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Absence seizures are 5–10 s episodes of impaired consciousness accompanied by 3– 4 Hz generalized spike-and-wave discharge on
electroencephalography (EEG). The time course of functional magnetic resonance imaging (fMRI) changes in absence seizures in relation
to EEG and behavior is not known. We acquired simultaneous EEG–fMRI in 88 typical childhood absence seizures from nine pediatric
patients. We investigated behavior concurrently using a continuous performance task or simpler repetitive tapping task. EEG time–
frequency analysis revealed abrupt onset and end of 3– 4 Hz spike-wave discharges with a mean duration of 6.6 s. Behavioral analysis also
showed rapid onset and end of deficits associated with electrographic seizure start and end. In contrast, we observed small early fMRI
increases in the orbital/medial frontal and medial/lateral parietal cortex �5 s before seizure onset, followed by profound fMRI decreases
continuing �20 s after seizure end. This time course differed markedly from the hemodynamic response function (HRF) model used in
conventional fMRI analysis, consisting of large increases beginning after electrical event onset, followed by small fMRI decreases. Other
regions, such as the lateral frontal cortex, showed more balanced fMRI increases followed by approximately equal decreases. The
thalamus showed delayed increases after seizure onset followed by small decreases, most closely resembling the HRF model. These
findings reveal a complex and long-lasting sequence of fMRI changes in absence seizures, which are not detectable by conventional HRF
modeling in many regions. These results may be important mechanistically for seizure initiation and termination and may also contrib-
ute to changes in EEG and behavior.

Introduction
Absence seizures are brief 5–10 s episodes of impaired conscious-
ness and 3– 4 Hz generalized spike-wave discharges, which begin
and end abruptly on electroencephalography (EEG) (Blumen-
feld, 2005b; Andermann, 2006). Despite the fact that electrical
events and behavioral changes in absence seizures have been in-
vestigated thoroughly (Davidoff and Johnson, 1964; Mirsky and
Van Buren, 1965; Sadleir et al., 2006, 2009), shortcomings of
scalp EEG in both the spatial resolution and detection of subcor-
tical regions have limited the understanding of fundamental
mechanisms of altered brain function in absence seizures.

In the past decade, functional magnetic resonance imaging
(fMRI) with simultaneous EEG recording has been increasingly
used in generalized epilepsy studies (Archer et al., 2003; Salek-

Haddadi et al., 2003; Aghakhani et al., 2004; Gotman et al., 2005;
Labate et al., 2005; Hamandi et al., 2006; Laufs et al., 2006; Hawco
et al., 2007; Moeller et al., 2008a,b; Vaudano et al., 2009), reveal-
ing the cortical and subcortical areas with blood oxygenation
level-dependent (BOLD) changes. Several groups have used this
EEG–fMRI approach to investigate generalized spike-wave dis-
charges, and their findings have demonstrated consistent bilat-
eral fMRI increases in thalamus and decreases in medial and
lateral parietal cortex; however, changes in other cortical and
subcortical regions have been more variable.

Recent fMRI studies in normal subjects have provided impor-
tant evidence that the actual hemodynamic response may vary
from one brain area to another (Miezin et al., 2000; Neumann et
al., 2003; Handwerker et al., 2004; Meltzer et al., 2008), which
may lead to highly variable findings in model-driven fMRI anal-
yses. An EEG/MEG study in epileptic patients (Amor et al., 2009)
reported local and long-range synchronization a few hundred
milliseconds before spike–wave discharges, while recent fMRI
studies have found changes up to several seconds before electrical
epileptiform activity (Hawco et al., 2007; Moeller et al., 2008a).
These findings suggest that the longer-lasting BOLD response
dynamics in absence seizures may be variable for different regions
and could occur even before spike-wave discharges on EEG. Fur-
thermore, a recent modeling study supported the possible role of
specific cortical regions such as the medial parietal cortex (pre-
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cuneus) in initiating fMRI changes with spike-wave discharges
(Vaudano et al., 2009).

Although models can provide valuable insights, we were in-
terested in directly examining the fMRI time course in absence
seizures using a data-driven approach. To accomplish this, we
studied a relatively homogenous group of children with typical
childhood absence epilepsy, and first analyzed the time course of
EEG and behavioral changes before, during, and after seizures.
Next, we analyzed simultaneously recorded fMRI signals using
conventional HRF modeling. Finally, we performed a direct anal-
ysis of mean fMRI time courses in a relatively large number of
seizures both in the whole brain, and in specific regions showing
maximal changes during the time period from �20 s to �40 s
relative to seizure onset. This approach allowed us to characterize
a complex sequence of early and late fMRI changes, not detect-
able by conventional analysis, which may shed new light on ab-
sence seizure pathogenesis.

Materials and Methods
Patients. From January 2004 to February 2009, 42 pediatric patients with
typical childhood absence epilepsy were referred by their pediatric neu-
rologists. All patients had informed consent signed by their legal guard-
ians, and all human study procedures were approved by the institutional
review boards at Yale University School of Medicine and the Yale Mag-
netic Resonance Imaging Center. Of these 42 patients, 9 had absence
seizures during EEG–fMRI and were used for analysis. Patients fulfilled
the following criteria: (1) clinical diagnosis of childhood absence epilepsy
based on International League Against Epilepsy criteria (Commission on
Classification and Terminology of the International League Against Ep-
ilepsy, 1989); (2) EEG with typical 3– 4 Hz bilateral spike-wave discharges
and normal background activity; (3) age range of 6 –18 years; (4) no
additional seizure types, such as myoclonic, tonic-clonic, or partial sei-
zures; (5) no known structural brain abnormality; and (6) no other neu-
rological disorders.

Experimental procedure. Before actual EEG–fMRI scanning, patients
were familiarized with the MRI environment in an early separate visit. All
pediatric patients were trained for the behavioral tests and underwent at
least one practice session in a mock scanner after training. To increase the
likelihood of capturing absence seizures during the EEG–fMRI scans,
patients stopped taking medication for up to 48 h before scanning
(Buchanan et al., 1969; Hvidberg and Dam, 1976; Barceloux, 1998; Chen
et al., 1999). Though some activating procedures, such as hyperventila-
tion, sleep deprivation, or photic stimulation, may increase the chances
of absence seizures, they were not used in this study. Hyperventilation
causes cerebral vasoconstriction, which would complicate interpretation
of fMRI results, photic stimulation-induced seizures may differ from
spontaneous absence seizures, and sleep deprivation may impair behav-
ioral performance on the vigilance testing.

