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Abstract

Objective: Childhood absence epilepsy (CAE) is a childhood-onset generalized

epilepsy. Recent fMRI studies have suggested that frontal cortex activity occurs

before thalamic involvement in epileptic discharges suggesting that frontal cor-

tex may play an important role in childhood absence seizures. Neurocognitive

deficits can persist after resolution of the epilepsy. We investigate whether

structural connectivity changes are present in the brains of CAE patients in

young adulthood. Methods: Cortical thickness measurements were obtained for

30 subjects with CAE (mean age 21 � 2 years) and 56 healthy controls (mean

age 24 � 4) and regressed for age, sex, and total intracranial volume (TIV).

Structural connectivity was evaluated by measuring the correlation between

average cortical thicknesses in 915 regions over the brain. Maps of connectivity

strength were then obtained for both groups. Results: When compared to con-

trols, the CAE group shows overall increased “connectivity” with focal increased

connection strength in anterior regions including; the anterior cingulate and

the insula and superior temporal gyrus bilaterally; the right orbito-frontal and

supramarginal regions; and the left entorhinal cortex. Decreased connection

strength in the CAE group was found in the left occipital lobe, with a similar

trend in right occipital lobe. Interpretation: Brains in young adults whose CAE

was resolved had abnormal structural connectivity. Our findings suggest that

frontal regions correlate most with cortical thickness throughout the brain in

CAE patients, whereas occipital regions correlate most in well matched normal

controls. We interpret this as evidence of a developmental difference in CAE

that emphasizes these frontal lobe regions, perhaps driven by frontal lobe

epileptiform activity.

Introduction

Childhood absence epilepsy (CAE) is a common form of

childhood epilepsy characterized by frequent brief absence

seizures (AS) and onset between the ages of 5 and

10 years in an “otherwise normal child”. Their EEG dem-

onstrates rhythmic spike-and-wave activity, usually at

3 Hz, on an otherwise normal background.1 Although AS

appear clinically bland, children often display significant

neuro-psychological deficits suggesting a more pervasive

effect of seizures, or the epilepsy syndrome, on cogni-

tion.2–4 CAE and the related epilepsy syndromes (the

genetic generalized epilepsies [GGE]) are conceptualized

as disorders of “bilaterally distributed networks” involving
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both cortical and subcortical structures.5 The structures

in this network include, but are likely not limited to, the

mesial and parietal cortex, thalamus, and striatum.6–8

Frontal cortical BOLD changes have been seen in a num-

ber of studies and the relative timing of the BOLD response

indicates that they may also be important in seizure genera-

tion.9 This is also shown in resting state functional connec-

tivity analysis.10 They are also hypothesized to be the

substrate for the cognitive variations seen between cases

with CAE and healthy controls.11,12 A number of studies

have identified structural changes patients with GGE,

including thalamic atrophy identified using voxel-based

morphometry.13,14 This may arise as a consequence of the

functional involvement of the thalamus in seizures. As yet,

there has been no corresponding structural correlate

observed for the functional activations in the cortex,

although subtle changes in neocortical gray and white mat-

ter volumes have been observed on the lobar scale,15 and

appear to be associated with EEG signals.16

Given the evidence of network disturbance in CAE, it

is important to study the structural consequences of these

changes at the network level. A powerful tool for the

investigation of network disorders is connectivity analysis,

which harnesses the formalism of graph theory to reveal

large-scale changes in brain structure and dynamics.17

Brain networks constructed using these tools have

revealed the importance of regions corresponding to the

default mode network (DMN) and the occipital lobes in

healthy controls.18 Structural networks can also be con-

structed using correlations between cortical thickness.19

Networks constructed in this fashion show maximal net-

work activity in areas associated with the DMN in healthy

controls,20 and have been applied to show altered struc-

tural organization in the brains of subjects with temporal

lobe epilepsy21; a related seeded approach has already

been used to investigate GGE and generalized tonic–clo-
nic seizures only.22

In this study, our aim was to determine if there are

changes in the structure of the cortex of CAE patients

when compared to healthy controls. We examine absolute

differences in cortical thickness and changes in cortical

organization using unseeded cortical thickness-based

structural network analysis in a well-characterized com-

munity-based cohort of young adults who were prospec-

tively recruited as children and followed as part of a

community-based cohort of newly diagnosed epilepsy.23,24

Methods

Subjects

A community-based cohort of subjects was recruited from

the state of Connecticut, U.S.A., as part of a study on the

long-term outcomes of childhood-onset epilepsy. Briefly,

all children who were diagnosed with epilepsy for the first

time in the state of Connecticut, U.S.A., between the

years of 1992–1997 were eligible. They were recruited

from 16 of 17 practicing pediatric neurologists in the

state, as well as five adult neurologists and seven pediatri-

cians.

