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SUMMARY
Purpose: Up to 30% of patients with idiopathic generalized epilepsy (IGE) have seizures that are
refractory to medication despite appropriate therapy that commonly includes valproate (VPA).
The aim of this study was to compare patients with VPA-refractory and VPA-responsive IGE in
order to determine whether there are group differences in generalized spike and wave discharge
(GSWD) generators that may be associated with VPA resistance.

Methods: Of 89 IGE patients who underwent electroencephalography (EEG) combined with
functional magnetic resonance imaging (fMRI; EEG/fMRI), 25 with GSWDs identified in EEG/
fMRI data were included. Simultaneous acquisition of 64 channels of EEG data at 10 kHz was
performed using an MRI-compatible EEG cap and amplifier at 4T. VPA resistance was defined as
lack of seizure control despite therapeutic dose of VPA.

Key Findings: The fMRI blood oxygen–level dependent (BOLD) correlates of GSWD in the
entire group involved midline thalamus, frontal regions comprising Brodmann areas 6, 24, and 32,
and temporal lobes diffusely. When VPA-responsive and VPA-resistant patients were compared,
BOLD signal increases were noted in the VPA-resistant patients in medial frontal cortex, along the
paracingulate gyrus (Montreal Neurological Institute; MNI x = 2, y = 13.6, z = 45.9), and anterior
insula bilaterally (right MNI x = 37.6, y = 7.8, z = 0.6, left MNI x = −35.3, y = 13.6, z = −5.3).

Significance: Our findings support the hypothesis that VPA-resistant and VPA-responsive
patients may have different GSWD generators. Furthermore, we hypothesize that these differences
in GSWD generators may be the reason for different responses to VPA.
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Clinically, idiopathic generalized epilepsies (IGEs) are defined as any combination of
absence seizures, generalized tonic–clinic seizures, and myoclonus or myoclonic seizures;
patients with IGEs usually have electroencephalography (EEG) showing generalized spike
and wave discharges (GSWDs) and are cognitively normal. The usual presentation age is
preteen or teenage years (Commission, 1989). GSWDs and seizures in IGEs are thought to
originate from or involve at some point a bilaterally distributed network of cortical and
subcortical areas (Bai et al., 2010; Berg et al., 2010; Szaflarski et al., 2010a). However, the
origin of the GSWDs and/or seizures in patients with IGEs remains elusive, with some
studies pointing to cortical and others to subcortical (i.e., thalamic) onset (Avoli, 2012;
Seneviratne et al., 2012). Previously, several theories regarding the origins of GSWD and
seizures in IGEs have been postulated based on animal and human data. These theories
include the “centrencephalic theory” put forward by Penfield & Jasper (1954), who
proposed that the onset of EEG abnormalities in IGEs is in the midline and intralaminar
nuclei of the thalamus; this theory was later redefined by the “thalamic clock” theory based
on the examination of cortical and thalamic ablations on high-voltage thalamic spindles
(Buzsaki, 1991). The two theories of a peripheral IGE onset include “cortical” and “cortical
focus” theories, which are based on the measured delays in GSWD propagation between the
hemispheres, and the fact that in some animal models of IGE the leading spikes may
originate around the cortical somatosensory areas (Meeren et al., 2005). Finally, the
corticoreticular theory proposed by Gloor may be the cement that unifies all the above
theories—it suggests that the thalamic and brainstem reticular system is responsible for the
genesis of the GSWDs that are a result of or represent abnormal oscillations within the
corticoreticular neurons and of interaction between cortical and thalamic neurons (Gloor,
1968). Therefore, based on these theories, the notion of cortical and subcortical involvement
in the origination of GSWD in IGEs is evident. However, although all these theories are
supported by ample experimental and clinical data, none of them address the question of
why some patients respond to antiepileptic drugs (AEDs), including valproate (VPA), which
is prototypical for these patients, whereas some patients do not.

