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Abstract: In this study, we used surface-based morphometry to examine whether age-related changes
in gray matter tissue thickness and depth of sulcal regions at high spatial resolution across the cortex
differed in children with childhood absence epilepsy (CAE) compared to healthy control subjects. In
addition, the possibility of variable brain-cognition relationships in the CAE compared to the control
group was investigated. The main findings of this study are as follows: (1) From the developmental
perspective, children with CAE did not demonstrate the normal regional age-related changes involving
a decrease in cortical thickness and increase in sulcal depth. (2) None of the seizure variables, includ-
ing age of onset, seizure frequency, and AEDs had a significant effect on the association between age
and cortical morphometry measures in the CAE population. (3) Even though the CAE group had
mean VIQ and PIQ scores in the average range, our findings suggest that they use different
brain regions to perform these cognitive functions compared to healthy controls. This first study
on brain morphometry and cognition in children with childhood absence seizures has important
implications for advancing our understanding of brain development and cognitive comorbidity
in CAE, as well as for revisiting the clinical notion that CAE is a benign disorder. Hum Brain Mapp
32:580–591, 2011. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

Quantitative neuroimaging studies of common localiza-
tion-related forms of epilepsy, such as temporal lobe epi-
lepsy, have shown neuroanatomic abnormalities to extend
far outside the zone of seizure onset to affect temporal
and extratemporal regions of the cortical mantle both con-
tralateral as well as ipsilateral to the side of seizure onset,
also affecting a diversity of subcortical regions (e.g., hippo-
campus, amygdala, thalamus, and caudate), cerebellum,
and white matter diffusely [Bernhardt et al., 2008; Keller
and Robert, 2008; Lin et al., 2007; McDonald et al., 2008;
Mueller et al., 2009]. These abnormalities have been shown
to be of clinical consequence through their association
with a diversity of cognitive and behavioral abnormalities
[Hermann et al., 2004; Keller et al., 2009; Trenerry et al.,
1993].

Much less work of this type has been conducted with
patients with idiopathic generalized epilepsies in general
and childhood absence epilepsy in particular. The litera-
ture to date, however, has identified volumetric abnormal-
ities in the thalamus, frontal lobe, and temporal lobe of
adults and adolescents with primary generalized epilep-
sies, some of whom had childhood absence epilepsy
(CAE), [Betting et al., 2006a,b; Chan et al., 2006; Pardoe
et al., 2008]. Thalamic findings include both atrophy in
adolescents and young adults [Chan et al., 2006] and
hypertrophy (increased thalamic volume) in adults with
CAE [Betting et al., 2006b]. Cortical findings include
increased gray matter concentration in the superior mesio-
frontal region in adults [Betting et al., 2006b] and larger
right temporal and frontal lobe white matter volumes in
adolescents and young adults with CAE [Chan et al.,
2006]. Furthermore, a recent volumetric study demon-
strated reduced gray matter volume in the orbital frontal
gyrus and temporal lobe of children with CAE that is
unrelated to illness variables [Caplan et al., in press]. The
importance of these findings is underscored by involve-
ment of these brain regions in the onset and spread of
seizures in CAE [Holmes et al., 2004; Tucker et al., 2007],
as well as in the normal development of cognition
[Alvarez and Emory, 2006], language [Szaflarski et al.,
2006], and behavior [De Bellis et al., 2002; McClure et al.,
2007; Sowell et al., 2003].

CAE is among the most common forms of childhood
epilepsy [Pavone et al., 2001]; however, the degree to
which the structural abnormalities, described above, are
specific to CAE remains unclear because these prior
imaging studies were conducted in mixed samples of
subjects with idiopathic generalized seizures, only some
of whom had CAE. Furthermore, since these studies
were conducted with adolescents, young adults, and
adults, evidence is lacking on whether their findings rep-
resent the effects of CAE on brain development during
childhood and early adolescence or long-term effects of
uncontrolled idiopathic generalized seizures, and in par-
ticular CAE.

