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Abstract

Localizing the source of epileptiform discharges in generalized epilepsy has been controversial for the past few decades. Recent
neuroimaging studies have shown that epileptiform discharges in generalized epilepsy can be localized to a particular region.
Childhood absence epilepsy (CAE) is the most common generalized epilepsy in childhood and is considered the prototype of
idiopathic generalized epilepsy (IGE). To better understand electrophysiological changes and their development in CAE, we
investigated the origin of epileptiform discharges. We performed distributed source localization with standardized, low-resolu-
tion, brain electromagnetic tomography (SLORETA). In 16 children with CAE, sSLORETA images corresponding to the midpoint
of the ascending phase and the negative peak of the spike were obtained from a total of 242 EEG epochs (121 epochs at each
timepoint). Maximal current source density (CSD) was mostly located in the frontal lobe (69.4%). At the gyral level, maximal
CSD was most commonly in the superior frontal gyrus (39.3%) followed by the middle frontal gyrus (14.0%) and medial frontal
gyrus (8.7%). At the hemisphere level, maximal CSD was dominant in the right cerebral hemisphere (63.6%). These results were
consistent at the midpoint of the ascending phase and the negative peak of the spike. Our results demonstrated that the major
source of epileptiform discharges in CAE was the frontal lobe. These results suggest that the frontal lobe is involved in generating
CAE. This finding is consistent with recent studies that have suggested selective cortical involvement, especially in the frontal
regions, in IGE.

Keywords Childhood absence epilepsy (CAE) - Electroencephalography (EEG) - Source localization - Distributed source model -
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Introduction

Epilepsy is broadly classified into generalized and focal
epilepsy. Generalized epilepsy involves diffuse and bi-
lateral cerebral regions, whereas focal epilepsy is associ-
ated with focal or multifocal brain regions involving one
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hemisphere. Idiopathic generalized epilepsy (IGE) is a sub-
group of generalized epilepsy with no evidence of structural
brain lesions [1].

Childhood absence epilepsy (CAE) is the most common
generalized epilepsy syndrome in childhood and is considered
the prototype of IGE. CAE consists of typical absence sei-
zures, and EEG demonstrates characteristic “generalized 3-
Hz spike and wave complexes” [2]. The thalamic stimulation
model was the first experimental model for the spike-wave
pattern [3, 4]. This model posits that abnormal oscillatory
rhythms in a thalamocortical circuit generate and sustain gen-
eralized spike-wave discharges, and it explains the generalized
nature of the pathophysiology of CAE [5—-7]. However, spike-
wave patterns in CAE have been reported as not diffuse
but predominant in the frontal cortex [8§—10]. Moreover,
epileptiform discharge in CAE may appear fragmentary,
especially during sleep, and focal spikes may occur over
the centrotemporal and occipital regions [11].
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Currently, the thalamocortical theory of CAE is widely
accepted, although the relative contributions of the cortex
and thalamus and the underlying mechanisms remain matters
of debate. Various authors have suggested various origins or
source locations of epileptic activity, based on animal experi-
ments and human studies, from various cortical or subcortical
structures [5, 12—-14].

Distributed models of EEG source localization have be-
come increasingly sophisticated. A theoretical advantage of
distributed modeling is that its algorithms address the
inverse problem with few lead-in assumptions [15].
Standardized low-resolution brain electromagnetic tomogra-
phy (sLORETA) is one such distributed modeling method.
sLORETA can yield 3-dimensional images of electrical neu-
ronal activity with maximum similarities of orientation and
strength between neighboring neuronal populations [16]. It
is an excellent tool for investigating the electrophysiological
and neuroanatomical features of CAE [16—18]; however, only
a few studies have investigated the electrophysiological char-
acteristics of CAE by using sLORETA [19]. Thus, to better
understand electrophysiological alterations and their develop-
ment in CAE, we investigated the source origin of epilepti-
form discharges with a distributed model and performed dis-
tributed source localization with SLORETA software.