Syndromic classification was made independently by

three experienced pediatric neurologists based on all clini-

cal data, where disagreement existed consensus was

reached in conference. Further details of the recruitment

process are presented elsewhere.23–25 Of the 613 children

recruited into the study, 74 (12.1%) were diagnosed with

CAE. Criteria for identifying CAE were those commonly

used at the time children were recruited.26

Data presented here were acquired when subjects of

the study returned for a comprehensive assessment

~15 years after having entered the study (2007–2013);
this assessment included a structural MRI scan. Of the

74 children originally diagnosed with CAE, 30 remained

in the study at this stage and consented to an MRI scan.

These subjects comprised of 15 male subjects, 15 females,

with a mean age of 21 years � 2 SD. Also acquired were

56 control subjects (23 males, 33 females, mean age

21 years � 2 SD). All controls were reported as neuro-

logically normal, and independent review showed no

abnormalities apparent on clinical MRI scans. Subjects

with CAE had a mean time since last seizure of 9 years,

with 22 (73%) having had complete remission of seizures

for 2 years or more including cessation of antiepileptic

drug (AED) use (20 (67%) having been in complete

remission for 5 or more years). An additional three

patients had experienced no seizures for 2 years or more

but were still on medication at the time of scan, and

only one patient has experienced a seizure subsequent to

the scan. More detail on seizure remission in this cohort

is reported elsewhere.27 CAE patients were initially trea-

ted either with valproic acid (11, 37%) or ethosuximide

(18, 60%), or in one instance carbamazepine; 13 subjects

were treated with more than two AEDs over the course

of their epilepsy. Subjects had a median length of treat-

ment (defined as the time from prescription of the first

AED to total withdrawal of medication) of 6.4 years.

Seven subjects (23%) were still using AEDs at the time

of the scan. Subjects were scanned with a T1 MPRAGE

sequence using a 1.5T Siemens Sonata (Siemens, Erlagen,

Germany) scanner with the following image parameters:

echo time 3.05 msec, repetition time 1730 msec, flip

angle 15°, inversion time 1100 msec, and voxel size

0.94 9 0.94 9 1.6 mm. Research conducted was

approved by the relevant review board human ethics

committees at each site, and all subjects gave written,

informed consent prior to the scan taking place.
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Image analysis

Cortical thickness was measured using Freesurfer (http://

surfer.nmr.mgh.harvard.edu/).28,29 Each scan was coregis-

tered to a surface-based atlas.30 Standard vertex-wise

statistical analysis of cortical thickness using a general

linear model was performed to test for mean differences

between groups. Age, sex, and estimated total intracranial

volume (TIV) were used as covariates. Significance was

tested using a vertex-wise false discovery rate corrected

threshold of P < 0.05. A structural brain network was

then constructed from the data. The native Freesurfer

parcellation scheme was extended by subdividing each

region into subregions of approximately equal area (mean

124 mm2, SD 30 mm2) using k-means clustering on the

surface-based Euclidean distance, resulting in a total of

915 subregions over both hemispheres. Each subregion

was treated as a node in the subsequent analysis.

The average cortical thickness in each node was calcu-

lated for each subject and regressed against age, sex, and

TIV. Pearson’s product-moment correlation coefficients R

between each node and each other node was then esti-

mated for both CAE and control groups. Negative values

of R were excluded from subsequent analysis, so anticor-

relations are ignored.31

We assume that the group correlation coefficient is

indicative of some connection between different regions

of cortex,32 and, therefore, we interpret the group correla-

tion coefficient between the nodes i and j as the edge

weight wij. The type I error rate of the correlation in the

control population is used as a sparsity threshold; only

those edges with a correlation significance level of

P < 0.05 are considered as linked. The top 17.5% of edges

in the control matrix pass this threshold; the same pro-

portional threshold was applied to the CAE group to keep

the number of edges constant in the two groups. This

ensures that any topological differences between the two

groups are not an artifact of unequal edge densities.33

Several network measures are employed here to identify

differences in structural connectivity between the two

groups; full definitions are described elsewhere.31 The

Brain Connectivity Toolbox (http://www.brain-connectiv-

ity-toolbox.net)31 was used to calculate these measures on

our graph. Briefly, we focus on degree, which is the total

number of connections for a given node and gives an

indication of the importance of the node to the network,

strength, which is a weighted degree, and the clustering

coefficient,34 which can imply functional segregation in the

network. Here, we use it as a measure of “randomness”