These questions are directly addressed in this article. By
examining brain development in CAE, this study also
sheds light on the traditional notion of CAE as a benign
disorder. This concept has been challenged by the evi-
dence that on-going seizures might underlie or contribute
to the cognitive, linguistic, and behavioral comorbidities of
CAE [Caplan et al., 2008; Henkin et al., 2003, 2005; Lagae
et al., 2001; Mandelbaum and Burack, 1997; Pavone et al.,
2001; Williams et al., 1996; Wirrell et al., 1997]. In this
investigation, we used surface-based morphometry to
examine whether age-related changes in gray matter (GM)
tissue thickness and depth of sulcal regions at high spatial
resolution across the cortex differed in children with CAE
compared to healthy control subjects. In addition, the pos-
sibility of variable brain-cognition relationships in the
CAE compared to the control group was investigated.
Prior volumetric studies in children with recent onset seiz-
ures [Hermann et al., 2006], chronic idiopathic epilepsy
with complex partial seizures [Daley et al., 2007], and
CAE [Caplan et al., in press] demonstrated a dissociation
of age, IQ, and brain volumes compared to normal age-
and gender-matched control subjects. We, therefore, pre-
dicted a similar dissociation in the normal age-related
morphometric development and in the morphometry-IQ
correlation [Shaw et al., 2006a]. Finally, we also investi-
gated the relationship of GM thickness and sulcal depth
with seizure control, age of onset, and antiepileptic drug
(AED) treatment within the CAE group.

METHODS

Subjects

The study included 24 CAE children, aged 5.5–15.8
years with IQ scores of 70 and above, and 28 age matched
normal children (Table I). We determined socioeconomic
status using the Hollingshead-2-factor index [Hollings-
head, 1973], based on parent occupational and educational
status. There were no significant differences in the demo-
graphic variables of the CAE and normal groups. Three
CAE children received no AEDs, 14 were on AED mono-
therapy, and 7 were on AED polytherapy.

The primary study inclusion criteria for each CAE sub-
ject were a diagnosis of CAE and at least one seizure in
the year prior to participation in the study. A pediatric
neurologist at each recruitment site diagnosed CAE
according to the international classification of epilepsy
[Commission, 1989]. All CAE patients had EEG evidence
of 3-Hz spike and wave in addition to absence seizures
induced by hyperventilation. We excluded patients with
a mixed seizure disorder, previous epilepsy surgery,
atypical spike and wave complexes, juvenile myoclonic
epilepsy, a neurological illness other than epilepsy,
chronic medical illness, imaging evidence for structural
brain abnormalities, a metabolic disorder, a hearing disor-
der, mental retardation based on school/classroom place-
ment, and bilingual speakers of American English who

r Effects of CAE on Cortical Development and Cognition r

r 581 r



did not attend English speaking schools or speak English
at home.

We recruited 32% of the CAE subjects from tertiary
centers (i.e., UCLA and USC based clinics) and 68% from
community services (i.e., Los Angeles and Anaheim Kai-
ser Permanente, the Los Angeles and San Diego Chapters
of the Epilepsy Foundation of America, private practices).
UCLA IRB approved recruitment flyers were available for
parents of CAE children at each recruitment site. Inter-
ested parents contacted the study coordinator who pro-
vided information about the study and used a UCLA IRB
approved telephone script to determine if the children
met the study’s inclusionary but none of its exclusionary
criteria. The study coordinator also contacted the child’s
pediatric neurologist to confirm the child’s diagnosis
and to rule out exclusionary criteria. One UCLA pediatric
neurology investigator (W.D.S.) reviewed the history,
EEG records, and diagnosis of each CAE subject from
different recruitment sites. If he did not concur with the
diagnosis or EEG findings, the child was excluded from
the study. The parents and children’s medical records
provided information on seizure variables (Table I). One
CAE subject had slowing on EEG and three had general-
ized tonic clonic convulsions in addition to absence
seizures.