Lack of seizure control in IGEs is observed in approximately 10–30% of adult patients
taking AEDs (Gelisse et al., 2001; Baykan et al., 2008; Szaflarski et al., 2010b). Some of
these patients continue to have seizures despite optimized therapy and management by an
epilepsy specialist (Szaflarski et al., 2008). Many features of IGEs are listed as reasons for
medication resistance, and include poor adherence to medication regimen, poor sleep
hygiene, or other lifestyle factors called globally “pseudo-resistance,” presence of comorbid
psychiatric conditions, presence of generalized tonic–clonic seizures, focal EEG features, or
early epilepsy onset (Wolf & Inoue, 1984; Fernando-Dongas et al., 2000; Berg et al., 2001;
Szaflarski et al., 2008; Iqbal et al., 2009). However, in many patients these or other reasons
for poor seizure control cannot be identified. Overall, it has been noted that patients with
IGEs tend to respond better to VPA than to other AEDs, and that response to VPA predicts a
positive response to another AED (Fernando-Dongas et al., 2000; Szaflarski et al., 2010b).
Therefore, VPA is considered the archetypical AED for patients with IGEs with patients’
response to this drug (or lack thereof) possibly identifying different subtypes of IGEs or
even differentiating patients with IGEs from patients with other, possibly focal types of
epilepsies (e.g., frontal lobe onset based on the “cortical” theory) (Meeren et al., 2005).

Recently, neuroimaging studies have significantly contributed to our understanding of IGEs.
Several studies combining EEG with functional magnetic resonance imaging (fMRI; EEG/
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fMRI) implicated thalamus or specific thalamic nuclei to be involved in GSWD generation
more than the cortical regions (Moeller et al., 2008; Tyvaert et al., 2009). Other studies
postulated more widespread cortical and subcortical involvement (Aghakhani et al., 2004;
Gotman et al., 2005; Hamandi et al., 2006), whereas some studies even suggested that
cortical involvement may precede or drive thalamic contribution to the generation of the
absence seizures (Bai et al., 2010; Szaflarski et al., 2010a). None of the above studies
contradict the theories discussed above, as most if not all of these studies observed
interactions between cortical and thalamic activations suggesting again that large cortical
and subcortical networks are involved in generation and propagation of GSWD in IGEs.
But, none of the above-mentioned studies examined the difference in cortical and subcortical
correlates of GSWD generators in patients with VPA-resistant compared to VPA-responsive
IGEs. Therefore, in this EEG/fMRI study, we examine the neuroimaging correlates of
GSWDs in drug-resistant IGE using EEG/fMRI with VPA as an archetype drug. The central
focus of this study is to test the hypothesis that there is a correlation between localization of
the blood oxygenation–level dependent (BOLD) signal responses to GSWDs and drug
response in patients with IGEs. We hypothesized that in patients with VPA-resistant IGEs,
poor seizure control is associated with nonthalamic (possibly cortical) sources of GSWD. By
using EEG/fMRI to identify the generators of GSWDs in both groups of IGE patients, we
investigated whether there are differences in sources of the GSWDs in patients with VPA-
resistant and in VPA-responsive (possibly thalamic) IGEs.