Materials and methods
Patients and EEG recordings

Sixteen patients (mean age at diagnosis 7.3 years; 6 males, 10
females) with newly diagnosed CAE were recruited before
beginning AED treatment in our department. CAE was diag-
nosed according to the ILAE classification [1], based on clin-
ical history, neurodevelopmental examination, and character-
istic EEG findings. No diagnostic procedures or treatments
were indicated, missed, or postponed for study purposes.
EEG recordings were carried out for 30 min with a Comet®
EEG machine (Grass-Telefactor; West Warwick, R.1., USA) at
a digitation rate of 200 Hz. Functional trials were performed
with rhythmic photo-stimulation (at 3-6-9-12-15-18-21 Hz)
and hyperventilation (3 min). Twenty-one silver-silver chlo-
ride electrodes were placed according to the international 10-
20 system, including the standard 16 temporal and parasagittal
scalp sites along with Fz, Cz, Pz, Al, and A2. Additional
artifact identification channels were used, including two sites
near the eyes, plus respiration and electrocardiography record-
ings. Eighteen-channel EEG was recorded with a linked ears
reference. Additional bipolar derivations were used to differ-
entiate between EEG and eye movement potentials and to
detect electromyographic activity. Impedance did not exceed
5 k). In the EEG derivations, the filters were set at 1.0 and
70 Hz. Sixteen-bit online digitization was used.
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Table 1  Location of maximal current source density at the midpoint of
the ascending phase of 121 epileptiform discharges in 16 patients with
childhood absence epilepsy

Lobe Left Right

Frontal (86) Superior frontal gyrus 13 37 50
Middle frontal gyrus
Inferior frontal gyrus

Medial frontal gyrus 45

NN W W»n

Precentral gyrus
Rectal gyrus

\S]

Temporal (11) Superior temporal gyrus

Middle temporal gyrus 1

—_ A = =

Inferior temporal gyrus 2
Angular gyrus

Parietal (13) Postcentral gyrus

Superior lobule 2

Inferior lobule

B o= N

Precuneous

Inferior parietal gyrus
Occipital (14) Middle occipital gyrus
Inferior occipital gyrus
Lingual gyrus
Cuneous

B Y N U (O B SN NS )

S NG

41 80 121

EEG spikes and distributed source localization

Epileptiform discharges were identified by visually inspecting
each EEG recording. A total of 121 epileptiform discharges
were noted in 16 patients. The number of epileptiform dis-
charges ranged from 1 to 20 per EEG recording (mean =+
standard deviation, 7.6 =5.2). In each epileptiform discharge,
the first discernible prominent spike of the spike-wave com-
plex was selected. From each selected spike, two different
EEG epochs were obtained with a time window of 10 ms,
including the midpoint of the ascending phase and the nega-
tive peak. Thus, a total of 242 EEG epochs were used for
distributed source localization with SLORETA software.
sLORETA images corresponding to the midpoint of the as-
cending phase or the negative peak of the spike (121 images
each) were obtained from each EEG epoch. The maximum
current source density (CSD) location was considered the
source origin.

Fig. 1 SLORETA maps of the midpoint of the ascending phase of the P>
spike in Example 1 projected onto brain MRI template slices.
Colored areas represent the maximal point (a) and spatial extent
(b) of voxels within the current source density in the brain MRI
template slices. The color scale represents SLORETA values. L,
left; R, right; A, anterior; P, posterior
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In SLORETA, which is a functional imaging method based
on electrophysiological and neuroanatomical constraints, the
cortex is modeled as a collection of volume elements (6239
voxels, size 5 X 5 x 5 mm). SLORETA is restricted to the cor-
tical gray matter, hippocampus, and amygdala and uses digi-
tized Montreal Neurological Institute (MNI) coordinates
corrected to Talairach coordinates. Neuronal activity is com-
puted as current density (LA/mm?) without assuming a
predefined number of active sources [16, 20]. Scalp electrode
coordinates on the MNI brain were derived from the interna-
tional 5% system [21]. The SLORETA algorithm solves the
inverse problem by assuming related orientations and
strengths of neighboring neuronal sources (represented
by adjacent voxels). SLORETA has been shown to be
an efficient tool for functional mapping because it is
consistent with physiology and is capable of correct localiza-
tion [16]. Additionally, SLORETA localization properties
have been independently validated [17, 18].