Behavioral tasks and analysis. Two behavioral tasks and a visual fixa-
tion task were performed during the EEG–fMRI acquisitions for each
patient. The behavioral tasks we used have been used previously (Yeager
and Guerrant, 1957; Jus and Jus, 1960; Mirsky and Van Buren, 1965) to
examine the impairment of consciousness in patients with typical ab-
sence epilepsy, providing valuable information about deficits during and
between seizures. To determine fMRI changes in the same patients dur-
ing spike-wave discharges but without any active task, a visual fixation
run was also acquired in most patients. All tasks were generated using
E-Prime 1.1 (Psychology Software Tools). One fMRI run for each task
consisted of 20 blocks (each block � 32 s), and lasted for a total of 10 min
and 40 s.

Tasks were as follows: (1) The continuous performance task (CPT)
was composed of 10 blocks of visual stimuli alternating with 10 blocks of
fixation (the first block was fixation). During stimuli blocks, the follow-
ing 16 letters were displayed in random sequence: A B C D E F H I L M N
O T X Y Z. Twenty-five percent of all letters shown were the target X, so
that the X appeared on average every 4 s. The letters were displayed for
250 ms, and the interval between consecutive letter onsets was 1000 ms,

allowing 750 ms between letters. Patients responded to the target letter X
by using the right hand to push a button. During fixation blocks, patients
viewed a � sign presented on the screen. (2) The repetitive tapping task
(RTT) was the same as the CPT except patients were instructed to push
the button for every displayed letter (once per second), and no letter X
appeared in the sequence. (3) The visual fixation task (VFT) consisted of
20 uniform fixation blocks. Patients viewed the fixation sign � during
the entire 10 min 40 s run.

For all tasks, the letters and � sign appeared on a projection screen,
viewed by a mirror mounted on the patient head coil. Both the stimuli
and button push response times for displayed letters were recorded using
the E-Prime program. The intervals for correct responses were 120 –1000
ms after stimulus presentation for CPT and 0 –1000 ms after stimulus
presentation for RTT. Performance on the CPT and RTT was analyzed by
calculating the correct response percentage rate, (A1/A0) � 100, where
A0 was the number of target letters and A1 was the number of correct
responses for target letters. For a given patient, the correct response
percentage rate for the RTT or CPT was calculated in two second bins
across runs, and the mean CPT/RTT performance rates at each time were
then calculated by averaging across subjects.

EEG–fMRI data acquisition. Continuous EEG–fMRI data were ac-
quired from each patient. Spike-wave discharges of typical absence sei-
zures were found on EEG data from nine patients. EEG data were
acquired with two slightly different systems. The EEG data in seven of
these nine patients were collected by an EEG cap with silver/silver-
chloride electrodes (modified from Quik-Cap 21 channel (international
10-20 system), Neuroscan), carbon fiber cables (in-house), a 125 Hz
analog low-pass Butterworth filter (in-house), and an EEG recorder
(NuAmps, Neuroscan). EEG signals were recorded at a 500 Hz sampling
rate with 22 bit data resolution and referred to a linked ear reference. The
EEG data in the two other patients were recorded using the same system
except that 32 carbon wire EEG electrodes (in-house) and a preamplifier
(in-house) were used (Negishi et al., 2008), and the signals were
digitized at 1000 Hz with a newer EEG recorder with 24 bit data
resolution (SynAmps2, Neuroscan).

All patients were scanned using a 3 Tesla Magnetom Trio scanner
(Siemens Medical Systems). During scanning, foam padding was used to
help secure the EEG leads, reduce motion artifacts, and improve patient
comfort. An AC–PC-aligned axial T1-weighted anatomical scan was ac-
quired using a spin-echo (SE) acquisition (repetition time � 300 ms,
echo time � 2.47 ms, matrix size � 256 � 256, 25 slices per image, slice
thickness � 6 mm, field of view � 22 cm). Functional MRI images were
recorded with an echo-planar imaging (EPI) sequence with the following
parameters: repetition time � 1550 ms, echo time � 30 ms, flip angle �
80, matrix size � 64 � 64, and other parameters were the same as for the
T1-weighted anatomical images, acquired in the same imaging planes. At
the beginning of each fMRI scan, a TTL pulse from the MRI scanner was
used to initiate the visual stimulus presentation. To further ensure cor-
rect synchronization, the behavioral stimulus presentations and button
push responses were recorded along with the EEG data in separate chan-
nels, as well as by the stimulus presentation software. Each fMRI run
lasted 10 min and 40 s. Up to six (typically three or four) fMRI runs were
obtained per recording session as tolerated by the patients.

EEG analysis. EEG data were filtered offline to remove the artifact
generated by MRI scans, allowing the visualization of the entire EEG
trace. The MR artifact in seven of nine patients was filtered using the
SCAN (Neuroscan) software and in-house temporal principal compo-
nent analysis (PCA) software (Negishi et al., 2004). The MR artifact in the
remaining two patients was subtracted using adaptive noise cancellation
software (Negishi et al., 2008). After artifact removal, the EEG data were
low-pass filtered at 25 Hz and visually inspected.

Before all other EEG, behavioral, and fMRI analysis, EEG recordings
were reviewed by an experienced reader (H.B.) to identify all typical 3– 4
Hz spike-wave discharges, and to determine seizure onset and end times
with 0.1 s time resolution. These times were used for all subsequent EEG,
behavioral, and fMRI analyses.

A time–frequency analysis (Oppenheim and Schafer, 1989) was exe-
cuted to investigate the time–frequency dynamics before, during, and
after spike-wave discharge bursts. Analysis was performed on EEG data
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from �20 s to �40 s relative to each seizure onset. Time–frequency
dynamics were calculated by using the short-time Fourier transform
method in MATLAB 7.1 (MathWorks). The short-time Fourier trans-
form includes a sliding time window (window width � 5.12 s, shifted at
20 ms intervals), providing the frequency composition of short sequen-
tial data segments over time. The frequency band 0 –25 Hz was investi-
gated in each channel. Since low-frequency (�1 Hz) EEG signal was
observed at all times independent of seizures, it was removed using a
high-pass filter (�1 Hz). The ictal, preictal (times before seizure onset),
and postictal (times after seizure end) time periods of EEG recordings
were temporally aligned across seizures, and the ictal period of each
seizure was scaled to the mean seizure duration (6.6 s). It should be noted
that the preictal and postictal time data were not scaled; they were simply
aligned in time across seizures by lining up the seizure onset times for
preictal data, and by lining up the seizure end times for postictal data. The
power spectrum for each seizure was normalized to the range [0 1], so
that the maximum power for each seizure was defined as “1.” Finally, the
aligned time–frequency dynamics in each channel were averaged across
seizures for each patient, and the mean was calculated across patients.

fMRI analysis. The SPM2 software package (http://www.fil.ion.ucl.ac.
uk/spm/) was used for all fMRI image preprocessing on a MATLAB 7.1
platform (MathWorks). The initial 10 images (15.5 s) were discarded in
each run. The remaining 406 images in each run were spatially realigned
to the first image of each functional series and spatially normalized to the
SPM EPI template in MNI space. Images were then spatially smoothed
using an isotropic Gaussian kernel (10 mm full width at half maximum).
Three approaches were used to analyze the fMRI data, and their results
were compared.

