI results showed preserved activation in task-relevant regions in 

patients and controls, with the exception of increased activation in the left posterior cingulate 

gyrus in patients specifically with generalized epilepsy across neutral and reward trials.
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Significance—Despite impaired inhibitory control, children with epilepsy accessed typical 

neural pathways as did their peers without epilepsy. Children with epilepsy showed improved 

behavioral performance in response to the reward condition, suggesting potential benefits of the 

use of incentives in cognitive remediation.
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INTRODUCTION

Deficits in cognitive processes necessary for organization, inhibition, sustained attention, 

and planning and executing goal-directed tasks, often referred to as executive functions, are 

a known cognitive comorbidity in children with epilepsy.1–3 Executive function 

impairments can antedate seizures,4 persist during disease remission,5 predict lower quality 

of life,6 and relate to compromised cognitive development.2 These discrete cognitive skill 

impairments interfere with performance of complex tasks such as planning,7 and 

consequently, may pose a greater threat to a child’s overall function than seizures 

themselves.

In light of growing awareness of executive dysfunction in children with epilepsy, we aimed 

to provide a new approach to investigating its underlying neuroanatomic causes and 

conceptual models of cognitive remediation. Our methodology adds to prior investigations 

relating cortical structure to impaired behavioral task performance8 by studying the 

relationship between impaired executive function and associated cortical activity. The 

antisaccade (AS) task is representative of inhibitory control, a core component of executive 

function responsible for filtering out distractors while developing and executing a task-

relevant plan of action.9 Accordingly, inhibitory control is crucial for accomplishing goal-

directed behavior.10 It matures during mid- to late-adolescence11 and is thus potentially 

vulnerable to developmental disruptions at or before this time.

Successful completion of the AS task requires the recruitment of well-characterized 

cognitive and oculomotor control networks including the frontal, supplementary, and 

parietal eye fields, prefrontal cortex, striatum, thalamus, and cerebellum.12–14 AS task 

performance reliably predicts performance on traditional neuropsychological measures 

requiring intact inhibitory control in healthy children and adults.7 Additionally, impaired AS 

task performance has been described in children with attention deficit/hyperactivity disorder 

(ADHD)),15 in which executive dysfunction is commonly characterized as a core deficit.16 

Children with epilepsy demonstrate impairments in sensorimotor and inhibitory functions 

necessary for the AS task.17 Our goal was to build upon these findings by investigating the 

activity of regions utilized during the AS task. To optimize AS performance, we chose a task 

modulated by reward18 to inform remediation of inhibitory control deficits.

Experimental Aims

Our first experimental objective was to probe the integrity of the functional network 

associated with inhibitory control in epilepsy patients compared to controls. We predicted 
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that patients would make more AS task errors irrespective of reward contingency. In parallel 

with behavioral results supporting impaired inhibitory control,17 we expected patients to 

show decreased task-related functional activation in known cognitive and oculomotor 

control regions commonly utilized in AS tasks.12–14 Our second objective was to investigate 

the effect of reward-modulation on AS task performance in patients versus controls. Finally, 

given evidence of developmental vulnerabilities related to epilepsy occurring at younger 

ages,19 we performed an exploratory examination of age-related effects on behavioral and 

functional results.

METHODS

Participants

Participants were recruited and tested at the University of Pittsburgh Medical Center from 

January 2007 to March 2009. They ranged in age from eight to 17 years and met criteria for 

oculomotor task performance (e.g. no history of color blindness, amblyopia, strabismus, or 

other eye movement disorders) and MRI scanning (no contraindications such as metal 

implants or claustrophobia). In order to assure adequate task performance, participants were 

native English speakers with full-scale IQ’s ≥ 80, as determined by the Wechsler 

Abbreviated Scale of Intelligence (WASI).20 Participants provided written assent, and their 

parents/legal guardians provided informed consent. The study protocol was approved by the 

University of Pittsburgh Institutional Review Board and complied with the Declaration of 

Helsinki. Participants were paid for the behavioral ($50) and fMRI ($75) sessions.