To include control subjects from ethnic and socioeco-
nomic status backgrounds similar to the CAE group, we
recruited the normal subjects from four public and two
private Los Angeles schools. The study coordinator
screened potential participants for neurological, psychiat-
ric, language, and hearing disorders through a telephone
conversation with a parent. Given volumetric and mor-
phometric abnormalities in children without epilepsy
who have attention deficit hyperactivity disorder [Narr
et al., 2009; Sowell et al., 2003], depression [Rosso et al.,

2005], and anxiety disorder [De Bellis et al., 2002], we
excluded children with these diagnoses in the past or
who met criteria for these disorders once enrolled in the
study.

MR Acquisition

Structural MR brain image volumes were acquired on a
1.5 Tesla GE Signa magnetic resonance imaging scanner
(GE Medical Systems, Milwaukee, WI). The imaging acqui-
sition protocol used to obtain high resolution three-dimen-
sional (3D) T-1 weighted spoiled grass (SPGR) sequences
included a sagittal plane acquisition with slice thickness of
1.2 mm, repetition time of 24 ms, echo time of 9 ms, flip
angle of 22�, acquisition matrix of 256 � 192, FOV 24, and
two excitations.

Cognition

The Wechsler Intelligence Scale for Children-III [WISC-
III; Wechsler, 1991], administered to the children, gener-
ated Full Scale (FSIQ), Verbal (VIQ), and Performance IQ
scores (PIQ).

Fully Automated Surface-Based 3D Cortical

Morphometry

The skull, scalp, extracranial tissue, cerebellum, and
brain stem (at the level of the diencephalon) were
removed from each image data using an automated
method [Shattuck and Leahy, 2002] followed by quality
check. The remaining image volume was then corrected
for intensity inhomogeneity using the nonparametric non-
uniform intensity normalization (N3) technique [Sled and

TABLE I. Demographic features of study groups

CAE Normal P-values

N 24 28
Age (years) 9.23 (2.19) 9.77 (2.20) 0.38

(t ¼ 0.87, df ¼ 50)
Gender (M/F) 7/17 14/14 0.01*

(v2 ¼ 7.53, df ¼ 1)
Socioeconomic status
High (i,ii) 19% 25%
Low (iii–v) 81% 75%

Ethnicity
Caucasian 46% 48%
Non-Caucasian 54% 52%

Age of onset (years) 6.98 (2.02) —
Duration (years) 2.25 (2.19) —
IQ
Verbal 100.12 (20.58) 112.14 (14.84) 0.02* (t ¼ 2.44, df ¼ 50)
Performance 102.92 (17.73) 107.86 (11.60) 0.23 (t ¼ 1.20, df ¼ 50)
Full scale 101.25 (18.09) 110.96 (12.73) 0.03* (t ¼ 2.26, df ¼ 50)
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Pike, 1998]. These processing steps were followed by the
reslicing of the remaining image volumes into a standard
orientation of the International Consortium for Brain Map-
ping-305 (ICBM-305) average brain by a least-squares rigid
body transformation. The global differences in brain size
and shape remained intact during the transformation into
the ICBM-305 average brain space. The resliced image vol-
umes had isotropic voxels each having size of 1 mm � 1
mm � 1 mm. Each individual’s cortical surface was
extracted using a cortical reconstruction method using
implicit surface evolution (CRUISE) technique developed
by [Han et al., 2004] and shown to yield an accurate and
topologically correct representation that lies at the geomet-
ric center of the cortical gray matter tissue [Tosun et al.,
2006]. CRUISE is a data-driven method combining a robust
fuzzy segmentation method, an efficient topology correc-
tion algorithm, and a geometric deformable surface model.
Each resulting cortical surface was represented as a triangle
mesh comprising of �300,000 mesh nodes. Reconstructed
cortical surface for a sample brain is shown in Figure 1.