(1) Statistical analysis of fMRI data was performed with the general
linear model (GLM) approach in SPM2 (Friston et al., 1995). For a given
patient, the epochs of spike-wave discharges were visually identified and
used to construct a boxcar model of active versus rest EEG state, which
was then convolved with the canonical hemodynamic response function
(HRF) (Glover, 1999) from SPM2. The HRF consists of a standard
double gamma function with default parameters documented in the
spm_hrf.m file (delay of response relative to onset � 6 s; delay of under-
shoot relative to onset � 16 s; dispersion of response � 1; dispersion of
undershoot � 1; ratio of response to undershoot � 6; onset � 0 s; length
of kernel � 32 s); this resulted in an HRF peak time of 5.1 s and an
undershoot nadir time of 15.8 s. For fMRI data obtained during CPT or
RTT tasks, the 32 s block design of task alternating with fixation was
included in the model to remove effects of the behavioral task from the
results. Both the fMRI data and the design matrices were then high-pass
filtered at 128 s, and the resulting model was prewhitened by an autocor-
relation AR(1) model. No global scaling was used in the present analysis.
For group analysis, the one-sample t test using a second-order random
effects model was performed to determine regions showing significant
fMRI changes across subjects. We applied a false discovery rate (FDR)
with corrected p threshold � 0.05 (Genovese et al., 2002; Langers et al.,
2007; Schwartzman et al., 2009) to correct for multiple comparisons, an
approach used in some prior fMRI studies of spike-wave discharges
(Labate et al., 2005; Moeller et al., 2008b).

All results for functional data are displayed superimposed on the Mon-
treal Neurological Institute brain template “colin27” (single_subj_T1 in
SPM) in radiological convention.

(2) We performed a model-free voxel-based analysis of fMRI BOLD
signal changes before, during, and after seizures by averaging the time
courses of single voxels across patients. The standard 128 s high-pass
filter from SPM (implemented with in-house software) was applied be-
fore analysis, without prewhitening. The time course of fMRI percentage
change was then calculated for each voxel as (D1 � D0)/D0 � 100, where
D1 was signal intensity over time and D0 was averaged signal intensity
during entire run (406 images). This fMRI time course was analyzed
from �20 s to �40 s relative to each seizure onset. For inclusion in the
analysis, we required that the transient movement during the analysis
period was �3 mm of translation, and �1° of rotation. To facilitate
temporal alignment across datasets, each time course (acquired with
1.55 s TR time resolution) was interpolated to obtain values at 0.1 s time
resolution. Like in the EEG analysis, the preictal, ictal, and postictal fMRI

time periods were temporally aligned across seizures, and the ictal period
of each seizure was scaled to the mean seizure duration (6.6 s). Again, it
should be noted that the preictal and postictal time data were not scaled;
they were simply aligned in time across seizures by lining up the seizure
onset times for preictal data, and by lining up the seizure end times for
postictal data. Finally, the mean time course of each voxel was calculated
by averaging across seizures for each patient, and then taking the mean
across patients. Percentage fMRI change maps were created for the entire
brain at 1 s intervals before, during, and after seizures using the resulting
mean time courses.

We expected the contributions of CPT/RTT tasks to the mean fMRI
time course to be small since data segments were temporally aligned to
seizures, but task block onset times were randomly distributed in the
preceding analysis, so would tend to cancel in the mean. To estimate any
effects of the CPT/RTT tasks on the mean fMRI time course, we repeated
this analysis using identical data segments relative to task blocks, but with
no seizures. For each seizure data segment, we identified matching data
segments from the same patient with identical duration and identical
timing relative to the behavioral task blocks but during a time when no
seizure occurred. The analysis described above was repeated to determine
the mean fMRI time course in these matching no-seizure data segments.

(3) A mean time course analysis was performed based on specific volumes of
interest (VOIs) using MARSBAR (http://marsbar.sourceforge.net/) (Tzourio-
Mazoyer et al., 2002). This analysis used the same fMRI data as in the voxel-
based analysis described above. First, seven anatomic cortical and subcortical
VOIs were selected based on regions showing the largest fMRI changes in the
above analysis. These VOIs were constructed from the standard MARSBAR
regions as follows (see supplemental Fig. 5, available at www.jneurosci.org
as supplemental material): medial and orbital frontal (Cingulum_Ant �
Frontal_Sup_Medial � Frontal_Med_Orb � Frontal_Sup_Orb � Rectus);
lateral frontal (Frontal_Inf_Oper � Frontal_Inf_Tri � Frontal_
Mid � Frontal_Sup); lateral temporal (Heschl � Temporal_Sup); parietal
[Angular � Parietal_Sup � Parietal_Inf � Supramarginal � Cingulum_
Post � Cingulum_Mid (posterior half only] � Precuneus); occipital (Cal-
carine); Rolandic (Paracentral � Precentral � Postcentral, all truncated
below SI 52 mm); and thalamus (Thalamus). The mean time course of each
VOI for a given fMRI run was calculated by averaging the time courses of
all voxels in this VOI. The percentage fMRI change was then calculated as
(D1 � D0)/D0 � 100, where D1 was the VOI mean signal intensity over
time and D0 was averaged signal intensity during the entire run (406
images). As in the voxel-based analysis, we analyzed the time course of
each VOI from �20 s to �40 s relative to seizure onset, temporally
aligned data across seizures using the same convention as above, and
calculated the mean time course by first averaging across seizures for each
patient, and then taking the mean across patients. As described above, we
again repeated the same procedure using identical data segments but
with no seizures, to estimate any effects of the CPT/RTT tasks on the
mean fMRI time course.

