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Simultaneous measurements of EEG-functional magnetic resonance imaging (fMRI) combine the high temporal resolution of
EEG with the distinctive spatial resolution of fMRI. The purpose of this EEG-fMRI study was to search for hemodynamic
responses (blood oxygen level-dependent - BOLD responses) associated with interictal activity in a case of right mesial temporal
lobe epilepsy before and after a successful selective amygdalohippocampectomy. Therefore, the study found the epileptogenic
source by this noninvasive imaging technique and compared the results after removing the atrophied hippocampus. Additionally,
the present study investigated the effectiveness of two different ways of localizing epileptiform spike sources, i.e., BOLD contrast
and independent component analysis dipole model, by comparing their respective outcomes to the resected epileptogenic
region. Our findings suggested a right hippocampus induction of the large interictal activity in the left hemisphere. Although
almost a quarter of the dipoles were found near the right hippocampus region, dipole modeling resulted in a widespread
distribution, making EEG analysis too weak to precisely determine by itself the source localization even by a sophisticated
method of analysis such as independent component analysis. On the other hand, the combined EEG-fMRI technique made it
possible to highlight the epileptogenic foci quite efficiently.
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Introduction

Mesial temporal lobe epilepsy (MTLE) is the most
common type of epilepsy in adults and surgical treatment
is an option in refractory cases (1). Simultaneous EEG-
functional magnetic resonance imaging (fMRI) measure-
ment is a multimodal noninvasive technique (2-4) that tries
to combine the high temporal resolution of EEG with the
distinctive spatial resolution of fMRI. This technique has
been applied in the context of epilepsy studies to help

preoperative evaluation by localizing the activity of the
epileptiform source (5). Previous studies (6,7) have looked
for spatial agreement between fMRI statistical maps and
dipoles but have found large average distances between
their respective localization (23 mm in the case of Ref. 7).

We have studied a patient with MTLE who underwent
EEG-fMRI investigation before and after a successful se-
lective amygdalohippocampectomy (SAH), by comparing
the source localization findings obtained via blood oxygen
level-dependent (BOLD) contrast (8,9) and dipole model-
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ing by independent component analysis (ICA) (10,11) with
the resected hippocampal region. Although ICA has been
already applied to short epochs centered in the maximum
amplitudes of epileptic activities (12), this approach com-
bined with EEG-fMRI analysis in a pre- and postoperative
MTLE patient is novel and was the objective of the present
study.

Material and Methods

 We report here a 39-year-old left-handed woman with
bilateral epileptogenic zones previously investigated and
detected by ictal and interictal single-photon emission
computed tomography (SPECT), video EEG and neuro-
psychological evaluation. The patient experienced her first
seizure at 8 years of age characterized by an ascending
epigastric discomfort followed by verbal and manual auto-
matisms and, rarely, by tonic clonic seizures. Although she
has tried phenobarbital, valproate, oxcarbazepine, topira-
mate, carbamazepine, and clobazam up to maximum tol-
erated doses in mono- and polytherapy, she has never
experienced total control of seizures. The patient had an
average of 6 to 7 complex partial seizures per month
preoperatively. During the preoperative investigation she
was submitted to several routine EEGs, 11 of them show-
ing unilateral mesial temporal lobe epileptiform discharges
(5 on the right, 6 on the left). Her neuropsychological
evaluation indicated dominance of the left hemisphere for
language as well as dysfunction of verbal memory. She
was submitted to two video EEGs and two ictal SPECTs
within a 5-year interval. Her first video EEG and ictal
SPECT were not conclusive, whereas the second video
EEG showed eight seizures starting on the right mesial
temporal lobe and the ictal SPECT indicated hyperperfu-
sion of the same region. She finally underwent right SAH
and presently is on 1200 mg/day carbamazepine and 40
mg/day clobazam, having been seizure free since the
surgical procedure (Engel IA scale).

