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Localizing Seizure-Onset Zones in Presurgical
Evaluation of Drug-Resistant Epilepsy by
Electroencephalography/fMRI: Effectiveness of
Alternative Thresholding Strategies

BACKGROUND AND PURPOSE: Simultaneous EEG/fMRI is an effective noninvasive tool for identifying
and localizing the SOZ in patients with focal epilepsy. In this study, we evaluated different thresholding
strategies in EEG/fMRI for the assessment of hemodynamic responses to IEDs in the SOZ of
drug-resistant epilepsy.

MATERIALS AND METHODS: Sixteen patients with focal epilepsy were examined by using simultane-
ous 92-channel EEG and BOLD fMRI. The temporal fluctuation of epileptiform signals on the EEG was
extracted by independent component analysis to predict the hemodynamic responses to the IEDs. We
applied 3 different threshold criteria to detect hemodynamic responses within the SOZ: 1) PA, 2) a
fixed threshold at P < .05 corrected for multiple comparison (FWE), and 3) FAV (4000 = 200 activated
voxels within the brain).

RESULTS: PA identified the SOZ in 9 of 16 patients; FWE resulted in concordant BOLD signal
correlates in 11 of 16, and FAV in 13 of 16 patients. Hemodynamic responses were detected within
the resected areas in 5 (PA), 6 (FWE), and 8 (FAV) of 10 patients who remained seizure-free after
surgery.

CONCLUSIONS: EEG/fMRI is a noninvasive tool for the presurgical work-up of patients with epilepsy,
which can be performed during seizure-free periods and is complementary to the ictal electroclinical
assessment. Our findings suggest that the effectiveness of EEG/fMRI in delineating the SOZ may be

further improved by the additional use of alternative analysis strategies such as FAV.

ABBREVIATIONS: BOLD = blood oxygen level-dependent; EEG = electroencephalography; FAV =
fixed numbers of activated voxels; FWE = family-wise error; FWHM = full width at half maximum;
IC = independent component; IED = interictal epileptic discharge; LTLE = lateral temporal lobe
epilepsy; MTLE = mesial temporal lobe epilepsy; PA = peak activation; SOZ = seizure-onset zone

0 ne key to achieving a successful outcome of epilepsy sur-
gery is the precise identification of the SOZ, defined as the
“area of the cortex from which clinical seizures are actually
generated.”' Approximately 30% of presurgical candidates are
not considered for epilepsy surgery, mainly due to a lack of
unambiguous localization of the SOZ.? Recent studies of the
use of simultaneous EEG/fMRI during the seizure-free period
have reported concordance between interictal hemodynamic
responses (ie, the irritative zone) and ictal electroclinical da-
ta.>” These findings corroborate previous EEG studies show-
ing strong correlation between the zone of earliest (interictal)

Received November 3, 2011; accepted after revision December 29.

From the Support Center of Advanced Neuroimaging (M.H., 0.S., C.R., R.W.), Institute of
Diagnostic and Interventional Neuroradiology; and Division of EEG and Epileptology (K.S.),
Department of Neurology, Inselspital, University of Bern, Switzerland; Department of
Psychiatric Neurophysiology (K.J., T.K.), University Hospital of Psychiatry, University of
Bern, Switzerland; Epilepsy Center (K.M.), Klinik Bethesda Tschugg, Switzerland; and
Department of Neurosurgery (L.M.), University of Basel, Basel, Switzerland.

This project was funded by the Swiss National Science Foundation grant (320000-
108321/1) and (33CM30-124089).