The fMRI time courses for the seven anatomical regions were next
compared to each other and to the conventional HRF model in terms of
overall shape and timing of fMRI increases. The conventional HRF
model consisted of the standard double gamma function described above
convolved with a boxcar function (ictal period � 1, all other times � 0)
with duration 6.6 s (mean seizure duration). The amplitude of the ca-
nonical HRF obtained from the SPM2 package (in the spm_hrf.m file)
was not changed. To evaluate the overall shape and assess the relative
contributions of positive and negative components to the fMRI time
courses in each region, we calculated a time course polarity index �
(peak amplitude � trough amplitude)/(peak amplitude � trough ampli-
tude). Thus, the time course polarity index will be �1.0 for an fMRI time
course with entirely positive polarity (i.e., a large positive peak without
undershoot or other negative trough components), �1.0 for entirely
negative polarity, and 0.0 for a bipolar time course with equal positive
peak and negative trough amplitudes. Finally, to statistically compare the
early fMRI increases of the seven regions, the positive half-peak times of
the individual patient time courses were identified, where for each sub-
ject the fMRI signal peak was first defined as the maximum signal during
the interval of data being analyzed. Subsequently, a one-way ANOVA
followed by Tukey’s HSD method for post hoc pairwise comparison

5886 • J. Neurosci., April 28, 2010 • 30(17):5884 –5893 Bai et al. • fMRI Time Course in Absence Seizures



(SPSS 15.0) was used to compare these positive half-peak times across
regions.

We did not regress movement in our fMRI data, but found that move-
ment (as determined by the realignment step in SPM) during the time
interval used for data processing was 0 –1 mm for 40 seizures, 1–2 mm for
6 seizures, and up to 3 mm for 8 seizures included in the analysis. Move-
ments that occurred did not correlate with the timing of seizures, so
would tend to cancel out in the time course averages.

Results
Spike-wave-discharge bursts of typical absence seizures were ob-
served in EEG data during fMRI scanning in a total of 9 of the 42
patients recruited in the present study. The mean age of these
nine patients (three male and six female) at time of study was 11.9
years (range 6 –15), and the mean age at the time of first seizure
was 8.1 years (range 4 –13). In total, 88 seizures were acquired.
Seventy-four of the seizures were obtained during CPT or RTT
runs, which were performed in all nine patients. Fourteen of the
seizures were obtained during VFT runs, which were performed
in four of the nine patients.

We attempted to retain as many seizures as possible to maxi-
mize the sample size and to keep datasets for the EEG, behavioral,
and fMRI analyses similar. However, we had to eliminate some
seizures from behavioral analysis due to lack of behavioral data
(no target letter presentations), and from EEG–fMRI analysis due
to patient movement (�3 mm), or insufficient time between
seizures to allow for a full time course analysis. For the behavioral
analysis, we were able to use 53 of the 88 seizures (eight patients).
Forty-one of these seizures were in CPT runs, and twelve were in
RTT runs.

For EEG and fMRI analyses, we were able to use 54 of the 88
seizures (nine patients). Forty of these seizures were during CPT
or RTT runs (eight patients), and fourteen were in VFT runs
(four patients; three patients had seizures during both CPT/RTT
and VFT runs). The same 54 seizures were used in the time–
frequency analysis of EEG data and in the fMRI analyses, with the
exception that an additional three seizures (one patient) were
excluded from the fMRI voxel-based and VOI-based time course
analyses, since transient movement occurred in this patient dur-
ing the analysis window for time course analysis, but was well
before seizure onset, so could be included in the conventional
GLM. On the whole, 54 seizures (nine patients) were used for
EEG analysis and GLM-based fMRI analysis, and 51 seizures
(eight patients) for voxel-based and VOI-based fMRI time course
analyses, resulting in practically the same seizure dataset for the
EEG and fMRI-based analyses.

Time course of EEG changes
The dominant changes in EEG signal power began and ended
abruptly with seizures (Fig. 1). EEG recordings in multiple
channels showed that all 54 spike-wave discharges were of
largest amplitude in the frontal brain regions. Therefore, a Fou-
rier transform was performed to calculate the time–frequency
dynamics of the EEG signals in these regions. Figure 1 shows a 2D
plot of average time–frequency-power of spike-wave discharges
in electrode F7 from �20 to �26 s relative to seizure onset. The
results of other channels (F3, F4, FP1, FP2, and F8) are displayed
in supplemental Figure 1 (available at www.jneurosci.org as sup-
plemental material). The dominant frequency power increases
were observed in the range of 3– 4 Hz. The frequency of spike-
wave discharges at the beginning of the seizure period was max-
imal at �4 Hz and decreased to �3 Hz by the end. There were no
substantial frequency components seen before or after the seizure
period on the timescales relevant for behavioral or fMRI analyses.

Time course of behavioral changes
Like the EEG changes, behavioral impairment also began and
ended relatively abruptly with seizure onset and end (Fig. 2).
Behavioral performance was obtained during a total of 53 sei-
zures (eight patients). With CPT testing, percentage correct re-
sponses declined rapidly from 98% at baseline to 38% for target
letters presented even just before seizure onset (�2 to 0 s bin)
(Fig. 2). During seizures, percentage correct responses on the
CPT were markedly depressed at 0%, 6%, and 21% for the three

Figure 1. EEG signal power changes abruptly at the beginning and end of seizures. Average
time–frequency dynamics of spike-wave discharges in channel F7 channel from �20 s to �26
s relative to seizure onset. A total of 54 seizures (9 patients) were analyzed: 40 seizures in eight
patients during CPT or RTT and 14 seizures in four patients during VFT. Analysis was performed
by using short-time Fourier transform (see Materials and Methods). All ictal periods were scaled
to the mean seizure duration (6.6 s); and the preictal (�20 to 0 s), ictal (0 – 6.6 s), and postictal
(seizure end to �26 s) periods were then temporally aligned across seizures. The power spec-
trum was normalized to the range of [0 1] and shown in blue to red scale where the maximum
power for each seizure in the range 0 –25 Hz from �20 s to �26 s was defined as “1.” Power-
frequency maps for all seizures were averaged across patients. The dominant frequency com-
ponent of the EEG signal was 3– 4 Hz, which was only observed during spike-wave discharges.
Average time–frequency dynamics in other frontal channels (FP1, FP2, F3, F4, and F8) are
shown in supplemental Figure 1 (available at www.jneurosci.org as supplemental material).