METHODS

Subjects and paradigm
Eighty-nine patients with idiopathic generalized epilepsies (IGEs) were enrolled in the study
of spike and wave generators using EEG/fMRI (K23 NS052468); 11 subjects either did not
receive EEG/fMRI or did not complete the procedure because of claustrophobia (N = 3),
metallic artifact (N = 1), or because of not wanting to continue with the procedure (N = 7).
Therefore, data on 78 patients were available for analyses. Diagnosis of IGE was established
by an epilepsy specialist based on the criteria put forward by the International League
Against Epilepsy (Commission, 1981, 1989). All subjects were recruited from the Cincinnati
Epilepsy Center by participating physicians. After confirming that each subject fulfilled all
of the inclusion and none of the exclusion criteria, all subjects signed an informed consent
form approved by the at the University of Cincinnati Institutional Review Board (IRB) in
adherence with the Declaration of Helsinki. For the purpose of this study, response to
valproic acid was the outcome variable (Appendix A). In general, we assessed patients as
“responsive” (or “good response”) if they became seizure free for at least 3 months while
treated with VPA. Patients who did not become seizure free while treated with VPA were
assessed as “resistant” (or “poor response”). All other patients were labeled “unknown.”
Included in this group were patients who either were never placed on VPA for the treatment
of IGE or were placed on this medication but it was subsequently withdrawn because of
intolerable side effects with the medication trial lasting <3 months; patients with continued
seizures due to lack of medication adherence or because of lack of seizure freedom due to
other factors, for example, alcohol use/abuse, poor sleep hygiene, and so on, leading to
“pseudo-resistance” were excluded from participation in this study (Szaflarski et al., 2008,
2010b). Expanding this variable to 12 months would be impractical, as many charts do not
contain such information (Szaflarski et al., 2008). Specific inclusion/exclusion criteria and
detailed criteria for defining good or poor response to VPA are included in Appendix A.
Each subject underwent between 1 and 3 consecutive 20-min resting-state EEG/fMRI scans
during which they listened to self-selected music with their eyes closed (Difrancesco et al.,
2008; Kay et al., 2012). After exclusion of poor-quality scans (N = 10) and scans without
GSWDs (N = 131), GSWDs were observed in 37 scans from 25 subjects (see Table 1).
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EEG acquisition and processing
EEG acquisition and processing was performed with Scan 4.3.5 software (Compumedics
U.S.A., Ltd., El Paso, TX, U.S.A.) as described previously (Espay et al., 2008; Kay et al.,
2012). Briefly, subjects were fitted with an MRI-compatible EEG cap with electrodes
arranged according to the international 10/20 system, braided carbon cabling, and current-
limiting in-line resistors (Compumedics U.S.A., Ltd.). Electrically conductive gel (Quik-
Gel; Compumedics Neuromedia Supplies, Charlotte, NC, U.S.A.) was used to establish low
impedance (confirmed as <20 k) between each electrode and the scalp. Sixty-four channels
of data, including two mastoid channels, one electrocardiography (ECG) channel, and one
eye electrooculography (EOG) channel, were recorded at 10 kHz concurrent with fMRI
using an MRT-compatible system (MagLink, NeuroScan; Division of Compumedics Ltd., El
Paso, TX, U.S.A.). Time marks generated by the scanner were automatically inserted into
the data stream at the onset of each volume acquisition.

After completion of the data collection, data were off-line low-pass filtered at 30 Hz, and
gradient artifacts were removed using an average artifact subtraction technique (Allen et al.,
2000; Difrancesco et al., 2008) based on the time marks inserted by the scanner. A moving
average template of five volumes was used to account for changes in the gradient artifact
over time. The fidelity of this technique was improved by optimizing the temporal alignment
between the average gradient waveform and the raw data using cross-correlation with a shift
limit of 25 samples.

Ballistocardiographic (BCG) artifacts were attenuated using a linear spatial filtering
technique as described previously (Lagerlund et al., 1997). For each subject, a component of
the QRS complex was identified in the ECG channel and used to epoch a majority of
heartbeat events in the first functional scan. These epochs were detrended, demeaned, and
reviewed for additional artifacts. An average ECG waveform excluding contaminated
epochs was obtained. The spatial singular value decomposition (SVD) algorithm in Scan
4.3.5 was used to obtain the principal components of the average waveform. Those
components accounting for 99% of signal variance were used to construct a spatial filter in
Scan. The filter was applied to EEG data, after gradient artifact removal and decimation to a
1,000 Hz sampling rate, to attenuate the BCG artifact. All processed EEG studies were
reviewed by a board-certified epilepsy specialist to identify GSWDs.

MRI acquisition and processing
fMRI was performed on a 4T 61.5 cm bore Varian Unity INOVA system (Varian, Inc., Palo
Alto, CA, U.S.A.) equipped with a standard head coil. T2*-weighted, BOLD sensitive, echo-
planar images (EPIs) were acquired with an 256 9 256 mm field of view, 64 9 64 voxel
matrix, 90-degree flip angle, and 5-mm slice thickness in axial orientation without gap. Four
hundred volumes consisting of 30 slices each and repetition time/echo time (TR/TE) =
3,000/2,000 msec were collected during each scan (Difrancesco et al., 2008; Espay et al.,
2008). T1-weighted structural images were acquired for use as an anatomic reference. A
modified driven equilibrium Fourier transform (MDEFT) method (Duewell et al., 1996;
Ugurbil et al., 1999) was used with an 1,100-msec inversion delay, 256 mm 9 196 mm 9 196
mm field of view, 256 9 196 9 196 voxel matrix, 22-degree flip angle, and TR/TE = 13.1/6.0
msec.