Please address correspondence to Martinus Hauf, MD, SCAN, Institute of Diagnostic and
Interventional Neuroradiology, Inselspital, University of Bern, 3010 Bern, Switzerland;
e-mail: Martinus.Hauf@gmx.de

Indicates open access to non-subscribers at www.ajnr.org

indicates article with supplemental on-line table and appendix.
http://dx.doi.org/10.3174/ajnr.A3052

1818 Hauf | AJNR 33 | October 2012 | www.ajnr.org

spike and the SOZ, indicating a common epileptogenic brain
area.® The irritative zone may thus encompass the SOZ. BOLD
signal correlates of IEDs, similar to ictal SPECT recordings,”
may be widespread and multifocal.’ Thus, the identification of
those that correspond to the SOZ— of crucial interest in pre-
surgical evaluation—is sometimes equivocal.'>""

IC analysis is increasingly recognized as a helpful additive
for the analysis of complex neurophysiologic signals and fMRI
data.'>'® Recently, we have introduced IC analysis as a novel
approach to extracting epileptic activity from combined EEG/
fMRI recordings. The IC-based approach resulted in a de-
crease of nonlocalizing coactivations and increased sensitivity
in the delineation of the irritative zone compared with estab-
lished methods of manual spike detection.*'*'> A principal
advantage of the IC-based approach is the ability to model
epileptic activity more physiologically, taking into account
variation in amplitude, duration, and shape of IEDs, especially
when high-resolution EEG is performed.'® Integration of in-
dividual amplitudes of IEDs in EEG/fMRI analysis has been
recently reported to yield BOLD signal correlates that are
more confined to the SOZ.'” A good reliability of the IC-based
approach has been reported to identify factors coding for the
epileptic activity.'®

A principal limitation in EEG/fMRI analysis is related to
the selection of the optimal thresholding strategy to limit he-
modynamic responses along propagation pathways (so-called



coactivations) without eliminating the hemodyanamic re-
sponses at the SOZ. Currently, 2 strategies are used. The first
applies a fixed threshold of P < .05 corrected for FWE and
commonly results in variable interpretations of BOLD signal
correlates from “no activation” to “widespread clusters” of
activation.'™'! Both no activation and widespread activation
patterns provide no reliable clues for delineating a focal SOZ.
The second, the PA strategy, identifies the cortical zone of the
maximum correlation between the BOLD signal and the IEDs.
The PA criterion is thought to reflect the most active hemody-
namic response to IEDs, which is reported to be confined to
epileptogenic brain areas.'® Previous studies applying the PA
criterion reported convergence between BOLD responses
and the SOZ."”"** However, the BOLD signal change due to
IEDs is not uniform, as indicated by variously positive or neg-
ative BOLD correlates co-localizing to the SOZ in focal
epilepsies.”>*

The potential disadvantage of using these 2 approaches is
an increased risk of missing the true effects at the SOZ. The
largest study of EEG/fMRI in presurgical work-up to date rec-
ommended analysis of recordings at alternative thresholds in
equivocal cases to enhance the localizing value of EEG/fMRI.>
For the routine use of combined EEG/fMRI, however, stan-
dardization of criteria regarding clinical analysis is manda-
tory.”” We have thus added an additional analysis criterion, a
predefined FAV,?® to account for intra- and interindividual
differences and fluctuations in epileptic activity. We analyzed
these threshold criteria (FWE, PA, and FAV) with respect to
detection of hemodynamic responses in the SOZ and overlap
with ictal EEG and clinical outcomes after surgery.

Materials and Methods

Subjects

Patients (11 women, 5 men; mean age, 40 years; range, 20—68 years)
with drug-resistant focal epilepsies were prospectively recruited from
our presurgical epilepsy program. An inclusion criterion for evalua-
tion by EEG/fMRI recordings was the detection of IEDs on previous
standard scalp EEG recordings. Patient clinical characteristics are
summarized in the On-line Table.

Patients were evaluated by board-certified neurologists with a
subspecialization in epileptology (K.S., K.M.). All patients underwent
surface EEG with 19 electrodes placed according to the international
10-20 system and high-resolution structural MR imaging on a 3T
system (Magnetom Trio TIM; Siemens, Erlangen, Germany), accord-
ing to the local epilepsy protocol. All patients were evaluated by long-
term video-EEG for diagnosis and seizure classification.?® Patients 1,
5,6, and 9 were also recorded with subdural foramen ovale electrodes
according to Wieser et al.>® Patients 8 and 11-16 underwent invasive
EEG recording with subdural strips and placement of depth elec-
trodes along the longitudinal axis of the hippocampus according to
Spencer.”" Presurgical classification of the underlying epileptic syn-
drome was as follows: 10 patients (1-10) with MTLE; 4 patients (11,
14-16) with LTLE, 1 patient (12) with frontal lobe epilepsy, and 1 pa-
tient (13) with parietal lobe epilepsy. The electroclinically defined
SOZ in MTLE was identified as the hippocampal formation and
amygdala on the symptomatic side. In neocortical epilepsies, the SOZ
was defined as the area enclosed by a 10-mm radius from the point at
which invasive EEG electrodes documented seizure onset.