Figure 2. Behavioral impairment during seizures. Percentage correct responses are shown
over time (2 s time bins) before, during, and after seizures (shaded region). Data were tempo-
rally aligned to match the preictal, ictal, and postictal periods across seizures as described in the
text. Performance on the more difficult CPT task declined rapidly for letters presented just
before seizure onset and recovered quickly after seizures end. Impaired performance on the RTT
task was more transient than on CPT, did not begin until after seizure onset, and was less
severely impaired during seizures than the CPT task (F � 15.3, p � 0.017; ANOVA). Results are
based on a total of 53 seizures in eight patients: 41 seizures in five patients during CPT and 12
seizures in four patients during RTT. Fluctuations in baseline with CPT appear due to variable
and small sample sizes in some CPT bins (e.g., �12 to �10 s bin), since target letters appear on
average only once per 4 s with CPT, while they appear every second with RTT.
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time bins during seizures. Responses
quickly recovered to 97% after seizure end
(6 – 8 s bin) (Fig. 2). Impaired perfor-
mance on the RTT was more transient
than on the CPT and did not begin until
after seizure onset (0 –2 s bin) (Fig. 2);
performance again rapidly improved after
seizure end. In addition, percentage cor-
rect responses on the RTT during seizures
(72%, 39%, 65%) were less severely im-
paired than on the CPT (F � 15.3, p �
0.017; ANOVA). Baseline performance
before and after seizures was generally
�90% for both tasks, although some fluc-
tuations in baseline scores appear with
CPT due to variable and small sample
sizes in some bins (e.g., �12 to �10 s bin
for CPT). Although the possibility of sub-
tle behavioral impairment before and af-
ter seizures cannot be excluded, the most
severe deficits in performance clearly oc-
curred during seizures. Scores for the 1
bin just before seizures and the 3 bins dur-
ing seizures were significantly lower than
during the preictal and postictal periods
on CPT (F � 73.6, p � 0.001; ANOVA
with post hoc pairwise Tukey HSD), and
scores on RTT were significantly lower for
the three bins during seizures than at
other times (F � 16.3, p � 0.001). Of note,
missed CPT responses in the one bin just
before seizures do not truly reflect a pre-
ictal deficit, since all missed responses in
this bin were due to letters that occurred
so close to seizures (less than the mean
reaction time of 502.9 ms after the sei-
zure) that the expected response would
have had to occur after seizure onset.

fMRI changes based on standard HRF
and GLM
We were interested in determining whether
fMRI changes, like EEG and behavioral
changes, occur mainly in tight association
with seizures or whether they alternatively
exhibit a more complicated time course. As a first step, we as-
sumed, as in many other studies (Aghakhani et al., 2004; Laufs et
al., 2006; Hamandi et al., 2008; Moeller et al., 2008b), that fMRI
changes are governed by a standard hemodynamic response func-
tion (Glover, 1999). We further assumed that this HRF can be con-
volved with a simple boxcar function beginning and ending abruptly
with seizure onset and end (representing electrical spike-wave
activity) to detect any fMRI changes associated with seizures us-
ing a GLM approach. The results of this analysis, combining 54
seizures in nine patients, demonstrate fMRI increases and de-
creases in regions similar to those reported previously for spike-
wave seizures (Fig. 3). Thus, we observed fMRI increases in the
bilateral thalamus and occipital cortex, with smaller regional in-
creases in the midline cerebellum, anterior and lateral temporal
lobes, insula, and the area adjacent to the lateral ventricles. De-
creased fMRI signals were observed in the bilateral lateral parietal
cortex, precuneus, cingulate gyrus, and anteroventral basal gan-
glia (Fig. 3). The prominent fMRI increases in bilateral thala-

mus and decreases in “default mode” lateral and medial parietal
and anterior cingulate cortex are consistent with results reported
in other fMRI studies of spike-wave seizures with similar HRF
modeling (Aghakhani et al., 2004; Laufs et al., 2006; Hamandi et
al., 2008; Moeller et al., 2008a,b).

Time course of fMRI changes using a data-driven approach:
voxel-based percentage change maps
The conventional GLM analysis in Figure 3 rests on several un-
tested assumptions. First, it assumes that fMRI changes are di-
rectly related to underlying brain electrical activity by the
standard Glover HRF model. Second, it assumes that electrical
activity in the entire brain starts and ends in a box-car function-
like manner during seizures. To examine fMRI changes without
making assumptions, it is necessary to view the data without
imposing an a priori model. To accomplish this, we constructed
maps of the mean percentage change in fMRI signal on a voxel-
by-voxel basis throughout the brain before, during, and after 51
seizures in eight patients (Fig. 4). Viewing the data in this manner

Figure 3. Thalamic increases and “default mode” cortical decreases are the most prominent changes seen with conventional
HRF modeling in SPM. fMRI increases (warm colors) and decreases (cool colors) are shown resulting from group analysis with
second-level random-effects analysis, FDR-corrected height threshold p � 0.05, and extent threshold k � 3 voxels (voxel dimen-
sions � 2 � 2 � 2 mm). Functional data are superimposed on the Montreal Neurological Institute brain template “colin27”
(single_subj_T1 in SPM2) displayed in radiological right–left convention. In total, 54 seizures in nine patients (40 in 8 patients
during CPT or RTT; 14 in 4 patients during VFT, 3 patients with both CPT/RTT and VFT runs) were analyzed using GLM with canonical
HRF in SPM2. The dataset in this analysis was the same as Figure 1. fMRI increases were seen in bilateral thalamus, occipital
(calcarine) cortex, and to a lesser extent the midline cerebellum, anterior and lateral temporal lobes, insula, and adjacent to the
lateral ventricles. fMRI decreases were seen in the bilateral lateral parietal, medial parietal, and cingulate cortex and basal ganglia.
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revealed a complex sequence of cortical and subcortical changes
both before and after absence seizures not detected by the stan-
dard HRF model. Beginning as early as 8 –14 s before seizure
onset, positive fMRI changes were observed in cortical regions
including the medial orbital frontal, frontal polar, cingulate, lat-
eral parietal, precuneus, and lateral occipital cortex (Fig. 4; see
also supplemental Fig. 2, available at www.jneurosci.org as sup-
plemental material). After seizure onset, fMRI increases pro-
gressed to also involve lateral frontal and temporal cortex.
Following the end of seizures, fMRI increases were seen in the
medial occipital cortex and lastly in the thalamus (Fig. 4; see also
supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material).

Negative fMRI responses occurred later, continued long after
seizure end, and often followed positive fMRI responses in the
same regions. Thus, fMRI decreases were seen initially in medial/
orbital frontal, cingulate, medial, and lateral parietal cortex be-
ginning at approximately �10 s after seizure onset, and were
followed by decreases in lateral frontal, temporal, and occipital
cortex, and basal ganglia (Fig. 4; see also supplemental Fig. 2,
available at www.jneurosci.org as supplemental material). The
complex pattern of fMRI increases and decreases over time may
be more easily appreciated through animated maps (see supple-

mental video, available at www.jneurosci.org as supplemental
material).