We recruited seventeen children with a diagnosis of epilepsy according to ILAE 

classification21 from the Children’s Hospital of Pittsburgh Neurology Clinic. Patients had no 

history of MRI abnormalities on conventional 1.5 T clinical protocol and no neurological 

comorbidities such as Tourette’s syndrome or autism. Patients had several different epilepsy 

subtypes; classified as either generalized (n = 7) or focal (n = 10) (Table 1). Because of the 

high prevalence of psychiatric comorbidities in children with epilepsy, patients underwent 

screening using previously reported methods,17 with a summary of detected conditions in 

Table 1. We included six patients with comorbid ADHD for several reasons. First, ADHD 

occurs in greater than 30% of children with epilepsy,22, 23 therefore, a sample excluding 

patients with ADHD may not have adequately represented children with epilepsy with 

normal intelligence. In addition, inhibitory control deficits are characteristic in children with 

ADHD, although these impairments do differ among children with ADHD both with and 

without comorbid epilepsy.16, 24 Lastly, our previous work using an AS task revealed no 

additional executive function deficits among patients with epilepsy and ADHD beyond 

patients with epilepsy only.17 One patient with ADHD was on stimulant medication at the 

time of scanning. Patients continued their epilepsy medications during screening and data 

collection. Participants with epilepsy were not scanned if they experienced seizures within 

24 hours of the session and were monitored using the scanner camera for clinical signs of 

seizure activity.

Seventeen control participants were recruited from the community and matched to patients 

by age and sex after meeting the following inclusion criteria: (1) no personal or first-degree 

family history of neurological or psychiatric conditions, (2) no prior episodes of loss of 
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consciousness greater than five minutes, (3) no psychotropic medication use, and (4) a 

history of school attendance and grades consistent with age.

Several controls and patients were excluded due to inclusion criteria violations or failed 

scanning. Selection is detailed in Figure S1 (Supporting Information). Characteristics of 

patients and controls included in the final analysis are summarized in Tables 1 and 2.

Average parental incomes (determined by the Hollingshead SES scale25) did not differ 

between controls and patients. Patients had normal IQs ranging from 81 – 121 that were 

lower than controls (Table 2). The IQ scores in our patient cohort were higher than those in 

studies including patients with a range of intellectual abilities;26 Reilly et al reported that 

55% of children with epilepsy had IQ scores lower than 85 in a population-based study.23 

Yet the scores in our patient cohort were comparable to studies of “intellectually normal” 

children with epilepsy.1, 3, 5 There were no significant differences in seizure type, years of 

epilepsy duration, or distribution of seizure frequency between younger (aged 8–12 years) 

and older (aged 13–17 years) patients (Table 1).

Antisaccade Task

During the oculomotor task, participants were instructed to respond with an antisaccade (an 

eye movement to the mirror location) away from a suddenly appearing, peripheral visual 

stimulus in an unpredictable location.18 Each trial was composed of three 1.5 second phases 

beginning with a visual cue: either a ring of green dollar signs ($) indicating potential 

rewards for correct trial performance (reward condition), or a ring of blue pound signs (#) of 

equivalent size and luminance indicating that no reward was at stake (neutral condition). 

This cue was followed by the presentation of a red, central fixation cross. Lastly, during the 

response phase, the peripheral visual stimulus, a yellow sphere, appeared (Figure S2, 

Supporting Information). A white, central fixation cross delineated jittered intertrial 

intervals in equal proportions of 1.5, 3, or 4.5 seconds. Stimulus presentation was coded in 

E-Prime (Psychology Software Tools, Inc. Pittsburgh, PA). Stimuli were projected onto a 

flat screen behind the scanner bore, which participants viewed via a mirror on the head coil.

Trials were coded as “correct” when participants looked away from the peripheral stimulus 

and “error” when participants looked at the peripheral stimulus, even if they subsequently 

averted their gaze. To infer successful task performance within the scanner, patients and 

controls completed the AS task outside of the scanner within six months prior to the fMRI 

experiment. All participants performed the task appropriately outside the scanner. At the 

fMRI session, participants were told that there was potential to win “extra money” for 

correct responses during reward trials but that no money would be lost for incorrect 

responses. Performance on neutral trials would result in no monetary gains or losses. 