of a network, this is quantified using the small-worldness

metric35 which compares clustering coefficient and a

network’s characteristic path length against random net-

works of the same degree. Networks are called small world

if they have a small-world index greater than one. A

small-world network lies between the two extremes of a

completely ordered, lattice-like network, and a completely

random network.34

Node-wise statistical analysis

The networks constructed based on correlations in corti-

cal thickness have nodes that are nominally fixed at a

position in template space, therefore statistical tests com-

paring the value of a network metric from one node to

the other are justified. Variance was estimated using a

permutation testing approach. The subjects were assigned

a label, either CAE or control, and these were randomly

permuted 500,000 times. For each permutation, the net-

work was constructed using the method described above

and a node-wise null distribution in strength was con-

structed. This distribution was used to estimate the T

statistic for each node.

Results

Cortical thickness differences

No significant differences between CAE and controls were

observed using this analysis. Subsequent connectivity

results are not, therefore, driven by absolute differences in

surface-based cortical thickness measurements.

Nodal distribution

The node degree, strength, clustering coefficient, and net-

work small-worldness index were calculated for the CAE

and control group adjacency matrices. The strength and

degree correlated linearly for both control and CAE

groups but with different gradients. These differing ratios

are plotted in Figure 1. The ratio of strength to degree

showed a significant difference between the subjects; the

CAE subjects’ ratio was increased by 0.0297 (P = 0.025).

This means that, on average, the CAE brain regions are

more “connected”, that is, more highly correlated, than

the control brain. Increased strength-to-degree ratio

implies a given number of links will have a higher

strength in CAE than in controls. The degree distribution

for both subject groups is plotted in Figure 2. It is evi-

dent from Figure 2 that the control distribution has a

longer high-degree tail, implying that there are a small

number of nodes that have a greater number of connec-

tions with the rest of the brain in comparison with CAE.

The clustering coefficient distributions for both CAE

and controls are also plotted in Figure 2. The clustering

coefficient for two random networks with the same degree

profile as each subject group is plotted alongside in the
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clustering plot. There is a clear difference in clustering

between the random networks and the two subject

groups; this implies the networks are nonrandom. The

CAE group displays greater clustering than controls. Simi-

lar results have been seen in functional connectivity stud-

ies.36 We observed small-worldness in both CAE and

control groups with values of 1.70, (95% confidence

intervals, family-wise error corrected, 1.67–1.73) for the

CAE group and 1.45 (1.41–1.49) for controls. All values

are significantly greater than 1, which indicates that these

graphs represent “small-world” networks. This suggests

that the CAE group is more clustered than controls;

indeed, such a difference in the small-worldness metric

between groups can indicate that the CAE group has a

more lattice-like structure, indicative of network more

vulnerable to target attack.37

Surface distributions

The node strength is overlaid on the inflated template

surface in Figure 3A for the left hemisphere, and Fig-

ure 3B for the right hemisphere. In order to get a sense

of the anatomical distribution, the strength is displayed

for values greater than the 50th percentiles of the com-

bined strength distribution for both groups. The T statis-

tic is displayed in Figure 4, for (a) thresholded at

P < 0.05 family-wise error (FWE) corrected, and (b)

thresholded at P < 0.05 uncorrected. As the Bonferroni

correction is quite conservative, the uncorrected T scores

are displayed in Figure 4B to present the shape of the

data underlying the threshold. Those nodes which passed

the corrected significance threshold are listed in Table 1.

It is known that across-subject variance in cortical thick-

ness is somewhat heterogeneous throughout the cortex.38

To ensure our results were not confounded by sensitivity

variation, we determined which of the 915 nodes would

have been sensitive to detect the minimum reported effect

size. The minimum significant effect size was �5.43; given

the variance at each node, this effect size would have been

detectable in 88% of nodes.

Sparsity threshold

In order to determine if the observed changes between

the two groups are an artifact attributable to our choice

of sparsity thresholds, which is a well-known confound

when comparing two different networks where the

observed effect may be driven by the graph density,33 we

repeated our analysis for a range of proportional thresh-

olds ranging from 0% to 100% (that is, from completely

sparse to entirely unthresholded). This analysis clearly

Figure 1. Node-based degree and clustering coefficient distributions

for childhood absence epilepsy (solid lines) and control (dashed lines)

groups. The clustering coefficient distributions are plotted alongside

those for random graphs of similar degree distribution. A nonnormal

degree distribution is observed for both groups indicating nonrandom

network organization. The clustering coefficient is also significantly

larger than that of a random distribution. These distributions are

normalized so that the area under the curve is unity.