Eleven patients underwent epilepsy surgery (6 patients with

MTLE underwent selective anterior amygdalohippocampectomy, 1
underwent anterior temporal lobectomy, 4 patients with neocortical
epilepsy underwent tailored resection). The area of resection was de-
fined on the postoperative structural MR imaging. Nine of 11 patients
were seizure-free (Engel class Ia) after surgery, patient 7 was classified
as Engel class II, and patient 8 was classified as Engel class IV. Mean
follow-up was 32 months (range, 13-53 months).

Written informed consent was obtained from all patients. The
study was approved by the institutional ethics committee.

Setup, Recording, Preprocessing, and Data-Analysis
Procedures

Setup, recording, preprocessing, and data analysis of the EEG and
fMRI data were performed as described in Jann et al.® The IC factor is
isolated on the EEG dataset that represents the interictal epileptic
activity and is convolved with a standard double-y hemodynamic
response function (yl/max[yl] — dip X y2/max[+y2]) scaled so that
its total integral is zero (positive peak/FWHM, 5.4/5.2 seconds; neg-
ative peak/FWHM, 10.8/7.35 seconds; coefficient of the negative dip,
0.35). The representative IC factor was used as the event-related pre-
dictor for the fMRI BOLD signal in the correlation estimation (see
On-line Appendix for a detailed description of the methods).

Correlation Estimation

Voxelwise correlations between the BOLD signal and the IC-based
predictor were computed by using a general linear model. Volumes
with artifacts in the corresponding EEG epoch (eg, motion and so
forth) were excluded.

Peak Activation

The cluster with the maximum correlation to the IEDs was deter-
mined. Concordance of the SOZ with the identified BOLD signal
correlate was defined as presence of the PA cluster within the area of
resection in surgical patients with good clinical outcomes (Engel class
I/II, 10 patients) and, in all patients, within the SOZ as defined by
electroclinical data.

Family-Wise Error

Correlation maps were thresholded at P < .05 corrected for multiple
comparisons (FWE). Consistent with previous studies, BOLD signal
correlates with ¢ < |3.1] and a minimum cluster size of 40 mm> were
considered significant.”>*' Concordance of the SOZ with BOLD sig-
nal correlates was defined as the presence of an activated cluster
within the resected area and/or SOZ. For patients with MTLE, the
analysis was determined to be equivocal if BOLD signal correlates in
the mesiotemporal lobe were found bilaterally.

Fixed Numbers of Activated Voxels

The analysis was performed at an individual statistical threshold (P
values), resulting in a total volume of activated BOLD clusters of
4000 = 200 mm? within the brain tissue. Correction for multiple
comparisons and false-positives was done by estimating the minimal
cluster sizes for a given threshold.”>** Concordance was defined as
the presence of an activated cluster within the SOZ as defined above.
For patients with MTLE, the analysis was rated equivocal if BOLD
signal correlates in the mesiotemporal lobe were bilateral.