Cortical thickness at each point in the cortical GM tissue
mantle was defined as the sum of the distances from this
point to the GM/WM and GM/CSF tissue boundaries fol-
lowing a flow field which guarantees a one-to-one, sym-
metric, and continuous correspondence between the two
tissue boundaries. A flow field with these properties was
computed by solving a Laplace’s equation with cortical
GM tissue mantle as its domain [Tosun et al., 2007; Yezzi
and Prince, 2003]. Cortical thickness was estimated in
millimeters at 3D image voxels on the GM tissue mantle.
Estimated cortical thickness values were mapped onto the
corresponding central cortical surface using trilinear inter-
polation at each mesh vertex. The resulting thickness map
for a representative subject is shown in Figure 2.

Sulcal regions are defined as the openings surrounded
by the buried, inward folded cortex. Sulcal depth measure
was defined as a distance from the cortical surface to a ref-
erence outer cortical surface that tightly surrounds the
cortical surface, outlining the exposed cortex without
entering into the sulcal openings. To capture the true

depth measure for the sulcal region in medial cortical sur-
face, separate outer surfaces per cortical hemisphere were
generated. Focusing on one cortical hemisphere, a geomet-
ric deformable surface model expanding the central corti-
cal surface outward at sulcal points was used to construct
an outer cortical surface representation [Tosun et al., 2007].
The sulcal depth measure from the central cortical surface
to the resulting outer cortical surfaces (one per hemi-
sphere) was estimated using the computation technique
described for cortical thickness estimation. This time, the
computation domain was defined by the space between
the central cortical surface and the outer cortical surface.
A cross section from the resulting sulcal depth volume of
left cortical hemisphere of a sample subject and the corre-
sponding surface map (i.e., trilinear interpolation of the
volumetric data at the triangle mesh nodes of the central
cortical surface representation) are shown in Figure 2.

Cortical spatial normalization was used to match ana-
tomically homologous cortical features across subjects. In
particular, the central cortical surface model of each sub-
ject was spatially normalized with respect to the geometry
of a representative reference brain [i.e., the colin27 average
brain; Holmes et al., 1998] using an automated surface-
based cortical warping method [Tosun and Prince, 2008].
As a result, individual cortical morphometry measures
from homologous surface locations were mapped onto the
reference surface, where statistical analyses were carried out.

Surface-based data smoothing was used to increase the
signal-to-noise ratio before performing surface-based sta-
tistical analysis. In particular, the estimated value (cortical
thickness or sulcal depth measure) at each mesh node was
replaced by the convolution of the measure map of inter-
est with a Gaussian kernel centered at this mesh node.
The Gaussian kernel domain was defined on each cortical
surface over a geodesic neighborhood of radius 10 mm.
The size of the smoothing kernel matched the size of the
effect we sought while accounting for residual errors in
the surface warping. For each subject brain, smoothed
measure values at each surface mesh node were trans-
ferred onto the anatomically homologous location on the

Figure 1.

Geometric modeling of cerebral cortex: Axial cross-section of (a) T1-weighted MR image, (b)

resulting cerebral volume, (c) resulting GM tissue segmentation, and (d) central cortical surface

representation. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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reference brain surface according to the surface correspon-
dence established by the spatial normalization.

Data Analysis

CAE-related modulation of regional aging effects
on cortical morphometry

In this study, we were primarily interested in how CAE
might modulate age-related alterations of cortical mor-
phometry to assess the neurodevelopmental implications
of CAE rather than to assess common group differences
previously reported. Accordingly, to assess the CAE-
related modulation of regional aging effects on cortical
morphometry, we performed the test of equality of slopes
as a guide to statistical significance of the differential
relationship of age in the two groups of subjects. This is

conceptually similar to an interaction between age and
diagnostic group. To explore the effects of CAE on re-
gional cortical morphometry independent of participant
age, we estimated a generalized linear model (GLM) with
diagnosis (i.e., healthy versus CAE) as the classification
variable assuming identical age related slopes between
groups (main effect). These results are available in Sup-
porting Information figures online. To test whether CAE
was associated with different age-related slopes, we com-
puted another GLM where different age-related slopes
were allowed to emerge (interaction effect). GLMs were
followed by a pair-wise maximum likelihood test to deter-
mine if CAE-related modulation of the interaction effect
was significant. In each GLM, sex was included as a cova-
riate, given that each population data set had different
male to female ratios (Table I) and evidence for sex-related
differences in the association between IQ and cortical

Figure 2.

