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Abstract
Purpose In patients with pharmacoresistant focal epilepsy,
resection of the epileptic focus can lead to freedom from sei-
zures or significant improvement in well-selected candidates.
Localization of the epileptic focus with multimodal concor-
dance is crucial for a good postoperative outcome. Beyond the
detection of epileptogenic lesions on structural MRI and focal
hypometabolism on FDG PET, EEG-based Electric Source
Imaging (ESI) and simultaneous EEG and functional MRI
(EEG-fMRI) are increasingly applied for mapping epileptic
activity. We here report presurgical multimodal interictal im-
aging using a hybrid PET/MR scanner for single-session FDG
PET, MRI, EEG-fMRI and ESI.
Methods This quadrimodal imaging procedure was per-
formed in a single session in 12 patients using a high-
density (256 electrodes) MR-compatible EEG system and a
hybrid PET/MR scanner. EEGwas used to exclude subclinical
seizures during uptake of the PET tracer, to compute ESI on
interictal epileptiform discharges and to guide fMRI analysis
for mapping haemodynamic changes correlated with interictal
epileptiform activity.

Results The whole multimodal recording was performed in
less than 2 hours with good patient comfort and data quality.
Clinically contributory examinations with at least two modal-
ities were obtained in nine patients and with all modalities in
five patients.
Conclusion This single-session quadrimodal imaging proce-
dure provided reliable and contributory interictal clinical data.
This procedure avoids multiple scanning sessions and is asso-
ciated with less radiation exposure than PET-CT. Moreover, it
guarantees the same medication level and medical condition
for all modalities. The procedure improves workflow and
could reduce the duration and cost of presurgical epilepsy
evaluations.

Keywords Functional imaging . Hybrid PET/MR .

EEG-fMRI . Epilepsy surgery

Introduction

In patients suffering from pharmacoresistant epilepsy who are
candidates for epilepsy surgery, the success of the surgery
relies on the presurgical work-up that aims to localize the
epileptic focus and determine its proximity to eloquent corti-
cal regions (e.g. language, sensorimotor and visual cortex).
Presurgical evaluations are based on long-term video-EEG
and structural MRI, often complemented by interictal FDG
PET and ictal SPECT. In addition, other noninvasive tools
such as EEG-based electric source imaging (ESI) and simul-
taneous EEG and functionalMRI (EEG-fMRI) are increasing-
ly used in many centres for the functional localization of ep-
ileptic focus.

Structural lesions seen on MRI acquired during an
epilepsy-dedicated MRI protocol and reviewed by a neurora-
diologist with expertise in epilepsy imaging clearly improve
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the odds of successful surgery [1, 2]. Currently, MRI remains
negative in 20 – 30 % of patients evaluated for epilepsy sur-
gery [3]. In doubtful or non-lesional cases, morphometric and
quantitative analyses of structural MRI may help detecting
subtle forms of focal cortical dysplasia [4].

FDG-PET revea ls areas of in ter ic ta l cerebra l
hypometabolism associated with epileptic activity and epilep-
togenic lesions [5, 6]. It is particularly useful in patients with
apparently nonlesional epilepsy [5, 7]. In particular instances
of multifocal epilepsy, the combination of PET and other im-
aging techniques or the use of specific tracers such as alpha-
methyl-tryptophan for tuberous sclerosis could improve local-
ization [8–10]. EEG monitoring before and during uptake of
the PET tracer is useful for detecting subclinical epileptic sei-
zures that could cause false-negative results by confounding
interictal hypometabolism with ictal hypermetabolism [6].