Data were reconstructed and corrected for ghosting and geometric distortion with the aid of
multiecho reference scans (MERS) (Schmithorst et al., 2001). Functional scans underwent
slice-timing correction, motion correction (Jenkinson et al., 2002), rigid-body registration to
a high-resolution anatomic scan (Jenkinson & Smith, 2001), non-linear registration
(Andersson et al., 2007a,b) to an MNI152 standard, and spatial blurring by a gaussian kernel
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with full width at half maximum (FWHM) of 6 mm using FMRIB Software Library (FSL)
(Smith et al., 2004). The quality of functional to anatomic registration was measured using
the mutual information cost function (Jenkinson & Smith, 2001). Functional scans with an
outlying cost indicating unsatisfactory registration were excluded from further analysis. The
quality of motion correction was measured using the normalized correlation ratio cost
function (Jenkinson & Smith, 2001) of each time point to the reference volume. Time points
with an outlying cost indicating excessive motion were censored from event-related analysis
using the 3dDeconvolve tool in Analysis of Functional NeuroImages (AFNI); the preceding
and following time points were also censored (Cox, 1996).

Analysis
The fMRI correlates of GSWDs were examined using an event-related design with the
3dDeconvolve tool in AFNI. The onset times of GSWDs in each scan were obtained from
the simultaneous EEG recordings via review by a board-certified epilepsy specialist (JPS).
Spike times were convolved with a canonical gamma variate hemodynamic response
function given by (t^8.6)*exp(−t/0.547) (Cohen, 1997), which peaks at 4.7 s, and used as the
regressor of interest. The six rigid body motion parameters were included as nuisance
regressors in the baseline model. T-maps of spike-related fMRI activation were thus
obtained for each scan during which GSWDs were observed. The time-evolution of spike-
related activation was examined by repeating the preceding analysis for a total of 13 spike-
timing shifts. Analysis was repeated with the onset of the hemodynamic response function
(HRF) shifted back in time (a shift of –1, –2, …, –6 s), or forward in time (a shift of +1, +2,
…, +6 s). A shift of 0 s corresponded to analysis with the original spike timings.

One- and two-sample t-tests were performed at the group level and corrected for multiple
comparisons using the 3dmerge tool in AFNI. The mean and standard deviation of positive
t-values from group t-maps were obtained for four anatomic regions of interest (ROIs) using
the 3dROIstats tool in AFNI. ROIs were taken from the Harvard-Oxford probabilistic
cortical and subcortical atlases distributed with FSL using probability >50% (Desikan et al.,
2006).

RESULTS

Of the included subjects, 33 were men and 45 were women, age 31.8 ± 11.7 years. Twenty-
five of the 25 had clear GSWDs in their EEG/fMRI data and were included in analyses
(Table 1). Spike frequency per minute was 4.0 ± 6.4 in VPA-resistant patients, 0.56 ± 0.59
in VPA-responsive patients, and 2.6 ± 4.1 in VPA-unknown patients. The syndromic
diagnoses of the analyzed cohort include 12 patients with juvenile myoclonic epilepsy
(JME) and 13 with IGEs other than JME (e.g., juvenile absence epilepsy). All patients
treated with VPA in the VPA-resistant or VPA-responsive groups had at least one VPA
level in a therapeutic range. All patients included in this study are part of a larger study
examining the effects of VPA on seizure freedom in patients with IGEs, and data on some of
them were included in our previous publications (Szaflarski et al., 2010a,b). Among the
included patients, 9 (35%) of the patients with GSWDs were VPA-resistant, 10 (40%) of
them were VPA-responsive, and 6 (24%) were VPA-unknown; among patients without
GSWDs, 13 (22%) were VPA-resistant, 28 (47%) were VPA-responsive, and 19 (32%) were
VPA-unknown. There is no significant difference between all groups (2 9 3 contingency
table; p = 0.42), or between VPA-resistant and VPA-responsive patients (p = 0.26).

A two-sided, one-sample t-test was used to identify overall spike-related activation in the
entire cohort. Significant (a = 0.05) clusters of spike-related activation (>36 voxels with t >
2.3) are shown in Fig. 1 (left). Diffuse cortical and subcortical activations were observed
with strong thalamic activation bilaterally. In general, activation in frontal cortex was
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observed to occur at earlier offsets of the HRF. Deactivation was observed specifically in
regions associated with the default mode network (DMN) at later offsets of the HRF.
Affected DMN Brodmann areas (BA) included occipital and parietal BA 19, 29, 31, 7, 19,
and 39, and frontal BA 6, 8, 9, 10, and 46.