Participants were given five practice trials before the fMRI protocol began. The protocol 

consisted of four runs of 5 minutes 9 seconds each, with 14 reward trials and 14 neutral 

trials presented in random order during each run for a total of 56 reward trials and 56 neutral 

trials. Following task completion, all participants received the same amount of monetary 

compensation independent of performance as reviewed in the consent process.
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Eye Tracking

Eye movement latencies and directional responses were recorded in the MRI scanner using a 

long-range optics eye tracking system (Model 504LRO, Applied Science Laboratories, 

Bedford, MA). The direction, latency, and accuracy of eye movements were calculated off-

line using ILAB software27 and an in-house MATLAB scoring suite (Mathworks, Inc.).

fMRI Acquisition and Preprocessing

MRI scanning was conducted using a 3-Tesla Siemens Allegra scanner with a standard head 

coil. To reduce head movement, participants undertook a mock scan with auditory motion 

feedback before the real scan, and pillows were used for head stabilization. Functional data 

were acquired using a whole-brain gradient-echo echo-planar imaging sequence sensitive to 

BOLD contrast (repetition time (TR) 1.5 s, echo time 25 ms, flip angle 70 degrees, matrix 

64 × 64, field of view 20 × 20 cm, voxel size 3.125 × 3.125 mm). Twenty-nine 4-mm 

adjacent axial slices were collected, providing near whole-brain coverage to the mid-

cerebellum. Structural images were acquired in the sagittal plane using a 3D magnetization 

prepared rapid acquisition gradient-echo (MP-RAGE) pulse sequence with 192 slices of 1 

mm thickness. Structural and functional images were preprocessed using Analysis of 

Functional NeuroImages (AFNI)28 and FMRIB Software Library (FSL).29 A detailed 

description can be found in the Supporting Information.

fMRI Analyses

Group-wise analyses were conducted using AFNI. The model for individual participant 

deconvolution consisted of orthogonal regressors of interest for correctly performed reward 

and neutral AS trials. Nuisance regressors included six motion parameters and linear and 

non-linear trend terms. We modeled the hemodynamic response (HRF) using an incomplete 

gamma function approximating the BOLD response to a stimulus.

We first investigated whole-brain activation in controls versus all patients and in 

comparisons between patients with generalized versus focal epilepsies followed by voxel-

wise, paired t-tests across the whole brain to identify clusters showing between-group 

activation differences (voxel threshold: p ≤ 0.001, corrected cluster threshold: p ≤ 0.05). A 

single voxel threshold required for a cluster level alpha value corrected for multiple 

comparisons was derived using a series of Monte Carlo simulation clustering procedures in 

AFNI 3dClustSim.

Region of Interest selection—To analyze task-relevant areas, we defined regions of 

interest (ROIs) by task-related activation in an independent sub-cohort of controls aged 8–17 

(not included in the present study) during a similar rewarded AS task.30 We selected 10 

ROIs that demonstrated significant change from baseline across the experimental age range 

and conditions to delineate the basic circuitry activated in our study.31 These ROIs included 

regions implicated in oculomotor control, such as the putative frontal and supplementary eye 

fields (FEF and SEF), and reward processing regions, such as the anterior cingulate cortex 

(ACC) and putamen (Figure 1).30 Given their known engagement in reward processing, the 

bilateral ventral striatum (VS)18, 32 were added and defined anatomically according to the 

Triplett et al. Page 5

Epilepsia. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Talairach and Tourneaux atlas33 (for 12 total a priori ROIs). The mean magnitude estimate 

was extracted from each ROI for each participant.

Statistical Analyses

Task performance—Percent correct responses and response latencies (time to response) 

were entered into Repeated Measures (RM) ANOVA, testing the effects of incentive 

condition (within-subjects factor), and age group (described below) and clinical diagnosis 

(between-subjects factors). Interactions were examined for the following: condition and 

diagnosis, condition and age group, diagnosis and age group, and condition, diagnosis, and 

age group (three-way). The Benjamini-Hochberg (B-H) procedure was used to correct for 

multiple comparisons.34 To investigate possible developmental differences during active 

childhood disease, we performed specific analyses considering age as a dichotomized 

variable (younger: 8–12 years; older: 13–17 years). The age split was determined by prior 

developmental studies using similar partitions indicating significant shifts in cognitive skills 

underlying executive function11 and structural brain maturation.35 Lastly, we repeated the 

above RM ANOVA with three diagnostic groups (controls, focal epilepsy patients, and 

generalized epilepsy patients) to explore possible differences related to epilepsy subtypes.

fMRI activity—RM ANOVA for each ROI assessed the main effect of incentive condition 

as a within-subjects factor, and clinical diagnosis and age group as between-subjects factors. 