Functional localization of the epileptic activity can be per-
formed with electrophysiological techniques [11]. EEG-based
ESI is both sensitive and specific in estimating the localization
of the cortical generators of epileptic activity in lesional and
nonlesional epilepsy, particularly when high-density EEG sys-
tems are used [12]. Its clinical relevance is supported by the
fact that the noninvasive localization of interictal spikes with
ESI provides a good estimate of the seizure onset zone (mea-
sured with intracranial EEG recordings [13]) and the epilep-
togenic zone (estimated by resection volumes and postopera-
tive follow-up [12]). The simultaneous recording of EEG and
fMRI (EEG-fMRI) allows mapping of haemodynamic chang-
es related to interictal epileptic activity. Advanced analyses
can reliably detect haemodynamic fluctuations even in the
absence of epileptic spikes during fMRI, as confirmed by
invasive validation and result in an important increase in the
technique’s sensitivity [14]. In many difficult cases, the
EEEG-fMRI results add information to the presurgical work-
up [15]. They are concordant with invasive EEG recordings
[14, 16] and can predict postoperative outcome [17].

The localization of the epileptic focus relies, besides clini-
cal and neuro-psychological data, on these structural and func-
tional brain imagingmethods. Concordance of the multimodal
imaging results is associated with a better postoperative out-
come and is the key factor for tailoring surgical resection or
deciding whether an invasive EEG recording with intracranial
electrodes is needed to better map the epileptic focus and the
eloquent cortex.

In our centre, structural MRI, PET, ESI and EEG-fMRI are
routinely performed in separate sessions in the context of the
presurgical evaluation. Hybrid PET/MR systems have recent-
ly been available for clinical applications [18] and the combi-
nation of a hybrid scanner with MR-compatible EEG equip-
ment offers a very interesting opportunity to obtain data for
structural MRI, EEG-monitored PET, EEG-fMRI and ESI in
the same session. In this way, the long-term video-EEG re-
cording is minimally interrupted and direct integration of

structural, metabolic, haemodynamic and electrophysiological
signatures of the disease can be obtained with the same med-
ication level.

We here report, for the first time, combined EEG-PET,
MRI, EEG-fMRI and ESI based on data recorded in a single
session using a high-density EEG and a PET-MR hybrid scan-
ner in 12 patients with pharmacoresistant epilepsy.

Materials and methods

Patients

For this single-session quadrimodal imaging, we selected pa-
tients investigated in our presurgical evaluation unit for drug-
resistant focal epilepsy. We recruited 12 consecutive patients
(median age at evaluation 33 years, range 10 – 56 years, eight
female) who, according to referral letters, had reports of
interictal spikes on routine EEG and were cognitively able to
tolerate a 2-h imaging session. A high interictal spiking rate
was not a necessary criterion and patients with rare interictal
epileptiform discharges (IEDs) were also included.

All adult patients and the parents of paediatric patients gave
written informed consent for the EEG-fMRI as part of our
EEG-fMRI research programme approved by the local ethics
committee. All other tests were part of the routine clinical
work-up in our centre.

Equipment

High-density EEG

EEG was recorded at 1 kHz using a 256-channel MR-com-
patible system with a high input impedance amplifier (Elec-
trical Geodesics Inc., Eugene, OR).

Hybrid PET/MR

Patients were scanned using an Ingenuity TF PET-MR scan-
ner (Philips Healthcare, Cleveland, OH). This system com-
bines a 3-T MRI scanner with multiple transmission capabil-
ities (Achieva 3.0T TX series) and a PET scanner equipped
with time-of-flight technology. The two elements are linked
via a single patient table allowing sequential imaging with
both modalities in the same frame of reference by a 180°
rotation of the scanner table between the MRI and the PET
scanner. All acquisitions (PET-EEG, structuralMRI and EEG-
fMRI) were done with this hybrid PET-MR scanner.

Procedure

A flow chart showing the multimodal integration procedure is
presented in Fig. 1.
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Installation of EEG net outside the scanner room (15 min)

The EEG net was adjusted according to the international 10/
10 system. The 256-electrode sensor net guaranteed full cov-
erage of the head with a constant intersensor distance. The
structure of the net ensured that the electrodes were evenly
distributed over the scalp and that they were positioned at
approximately the same location across patients. Each elec-
trode contains a small sponge soaked with saline water that
touches the patient’s scalp surface directly. For safety reasons,
each electrode is equipped with an additional 10 kΩ resistance
[19]. Electrode impedances were kept as low as possible

(ideally below 30 kΩ) in order to guarantee high-quality
EEG [20].