Simultaneous EEG-fMRI measurements of this patient
were performed before and after the successful right SAH.
This study was approved by the Ethics Committee of our
institution, and written informed consent was obtained
from the participant for both exams. The EEG-fMRI ses-
sions were carried out using a 2T Elscint Prestige MR
scanner (Elscint, Israel) with echo-planar images acquired
in an interleaved mode (TR = 2000 ms, TE = 45 ms, 20
slices, in-plane resolution = 3 x 3 mm with width = 6 mm) in
6-min runs (ten runs before and six runs after surgery),
using a cap with 32 MRI-compatible scalp electrodes and
a BrainAmp 32 MR amplifier (Brain Products, Germany).
The EEGs were submitted to off-line MRI artifact removal

and filtering with the Vision Analyzer software (Brain Prod-
ucts). Epileptiform spikes were identified and marked by
an experienced neurophysiologist. By using the EEG tim-
ing of the interictal epileptiform discharges (IEDs), the
echo-planar images were analyzed with the SPM2 soft-
ware package (http://www.fil.ion.ucl.ac.uk/spm/) in order
to search for corresponding BOLD responses. A gamma
function was used as a hemodynamic response function
model. All images were submitted to the same preprocess-
ing steps (slice-time correction, motion correction, co-
registration, and normalization using the patient brain 3-D
MRI volume: 1 x 1 x 1 mm3, and spatial smoothing: Gaussian
kernel of 6 mm of full-width at half maximum). Statistical
analysis was performed using the t-test with a t-value
threshold of 3.1 (uncorrected P = 0.001). Additionally, a
cluster size of ten contiguous voxels was also applied as a
threshold to enhance the results.

The EEG dipole modeling analysis to ICA components
was performed using the EEGLAB toolbox v6.01b with the
DIPFIT2 plug-in (http://www.sccn.ucsd.edu/eeglab/). We
performed equivalent dipole source localization of inde-
pendent components within a three-shell boundary ele-
ment model of the Montreal Neurological Institute (MNI)
standard brain. EEG data were segmented in one-second
epochs centered on every detected spike (segmented
between -500 and 500 ms in relation to spike onset). This
means that the maximum amplitude of the spike is in the
center of its respective epoch. These epochs were se-
lected from the same MRI corrected data mentioned above.
In each dipole study, the epochs of each spike were
concatenated for all 30 EEG scalp channels in order to
compute the same number of independent components.
Before computing the dipoles, scalp maps were used to
exclude spurious components such as eye movement
artifacts.

Results

Before the right SAH, EEG-fMRI examination showed
63 IEDs originating in the left, in the right or in both
hemispheres, corresponding to an average of 1 spike/min.
There were greater numbers of left-hemisphere spikes
with 37 single discharges (sharp waves followed by low
waves) and three episodes of temporal intermittent rhyth-
mic delta activity. There were 3 and 28 right- and bilateral-
hemisphere spikes, respectively. After surgery, a consid-
erable decrease in the epileptiform activity was observed.
The EEG-fMRI data presented only 10 IEDs, correspond-
ing to an average of 1 spike/3.6 min. Furthermore, the
spike distribution was almost symmetrical, with 6 on the left
hemisphere and 4 on the right. All pre- and postoperative
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spikes had their maximum amplitudes in electrodes T7,
TP9, F7, T8 TP10, and F8 in the 10-20 system of electrode
placement.

Since a given scalp EEG activity can be generated by
single or multiple sources located in either hemisphere or
in both, we searched for the BOLD responses by taking all
IEDs at once, irrespective of their location in the scalp.
Using all IEDs as a condition to search for positive BOLD
responses implies a more stringent statistical condition to
retrieve the activation areas corresponding to all discharges
simultaneously. Therefore, the activation maps were es-
tablished with all the pre-surgical EEG events, i.e., 63
IEDs, which showed both left and right temporofrontal
positive BOLD responses with larger activated area on the
left. Even though the patient presented pronounced atro-
phy of the right hippocampus, the bilateral BOLD responses

were in agreement with the preoperative investigation that
showed bi-temporal interictal spikes with no-sided pre-
dominance. Deactivation responses were not statistically
significant.

Figure 1 shows BOLD activation responses before
SAH by taking into account all 63 epileptiform events.
These results were particularly interesting for comparison
with the outcomes of the postoperative condition, which
showed epileptiform activities in the left and in the right
hemispheres separately. The dipoles obtained by analyz-
ing the EEG via ICA are also shown in the same figure. In
this last case, the MNI standard brain was used for dipole
co-registration instead of the patient’s brain.