Interactions were again examined for the following: condition and diagnosis, condition and 

age group, diagnosis and age group, and condition, diagnosis, and age group (three-way) 

with B-H corrections. We repeated the above RM ANOVA using three diagnostic groups 

(controls, focal, and generalized).

RESULTS

Behavioral Results

Antisaccade accuracy—RM ANOVA analyzing percent correct AS responses showed a 

significant effect of clinical diagnosis surviving the B-H threshold, with controls achieving 

more correct responses than children with epilepsy (F (1,30) = 8.54, p = 0.007). We also 

found an effect of incentive (F (1,30) = 10.42 p = 0.003), with more correct responses in the 

reward condition across the two groups (Figure 2). There was no interaction between 

clinical diagnosis and incentive.

Younger participants (ages 8–12) made more errors than older participants (ages 13–17) (F 

(1,30) = 17.37, p < 0.001). There was also an interaction between clinical diagnosis and age 

group (F (1,30) = 7.09, p = 0.012). Post-hoc tests revealed that the difference in correct 

responses between controls and patients was primarily driven by younger patients (t(1,15) 

=-5.59, p < 0.001 and t(1,10.6) = −5.08, p < 0.001, for the neutral and reward conditions, 

respectively) (Figure 2). Younger and older controls did not show differences in either the 

neutral or reward condition. There were no interactions between incentive and age group or 

incentive, clinical diagnosis, and age group (three-way).

RM ANOVA analyzing percent correct AS responses between controls, generalized and 

focal epilepsies replicated the above results, additionally illustrating a significant effect of 
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clinical diagnosis (F(2,28) = 5.15, p = 0.012). Post-hoc tests revealed a significant difference 

between patients with focal epilepsy and controls (patients with focal epilepsy made more 

errors across conditions, p = 0.009), but no differences between patients with generalized 

epilepsy and controls or patients with generalized and focal epilepsies (Figure S3, 

Supporting Information).

Offline analyses of eye movement data demonstrated that incorrect AS responses (erroneous 

prosaccades made toward the stimulus) were followed by corrective antisaccades to the 

proper location by patients and controls. There was no difference in the number of corrective 

antisaccades made by patients and controls during the experiment. Because participants 

made hasty errors that they subsequently corrected, it is clear that they understood the task 

instructions, and therefore responded incorrectly due to failed inhibitory control during these 

trials.18, 31

Antisaccade Latency—Both controls and patients in the neutral and reward conditions 

took longer to initiate correct responses (antisaccade latency) than incorrect responses 

(prosaccade latency) (F(1,30) = 36.89, p < 0.001; F(1,30) = 36.35, p < 0.001, respectively) 

(Table S1, Supporting Information). There were no differences between controls and 

patients for anti- and prosaccade latencies between either incentive conditions. Age group 

had an independent effect on anti- and prosaccade latencies in the reward condition only, 

with longer latencies in younger than older participants (F(1,30) = 6.43, p = 0.017). There 

were no interactions between clinical diagnosis and age group, incentive and age group, or a 

three-way interaction between incentive, clinical diagnosis, and age group. RM ANOVA 

analyzing latencies between controls, generalized and focal epilepsies replicated the above 

results, with no additional significant effects.

fMRI Results

Whole-brain analysis—During correct AS task performance, the expected, relevant 

regions (including the bilateral frontal and supplementary eye fields, putamen, and 

precuneus) showed activation in controls and patients in the reward and neutral conditions 

(Figure 3). However, no differences in activation between controls and patients or in 

comparisons between patients with generalized and focal epilepsies survived our clustering 

thresholds.

ROI-based analyses and age group related effects—RM ANOVA with incentive as 

a within-subjects factor and clinical diagnosis and age group as between-subjects factors 

revealed differences in the left posterior cingulate gyrus (BA 23) between patients and 

controls during correct AS trials (F(1,30) = 5.26, p = 0.03). Here, patients displayed 

increased BOLD activation relative to controls (Figure 4). No ROIs showed an interaction 

between incentive and clinical diagnosis.