EEG-fMRI recordings (25 min)

The patients were installed in the MRI scanner with their head
carefully immobilized while ensuring optimal comfort using
memory foam pillows. EEG and fMRI were acquired simul-
taneously and continuously for 20min while the patient was at
rest with eyes closed. EEG acquisition was synchronized with
the MRI clock to facilitate removal of gradient artefacts [21].
A total of 600 functional images were acquired with an eight-

Fig. 1 Multimodal integration procedure. EEG-fMRI, PET-EEG and
structural MRI were acquired during the same session. The results of
the four different modalities (epilepsy-related BOLD activation, EEG

source imaging, structural-informed PET hypometabolism and lesion
detection on structuralMRI) were then used to identify the potential target
for surgery
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channel head coil using a T2*-weighted single-shot gradient
echo echo-planar imaging sequence (TR 1,984 ms, TE 30 ms,
voxel size 1.78×1.78×3 mm, 32 slices).

FDG PETwith EEG monitoring (45 min)

A 15-min 18F-FDG PET acquisition was performed 30 min
after intravenous injection of the tracer. During uptake of the
tracer, the patients were at rest and the EEG was recorded
simultaneously to ensure that the patient was in an interictal
state and to document potential subclinical epileptic seizures
that could have modified metabolism and alter the interpreta-
tion. Our protocol required the patient to remain in a quiet
environment with eyes closed during the uptake period to
avoid spurious hypermetabolism in the auditory or visual cor-
tices. The simultaneous acquisition of functional and structur-
al images was therefore not possible during tracer uptake. The
EEG net was removed before PET scanning to avoid the po-
tential effect of the electrodes on the PET images and to max-
imize patient comfort.

Structural MRI (20 min)

After rotation of the patient table, an epilepsy-specific MRI
protocol was acquired in coregistration with the PET acquisi-
tion. We obtained high-resolution 3D T1 structural images
and, if not yet available from a recent clinical scan, 3D
FLAIR, coronal T2 and diffusion imaging were also per-
formed. For PET attenuation correction, a fast 3D gradient-
echo T1 sequence was also acquired in all patients (MR-based
attenuation correction) [22].

Analyses

ESI

EEG acquired at rest during FDG tracer uptake was reviewed
by an experienced neurophysiologist (S.V. or F.P.) to exclude
subclinical seizures and to mark IEDs. Artefact-free and iso-
lated IEDs were averaged within a window of 500 ms before
and after the IED peak [12]. Artefact-affected channels were
interpolated using the signal from neighbouring electrodes
[23].

To compute the forward model, we used a simplified real-
istic head model based on the individual patient’s high-
resolution 3D T1-weighted MRI images. After extraction
and segmentation of the brain, 5,000 solution points were
distributed at regular distances within the grey matter. A lo-
cally Spherical Model with Anatomical Constraints [24] was
used with standardized electrode positions to calculate the
lead field. A linear distributed inverse solution algorithm with
biophysical constraints was used to estimate the 3D current
density distribution [25]. This simplified anatomically

constrained head model has similar localization precisions to
a realistic boundary element model [26] and has been success-
fully used in several clinical studies [27, 28, 12, 29, 30]. The
EEG map at the 50 % rising phase of the averaged IEDs was
considered for source analysis, as this time-point more accu-
rately localizes the underlying electrical source than the peak
which already involves areas of spike propagation [31]. All
EEG analyses were carried out using the freely available soft-
ware Cartool (https://sites.google.com/site/fbmlab/cartool)
[24].

EEG-fMRI

EEG processing Gradient and pulse-related artefacts were
removed using a moving average template subtraction method
[32, 33]. If necessary residual artefacts (i.e. cardiac artefacts,
eye-blinks, muscular activity, scanner-related residuals) were
removed using a temporal independent component analysis
[34].