Results
Two patients with MTLE (patients 5 and 8) lacked IEDs dur-
ing EEG/fMRI recordings. In 14 patients, an IC-factor coding
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Concordance of electroclinical data and the EEG/fMRI analysis in
MTLE

No. MTLE OP/Engel Class EEG/fMRI: PA FWE  FAV
1 R Yes/la + + +
2 R Yes/la + — (bilat)  +
3 R Yes/la —(PrG L) — (no) +
4 R No — (ACgG L) + +
5 R Yes/la No IEDs

6 L No + + +
7 R Yes/Il + + +
8 R Yes/IV No IEDs

9 R Yes/la — (PCgG R) + +
10 R Yes/la + + +

Note:—R indicates right; L, left; Op, operation; bilat, bilateral; + indicates unilateral BOLD
signal cluster in the epileptogenic hippocampal formation; —, no or bilateral BOLD cluster
in the hippocampal formation; PCgG, posterior cingulate gyrus; PrG, precentral gyrus; ACgC,
anterior cingulate gyrus. For PA in brackets the localization of the PA cluster.

for the IEDs was identified on the basis of temporal dynamics
and spatial distribution. Patients 1 and 2 were included in a
previous methodologic study of IC-based EEG/fMRIL.®

BOLD Correlates in MTLE
Results are summarized in the Table. Figure 1 summarizes
findings in patient 6.

Peak Activation

The PA was detected within the resected tissue in 3 of the 6
patients with good postoperative outcomes. When the electro-
clinical definition of the SOZ was used, the PA matched the
SOZ in 5 of 10 patients (Fig 1). In 3 patients, the PA was
detected outside the mesiotemporal lobe (contralateral pre-
central gyrus, patient 3; contralateral anterior cingulate gyrus,
patient 4; and posterior cingulate gyrus, patient 9).

Family-Wise Error

The FWE criterion resulted in a variable number of activated
clusters (mean, 46; range, 0—106), covering an average brain
volume of 109 cm®. BOLD signal correlates in the mesiotem-
poral lobe restricted to the side of seizure onset were present in
3 of 6 patients with good postoperative outcomes and in 6 of
10 patients in which the electroclinical definition was used.
Bilateral mesiotemporal lobe activations were detected in pa-
tient 2; in patient 3, no voxels exceeded the threshold. The
average volume of the BOLD signal cluster within the SOZ was
1.3 cm’, comprising 1.2% (range, 0%—17.6%) of the volume
of the total activated voxels.

Fixed Numbers of Activated Voxels

The FAV threshold criterion resulted in BOLD signal corre-
lates within the resected tissue in 5 of 6 patients with good
clinical outcomes. In 8 of 10 patients in whom the electroclini-
cal definition was used, a BOLD response was present within
the SOZ (Fig 1). On average, the cluster within the SOZ con-
tained 0.4 cm? of the total of 4 cm’ of activated brain paren-
chyma, comprising 9.8% (range, 3.6%—14.6%) of the acti-
vated volume. Clusters outside the mesiotemporal lobe
(mean, 15) were mainly distributed among brain areas with
known ictal functional connectivity to the mesiotemporal lobe
in MTLE.”** In patients 4 and 7, BOLD responses within the
SOZ were negative. Negative BOLD signal correlates within
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the presumed SOZ have been reported in interictal as well as
ictal EEG/fMRI recordings in approximately 30% of cases.'**

BOLD Correlates in Neocortical Epilepsies

Peak Activation

The PA was found inside the resected tissue in 2 of 4 surgical
patients and in the SOZ (defined electroclinically) in 4 of 6
patients. In patient 12 (Fig 2), the PA lay in the right inferior
parietal lobule, distant from the resected dysplastic cortex as
indicated by postoperative outcome (Engel class Ia). In patient
16, the PA was found in the contralateral occipital lobe, as part
of widespread bi-hemispheric negative BOLD signal corre-
lates. In a patient with dual pathology in the temporal lobe
(patient 15), PA and FAV pointed to focal cortical dysplasia
and not to the mesiotemporal lobe.

Family-Wise Error

The FWE criterion resulted in extensive and multifocal clus-
ters (mean, 111 cm?; range, 9-198 cm?; mean number of clus-
ters, 37; range, 6—-50). BOLD signal correlates were present in
the resected area in 3 of 4 patients and in the SOZ (defined
electroclinically) in 4 of 6 patients. On average, the cluster
within the SOZ covered 5.6 ¢cm’, corresponding to 5.0%
(range, 0%—23%) of the activated voxels.