None of the ROIs showed an effect of age group. However, an interaction between incentive 

condition and age group was observed in the right medial frontal gyrus (F(1,30) = 4.36, p = 

0.045). Younger participants showed increased activation during the reward condition 

compared to the neutral condition, while older participants showed equivalent activation 
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during both incentive conditions. There were no interactions between clinical diagnosis and 

age group or incentive condition, clinical diagnosis, and age group (three-way).

RM ANOVA analyzing activation differences between controls, generalized and focal 

epilepsies replicated the above results, additionally illustrating a significant effect of clinical 

diagnosis in the left posterior cingulate gyrus (BA 23) (F(2,28) = 7.62, p = 0.002). Post-hoc 

tests revealed significantly increased activation in patients with generalized epilepsy as 

compared to both controls and patients with focal epilepsy (p = 0.004, p = 0.04, 

respectively) (Figure S4, Supporting Information).

DISCUSSION

This study investigated neural activation in children with epilepsy compared to controls 

during an antisaccade task evaluating inhibitory control and responsiveness to reward. 

Children with epilepsy exhibited impaired inhibitory control with significant improvements 

during the reward condition. Neuroimaging findings indicated intact neural circuitry during 

correct trials with the exception of increased task activation by generalized epilepsy patients 

in the left posterior cingulate gyrus. An exploratory investigation of age-related effects 

revealed that poor AS task performance in patients with epilepsy was almost exclusively 

driven by younger patients. However, we did not find corresponding differences in neural 

activation to support the same interaction between age and clinical diagnosis observed in 

task performance.

This study builds on a growing body of literature investigating the effects of neurological 

dysfunction on cognitive development in childhood epilepsy. Our results demonstrate 

impairments in inhibitory control among children with epilepsy that are consistent with 

previous findings, including age-related effects.17 These results inform future investigations 

to further delineate a functional and structural basis of cognitive impairment in epilepsy.

Inhibitory control

Disrupted executive function has been extensively described in pediatric patients with a 

variety of disease subtypes, including juvenile myoclonic epilepsy,36 rolandic epilepsy,37 

absence seizures,38 and idiopathic generalized epilepsy with generalized tonic-clonic 

seizures.39 In patients with normal intelligence, recent research supports that executive 

function deficits do not differ by epilepsy subtype.2, 3, 17, 38 Therefore, a shared mechanism 

underlying executive function deficits in epilepsy patients with normal intelligence is sought 

in current research.

Our behavioral results indicate impairment in the proportion of correct trials in 8–12 year 

old children with epilepsy; yet there were no group differences by the ages of 13–17 years, 

suggesting a mechanism of delayed maturation that is compensated in adolescence. 

Surprisingly, there were few differences between patients and controls in activation 

underlying correct inhibitory trials. A recent study correlating morphometric and cognitive 

differences suggests that children with epilepsy rely on alternative (perhaps compensatory) 

regions for optimal performance.40 In contrast, patients in the current study recruited the 

same regions as controls indicating preserved access to typical neural pathways. The neural 
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basis for observed behavioral differences may lie in the incorrect trials; or alternatively, the 

differences may not relate to specific activation patterns. Future investigations should 

include error-related activation during the AS task, and importantly, explore differences in 

state-related processes which may account for limitations in patients’ abilities to consistently 

maintain correct performance.41

Reward modulation: a potential model for cognitive remediation

In studies of typical development and in animal models of early life seizures, improved 

cognitive task performance corresponds with compensatory increases in task-relevant 

cortical activation.30, 42 In the present study, we expected children with epilepsy to activate 

compensatory regions associated with executive function in response to observed reward-

mediated task improvements. Increased activation by patients was only evident in the left 

posterior cingulate gyrus, a reward-sensitive region not known to be recruited during 

inhibitory control.43 It is unlikely that the activation of the cingulate directly contributes to 

task performance, but rather, it may indirectly improve AS execution as a result of enhanced 

reward processing. This increased activation persisted across rewarded and unrewarded 

trials, suggesting that the general prospect of a reward provided significant motivation for 

patients. Recent developmental research in non-epilepsy adolescents suggests a role for the 

use of rewards to encourage them to adult levels of performance.44 Similarly, the results 

from the current study could inform cognitive and behavioral remediation using incentives 

(i.e. behavioral contingency management) in school or home settings.16

Epilepsy subtypes

Our exploratory subtype analyses implicate the posterior cingulate as a region relevant to 

generalized epilepsy, as generalized epilepsy patients displayed increased activation during 

correct task performance (compared to both controls and focal epilepsy patients). These 

results correspond to earlier studies showing fMRI deactivation related to generalized spike 

and wave discharges (GSWDs) and corresponding decreases in functional connectivity in 

patients with long-standing generalized epilepsy.45, 46 In the present study, the observed 

increased activation was likely due to mechanisms other than GSWDs. Future studies with 

adequate group sizes are needed to fully address the impact of epilepsy subtype on fMRI 

activation.