An experienced neurophysiologist (S.V. or F.P.) manually
detected IEDs. If few or no spikes were found during the
20 min of simultaneous recording, fMRI analysis was guided
by EEG topography analysis following our previous work
[14]: the patient-specific epileptic topographic map obtained
during the PET tracer uptake was correlated at each time-point
with the intra-MR EEG to estimate the presence of the path-
ological map.

The IED timing or the time-course of the topography-based
correlation was then convolved with the canonical haemody-
namic response function and used as a regressor in the fMRI
analysis.

fMRI processing The spatial preprocessing of functional im-
ages was performed using SPM8 (Wellcome Department of
Imaging Neuroscience, UCL, London, UK) and included
slice-timing correction, realignment of functional images, spa-
tial smoothing with an isotropic Gaussian kernel of 6×6×6mm3

(full-width at half-maximum) and coregistration of realigned
images on the 3D T1 structural MRI images. fMRI time series
were whitened and serial correlations were removed using an
autoregressive filter of order 1. Low-frequency noise and signal
drift were removed using a discrete cosine transform basis set
with a filter cut-off period of 128 s. A general linear model was
built including the regressor derived from the spike-based anal-
ysis or from the topographical analysis as the effect of interest
and the six motion-related parameters derived from the func-
tional images realignment as covariates.

For each patient, paired t-tests were applied at each voxel to
test for BOLD increases and decreases associated with the
epileptic regressor. The significance level was set to
p<0.001 with a threshold extent of five voxels to discard
scattered activations suggestive of noise. This analysis proce-
dure was the same as in our previous EEG-fMRI work in
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which results were validated by subsequent intracranial EEG
or surgical outcome [14].

PET

High-resolution (2×2×2 mm voxel size) reconstruction was
performed using the coregistered MR-based attenuation cor-
rection map. After fusion with the high-resolution 3D MRI
structural image, areas of hypometabolism were visually iden-
tified by an expert in nuclear medicine (V.G.).

Structural MRI

Structural abnormalities were detected visually by a neurora-
diologist with expertise in epilepsy imaging (M.I.V.). For each
patient, we considered the result of eachmethod by integration
of multimodal information. The results of each modality were
considered contributory if they provided localization informa-
tion concordant with the electroclinical semiology as defined
by a consensus of our clinical multidisciplinary case discus-
sion panel. We considered that examinations discordant with
each other but concordant with the electroclinical semiology
were also clinically contributory as they might have been
highlighting different aspects of an epileptic network (e.g.
propagation pattern) in specific situations.

Results

The whole procedure was performed in less than 2 hours of
scanner time and was well tolerated but could not be fully
completed in two patients. One examination in a 10-year-old
patient with behavioural problems (patient 9) needed to be
interrupted during the inaugural EEG-fMRI due to excessive
motion and noncompliance from the beginning of the proce-
dure. The EEG could not be acquired during fMRI and uptake
of the PET tracer in one patient (patient 5) due to a technical
problem with the EEG acquisition system.

A lesionwas identified on the structuralMRI images in 7 of
11 patients and focal hypometabolism was detected in 8 of 11
patients on PET. IEDs were detected in 8 of 11 patients
allowing electric source localization. BOLD changes associ-
ated with interictal epileptic activity were obtained in 7 of 11
patients. In two patients (patients 3 and 6), IEDs were identi-
fied during fMRI recording. In the other five patients (patients
1, 2, 4, 7 and 12), the epileptic topographic map was used to
perform the EEG-fMRI analysis. Table 1 summarizes the re-
sults for each modality in the 12 patients. Overall, of the four
examinations, four were contributory in five patients, two
were contributory in four patients and one was contributory
in two patients. In one patient, all tests were negative.