Because most of the fMRI data were obtained during behav-
ioral tasks, it was important to determine whether the observed
changes were specifically associated with seizures. Therefore, we
repeated the analysis in these patients during times when no sei-
zures occurred by using the same number of data segments and
maintaining identical timing with respect to behavioral tasks. In
this analysis of nonseizure time intervals, only small transient
changes in fMRI signal were observed (see supplemental Figs. 3,
4, available at www.jneurosci.org as supplemental material).
Without seizures, we did not observe the sequence of cortical–
subcortical fMRI changes seen in identical time segments with
seizures (Fig. 4). This suggests that the mean percentage change
maps shown in Figure 4 average out signal fluctuations associated
with task, leaving the remaining signals specifically associated
with spike-wave seizures.

Time course of fMRI changes in identified volumes of interest
To determine whether the standard HRF model adequately cap-
tures fMRI changes associated with seizures, we calculated mean
time courses in representative regions and compared these to the
modeled time course. Modeling the fMRI changes with a stan-

Figure 4. Early and late fMRI changes in cortical–subcortical networks associated with absence seizures Percentage fMRI signal changes are shown from group analysis of 51 seizures in eight
patients: 37 seizures in seven patients during CPT or RTT and 14 seizures in four patients during VFT (3 patients with seizures during both CPT/RTT and VFT runs). fMRI percentage change increases
(warm colors) and decreases (cool colors) are shown, with a display threshold of 0.5%. The ictal time period of seizures was scaled to 6.6 s (mean seizure duration), and the preictal, ictal, and postictal
time periods temporally aligned across all seizures. Early fMRI signal increases were seen well before seizure onset (0 s) in medial orbital frontal (OF), frontal polar (FP), cingulate (CG), lateral parietal
(LP), precuneus (PC), and lateral occipital (LO) cortex. After seizure onset, fMRI increases progressed to also involve lateral frontal (LF) and temporal (LT) cortex. Following the end of seizures, fMRI
increases were seen in the medial occipital (MO) cortex, and lastly in the thalamus (Th). fMRI signal decreases occurred later, and continued well after seizure end. Decreases were seen observed
initially in medial/orbital frontal, cingulate, medial, and lateral parietal cortex, followed by decreases in lateral frontal, temporal, and occipital cortex and basal ganglia. See also supplemental Figure
2 and the supplemental video (available at www.jneurosci.org as supplemental material) for more detailed views.
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dard Glover HRF convolved by a boxcar
function (representing seizure duration)
predicts that fMRI signal increases should
always begin after EEG seizure onset, have
a large positive peak at 9 s, and be followed
by a much smaller negative trough 19.8 s
after seizure onset (Fig. 5, red curves rep-
resenting model). Regions showing fMRI
decreases associated with seizures are pre-
dicted to simply have an inverted response
with a large negative trough at 9 s followed
by a much smaller positive peak 19.8 s af-
ter seizure onset (Fig. 5, blue curves). The
large difference between the peak and
trough amplitudes in the model yields a
predicted time course polarity index of
�0.81 for fMRI increases, and �0.81 for
fMRI decreases (Table 1).

We analyzed the fMRI signal time
course in seven anatomical regions shown
to have large percentage changes associ-
ated with seizures (Fig. 4). These anatom-
ical regions were the orbital/medial
frontal, lateral frontal, parietal (lateral pa-
rietal � precuneus), lateral temporal, oc-
cipital, Rolandic cortex, and the thalamus
(for regions used, see supplemental Fig. 5,
available at www.jneurosci.org as supple-
mental material). We found that the fMRI
time course in most of these regions did
not resemble the expected results based
on the HRF model (Fig. 5). Although
there was considerable variability in signal
shape and timing between regions, all re-
gions generally showed an initial fMRI in-
crease, followed by an fMRI decrease, and
then recovery back toward baseline. To characterize the timing of
the initial fMRI rise, we compared the half-peak times across
regions (Table 1). Early fMRI increases (half-peak times) were
first seen in the parietal and in the orbital/medial frontal regions
at �6.6 and �4.9 s. This was followed by half-peak times of �1.8
s in the lateral frontal and �2.4 s in the lateral temporal regions.
Finally, the Rolandic, occipital, and thalamus showed half-peak
times of �3 s, �4.5 s, and �6.5 s, respectively. The fMRI de-
creases (half-trough times) occurred in generally the same se-
quence as the fMRI increases (Table 1). To identify which regions
showed significant increases before others, we performed a one-
way ANOVA across patients to compare the positive half-peak
times between different regions. Results revealed a significant
difference between the seven regions (F � 3.78, p � 0.003) with
post hoc pairwise comparisons showing thalamus to be signifi-
cantly later than the medial orbital frontal ( p � 0.005) and pari-
etal ( p � 0.021) regions. The lateral temporal half-peak times
were also significantly later than the medial/orbital frontal cortex
( p � 0.036).

Interestingly, although the parietal and orbital/medial fron-
tal regions showed early fMRI increases preceding electrical sei-
zure onset, when analyzed with the GLM and canonical HRF,
these regions show mainly fMRI decreases (Fig. 3). This is be-
cause the initial increases are followed by profound fMRI de-
creases in these regions, which overlap sufficiently with the
negative HRF model (Fig. 5, blue curves) to yield overall fMRI
decreases with the conventional model. The relatively large fMRI

decreases following the increases in these regions also produce a
negative time course polarity index of �0.25 for parietal and
�0.20 for orbital/medial frontal cortex, approaching the negative
HRF model value of �0.81 more closely than any other regions
(Table 1). The lateral frontal and lateral temporal fMRI signal
curves have a fairly balanced biphasic shape (time course polarity
indices 0.01 and 0.04) (Table 1), and their curves cross the zero
level very close to the peak time of the model HRFs (Fig. 5).
Therefore, the lateral frontal and temporal cortex are mainly “in-
visible” with conventional HRF modeling in the GLM (Fig. 3),
despite the changes observed in these regions by examining the
fMRI time courses directly (Figs. 4, 5). The Rolandic and occipital
cortex also showed generally balanced biphasic shapes (time
course polarity indices �0.02 and 0.01; Table 1); however, their
curves were shifted later in time (Fig. 5). Therefore, overlap with
the positive HRF model (Fig. 5, red curve), particularly for the
occipital cortex yielded a large positive signal on conventional
analysis (Fig. 3). Of note, the Rolandic cortex signal was below
threshold for the GLM model with our data (Fig. 3) but has been
reported to be involved in some prior studies using SPM (Salek-
Haddadi et al., 2003; Aghakhani et al., 2004; Gotman et al., 2005;
Laufs et al., 2006; Moeller et al., 2008b), and did show low ampli-
tude increases on percentage change maps in our data (see sup-
plemental Fig. 2, available at www.jneurosci.org as supplemental
material). Finally, the thalamus, which is most consistently re-
ported to show fMRI increases during spike-wave seizures, had
an fMRI signal shape that was closest to the model HRF (time