Fixed Numbers of Activated Voxels

BOLD signal correlates were present in the resected area in 3 of
4 patients and in the SOZ (defined electroclinically) in 5 of 6
patients. The portion of activated voxels located within the
SOZ was 20.7% (range, 0%—45%), and the average number of
distant clusters was 13 (range, 6-21). Notably, in 2 patients
without lesions detectable on structural MR imaging (patients
11 and 14), the results of EEG/fMRI recording facilitated the
placement of the invasive EEG electrodes.

Discussion

Simultaneous EEG/fMRI is an effective noninvasive tool for
identifying and localizing the SOZ in patients with focal epi-
lepsy. In this study, we evaluated different thresholding strat-
egies in EEG/fMRI for the assessment of hemodynamic re-
sponses to IEDs in the SOZ of drug-resistant epilepsy. The best
matches of the BOLD signal correlates and the SOZ (13 of 16
patients) were achieved when applying the FAV criterion
based on a predefined number of activated voxels in the brain
parenchyma. Thus, FAV has been applied for the first time to
EEG/fMRI in a postsurgical outcome study, illustrating 1 way
to standardize the analysis, while accounting for inter- and
intraindividually varying amounts and character of epileptic
activity.

MTLE

Combined EEG/fMRI recordings have not yet been specifi-
cally validated in a large cohort of patients with MTLE. The
present study evaluated EEG/fMRI recordings in 10 patients
with MTLE by using the IC approach on the EEG dataset; this
procedure has been reported to improve the characterization
of the underlying epileptogenic brain areas in MTLE.*'* In-
terictal epileptic activity in MTLE mainly originates from the
paleocortex of the mesiotemporal lobe, and most of the inter-



t(403)
p < 3.1766e-07

p(Bonf) < 1.000

p < 0.002071

Fig 1. Left MTLE (patient 6). A, Scalp EEG (average reference montage) and IC-factor coding for the interictal spike with left temporal maximum. B, PA BOLD signal cluster in the left
hippocampus head. C, If one applies the FAV criterion, BOLD signal correlates encompass the left hippocampal formation (diagnostic cluster) and parts of the epileptic network in MTLE,
including the ipsilateral insula, frontal operculum, and fronto-orbital and temporo-occipital brain areas. D, The FWE approach discloses additional bilateral BOLD signal clusters not identified

in Band C.

ictal paroxysms are not detected by scalp EEG.”**” These spe-
cific properties of MTLE create challenges for EEG/fMRI re-
cordings because IEDs in the surface EEG are usually
restricted. Most of the IEDs in the mesiotemporal lobe have no
correlate on visual scalp EEG and may thus erroneously be
attributed to the baseline signature of the fMRI correlation.
Incorporating epileptic activity extracted by an IC may par-
tially overcome this limitation. The IC-factor coding for epi-
leptic activity is selected on the basis of the temporal and spa-
tial distribution of a subset of unequivocal IEDs and
represents a statistically independent pattern of time courses

fluctuating during the acquisition period. Thus, the identified
IC factor represents not only the IEDs fulfilling surface EEG
criteria but also temporal fluctuations of epileptic activity,
which would otherwise be ignored. In our series, 8 of 10 pa-
tients with MTLE showed BOLD signal correlates represented
by the IC-factor, facilitating the calculation of hemodynamic
responses within the SOZ.

The selection of the strongest cluster (PA) matched the
SOZ in a limited number of patients (5 of 10). Three record-
ings localized the PA outside the SOZ within the cingulate
gyrus and ipsilateral precentral gyrus, cortical areas embedded
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Fig 2. Right frontal lobe epilepsy and frontal focal cortical dysplasia (patient 12). A, Scalp EEG (average reference montage) and IC-factor coding for the interictal spike with right frontal
maximum. B, Misleading localization of the PA in the right inferior parietal lobule (crosshair). C, FAV delineates a BOLD signal cluster matching the right frontal focal cortical dysplasia/S0Z
(crosshain). D, The widespread BOLD signal correlates obtained by the FWE were not of use in planning of invasive EEG recordings. £, BOLD time course of the right frontal SOZ (red, in
a percentage of signal change). Time course of the independent component factor derived from the EEG data after convolution with the hemodynamic response function representing the
epileptic activity (black).

in a distant part of the MTLE network.>**>® The cluster with  agation.>® Although the SOZ is usually considered to generate
the highest correlation may thus represent the effects of prop- ~ the mostintensive increase in blood flow and consequently the
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most robust BOLD signal change,’** the magnitude of the

BOLD response in the hippocampal formation is smaller than
that in neocortical areas.** Hence, epileptic activity in the me-
siotemporal lobe may result in a less significant correlation
with the hemodynamic responses.