Next, a one-sided, two-sample t-test was used to contrast spike-related activation between
VPA-resistant and VPA-responsive subjects. The number of spikes recorded from each
subject was included as a covariate. Significant (a = 0.05) clusters of differences in spike-
related activation (>36 voxels with t > 2) are shown in Fig. 1 (right). Increased frontal spike-
related activation was observed in VPA-resistant subjects. The affected regions were medial
frontal cortex, along the paracingulate gyrus (MNI x = 2, y = 13.6, z = 45.9) and anterior
insula bilaterally (right MNI x = 37.6, y = 7.8, z = 0.6, left MNI x = −35.3, y = 13.6, z =
−5.3). No significant increase in spike-related activation was observed in VPA-responsive
subjects at an HRF offset of 0.

Spike-related activation was further examined in the four anatomic ROIs shown in Fig. 2:
thalamus, putamen, insular cortex, and paracingulate (medial frontal) cortex. ROI statistics
for overall spike-related activation are shown in Fig. 3. ROI statistics for the contrast in
spike-related activation between VPA-resistant and VPA-responsive IGE after controlling
for spike count are shown in Fig. 4. The difference between spike-related thalamic activation
(Fig. 4, bottom) in VPA-resistant versus VPA-responsive patients did not deviate
significantly from zero (a = 0.05), whereas spike-related paracingulate activation (Fig. 4,
top) was significantly greater (p < 0.001) in VPA-resistant patients, peaking 1 s before
GSWD onset.

DISCUSSION

In this EEG/fMRI study, we examined the neuroimaging correlates of GSWDs in patients
with IGEs using VPA as an archetype drug. Based on the main theories of the
pathophysiology of the generalized epilepsies, we hypothesized that in patients with VPA-
resistant IGEs poor seizure control would be associated with cortical sources of GSWDs,
whereas VPA-responsive patients would have more typical, thalamic GSWD sources. By
using EEG/fMRI, we have shown that all enrolled IGE patients, as a group, have a fairly
typical distribution of the BOLD signal changes, whereas clear neuroimaging differences
can be observed between patients who do or do not respond to VPA (Fig. 1). In fact, after
controlling for the incidence of GSWD in the EEG/fMRI recordings, we were able to show
that it is the cortical (but not thalamic) involvement in GSWD generation that differentiates
these two groups. Clearly, VPA-resistant patients have much more extensive cortical
involvement, which is in agreement with the “cortical” or “cortical focus” theories of IGE
pathophysiology (Niedermeyer et al., 1969a; Niedermeyer, 1996; Meeren et al., 2005).

Why is VPA a prototypical AED for patients with IGEs? Although numerous studies have
shown that VPA is effective for the control of seizures in patients with IGEs, there is not a
single mechanism that is responsible for this effect (Loscher, 2002; Marson et al., 2007;
Glauser et al., 2010). In fact, in the experimental models of epilepsy, the anticonvulsant
effect of VPA spans from maximal electroshock seizures through partial seizures to all types
of generalized seizures; in the clinical setting, although VPA is effective in all types of
epilepsies it appears to be more effective in generalized than in focal epilepsies (Loscher,
2002). In the case of IGEs, several mechanisms may be contributing to this drug’s efficacy,
depending on the site of action and the molecular and cellular mechanisms that underlie
absence, myoclonic, and generalized seizures (Loscher, 2002). These mechanisms include
potentiation of c-aminobutyric acid (GABA) functions via increased GABA concentration,
negative modulation of neuronal excitation via its effects on N-methyl-D-aspartate (NMDA)
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receptors, and probably the most important for the control of generalized seizures (especially
absence) effects on hydroxybutyrate (GHB) (Loscher, 2002). Therefore, if we consider IGEs
through the theories that postulate the corticoreticular mechanism of IGEs (and the abnormal
oscillations within the network), it becomes obvious that the relatively wide distribution of
these receptors in the mammalian brain predisposes VPA to being the archetypical drug for
these IGEs because of its mechanisms of action (Gloor, 1968; Gloor et al., 1977). Although
GABA receptors in the mammalian brain may be distributed somewhat more centrally then
peripherally including thalami and basal ganglia (Young & Chu, 1990; Sieghart & Sperk,
2002), NMDA and GHB receptors appear to be distributed throughout the brain including
thalami and cortex (especially prefrontal areas) (Monaghan & Cotman, 1985; Hechler et al.,
1992). Therefore, the receptors via which VPA appears to exert its mechanism are
distributed in all parts of the corticoreticular network, probably facilitating response to this
AED. However, if the mechanisms of some of the seizures in some of the patients with IGEs
are cortical, as postulated by some authorities (e.g., due to cortical micromalformations),
then the pathophysiologic mechanisms that lead to these seizures may be mediated by
different mechanisms, thus making VPA less efficacious (Niedermeyer et al., 1969b;
Meencke & Janz, 1984; Dichter & Ayala, 1987; Niedermeyer, 1996). This could be the case
with the patients who did not respond to VPA.