Results

Source localization at the midpoint of the discharges
ascending phase

The maximal CSD was mostly located in the frontal lobe (86
discharges, 71.1%) followed by the parietal lobe (13 dis-
charges, 10.7%). The temporal and occipital lobes were the
location of maximal CSD in 11 discharges each (9.1%). At the
gyral level, the maximal CSD occurred most frequently in the
superior frontal gyrus (50 discharges, 41.3%) followed by the
middle frontal gyrus (19 discharges, 15.7%). At the hemi-
sphere level, the maximal CSD was more commonly located
in the right hemisphere (80 discharges, 66.1%) than the left
(41 discharges, 33.9%).

Table 1 summarizes the maximal CSD at the midpoint of
the discharges ascending phase in 16 patients. The exact num-
ber and location of the source origins from each patient is
reported in the supplemental material. An example of the max-
imal point and the spatial extent of voxels within the CSD in
the brain MRI template slices is shown in Fig. 1. Figure 3a
shows examples of spatial extent in the three-dimensional
fiducial cortical surface.

Source localization at the negative peak of discharges

The maximal CSD was mostly located in the frontal lobe (82
discharges, 67.8%) followed by the occipital lobe (15 dis-
charges, 12.4%), parietal lobe (14 discharges, 11.6%), and tem-
poral lobe (10 discharges, 8.3%). At the gyral level, the maximal
CSD occurred most frequently in the superior frontal gyrus (45
discharges, 37.2%) followed by the middle frontal gyrus (15
discharges, 12.4%) and medial frontal gyrus (14 discharges,
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Table 2 Location of maximal current source density at the negative
peak of 121 epileptiform discharges in 16 patients with childhood
absence epilepsy

Lobe Left Right
Frontal (82) Superior frontal gyrus 11 34 45
Middle frontal gyrus 8 7 15
Inferior frontal gyrus 3 2 5
Medial frontal gyrus 3 11 14
Precentral gyrus 1 1
Rectal gyrus 1 2
Temporal (10) Superior temporal gyrus 1 3
Middle temporal gyrus 3 5
Inferior temporal gyrus 1 1
angular gyrus 1 1
Parietal (14) Postcentral gyrus 1 1
Superior lobule 3 3
Inferior lobule 2 1 3
Precuneous 1 5 6
Inferior parietal Gyrus 1 1
Occipital (15) Middle occipital gyrus 3 5 8
Inferior occipital gyrus 1 1
Lingual gyrus 2 2
Cuneous 2 2 4
47 74 121

11.6%). At the hemisphere level, the maximal CSD was more
commonly located in the right cerebral hemisphere (74 dis-
charges, 61.2%) than the left (47 discharges, 38.8%).

Table 2 summarizes the maximal points of CSD at the neg-
ative peak of discharges in 16 patients. The exact number and
location of source origins from each patient is reported in the
supplemental material. An example of the maximal point and
spatial extent of voxels within the CSD in the brain MRI tem-
plate slices is shown in Fig. 2. Figure 3b shows examples of
spatial extent in the three-dimensional fiducial cortical surface.

Discussion

In this study, we demonstrated that the frontal lobe was the
most common origin of epileptiform discharges in CAE. Our
results also showed that the frontal lobe was predominant both
at the midpoint of the ascending phase and the negative peak
of epileptiform discharges. Because the ascending phase of an
epileptiform discharge has been considered to be the best

Fig. 2 SLORETA maps of the negative peak of the spike in Example 2 P>
projected onto brain MRI template slices. Colored areas represent the
maximal point (a) and spatial extent (b) of voxels within the current
source density in the brain MRI template slices. The color scale
represents SLORETA values. L, left; R, right; A, anterior; P, posterior
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<« Fig. 3 sSLORETA maps of the midpoint of the ascending phase of the
spike in Example 1 (a) and the negative peak of the spike in Example 2
(b) projected onto the three-dimensional fiducial brain cortex. Colored
areas represent the spatial extent of voxels within the current source
density in the three-dimensional fiducial brain cortex. The color scale
represents SLORETA values. L, left; R, right; A, anterior; P, posterior;
S, superior; I, inferior

timepoint to calculate the spike generator rather than its prop-
agation, we evaluated the source localizations at the negative
peak as well as at the ascending phase of epileptiform dis-
charges [22]. Source localization of epileptiform discharges
in generalized epilepsy has been a matter of debate and con-
troversy for many years, with recent neuroimaging studies
showing that epileptiform discharges in generalized epilepsy
are localized to particular regions [23, 24]. Moreover, mor-
phological and metabolic abnormalities of the cerebral cortex
do show characteristic topographic patterns in IGE, as re-
vealed by sophisticated neuroimaging [25]. Additionally,
some EEG and functional MRI co-registration studies have
contributed to understanding the initiation, maintenance, and
termination of epileptiform discharges in IGE [26-29].