Figure 5. fMRI time courses during absence seizures differs substantially from model HRF in most regions. Mean fMRI time
courses in seven anatomical VOIs (for regions, see supplemental Fig. 5, available at www.jneurosci.org as supplemental material)
are shown from �20 s to �26 relative to the seizure onset. Red and blue curves represent the positive and negative HRF models
obtained by convolving a boxcar function of 6.6 s (mean seizure duration, shown in gray) with the canonical HRF of SPM2. Green
dashed lines are SD. Data are the same as in Figure 4, and were obtained from group analysis of 51 seizures in eight patients.
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course polarity index 0.36) (Table 1; see also Fig. 5) with a rela-
tively late-peaking fMRI increase, leading to a strong positive
signal with conventional analysis (Fig. 3).

As in the voxel-based percentage change maps, we repeated
the analysis using identical data segment timing with respect to
task but without seizures. Again, we found only small transient
changes in the mean fMRI signal (see supplemental Fig. 6, avail-
able at www.jneurosci.org as supplemental material), suggesting
that the observed changes in Figure 5 are specifically related to
seizures. To determine possible effects of temporal scaling, we
also analyzed the same fMRI data before, during, and after sei-
zures without temporal scaling, by simply aligning the seizure
onset times (see supplemental Fig. 7, available at www.jneurosci.
org as supplemental material). The curves during preictal period
were identical to Figure 5 (since no temporal scaling was used in
the preictal period). In the ictal and postictal periods there were
only small differences, which did not substantially alter the time
courses compared to Figure 5. In addition, to evaluate the vari-
ability in the fMRI time courses, we calculated the regional time
courses during seizures in individual subjects, both during be-
havioral tasks and during fixation (see supplemental Fig. 8, avail-
able at www.jneurosci.org as supplemental material). Although
there were considerably more fluctuations in the signal in indi-
vidual data, and variability between subjects, in most cases the
fMRI increases in frontal and parietal cortex occurred relatively
early compared to increases in the thalamus.

Discussion
In the present study, by directly examining the mean fMRI time
course in absence seizures, we found evidence for a complex se-
quence of hemodynamic and metabolic changes that begin and
end several seconds beyond electrographic and behavioral alter-
ations. Analysis of EEG showed increases in 3–4 Hz power, and
analysis of behavior demonstrated deficits on CPT and RTT tasks,
which began and ended abruptly with seizures. In contrast, fMRI
increases in the orbital, medial frontal, and parietal cortex began �5
s before EEG changes, and widespread fMRI decreases continued for
�20 s after seizure termination. The time course of fMRI changes in
most regions did not, in fact, resemble those expected based on con-
ventional HRF modeling. The thalamus was the one exception,
showing a time course similar to the HRF model, and exhibiting the
latest peaking fMRI increases of all regions studied.

These findings suggest that the conventional model, which
assumes a boxcar-shaped electrical event convolved with a dou-
ble gamma function (large positive peak followed by small nega-
tive undershoot), does not adequately describe the fMRI changes
in absence seizures. This naturally leads to the conclusion that
either electrical events in the brain do not begin and end uni-
formly and abruptly with scalp EEG signals, or the standard HRF

does not correctly reflect neurovascular coupling at all places and
times, or both.

It is not possible based on the current results to determine
whether early fMRI changes—such as those observed in the or-
bital, medial frontal, and parietal cortex—reflect very early elec-
trical events that cannot be detected on scalp EEG, or whether
they arise from primary changes in vascular or metabolic func-
tion that precede electrical paroxysms. Of interest, several recent
studies have suggested focal cortical abnormalities in human ab-
sence seizures, including focal electrical changes in medial or
lateral frontal cortex (Holmes et al., 2004; Amor et al., 2009;
Westmijse et al., 2009), morphological changes in orbital frontal
cortex (Caplan et al., 2009), and possible seizure initiation in
medial parietal regions (Vaudano et al., 2009). Similarly, animal
models of absence epilepsy have shown focal bilateral cortical
abnormalities, which may be crucial for seizure generation
(Meeren et al., 2002; Nersesyan et al., 2004; Blumenfeld, 2005a).
It important to note, however, that the present results showing cor-
tical fMRI increases many seconds before thalamic increases do not
prove that cortical changes “lead” thalamic changes, since the under-
lying electrical events are not known, and occur over much faster
timescales than fMRI signals. On the contrary, since the thalamus is
the one region for which the conventional boxcar-like EEG timing
and standard HRF model appear valid, this highlights the impor-
tance of the thalamus, at least during the conventional EEG and
behavioral time period of absence seizures.

The detailed time course of fMRI changes accompanying ab-
sence seizures also sheds light on the results of conventional HRF
modeling. Prior studies have found consistent bilateral fMRI in-
creases in the thalamus and decreases in the lateral and medial
parietal cortex (Archer et al., 2003; Salek-Haddadi et al., 2003;
Aghakhani et al., 2004; Gotman et al., 2005). However, several
studies also reported highly variable fMRI increases in bilateral
mesial frontal, motor, occipital, and inferior parietal cortex and
cerebellum; and decreases in bilateral basal ganglia and frontal
and temporal cortex (Salek-Haddadi et al., 2003; Gotman et al.,
2005; Laufs et al., 2006; Moeller et al., 2008b). A well known GLM
method (Friston et al., 1995) was executed in many of the pre-
ceding studies using a canonical HRF (Glover, 1999). Some stud-
ies in healthy subjects or animal models (Miezin et al., 2000;
Neumann et al., 2003; Handwerker et al., 2004; Meltzer et al.,
2008) have noted that the actual hemodynamic response varies
from one brain area to another. In recent work on human epi-
lepsy, Gotman and colleagues (Aghakhani et al., 2004; Gotman et
al., 2006) applied four single gamma HRFs peaking at 3, 5, 7, and
9 s after the discharges, along with the canonical HRF. However,
variability between different cortical and subcortical brain net-
works still occurred, suggesting that the actual fMRI BOLD re-

Table 1. Timing and shape of fMRI percentage change time courses for HRF model versus VOI-based data

1/2 Peak time Peak time 1/2 Trough time Trough time Time course polarity indexa

HRF model, positiveb 5.3 9 17.1 19.8 0.81
HRF model, negativeb 17.1 19.8 5.3 9 �0.81
Parietal �6.6 3.5 10.5 15.2 �0.25
Orbital/medial frontal �4.9 4.8 11.4 15.9 �0.20
Lateral frontal 1.8 4.8 13.4 19.3 0.01
Lateral temporal 2.4 4.9 13.3 18.2 �0.04
Rolandic 3 8.8 13.5 17.2 �0.02
Occipital 4.5 9.1 14.6 19.4 0.01
Thalamus 6.5 12.7 17.6 21 0.36
aTime course polarity index � (peak amplitude � trough amplitude)/(peak amplitude � trough amplitude). bPositive and negative HRF models are inverted but otherwise identical (see Fig. 5).
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sponse of some brain regions in spike-wave seizures may differ
from the predicted HRFs.