Measures of 3D cortical morphometry: Computation steps for cortical thickness and sulcal

depth measures. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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anatomy have been reported in other investigations [Haier
et al., 2005; Narr et al., 2007]. The data analysis was
repeated for each 3D cortical morphometry measures (i.e.,
cortical thickness and sulcal depth) separately.

CAE-related differences in cortical morphometry

and IQ associations

GLM analyses were used to examine the CAE-related
relationships between intelligence quotients (VIQ and PIQ)
and cortical morphometry measures (cortical thickness and
sulcal depth) while removing the variance associated with
age and sex. Regional relationships between IQ scores and
cortical morphometry measures were examined by testing
for the significance of the interaction between diagnosis
and slope (IQ versus cortical morphometry measure) from
the regression models.

Effects of seizure variables

Subsequently, effects of onset age, seizure frequency,
and AEDs on the association between age and cortical
morphometry measures in CAE population were also
assessed by a generalized linear model analysis, by includ-
ing these variables as additional predictors in the GLM.

All statistical outcomes were corrected for multiple com-
parisons, using false discovery rate [FDR; Benjamini and
Hockberg, 1995] at P < 0.05. All statistical computations
were carried out using the statistical package R (http://
www.r-project.org/).

RESULTS

Cortical surface P-value maps (FDR corrected) in Figure
3 depict the regions of brain where age-cortical morphom-
etry (i.e., cortical thickness and sulcal depth) associations
differed between healthy children and children with CAE.
Red and green represent areas where healthy children
have age-related cortical thinning (or decrease in sulcal
depth) and children with CAE have age-related thickening
(or increase in sulcal depth). This CAE-related modulation
effect on normal age-related cortical thinning corresponds
to significant positive regression coefficient of age-diagno-
sis term in GLM. In the same cortical maps, blue and pur-
ple indicate age-related regional cortical thickening (or
increase in sulcal depth) in healthy children and age-
related cortical thinning (or decrease in sulcal depth) in
children with CAE. Cortical regions with this kind of
CAE-related modulation effect were identified with signifi-
cant negative regression coefficients of age-diagnosis terms
in GLM. For further clarification, significance maps of
effects of aging on cortical thickness and sulcal depth
within healthy children and children with CAE popula-
tions separately are provided in the Supporting Informa-
tion figure. In Figure 4, we provided plots of raw data
(i.e., cortical thickness and sulcal depth) as functions of
age within healthy children and children with CAE

groups. Sample points for these raw data plots were
selected at cortical regions where significant CAE-related
modulation effects on age-cortical morphometry associa-
tions were observed.

Brain regions with CAE-related modulation effects on
cortical thickness-age associations include superior (includ-
ing mesial surface), middle, and inferior frontal cortices,
supramarginal gyrus on the left hemisphere, somatosen-
sory region bilaterally; and superior temporal gyrus, lin-
gual gyrus and paracentral gyrus on the right hemisphere.

Sulcal depth-age associations in CAE children compared
to healthy children differs in the left cingulate, right para-
central, and cuneus regions in addition to left inferior pari-
etal lobule, left superior temporal cortex, right post
central, and right middle frontal cortices.

Statistically significant group differences in the relation-
ships between IQ measures and cortical morphometry
measures after removing the partial effects of sex and age

Figure 3.