Age-related effects

The neural circuitry supporting inhibitory control develops during childhood, but is further 

strengthened and refined throughout early adolescence. The emergence of neurologic 

disease in late childhood and early adolescence can disrupt the integration of existing 

abilities into systems with more efficient and consistent performance.47 Our preliminary 

analysis of age-related effects showed that younger children with epilepsy performed 

significantly worse than both younger and older controls and older children with epilepsy. 

Disease duration was only several years for most patients, but the ages at seizure onset were 

varied, further supporting the concept that younger age of epilepsy onset confers a more 

significant impact on developing cognitive skills.19, 26 It is possible that the younger 

children in our study exhibited deficits resulting from epileptogenesis prior to or during a 

critical developmental period in which inhibitory control is optimized.
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Study Strengths and Limitations

Several studies have correlated neuropsychological task scores with morphometric 

measurements to investigate the relationship between brain structure and cognitive function 

in children with epilepsy.8, 40 Our study contributes to the literature by using fMRI. fMRI 

studies of children with epilepsy often focus on pre-surgical mapping. These studies are 

limited in probing the neuroanatomic substrates of executive dysfunction, which is pervasive 

in both surgical and nonsurgical populations. We were therefore motivated to extend the 

potential of fMRI to search for neuroimaging biomarkers and characterize the progression of 

cognitive comorbidity.

It is often difficult to obtain reliable fMRI data from children, as they are less likely than 

adults to stay still while scanning and may therefore generate motion artifacts. A strength of 

our methodology was the addition of a simulation scanning session prior to data collection, 

ensuring that our sample would provide reliable results.

Recent investigations of the structure-executive function relationship in children with 

epilepsy used either aggregated task scores or parental ratings as measures, which may 

introduce sources of bias in reporting. Our study employed the AS task, on which children 

with epilepsy have demonstrated impairments.17 Furthermore, the AS task offers a well-

defined neuroanatomic network sensitive to developmental stages and neuropsychiatric 

conditions.14, 17, 18 The interrogation of the network for a quantifiable and discrete function 

such as the AS task provides a starting point for investigating more complex functions 

underlying cognitive comorbidity and the effect of ADHD in epilepsy.24

Our sample was limited by its modest size and heterogeneity of epilepsy subtypes. It will be 

important for future studies to improve upon this limitation by investigating larger numbers 

of patients with specific subtypes. Despite these limitations, we enhanced the patient group 

by recruiting only children with well-controlled epilepsy with normal clinical neuroimaging, 

normal intelligence, and short disease durations. In light of these patient characteristics, our 

findings may not apply to more refractory pediatric patient populations.

There were several patient factors that we were unable to control for with our study design. 

For example, patients were treated with monotherapy, and yet, several different medications 

were used. The effects of specific anti-epileptic drugs (AEDs) on task performance and 

activation were not accounted for due to lack of statistical power. During scanning, we 

observed patients for clinical signs of seizure activity, which could potentially impact the 

hemodynamic response function.

The age range of patients in our study offers a unique perspective regarding epilepsy’s 

effects across development. Unfortunately, we did not have sufficient participants to provide 

insight into specific developmental periods. It is possible that cortical regions which would 

have shown compensatory activation differed between the younger and older children in the 

current study, as Padmanabhan et al showed.30 This result was likely not elucidated due to 

lack of statistical power for fMRI analysis by separate age groups. Further work would 

therefore investigate the age-related behavioral differences we found with greater numbers 

of children with epilepsy in discrete age groups. Additionally, as the present study was 
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cross-sectional, future longitudinal studies would better inform our knowledge of cognitive 

comorbidity during development, epilepsy progression and remission.