Figure 2. The ratio of strength to degree for all nodes for both

childhood absence epilepsy (CAE) and control groups networks. This

is a measure of average edge strength. The red line denotes the

median value, the box the 25th and 75th quartiles, and the whiskers

denote the maximum and minimum, respectively. We see CAE has

significantly larger average edge strength. This is driven by overall

increases in the magnitude of the correlation coefficient for the CAE

group compared to control. The CAE group evidently has more

homogeneous cortical thickness across the group.
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demonstrates that the results presented in Figures 3A and

B, 4 are not driven by the choice of sparsity threshold.

We present these results as Figure S1.

Figure 3. Weighted connection strength overlaid on an inflated cortical surface for the (A) left, and (B) right hemispheres. Only connection

strengths greater than the median are displayed. Of note is the bright occipital/parietal region in controls that is not seen in childhood absence

epilepsy (CAE). This implies that the cortical thickness of the occipital lobe in controls is most highly correlated with the rest of the brain, whereas

this is not the case in the CAE group. Also evident is a large increase in the anterior cingulate cortex in the disease group. These changes are

apparently part of an overall trend for posterior dominance in controls and anterior dominance in CAE. The activation pattern is broadly similar in

both left and right hemispheres, with increased medial and lateral frontal and decreased posterior connectivity in the CAE group.

Figure 4. Node-wise differences between the childhood absence

epilepsy and control groups. Difference is measured using a node-

wise one sample T-test between the measured strength differences

and the mean of a null distribution created using random

permutations over the subject group. The T statistic is displayed

thresholded at (A) P < 0.05 uncorrected to give a sense of the overall

distribution, and (B) P < 0.05 FWE corrected to display those nodes

with significant difference between the two groups.

Table 1. A list of brain regions that show a significant difference in

strength between CAE and controls.

Regions with significant differences in weighted connectivity

(Bonferroni corrected P-values)

Region name Left Right

(A) CAE increase

Frontal Anterior cingulate (caudal) 0.0003* 0.0003*

Anterior cingulate (rostral) 0.015* >0.5

Middle frontal gyrus 0.010* 0.392

Supramarginal 0.076 0.004*

Lateral orbito-frontal 0.109 0.004*

Precentral 0.006 0.212

Insula 0.397 0.00005*

Temporal Superior temporal 0.018* 0.063

Entorhinal 0.005* >0.5

Fusiform >0.5 0.00007*

(B) CAE decreases

Posterior Lateral occipital 0.016* 0.058

Inferior parietal 0.031* 0.075

Lingual 0.033* >0.5

All increases were in fronto-temporal regions, all decreases in parieto-

occipital regions. Nodes are considered significant if the difference

passed a two-tailed P < 0.05 threshold. P-values were Bonferroni

corrected for the number of nodes; values passing significance at

this threshold are marked with asterisk (*). We see the caudal anterior

cingulate is maximally affected bilaterally. Lateral and medial occipital

decreases pass the significance threshold on the left side only,

although a general trend toward occipital decrease is observed, see

Figure 3A. CAE, childhood absence epilepsy.
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Discussion

We have demonstrated statistically significant differences

in connectivity patterns between CAE subjects and healthy

controls. In subjects with CAE, cortical thickness connec-

tivity is greatest in fronto-temporal regions, whereas in

control subjects the greatest connectivity is in occipital

regions. This closely mirrors resting state functional con-

nectivity increases observed in the lateral and medial

frontal cortex in patients with CAE,10 and agrees qualita-

tively with EEG-fMRI studies where the characteristic

3 Hz spike-and-wave is associated in activity in the fron-

tal cortex.11 These are regions associated with impaired

attention in these patients.12 In addition, the overall “con-

nectedness” of cortical regions is greater in subjects with

CAE. These results are not driven by absolute changes in

the thickness of the cortex, but rather reflect differences

in correlations across cortical networks. The connectivity

findings of the control group, with highest correlation

with the occipital regions, are consistent with the early

activity of the visual cortex during development, the high

metabolic rate of this area, and the finding of occipital

emphasis in many structural and function connectivity

measures in controls.18,20,39 The CAE group, however, is

dominated by anterior cortical regions.