CAE-related modulation of cortical morphometry-age associa-

tions. Cortical surface P-value maps show the regional signifi-

cance of CAE-related modulation effects on age-cortical

morphometry (i.e., cortical thickness and sulcal depth) associa-

tions after removing the partial effects of sex. Hot colors (red

and green) imply positive regression coefficients for age-diagno-

sis interaction terms in GLM and cold colors (purple and blue)

imply negative regression coefficients for age-diagnosis interac-

tion terms in GLM. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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are mapped in Figure 5. The main findings include (1)
stronger association (i.e., larger negative slope) of higher
VIQ and PIQ scores with more cortical thinning in the left
middle frontal, left medial superior frontal gyrus, and
right inferior temporal cortices in the healthy group as
well as the association of higher VIQ and PIQ scores with
thicker cortex (i.e., positive slope) in the left orbito-frontal
region in CAE compared to the negative association in
healthy group in the same regions and (2) greater sulcal
depth associated with higher VIQ and PIQ scores in the
controls compared to the CAE children in the left superior
temporal, middle frontal, superior frontal (including
mesial surface), parieto-occipital regions. In Figure 6, plots

of raw cortical thickness and sulcal depth measures as a
function of IQ (i.e., PIQ and VIQ) for healthy children and
children with CAE are shown to elucidate the IQ-cortical
morphometry association differences between groups.
These sample cortical points were selected where signifi-
cant CAE-related modulation effects on IQ-cortical mor-
phometry were observed.

After correction for multiple comparisons, none of the
seizure variables, including age of onset, seizure fre-
quency, and AEDs had a significant effect on the associa-
tion between age and cortical morphometry measures in
the CAE population; therefore the P-value maps from
these analyses are not included in this article.

Figure 4.

Plots of cortical morphometry (i.e., cortical GM thickness and

sulcal depth) as a function of age within healthy children and

children with CAE groups separately for sample points in (a)

the left pars opercularis with significant positive CAE-related

modulation effect on cortical thickness-age association, (b) the

right post central with significant negative CAE-related modula-

tion effect on cortical thickness-age association, (c) the left

superior temporal with significant negative CAE-related modula-

tion effect on sulcal depth-age association, and (d) the left

supramarginal with significant positive CAE-related modulation

effect on CAE-related modulation effect on sulcal depth-age

association. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

r Tosun et al. r

r 586 r



DISCUSSION

This first study on brain morphometry and cognition in
children with childhood absence seizures has important
implications for advancing our understanding of brain de-
velopment and cognitive comorbidity in CAE, as well as for
revisiting the clinical notion that CAE is a benign disorder.

CAE-Related Modulation of Regional Aging

Effects on Cortical Morphometry

From the developmental perspective, children with CAE
did not demonstrate the normal age-related changes
involving a decrease in cortical thickness and increase in
sulcal depth in the left superior (including mesial surface),
middle, and inferior frontal lobe, somatosensory region,
and superior temporal gyrus. Unlike the control group,
there also appeared to be an age-related thinning in the

right posterior central gyrus and posterior part of the
superior temporal gyrus, lingual gyrus, and paracentral
gyrus. In addition, the CAE group did not demonstrate
the normal rate of increase in sulcal depth with age, par-
ticularly in the left superior temporal sulcus, left cingulate,
right post central, and right middle frontal; with normal
rate of decrease in sulcal depth with age in the right para-
central and cuneus regions in addition to left inferior pari-
etal lobule. Thus, the neurodevelopmental abnormalities in
CAE appear to be diverse in nature and extent with spar-
ing of some cortical regions and involvement of others, as
noted in [Blumenfeld, 2005].

Predominant involvement of the somatosensory region
in the CAE group corroborates evidence in both animal
[Bouilleret et al., 2009; Chahboune et al., 2009; Polack
et al., 2009] and human studies [Blumenfeld, 2005] for the
role of this brain region in this disorder. However, partici-
pation mainly of the left hemisphere in the between group

Figure 5.

CAE-related modulation of cortical morphometry-IQ associa-

tions. Cortical surface p-value maps show the regional signifi-

cance of CAE-related modulation effects on IQ (i.e., VIQ and

PIQ)-cortical morphometry (i.e., cortical thickness and sulcal

depth) associations after removing the partial effects of sex. Hot

colors (red and green) imply positive regression coefficients for

IQ-diagnosis interaction terms in GLM and cold colors (purple

and blue) imply negative regression coefficients for IQ-diagnosis

interaction terms in GLM. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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morphometric differences underscores the importance of
revisiting older concepts of generalized rather than focal
effects of this disorder [Holmes et al., 2004; Meeren et al.,
2005]. Interestingly, cortical thickness studies of adult tem-
poral lobe epilepsy patients with and without mesial tem-
poral sclerosis also show pronounced thinning in the
sensorimotor region [Bernhardt et al., 2008; McDonald
et al., 2008; Mueller et al., 2009], so this may not be a CAE
specific finding.