Results of the multimodal imaging procedure in three ex-
ample patients are presented in Figs. 2, 3 and 4. Patient 7

(Fig. 2) had a right frontal transmantle cortical dysplasia vis-
ible on the structural MRI images. The epileptogenicity of this
lesion was confirmed by hypometabolism on interictal PET
images, the EEG source localization and epilepsy-related
BOLD changes. Patient 3 (Fig. 3) had non lesional right tem-
poral epilepsy. Concordant ESI and EEG-fMRI results in the
right anterior temporal lobe were confirmed by intracranial
electrodes. Patient 6 (Fig. 4) had non lesional structural MRI
images and no detectable hypometabolism on interictal PET
images. Diffuse bilateral frontal IEDswith maximal amplitude
on the right side were detected in the high-resolution EEG
during FDG uptake and simultaneous EEG-fMRI. The source
of this activity was located in the middle and inferior right
frontal gyri, and quickly propagated to the contralateral area.
BOLD changes related to these IEDs were concordant with
the spike field. These multimodal findings supported the di-
agnosis of right frontal nonlesional epilepsy with secondary
bilateral synchrony.

Discussion

In this study we demonstrated for the first time the feasibility
and clinical usefulness of recording PET, MRI, EEG-fMRI
and ESI in a single session. This quadrimodal imaging proce-
dure offers a valuable tool for optimizing the workflow of the
presurgical work-up with a single-session interictal imaging
that minimizes radiation exposure (no PET-CT) and involves
only a single excursion outside the EEG telemetry ward.

Clinical considerations

As shown by our results, a perfect total concordance between
all modalities was rarely achieved in this group. This reflects
the fact that epilepsy patients seen at most epilepsy surgery
centres are difficult cases with a high proportion having no
structural lesion (4 of 11), rare interictal events (3 of 11) and
discordance between structural MRI and EEG. The combina-
tion of multiple imaging techniques is therefore of paramount
importance in this patient population to compensate for the high
proportion of negative examinations and to increase the reli-
ability of positive findings when modalities are concordant.
The multimodal session can yield single or multiple, concor-
dant or discordant clinically meaningful localizing features that
altogether contribute to guide patient management. The sensi-
tivity of the different techniques for localizing structural or
functional abnormalities appears to be comparable to those
found in larger single modality studies. Importantly, the finding
of apparently discordant localization for different techniques
might fit well within the multimodal findings related to specific
epileptic conditions, and results should always be interpreted in
the light of the clinical context. For instance, anterior temporal
localization of interictal activity is concordant with the known

Eur J Nucl Med Mol Imaging (2015) 42:1133–1143 1137
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Fig. 2 Multimodal imaging in patient 7 (with lesional right frontal
epilepsy). a Right frontal transmantle cortical dysplasia is apparent on
the structural images (left T1; right FLAIR, lesion is highlighted by the
red circles). b An extended zone of hypometabolism, encompassing the
lesion, is apparent in the right frontal lobe on interictal PET images

(hypometabolism is highlighted by the red circle). c EEG source and d
topography-related fMRI activation are located in right prefrontal cortex
(fMRI activation in red, deactivation in blue) in close proximity to the
lesion. The images are presented in the radiological convention (right
hemisphere on the left of the image)

Fig. 3 Multimodal imaging in patient 3 (with non lesional mesial
temporal lobe epilepsy). a No lesion is apparent on the T1 (left), FLAIR
(middle) and T2 (right) structural MRI images. b No significant focal
hypometabolism is apparent on the PET images. c EEG source is

located in the right temporal pole while d IED-related fMRI activation
is apparent in the right hippocampus (fMRI activation in red, deactivation
in blue). The images are presented in the radiological convention (right
hemisphere on the left of the image)

Eur J Nucl Med Mol Imaging (2015) 42:1133–1143 1139



propagation patterns from posterior cingulate lesions and does
not contradict the structural findings (patient 1) [35]. In rare
difficult diagnostic cases such as patient 11, negative results
in all imaging tests combined with the absence of epileptic
activity or seizures during telemetry supported the final hypoth-
esis of probable non-epileptic attacks.