To test for this possibility, we first performed the conventional
HRF-based GLM analysis, obtaining fMRI increases mainly in
the thalamus, occipital cortex, and cerebellum, and decreases in
the bilateral lateral parietal, medial parietal, cingulate, and lateral
temporal cortex and basal ganglia, similarly to previous studies
(Aghakhani et al., 2004; Gotman et al., 2005; Laufs et al., 2006;
Hamandi et al., 2008; Moeller et al., 2008b). On the other hand,
percentage fMRI change maps revealed a complex sequence of
fMRI increases and decreases, which began before seizure onset
and continued for at least 20 s after seizure end. The fMRI
changes of this sequence can be divided into three periods:
mainly positive changes from �8 to �4 s, positive and negative
changes from �8 to �14 s, and only negative changes after �16
s, relative to the seizure onset. Comparing the percentage fMRI
change maps over time with the conventional statistical t-map,
fMRI increases and decreases in the �12 s map were very similar
to the results obtained by using the GLM method. The fMRI
increases in medial/orbital frontal and parietal cortex and de-
creases in widespread cortical areas were not found in the con-
ventional t-map. This confirmed our hypothesis that using
predicted HRFs in the analysis led to the omission of some po-
tentially important fMRI changes in the brain. Moreover, the large
and long-lasting cortical decrease is also consistent with the results of
Gotman and colleagues (Aghakhani et al., 2004; Gotman et al.,
2006), who showed the most decreases with an HRF model peaking
at 7 or 9 s after seizures.

Regional time course analyses confirmed early fMRI increases
in several cortical areas, and relatively late increases in the thala-
mus. We observed early fMRI increases in the orbital/medial
frontal and medial/lateral parietal cortex �5 s before seizure on-
set. This was followed by profound fMRI decreases in these same
regions, which overlapped the timing of the conventional HRF
model, likely explaining the “default mode” fMRI decreases typ-
ically reported during spike-wave seizures for these regions (Got-
man et al., 2005; Laufs et al., 2006). Interestingly, despite the
relatively large and widespread fMRI decreases observed for �20
s after absence seizure termination, overall brain function is ap-
parently relatively unimpaired, at least with respect to perfor-
mance on the CPT and RTT tasks, which returns to baseline
immediately after electrographic seizures end. The coincidence of
the conventional HRF model with the late fMRI decreases (but
not earlier increases) in these regions also likely explains the fact
that most fMRI studies of spike-wave seizures did not detect the
earlier fMRI increases. Other regions showed a more balanced
pattern of increases followed by approximately equal decreases.
When this pattern coincided with the HRF model peak time,
positive and negative changes cancelled, yielding no observable
change on conventional modeling (e.g., lateral frontal cortex).
When this balanced biphasic pattern occurred later, with the pos-
itive phase overlapping with the HRF peak, fMRI increases were
seen on conventional modeling (e.g., occipital cortex). Finally,
the thalamus showed mainly fMRI increases occurring relatively
late in time followed by small decreases, with a time course most
similar to the HRF model, yielding large fMRI increases on con-
ventional analysis. These findings reveal a complex and long-
lasting sequence of fMRI changes in absence seizures, which are
not detectable by canonical HRF modeling.

Because early fMRI increases were found in several regions
before the onset of spike-wave discharges, we also investigated
the time course of EEG and behavioral changes before, during,
and after absence seizures. In the EEG analysis, we noted that the

predominant time–frequency pattern was of spike-wave dis-
charges in the range of 3– 4 Hz beginning and ending with sei-
zures; changes were not observed in the time range from 20 s
before to 26 s after seizure onset. Our results are consistent with
preceding electrophysiological findings in human absence epi-
lepsy (Bosnyakova et al., 2007; Amor et al., 2009), which have
shown early EEG changes on the order of several hundred milli-
seconds, but not many seconds as seen on fMRI. For behavioral
analysis, patient performance revealed impairments that also be-
gan and ended abruptly with spike-wave discharges. In addition,
absence seizures caused more severe deficits on a CPT than on the
simpler RTT task. These results are also compatible with prior
behavioral studies showing that most of the severe deficits of
absence seizures are confined to the ictal period (Bates, 1953;
Tizard and Margerison, 1963; Mirsky and Van Buren, 1965;
Goode et al., 1970; Panayiotopoulos et al., 1989). Interestingly,
although cessation of performance is clearly associated with the ictal
period, some older studies showed more subtle impairments of be-
havior, which may precede (Mirsky and Rosvold, 1963; Grisell et al.,
1964; Mallin et al., 1981) or follow (Lehmann, 1963; Browne et al.,
1974; Mallin et al., 1981) absence seizures by a few seconds.

It is important to emphasize that there was considerable vari-
ability in the fMRI time courses between subjects, as demon-
strated by the relatively large SDs in Figure 5, and the differences
between time courses in individual subjects in supplemental Fig-
ure 8 (available at www.jneurosci.org as supplemental material).
Since childhood absence epilepsy is not a uniformly homogenous
disorder, variable patterns of seizure onset may exist between
individuals, leading some (for example, see supplemental Fig. 8b,
available at www.jneurosci.org as supplemental material) to dif-
fer substantially from the group mean. Further investigation will
be necessary to determine the possible role of this variability in
mechanisms of seizure generation, and in variable behavioral def-
icits during seizures.

In conclusion, our results demonstrate a complex sequence of
fMRI changes in absence seizures, which are not detectable by pre-
dicted HRF modeling. In addition, we found BOLD fMRI increases
in the orbital, medial frontal, and parietal regions before the seizure
onset, and large, long-lasting fMRI decreases in widespread brain
regions after seizure termination. These results may be important
mechanistically for seizure initiation and termination and may also
contribute to changes in EEG and behavior.
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