Given the cross-sectional nature of these findings, the
increased cortical thickness in the left hemisphere of the
CAE group could represent either a developmental delay
or irreversible abnormality in the pruning process. The
lack of an association of seizure variables with the findings
in the CAE group imply that fixed abnormalities of brain
structure rather than on-going effects of seizures underlie
the neurodevelopmental abnormalities of this disorder.
Similarly, the previously mentioned childhood CAE

Figure 6.

Plots of cortical morphometry (i.e., cortical GM thickness and

sulcal depth) as a function of IQ (i.e., VIQ and PIQ) within

healthy children and children with CAE groups separately for

sample points in (a) right inferior temporal with significant posi-

tive CAE-related modulation effect on cortical thickness-VIQ

association, (b) the left middle frontal with significant positive

CAE-related modulation effect on cortical thickness-PIQ associa-

tion, (c) the left parieto-occipital region with significant negative

CAE-related modulation effect on sulcal depth-VIQ association,

and (d) the left superior temporal with significant negative CAE-

related modulation effect on CAE-related modulation effect on

sulcal depth-PIQ association. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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volumetric study also reported no association of fronto-
temporal volumes with illness variables despite signifi-
cantly smaller orbital frontal and temporal lobe gray mat-
ter volumes in the CAE compared to the normal age and
gender matched control group [Caplan et al., in press;.
Likewise, Betting et al., 2006b] found no association
between seizure variables and abnormal increase in gray
matter concentration in the mesial superior frontal region
in adults with absence seizures.

Furthermore, involvement of the mesial superior frontal
region with increased cortical thickness in the CAE chil-
dren in our study and greater gray matter concentration in
adults with absence seizures [Betting et al., 2006b] sug-
gests that these abnormalities begin in childhood and con-
tinue through adulthood. Localization of these
morphometric abnormalities in the frontal lobe, particu-
larly superior and medial, also supports the predominance
of EEG findings in this brain region in both children and
adults with CAE [Holmes et al., 2004].

Our cortical morphometry findings involving more corti-
cal thinning in the right cuneus and precuneus of the
normal group versus CAE are interesting in light of
involvement of these brain regions in basic visual process-
ing and visuo-spatial imagery [Cabeza and Nyberg, 1997;
Cabeza and Nyberg, 2000]. Despite lack of involvement of
this brain region in animal studies and minimal involve-
ment in human EEG studies, they support prior findings
of impaired visual memory in CAE [Pavone et al., 2001]
and are congruent with previous fMRI [Archer, 2003] and
voxel-based morphometry studies [Pardoe et al., 2006]
reporting significant BOLD signal and GM volume
decreases in these cortical regions in idiopathic general-
ized epilepsy patients with mean age 14.6 years.

However, the relative lack of involvement of the tempo-
ral lobe, other than the superior temporal gyrus in our
CAE group, is surprising since Holmes et al. [2004] and
Tucker et al. [2007] have shown spread of absence seizures
from orbital frontal and dorsolateral prefrontal regions to
the temporal lobe in adults with idiopathic generalized
seizures, some of whom had childhood onset of CAE.
Since the reported age-related normal decrease in cortical
thickness of the temporal lobe occurs after that of the fron-
tal lobe during adolescence [Lenroot and Giedd, 2006], our
finding might reflect the younger age of the children in
our study.