Our group analysis of the EEG/fMRI correlates of the GSWDs (Fig. 1 – left) showed fairly
typical distribution of the positive and negative BOLD signal changes including early
BOLD signal increases in thalami and basal ganglia and bilateral frontotemporal cortices
(Salek-Haddadi et al., 2003; Aghakhani et al., 2004; Gotman et al., 2005; Moeller et al.,
2008, 2009; Bai et al., 2010; Szaflarski et al., 2010a), and later BOLD signal decreases in
the areas typical of the DMN (Gotman et al., 2005; Fox & Raichle, 2007; Morgan et al.,
2008; Kay et al., 2012). However, the comparison between VPA-resistant and VPA-
responsive TGE patients paints a very different picture (Fig. 1 – right). There are differences
between patient groups with VPA-resistant patients clearly having more cortical
involvement in GSWD generation, including bilateral insula in proximity to face/oral
sensorimotor cortex, medial prefrontal, and frontal areas (anterior portion of the cingulate
gyrus) when compared to VPA-responsive patients; these patients also exhibit different
timing of the BOLD signal changes (Figs. 3 and 4). Furthermore, these differences are
consistently present throughout the time course of BOLD signal response between −4 and
+4 s centered on the HRF. There is only one very small area of increased BOLD signal in
the VPA-responsive group when compared to the VPA-resistant group in the deep white
matter of the frontal lobe at +2 s after the peak of the HRF, which may be suggestive of
possibly greater involvement of DMN in patients with VPA-responsive IGEs. Could the
reason for VPA-resistance in these patients be the fact that they have different
pathophysiologic (focal cortical) mechanism of their IGE? These results certainly are in
agreement with the possible reasons for VPA resistance discussed above; they are also
discussed below in view of the previously proposed theories of the GSWD sources, and the
available animal and human data.

Rodent studies in genetic models of generalized epilepsy provide evidence of Na+- and/or
Ca++-channel mutations as the etiology of absence epilepsy (Tsakiridou et al., 1995;
Crunelli & Leresche, 2002; Richards et al., 2003). In addition, recent rodent studies indicate
that the thalamus and its connections are essential for the production of generalized GSWDs
and their characteristic morphology (Futatsugi & Riviello, 1998; Blumenfeld & McCormick,
2000). However, systemic administration of ethosuximide in the genetic rat model of
absence epilepsy (AED with well-recognized antiabsence properties; Glauser et al., 2010)
reduced the firing rate of nucleus reticularis thalami by 90%, with the response much slower
and of lower magnitude when it was administered directly into the thalamus (Richards et al.,
2003). This suggests that the thalamus might not be the only source of GSWDs, and that the
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participation of the cortical structures in generation of the generalized GSWDs remains
likely, which is in support of the “cortical” and “cortical focus” theories of IGE onset
(Niedermeyer, 1996; Meeren et al., 2005).