Conclusion

Our study contributes the first investigation of functional activation underlying impaired 

executive function in children with epilepsy. During correct AS trials, task-related activation 

was relatively consistent between patients and controls, suggesting preserved integrity of the 

networks supporting inhibitory control. Our results indicate subtle differences between 

epilepsy subtypes and an increased vulnerability in younger children with epilepsy. The 

underlying mechanisms are likely multi-factorial and warrant further study. The implications 

of the preserved integrity of neural networks, even despite identified disease, underscore the 

complex nature of cognitive comorbidity and suggest a period of plasticity for either the 

augmentation or stagnation of neural functions, which may be more vulnerable at younger 

ages.

We confirm that we have read the Journal’s position on issues involved in ethical 

publication and affirm that this report is consistent with those guidelines.
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Figure 1. 
A) Region of interest (ROI) coordinates in Talaraich space. B) Spheres delineate the 12 

regions of interest (ROIs) from 1A drawn using BrainNet Viewer. All ROIs are marked in 

red except for the Left Cingulate Gyrus (in blue), a region showing significant group 

differences. Spheres do not indicate the actual size or shape of the ROI. R = Right side. L = 

Left side.
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Figure 2. 
Response accuracy shows effects of clinical diagnosis, incentive, and clinical diagnosis and 

age group (ages 8–12 years versus ages 13–17 years). Controls performed better than 

patients in both of the two incentive conditions. Both patients and controls performed better 

in the reward condition than the neutral condition. Task performance in younger patients 

lags significantly behind older patients and all controls. Error bars = SEM.
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Figure 3. 
Whole brain activation maps (created using threshold of p = 0.01, t = 2.92). Red, orange, 

and yellow represent levels of increasing activation respectively, while dark blue and light 

blue represent levels of increasing deactivation, respectively. Patients and controls show 

similar task activation in the same regions. z = Talaraich coordinate. R = Right side. L = 

Left side. PUT = Putamen. ITC = Inferior Temporal Cortex. VS = Ventral Striatum. PCUN 

= Precuneus. FEF = Frontal Eye Field. SEF = Supplementary Eye Field.
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Figure 4. 
A) A representative sphere marks the Left Cingulate Gyrus (ROI 6), drawn using BrainNet 

Viewer. B) Mean activation of the Left Cingulate Gyrus in patients and controls across both 

incentive conditions. Significant increase shown by patients. Error bars = SEM.
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Table 1

Clinical characteristics of patients.

Total 8–12 years 13–17 years

Age of seizure onset in years (Mean(SD)) 9.9 (3.5) 7.3 (3.0) 12.3 (1.7)

Epilepsy duration in years (Mean(SD)) 2.3 (2.2) 2.4 (2.8) 2.2 (1.5)

Lifetime seizure total (n = 17)

< 5 7 2 5

5 – 10 5 3 2

> 10 5 3 2

Seizure type (n = 17)

Focal 6 1 5

BECTS 4 4 0

Generalized Tonic Clonic 4 1 3

Absence 3 2 1

AED (n = 17)

LTG 7 3 4

CBZ 3 3 0

OXCBZ 2 2 0

VPA 2 0 2

LEV 2 0 2

TPM 1 0 1

Psychiatric comorbidities (n = 8)

ADHD* 6 4 2

Depression 2 0 2

BECTS = Benign epilepsy with centrotemporal spikes. AED = anti-epileptic drug. LTG = lamotrigine, CBZ = carbamazepine, OXCBZ = 
oxcarbazepine, VPA = valproic acid, LEV = levetiracetam, TPM = topiramate.

*
All patients with ADHD had the inattentive subtype.
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Table 2

Demographic characteristics of controls and patients.

Controls(n=17) Patients (n=17)

Age in years (Mean(SD)) 12.7 (2.8) 12.7 (3.0)

8–12 years (n) 7 8

13–17 years (n) 10 9

Sex (Male/Female(n)) 9/8 9/8

Maternal Income (Mean) $25,001 – $50,000 $25,001 – $50,000

Paternal Income (Mean) $50,001 – $75,000 $50,001 – $75,000

IQ ((Mean(SD))* 110.9 (11.4) 100.1 (10.1)

IQ (Range) 95 – 131 81 – 121

Edinburgh handedness (Right/Left(n)) 18/0 18/0

*
= significant difference, t(1,32) = −2.9, p = 0.006.
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