In terms of comorbidities, localization of increased corti-
cal thickness in the superior temporal lobe, mainly the
posterior part, is particularly interesting given the role of
this brain region in language [Friederici et al., 2009] and
evidence for both basic [Caplan et al., in press] and higher
level linguistic deficits [Caplan et al., 2006] in children
with CAE despite average IQ scores. As for cognition, the
between group differences in the association of VIQ with
more cortical thinning in the orbital frontal and anterior
superior temporal region in the normal group in contrast
to the CAE group might indirectly reflect the gray matter
volumetric abnormalities in these brain regions in children

with CAE [Caplan et al., in press]. Both these brain
regions play an important role in linguistic competence
[Demonet et al., 2005; Duffau et al., 2005; Friederici et al.,
2009]. The orbital frontal gyrus is also integrally involved
in the onset of absence seizures [Tucker et al., 2007] and
inhibits thalamocortical circuitry via the nucleus reticularis
of the thalamus [see review in Holmes et al., 2004].

CAE-Related Differences in Cortical

Morphometry and IQ Associations

Even though the CAE group had mean VIQ and PIQ
scores in the average range, our findings suggest that they
use different brain regions to perform these cognitive func-
tions compared to healthy controls. Thus, greater sulcal
depth was related to higher VIQ and PIQ scores in the
controls in the left superior temporal gyrus, middle fron-
tal, and superior frontal gyrus. However, in CAE the rela-
tionship of VIQ with sulcal depth in the left inferior
frontal and sulcal region between the paracentral lobule
and superior frontal region highlights involvement of tra-
ditional non-language-related brain regions in the verbal
skills of these children and raises the possibility of plastic-
ity and reorganization in the absence of a structural lesion.

The association of PIQ with shallow sulci in the left
mesial and superior frontal regions in the CAE group also
highlights involvement of different brain regions in the
skills tapped by PIQ and VIQ in the CAE group. The simi-
lar distribution in the relationship of morphometric meas-
ures with both VIQ and PIQ in the normal group provides
additional evidence for perturbed brain development de-
spite average functioning in CAE.

Taken together, the study’s findings imply that the aver-
age intellectual functioning of these children reflects
marked plasticity and reorganization of brain development
due to the distributed neuropathology underlying CAE. In
support of this explanation, age, IQ, and fronto-temporal
volumes were also associated with different brain region
in children with CAE and typically developing children
[Caplan et al., in press].

Limitations

Study limitations involve the sample (i.e., size, gender,
seizure control, comorbid psychiatric diagnoses in CAE
group), between group differences in IQ, and cross-sec-
tional study design. In terms of sample related limitations,
the study was conducted on a relatively small sample,
albeit within a relatively narrow age range. Although the
sample included more girls than boys as characteristic of
the illness [Loiseau and Hirsch, 2002], all analyses con-
trolled for gender effects. Regarding seizure control, study
inclusionary criteria stipulated that all CAE subjects had at
least one seizure in the year prior to their participation in
the study. Since the CAE morphometric findings were
unrelated to seizure variables, the findings do not appear
to reflect inclusion of a skewed sample. Given evidence
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for cortical thinning in children with attention deficit
hyperactivity disorder [ADHD; Luders et al., 2009] in
medial and superior prefrontal and precentral regions
[Shaw et al., 2006b] and the presence of ADHD without
hyperactivity in 36% of the sample, our findings might not
be generalizable to CAE subjects without ADHD. Informa-
tion on the presence of lip and eyelid myoclonia, features
reflecting increased severity of illness and poor outcome,
was not available.

Although the mean FSIQ of the normal group was one
standard deviation higher than the CAE group, whose
mean IQ was the same as the general population, the IQ-
cortical morphometry findings in the normal group were
similar to those described in other typically developing
children [Shaw et al., 2006a]. Finally, a prospective study
rather than the cross-sectional design of the current study
is needed to confirm that brain development in CAE is
unrelated to effects of on-going seizures.

In conclusion, identification of morphometric abnormal-
ities in children with CAE highlights the importance of
revisiting the traditional concept that CAE is a benign disor-
der. However, these findings also suggest that reorganiza-
tion of brain structure/functional relationships is associated
with average intellectual functioning in children with CAE.
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