Integration of PET and MRI

The advantages of hybrid PET/MR technology have previous-
ly been addressed [36, 18]. PET and MRI coregistration has
already proven its importance especially in the identification
of subtle epileptic lesions [37]. Although abundantly and rou-
tinely performed by brain imaging research groups, the fusion
of images acquired on separate systems is not always straight-
forward and is hardly compatible with the clinical and security
constraints imposed by medical image archiving systems. To
fully benefit from the hybrid PET/MR system, the patient’s
head should not move between the structural MRI and the
PET acquisition. The long total duration of the protocol in-
creases the likelihood of major head motion. In our procedure,

the removal of the EEG cap just before PET and structural
MRI acquisition allows the patient to move slightly and read-
just the position of the head for optimal comfort. Structural
MRI was acquired just after the PET acquisition ensuring that
PET and structural MRI were acquired in exactly the same
position. In the end, only the fMRI images were not acquired
in the same reference as the rest of the examination but the
standard preprocessing of functional images in fMRI analysis
includes realignment and coregistration with the structural
MRI images to reduce the effect of intrasession head motion.

MR-based attenuation correction is a widely debated mat-
ter. MR does not provide a map of the attenuation coefficient
of the tissue, as opposed to CT. For this reason alternative
strategies (segmentation of the MR image, use of reference
atlases) have been developed [38]. The solution adopted in
this study is shared by the hybrid PET/MR scanners currently
in use, is clinically approved and represents the current stan-
dard [39]. Despite the fact that various approaches have been
tested, no ideal solution is available yet, and some of the
improved techniques which have been specifically developed
to overcome this problem introduce other systematic biases

Fig. 4 Multimodal imaging in patient 6. a No lesion is apparent on the
T1 (left), FLAIR (middle) and T2 (right) structural MRI images. b No
focal hypometabolism is apparent on the PET images. c EEG source
imaging locates the epileptic source in the right middle and inferior

frontal gyri. d IEDs recorded using EEG during fMRI show a strong
bilateral frontal activation maximal on the right. The images are
presented in the radiological convention (right hemisphere on the left of
the image)
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[40]. For this reason, no quantitative analysis (statistical com-
parison with a reference database acquired on PET-CTor ratio
between regions) was used in this study: we based the inter-
pretation of the images on the visual evaluation of focal
hypoactivities relative to the adjacent cortex, which is not
influenced by the correction strategy adopted. On the other
hand, MR-based attenuation correction has the advantage of
avoiding the radiation exposure related to the CT acquisition
currently used in PET-CT scans. This could be of even greater
interest in the paediatric population and in patients requiring
repeated investigations.

Single session of multimodal imaging

During the presurgical evaluation of epileptic patients, PET,
structural MRI, EEG-fMRI and high-density EEG recordings
are usually done in four separate sessions. The ability to record
all these modalities in a single session allows a considerable
decrease in the total examination duration. It avoids multiple
interruptions in long-term video-EEG monitoring and eases
the scheduling of these examinations especially in busy clin-
ical PET-CT and MRI units. This integrated interictal imaging
work-flow does not reduce the critical need for ictal data using
video-EEG telemetry and, if available, ictal SPECT which
provides invaluable complementary information [5]. In our
clinical setting, patients are referred from other hospitals and
it is highly beneficial to perform the whole work-up (multi-
modal imaging and telemetry) during the same hospital stay to
minimize patient travel and accelerate clinical decisions. It
could also consequently reduce the duration and costs of
presurgical evaluation. In compliant patients, an additional
short fMRI protocol for localizing eloquent cortical areas
could be added (motor, sensory, language areas) [41, 42].
The youngest patient already showed marked anxiety and
restlessness during installation in the scanner leading to abor-
tion of the whole procedure after a few minutes of scanning,
and the same limitations would probably have been encoun-
tered with separate sessions of unsedated imaging in this pa-
tient. To extend the applicability of this single session of mul-
timodal imaging in very young patients or those with behav-
ioural problems, sedation could be applied if needed for PET
and structural MRI as frequently performed in our centre for
independent PET-CT and MRI acquisitions. Importantly, se-
dation should be administered at the end of tracer uptake, just
prior to PET acquisition, in order to avoid interference be-
tween sedation and brain metabolism during uptake. Sedation
for EEG-fMRI can alter epileptic activity and in our
presurgical paediatric population, we routinely acquire EEG-
fMRI without sedation. However, EEG-fMRI under light se-
dation can be performed successfully [43] although our cur-
rent protocol should be changed to avoid interference of EEG-
fMRI sedation with the subsequent PET tracer uptake.