EEG-based source localization performed as described by
Holmes et al. showed evidence of localized medial frontal and
frontopolar discharges in absence seizures of five patients with
IGE [8]. Furthermore, Anderson et al. and Wandschneider et al.
used multimodal neuroimaging analysis methods including
EEG, MEG, functional MRI, and diffusion tensor imaging to
demonstrate frontal lobe and thalamus activation in IGE [30,
31]. The thalamocortical network is hypothesized to play a cru-
cial role in the fundamental pathogenesis of IGE. Converging
evidence suggests a critical role for an abnormal thalamocortical
circuit in generating generalized spike and wave complexes.
Recent computational advances in neuroimaging have contrib-
uted to our understanding of the functional changes in the frontal
cortex and thalamus in IGE [32]. In addition, studies investigat-
ing IGE have reported structural abnormalities in the frontal lobe
on MRI [33-36]. Our findings are consistent with recent studies
that have suggested selective cortical involvement, especially in
frontal regions, in generalized epilepsy. Moreover, we investi-
gated the initial stages of spike and wave complex bursts, and
our results imply that the frontal lobes might be involved in
generating spike and wave complexes.

At the gyral level, epileptiform discharges most frequently
had a source in the superior frontal gyrus followed by the
middle frontal gyrus and medial frontal gyrus. The ascending
phase and the negative peak of epileptiform discharges had
small differences, but the superior fontal gyrus was the most
common origin at both timepoints. Homes et al. proposed that
the medial orbitofrontal cortex was specifically involved in
IGE [8]. In early neurophysiologic studies, the thalamocortical
circuitry was suggested to be regulated by frontothalamic re-
sponses, specifically the orbitofrontal cortex [37, 38].
However, other regions of the frontal lobe may also be

involved in the spike and wave complex of IGE [30, 31].
Gadad et al. reported that epileptiform discharges in IGE were
most commonly localized in the middle frontal gyrus at the
peak [12]. Moreover, the source location might vary according
to IGE subtype based on the duration of the spike and wave
complexes [12]. We demonstrated that the source location was
predominantly in the right hemisphere in CAE and that the
right cerebral hemisphere was dominant in 63.6% of patients.
Stefan et al. reported right side localization in 10 of 13 seizure
episodes in a cohort of seven patients with IGE [39].
However, variable patterns of IGE subtypes were observed.
Moreover, this cohort did not include patients with CAE. In
essence, the exact source location in IGE varies among stud-
ies, and little is known about the origin, particularly in CAE.

Additionally, our results showed some variations in source
localization in CAE within a patient as well as between pa-
tients (refer to the supplementary material). Moeller et al. re-
ported patient-specific, but not region-specific, signal changes
in functional MRI studies of absence seizures [28]. However,
our study showed that particular regions predominate in CAE,
especially the frontal lobe, although there were variations
within and between patients.

To our knowledge, this is the first study to investigate the
source of epileptiform discharges by using a distributed model
in CAE only. We found that the source was located predomi-
nantly in the frontal lobe, suggesting that the frontal lobe might
be involved in generating CAE. This result is consistent with
previous studies that have proposed selective cortical involve-
ment, especially of frontal regions, in IGE. Furthermore, we
described the distinctive features of source localization in CAE.

A limitation of this study is the small number of patients. A
larger sample size is needed to make the results more gener-
alizable. Additionally, analysis with sSLORETA is restricted to
the cortical gray matter, hippocampus, and amygdala [20].
Therefore, deep subcortical structures such as the thalamus
were not considered in the analysis. SLORETA is an excellent
tool with no location bias, but other neuroimaging analysis
techniques could also be considered. Thus, extended studies
with a larger sample size and other analysis tools are needed to
confirm our findings.

In conclusion, we demonstrated selective cortical involve-
ment of frontal regions in epileptiform discharges as well as
distinctive source patterns in CAE. These findings enhance
our understanding of electrophysiological changes and their
development in CAE.
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