One of the early animal EEG/fMRI studies showed BOLD signal changes in both cortical
and thalamic structures in response to absence seizures (Tenney et al., 2004). Since then,
several animal and human studies have shown various patterns of BOLD signal changes in
response to GSWDs and/or absence seizures (Aghakhani et al., 2004; Gotman et al., 2005;
Hamandi et al., 2006; Moeller et al., 2009, 2008; Bai et al., 2010; Szaflarski et al., 2010a).
Therefore, it still remains to be determined whether it is the thalamus, the cortex, or an
interaction between them that are responsible for seizure onset in IGEs. Although the
thalamus, with its connections to all areas of the cortex and its baseline rhythmic firing of
bursts of action potentials is an important, if not the most important, part of the network that
sustains GSWDs, it is possible that the cortical sources contribute to the etiology of
generalized epilepsies (Blumenfeld, 2002), with the last notion being consistent with the
corticoreticular theory by Gloor (Gloor et al., 1977); Quesney et al., 1977; Avoli & Gloor,
1981; Avoli et al., 1981). Knowing that the entire network is necessary for GSWD
production allows us to speculate that dysfunction or malfunction of different components of
the network may contribute to different clinical presentation of the IGEs and, thus, to
different responses to AEDs (Andermann & Berkovic, 2001). Our EEG/fMRI data certainly
support the possibility that different portions of the network may participate in GSWD
generation in patients who do or do not respond to VPA.

Possible limitations of this study need to be discussed. First, the definitions of “poor
response” and “good response” to VPA are based on chart review and not on prospective
data collection, and are subject to patient recall and physician record bias. In addition, these
measures are far from perfect—a much better measure would be seizure freedom
documented prospectively via ambulatory EEG and a longer span of seizure freedom, for
example, 1 year. However, as discussed previously, this measure is impractical, as many
charts do not contain such data (Szaflarski et al., 2008). Second, patient selection for study
participation was based on fulfilling all inclusion criteria including at least one abnormal
EEG with GSWDs. However, many patients with IGEs have very few EEG abnormalities
and some of them may always have normal EEGs; normal EEGs are more frequently seen in
patients with good response to AEDs, including VPA (Szaflarski et al., 2010b).
Furthermore, the proportion of patients who had normal EEG during the EEG/fMRI
procedure is higher than anticipated. Therefore, the possibility of inclusion/exclusion bias
cannot be excluded, although it appears to be unlikely. Finally, this study was neither
designed nor powered to answer the question as to whether the VPA-resistant patients
responded better to AEDs typically used in patients with focal epilepsies. Although such a
response was not seen in another larger study, a prospective data collection is needed to
answer such question (Szaflarski et al., 2010b).
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APPENDIX A
Diagnosis of IGE was based on criteria provided by a number of authors (Aliberti et al.,
1994; Bourgeois et al., 1987; Fernando-Dongas et al., 2000; Gelisse et al., 2001; Genton &
Gelisse, 2001; Lancman et al., 1994; Panayiotopoulos, 1989, 2005; Resor & Resor, 1990;
Sadleir et al., 2009; Szaflarski, 2004; Szaflarski et al., 2010a,b):
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Inclusion criteria:

1. History of two or more unprovoked seizures;

2. Clinical criteria of myoclonic jerks, typical absence seizures, and/or generalized
tonic–clonic seizures;

3. Typical for IGE syndrome age of seizure onset;

4. For JME, circadian distribution of myoclonic jerks (on awakening) and
characteristic precipitating factors such as sleep deprivation and/or alcohol
consumption;

5. Normal general and neurologic examination;

6. Normal structural 1.5T or 3T MRI;

7. Characteristic, abnormal EEG with GSWDs and poly-SWDs with bifrontal
predominance at a frequency of 3–6 Hz superimposed on a normal background;

8. Provision of a written informed consent by the subject (in case of minors—assent
by the subject and written consent by the parent/guardian);

9. Age between 15 and 65.

Exclusion criteria:

1. Underlying degenerative or metabolic disorders or super-vening medical illness;

2. Abnormal general or neurologic examination;

3. Abnormal MRI of the brain;

4. Alcohol/drug abuse, medication noncompliance, lack of sleep hygiene, etc., leading
to “VPA pseudo-resistance”;

5. Severe depression or other psychiatric disorders (e.g., psychosis) determined based
on the previous medical history and/or the results of psychiatric consultation/
follow-up;

6. Positive pregnancy test;

7. Any contraindication to an MRI scan at 4T;

8. Mental handicap (full-scale intelligence quotient [FSIQ] < 80 if tested in the
Epilepsy Monitoring Unit) or history of special education and/or not being able to
finish high school.