The FWE threshold (¢ > 3.1 and cluster size > 40 mm?)
produced a variable spatial extent of the resulting BOLD clus-
ters. In 1 patient, no significant cluster cleared the threshold,
and in another patient, bilateral mesiotemporal lobe activa-
tion hindered interpretation. Fixed threshold strategies refer-
ring to an alternative definition (ie, ¢ > 4.7)** may result in
concordant results in individual patients but may obscure oth-
erwise concordant results in patients with less significant cor-
relation estimations. These findings corroborated results from
previous studies applying a fixed statistical threshold*® and
motivated the application of an alternative threshold as pro-
posed by earlier presurgical EEG/fMRI studies.>® FAV is based
on a predefined volume (4 cm®) of the BOLD signal cluster
correlating with the IEDs. The selected volume is based on
results of previous work.”® Among the 3 threshold criteria we
compared in MTLE, the FAV yielded the best matches of the
BOLD signal correlates to the SOZ (8 of 10 patients). The
localization of the SOZ was confirmed in 5 patients by surgery
and good clinical outcome and in 3 patients by ictal video
telemetry. These results are comparable with findings from
ictal SPECT and interictal PET studies.*>™*

Neocortical Epilepsies

In all patients with focal cortical dysplasia, the invasive EEG
recordings confirmed a tight spatial relationship with the cor-
responding structural epileptogenic lesion. PA matched the
SOZ in 4 of 6 patients in our series. In 1 patient (Fig 2), the PA
criterion identified a region beyond the dysplastic cortex, in-
dicating the need for caution when relying on a single thresh-
old criterion in EEG/fMRI analysis.

The added value of noninvasive EEG/fMRI in neocortical
epilepsies is not to ensure that a structural abnormality de-
tected by high-resolution MR imaging is the cause of the epi-
lepsy but to facilitate the targeting of invasive recordings
needed to delineate the SOZ. Numerous distant clusters lim-
ited the use of the FWE criterion in the planning of the im-
plantation of grid and strip electrodes. However, similar prob-
lems limit the utility of other functional neuroimaging
techniques such as PET and ictal SPECT recordings. These
methods bring additional costs and limitations, such as the
need for ictal injections and radiation exposure, and seizure
localization by such techniques is influenced by the duration
of seizures, propagation speed of seizures, and pathways of
ictal discharge spreading.*®* Thus, EEG/fMRI should be
strongly considered as an important complement to EEG and
clinical semiology.

In the present study, the FAV strategy provided the best
localization value, accurately detecting the SOZ in 5 of 6 pa-
tients with neocortical epilepsies. An inherent limitation of
FWE and FAV thresholding strategies is the fact that the pres-
ence of multifocal hemodynamic responses requires a pre-
existing clinical hypothesis for the interpretation. Given a
proper hypothesis, EEG/fMRI offers better spatial resolution
and spatial specificity than scalp EEG and is comparable with
PET and ictal SPECT.** The use of functional imaging in the

localization of the SOZ has been shown to benefit from the

synthesis of multiple imaging modalities*”*%; these include

EEG/fMRI incorporating standardized approaches of inter-
pretation, as proposed in this study.

Conclusions

We have demonstrated that simultaneous EEG/fMRI by using
IC-based extraction of epileptic activity is a valuable tool for
delineating hemodynamic responses related to IEDs in the
presurgical work-up of patients with epilepsy. The procedure
can be performed during seizure-free periods, and its effec-
tiveness in delineating the SOZ may be further improved by
the additional use of alternative standardized analysis such as
FAV.
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