We also analyzed the data with a different approach by
using only bilateral IEDs to generate the BOLD activation
maps (Figure 2). BOLD responses were noted in both

Figure 1.Figure 1.Figure 1.Figure 1.Figure 1. Blood oxygen level-dependent (BOLD) contrast activation responses associated with all interictal epileptiform discharges
recorded before selective amygdalohippocampectomy (SAH) and coregistered to the patient’s brain structural magnetic resonance
imaging. The color bar indicates T-values for positive BOLD responses. In the right lower view of this figure, dipoles to independent
component analysis (ICA) are shown in the Montreal Neurological Institute standard brain, with left-sided predominance. Each dipole
color indicates an individual ICA component.
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Figure 2.Figure 2.Figure 2.Figure 2.Figure 2. Coronal view of blood oxygen level-dependent (BOLD)
activation responses (upper part) and dipole distribution (lower
part). BOLD responses are localized in both hippocampi with a
right-sided predominance when using only bilateral interictal epi-
leptiform discharges (IEDs) to create the activation map. The
same bilateral IEDs give rise to a spread distribution of dipoles to
independent component analysis (inferior view), with six dipoles
(~22%) located near the right hippocampus region. Each dipole
color indicates an individual independent component analysis.
SAH = selective amygdalohippocampectomy.

hippocampi with a right-sided predominance. In fact, in this
case the right hippocampus was completed filled with a
positive BOLD activated area. This figure also shows a
widespread distribution of dipoles, consistent with this kind
of bilateral activity and with the outcomes of a previous
study (11), although six dipoles (~22%) were found near
the right hippocampus region.

After right SAH, positive BOLD responses were re-
stricted to the left temporofrontal region, as can be seen in
Figure 3, even using both left and right spikes. In this
analysis, all registered IEDs were also taken into account
in order to allow comparison with the preoperative findings
shown in Figure 1. Figure 3 also shows the respective
dipoles within the MNI standard brain.

Regarding the results as a whole, it should be noted
that areas of both temporal and extratemporal activations
associated with temporal lobe spikes have also been
reported elsewhere (13).

Discussion

Scalp EEG is the most traditional way of evaluating
patients with epilepsy, in spite of its limited power to
precisely determine epileptogenic foci. EEG-fMRI, on the

other hand, is a technique that, since its inception, holds
promise to significantly improve the epilepsy diagnosis
and source localization.

In the case reported here, we detected preoperative
bilateral positive BOLD responses with left-sided predomi-
nance associated with all IEDs registered during examina-
tion (Figure 1). This result is consistent with the predomi-
nance of left IEDs and presented 1320 activated voxels in
a volume of 10.56 cm3. A more restrictive analysis taking
into account only bilateral IEDs showed BOLD activation
localized in both hippocampal regions, with a larger BOLD
spot in the right hippocampus (Figure 2), in agreement with
atrophy of the right hippocampus. These findings are sug-
gestive of right hippocampus induction of the numerous
interictal activities registered in the left hemisphere. After
right SAH, the patient still presented spikes registered on
both hemispheres, although much less frequently. The
fMRI analysis taking these EEG events as an input led to a
mild BOLD activation only on the left side and presented 65
activated voxels in a volume of 0.52 cm3 (Figure 3). Cer-
tainly, resection of the right hippocampus contributed to
decreasing the epileptiform activity in the left hemisphere.
Taken together, these results strongly suggest that most of
the left activity was generated by the right hippocampus
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(14). Throughout the study, dipoles to ICA components
presented some agreement with the source localization by
BOLD contrast. However, dipole modeling resulted in a
widespread distribution, making EEG analysis too weak to
precisely determine by itself the source localization even
by a sophisticated method of analysis such as ICA.

The results obtained by the combined EEG-fMRI tech-
nique applied to a case of right MTLE revealed good
agreement with the preoperative evaluation of the patient.
They also revealed a less significant contra-lateral spike
source after surgery (Engel IA scale), with the epileptiform
activity reduced by a factor of four. Particularly interesting
was obtaining a BOLD response that completely filled the
right hippocampus region, in agreement with the observa-
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