There are a number of possible explanations for

increased overall connectivity and the changed emphasis

from occipital to frontal regions that we have demon-

strated in CAE subjects. During development, processes

such as synaptic pruning, use-dependent plasticity, apop-

tosis and myelination, as well as neuronal firing patterns,

can influence the structural development of the cortex in

subtle ways. In this particular CAE cohort 67% of subjects

have been free from seizures for at least 5 years by the

time of scan, yet the subtle structural connectivity changes

are still evident. This suggests that the findings are not

simply the acute effect of seizures, but may reflect neuro-

developmental factors involved in these epilepsies. The

normal pattern of correlation of brain regions with the

occipital cortex may relate to the extensive functional and

structural network connections of the occipital cortex. As

a “visual” animal the normal firing pattern of the visual

cortex in humans may influence the development of a

range of other cortical regions (i.e., regions that fire

together may be better correlated in cortical thickness

than regions that are not driven in this way) and lead to

stronger correlations with the cortical thickness measure

throughout the brain. In CAE the altered pattern of corti-

cal thickness connectivity suggests a fundamental change

in the development of connectivity patterns perhaps

influenced by differences in neuronal firing due to the

underlying genetic factors which lead to the development

of this disorder.

There is a strong case that a correlation exists between

thickness of the neocortex and the axonal connections

between them, and, ultimately, the individual genome.40,41

Hence, changes to structural cortical connectivity in CAE

may indicate cortical reaction to abnormal firing, or may

be some structural marker of the genetic precursor to

absence epilepsy reflected in the large-scale structural

organization of the cortex. Some authors have suggested

that subcortical and fronto-cortical abnormalities may

relate both to seizures and neurobehavioral comorbidities

in GGE.42,43 Importantly, cognitive impairment has been

identified prior to seizure onset.3,44 This can be inter-

preted as evidence of an underlying genetically deter-

mined neurodevelopmental basis for both the epilepsy

and the cognitive problems. These changes may impact

on cognition and cortical organization without necessarily

being expressed as clinical seizures. Further studies exam-

ining anatomical correlations in children with CAE from

onset to remission, including first-degree relatives not suf-

fering from epilepsy, may explore these issues. A study of

this sort could also examine the impact of AED use, and

gender effects, on anatomical covariance in CAE.

Longitudinal structural imaging studies in children with

idiopathic epilepsy suggest that altered patterns of brain

development may occur in areas that include the prefron-

tal cortex.43 In that study, no association between these

altered patterns and AED use could be found. The effect

of medication in childhood cannot be excluded as having

contributed to this finding, but it is more likely that

processes associated with the epilepsy or seizures them-

selves would have the major effect on focal areas of

cortex. In fact, longitudinal structural imaging studies in

children with idiopathic epilepsy suggest that altered pat-

terns of brain development may occur in areas that

include the prefrontal cortex.43 Thickening or thinning of

gray matter during childhood and adolescence is a core

process of cortical maturation that can differ according to

the area of the brain involved. It is likely that patients

diagnosed with CAE would have a different cortical devel-

opmental trajectory than healthy controls. Gray matter

thinning is associated with synaptic pruning, myelination,

and apoptosis, and these processes have been suggested to

underpin cognitive and behavioral development.45 Corti-

cal thinning during development is known and involves

primary sensorimotor cortices first, then multimodal cor-

tices such as the frontal and temporal cortex, which con-

tinues during late adolescence.46,47 The absence of any

absolute cortical thickness changes observed in this cohort

may be due to any changes being so subtle as to escape
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detection, yet the development of these changes is reflected

in the organization of the cortical thickness network.

Indeed, if we accept that changes in cortical thickness mor-

phology arise due to cellular hypertrophy-induced by

seizures,48 then we would not expect to find absolute

changes in a cohort of patients who have largely remitted

from their seizures. Abnormal thickness of cortex has

been demonstrated in development-related epilepsy syn-

dromes such as BECTS.49,50 These processes of cortical

brain maturation and ongoing functional refinement of

cortical networks may be critical processes where abnor-

malities of network function or abnormalities within gene

expression pathways may lead to epilepsy or its comor-

bidities.51

Conclusion

Extensive changes in brain networks are observed when

comparing CAE to healthy controls, particularly a marked

relative increase in covariance of the medial frontal lobe

bilaterally, and a relative decrease in covariance in the

occipital and parietal lobes. Our findings provide evidence

of a structural network basis for what is typically considered

a purely functional disease and demonstrates abnormal cor-

tical organization that persists after the resolution of the

seizures which may be a reflection of the etiology of CAE.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Mean connection strength in selected signifi-

cant regions over a range of sparsity thresholds. Sparsity

refers to the fraction of top connections allowed in the

graph; increasing the sparsity threshold increases the

allowed density of the graph. The differences between

CAE and control are consistent over the complete range

of sparsity thresholds, demonstrating that the significant

differences between the groups are not artifacts of con-

nection density.
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