Definitions of VPA-responsive and VPA-resistant IGE are based on the available literature
(Aliberti et al., 1994; Bourgeois et al., 1987; Fernando-Dongas et al., 2000; Gelisse et al.,
2001; Genton and Gelisse, 2001; Lancman et al., 1994; Panayiotopoulos, 1989;
Panayiotopoulos, 2005; Resor and Resor, 1990; Sadleir et al., 2009; Szaflarski, 2004;
Szaflarski et al., 2010a,b). They are as follows:

Definition of VPA-response (good response):

1. Meeting inclusion criteria for IGE as described above;

2. Achievement of seizure freedom within 1 year of initiating therapy with valproate
(usually seizure freedom will have been obtained in a shorter time frame);

3. Documentation of a minimum valproate serum level of 30 μg/ml while seizure free;

4. Sustained seizure freedom for at least 3 months.
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Definition of VPA-resistance (poor response):

1. Meeting inclusion criteria for IGE as described above;

2. One or more seizures with a documented valproate serum level of >70 μg/ml, and
without evidence of a significant proximate cause for the seizure such as head
trauma with loss of consciousness or central nervous system infection.
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Figure 1.
Spike-related activation (red) and deactivation (blue), controlling for number of spikes, are
overlayed on the standard MNI anatomic brain in radiologic orientation. Spike times
obtained from a simultaneous EEG recording were convolved with a canonical gamma
variate hemodynamic response function (HRF)with its peak 4.7 s post onset using AFNI.
Activation maps were produced with HRF onset aligied with spikes (0 s), before spikes
(−1,−2, … s), and after spikes (+1,+2, … s). Group responses from all subjects (left) and a
contrast between vdproate (VPA)-resistant and VPA-responsive subjects(right) were
obtained. Significant (a < 0.05) clusters of >36 suprathreshold voxels (left: two-sided t > 2.3,
right: one-sided t > 2) are shown.
Epilepsia © ILAE
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Figure 2.
Slices from the anatomic regions of interest (ROIs) used in Figs 3 and 4 are overlayed on the
standard MNI anatomic brain In radiologic orientation. Regions were obtained from the
Harvard-Oxford cortical and subcortical probabilistic atlases distributed with FSL Voxels
with probability >50% of residing within the anatomic region are shown and were used as a
mask to compute the ROI time courses in Figures 3 and 4.
Epilepsia © ILAE
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Figure 3.
Spike-related fMRI activation was computed at the goup level for all subjects. The average
and standard deviation of positive t-values within four regions of interest (ROIs, refer to Fig
2) are shown. spike times obtained from a simultaneous EEG recording were convolved
with a canonical gamma variate hemodynamic response function (HRF) with its peak 4.7 s
post onset using ARNI. T-maps were produced with HRF onset aligned with spikes (0 s),
before spikes (−1,−2, … s), and after spikes(+1,+2, … s).
Epilepsia © ILAE
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Figure 4.
A group level contrast for spike-related fMRI activation in valproate (VPA)-resistant versus
VPA-responsive subjects was performed. The average and standard deviation of positive t-
values within four regions of interest (ROIs, refer to Fig 2) are shown. Spike times obtained
from a simultaneous EEG recording were convolved with a canonical gamma variate
hemodynamic response function (HRF) with its peak 4.7 s post onset using AFNI. T-maps
were produced with HRF onset aligned with spikes (0 s), before spikes (−1, −2, … s), and
after spikes (+1,+2, … s).
Epilepsia © ILAE
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Table 1

Demographics of subjects from whom generalized spike and wave discharges were recorded

Valproate
No. scanning

runs
No.

male
No.

female Ages at scanning Age at onset Duration
No. AEDs at

scanning
No. previously

failed AEDs

Resistant 14 3 6 29.6 ± 15.1 11 ± 7.1 18.6 ± 19.2 2.3 ± 1.0 3.9 ± 2.1

Responsive 12 8 2 29.6 ± 11.6 18.5 ± 14.7 11.1 ± 5.6 1.7 ± 0.5 2.7 ± 2.2

Unknown 11 3 3 27.5 ± 9.0 18.8 ± 7.7 8.3 ± 8.5 1.3 ± 0.5 0.8 ± 0.8

Number of scanning runs and number of male and female subjects is provided along with mean ± SD of age at scanning age at disease onset,
disease duration (years), number of antiepileptic drugs (AEDs) at time of scanning and number of previously failed AEDs
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