Multimodal image acquisition in the same session also
guarantees that disease activity and treatment effect are as
similar as possible. This is not necessarily the case for separate
acquisitions, which are often performed days if not weeks
apart. This may be relevant to comparison of functional and
metabolic imaging such as PET, EEG-fMRI and ESI, notably
with regard to the extent of the areas involved in IEDs which
can be heavily influenced by medication and the multimodal
approach offers invaluable data for studying the relationships
between metabolism, haemodynamics and neuroelectrical ac-
tivity without the confounding effects of treatment difference.

The installation and comfort of the patient deserve careful
attention to avoid increased motion towards the end of the
procedure. The head of the patient was carefully immobilized
to guarantee coregistration of the different modalities and keep
the same reference between PET and MRI. A memory foam
pillow noticeably improved the comfort of the patient with
respect to the potential pressure of the EEG electrodes on
the back of the head. After the EEG recording during EEG-
fMRI and uptake of the PET tracer, we removed the EEG cap.
This ensured the same head position between the PET scan
and theMRI structural protocol and allowed the recording of a
full and high-quality structural MR epilepsy protocol that in-
cluded sequences with a high specific absorption rate (i.e.
FLAIR) that are not recommended with the MR-conditional
EEG cap due to the risk of heating [44].

EEG-fMRI

In this study only 2 of 11 patients had enough interictal epi-
leptiform events during simultaneous EEG-fMRI for a con-
ventional BIED-correlated^ analysis. The high proportion of
patients with rare or no spikes during EEG-fMRI could have
been due to our inclusion criteria that were not restricted to
patients with a high interictal spiking rate. The duration of
EEG-fMRI scanning (20 min, 600 volumes) was similar to
that used in our previous studies and our usual EEG-fMRI
protocol, although some others acquire much longer datasets
to increase the number of detected IEDs. Among the nine
patients without IEDs during EEG-fMRI, three had very rare
interictal events even outside theMRI and would probably not
have been suitable for spike-correlated EEG-fMRI. The detec-
tion of more frequent interictal events in the EEG recorded
during uptake of the PET tracer is more likely because the
patient was at rest without any auditory stimulation (no acqui-
sition) and the EEG was not subject to MR-related artefacts.
Our topography-related method does not require IEDs to map
the epileptic network using EEG-fMRI [14] and showed clin-
ically meaningful results in five patients.

Electrode-related imaging artefacts caused by local modi-
fication of the magnetic susceptibility were limited to the scalp
and skull and the BOLD fMRI signal was not significantly
affected, in concordance with a previous report [45]. The
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presence of electrode-related artefacts could be of great inter-
est for the individual localization of each electrode for ESI
[46], but our current protocol did not include a T1-weighted
image with the EEG cap to avoid increasing the total session
duration.

Conclusion

The whole multimodal recording could be performed in less
than 2 hours of scanner time with good patient comfort. This
single-session quadrimodal imaging provided reliable
interictal clinical data with reduced total scanning time. This
procedure avoids multiple scanning sessions, reduces irradia-
tion compared to the use of PET-CT, simplifies the
coregistration of the results from the different modalities and
ensures that the patient is in the same disease state and under
the same medication. Therefore, this new multimodal proce-
dure with hybrid PET/MRI and high-resolution EEG may
considerably improve the workflow in presurgical epilepsy
and could reduce the cost and duration of presurgical
evaluations.
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