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Abstract

Introduction—Seizures occur rarely during EEG-fMRI acquisitions of epilepsy patients, but can
potentially offer a better estimation of the epileptogenic zone than interictal activity. Independent
component analysis (ICA) is a data-driven method that imposes minimal constraints on the
hemodynamic response function (HRF). In particular, the investigation of HRFs with clear peaks,
but varying latency, may be used to differentiate the ictal focus from propagated activity.

Methods—ICA was applied on ictal EEG-fMRI data from 15 patients. Components related to
seizures were identified by fitting an HRF to the component time courses at the time of the ictal
EEG events. HRFs with a clear peak were used to derive maps of significant BOLD responses and
their associated peak delay. The results were then compared with those obtained from a general
linear model (GLM) method. Concordance with the presumed epileptogenic focus was also
assessed.

Results—The ICA maps were significantly correlated with the GLM maps for each patient
(Spearman’s test, p<0.05). The ictal BOLD responses identified by ICA always included the
presumed epileptogenic zone, but were also more widespread, accounting for 20.3% of the brain
volume on average. The method provided a classification of the components as a function of peak
delay. BOLD response clusters associated with early HRF peaks were concordant with the
suspected epileptogenic focus, while subsequent HRF peaks may correspond to ictal propagation.

Conclusion—ICA applied to EEG-fMRI can detect areas of significant BOLD response to ictal
events without having to predefine an HRF. By estimating the HRF peak time in each identified
region, the method could also potentially provide a dynamic analysis of ictal BOLD responses,
distinguishing onset from propagated activity.
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Introduction

EEG-fMRI is a non-invasive technique which may be of particular interest in the presurgical
evaluation of patients with intractable epilepsy (Zijlmans et al., 2007). In an attempt to
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delineate the irritative zone, initial studies have investigated BOLD responses to interictal
epileptiform discharges (Aghakhani et al., 2006; Al Asmi et al., 2003; Federico et al., 2005a;
Salek-Haddadi et al., 2006). However, the irritative zone is often widespread and does not
always have a good correspondence with the epileptogenic zone, defined as the brain area
whose resection can ensure a seizure-free outcome (Rosenow and Luders, 2001).

Recently, some EEG-fMRI studies have investigated the BOLD response to ictal discharges
in patients with focal epilepsy (Di Bonaventura et al., 2006a; Kobayashi et al., 2006; Salek-
Haddadi et al., 2002; Tyvaert et al., 2008). Due to the unpredictability of ictal events,
patients are generally selected for an interictal investigation, with the occurrence of ictal
events left to chance, although it is possible to target patients with frequent seizures (Di
Bonaventura et al., 2006b; Federico et al., 2005b). Another difficulty with ictal
investigations is the presence of motion often associated with seizures, as even minor
movements may cause severe artifacts that may persist despite the application of motion
correction algorithms (Lemieux et al., 2007). Therefore, ictal EEG-fMRI is only suitable for
seizures that do not include any significant motion, although this requirement may be
circumvented in studies that are only focused on pre-ictal fluctuations (Federico et al.,
2005b).

Despite these difficulties, ictal EEG-fMRI provides a unique opportunity to track the
electrical and hemodynamic spatio-temporal evolution of epileptic seizures. Previous studies
have modeled the BOLD changes as a convolution of the EEG discharges with a canonical
hemodynamic response function (HRF) in the general linear model (GLM) framework
(Worsley et al., 2002; Worsley and Friston, 1995). However, it is unclear whether the
canonical model is an appropriate representation of pathological epileptic discharges (Benar
et al., 2002). Previous investigations have demonstrated a large degree of variability of the
HRF across subjects, brain regions, and even time (Aguirre et al., 1998; Handwerker et al.,
2004; Menz et al., 2006). Moreover, BOLD responses to deep, asynchronous, or very focal
discharges may appear non-canonical with respect to the activity visible on the scalp. The
observed BOLD response may even appear to precede the occurrence of the scalp discharge
(Hawco et al., 2007; Jacobs et al., 2009; Moeller et al., 2008). In the case of seizures, an
analysis allowing for variable HRF delay, with respect to the ictal onset on scalp EEG, may
provide a dynamic representation of ictal propagation patterns.

In contrast to the model-driven GLM analysis, independent component analysis (ICA) is a
data-driven method that can be used to detect relevant patterns of BOLD signal fluctuations
without a prior hypothesis on the HRF shape (McKeown et al., 1998). It can identify regions
showing a non-canonical HRF and also yield de-noised time courses of cerebral activity as a
result of the separation of artifactual components (Thomas et al., 2002).

In patients with interictal epileptic spikes, it has been shown that ICA could identify similar
brain regions as those identified by a GLM analysis, while separating components related to
acquisition or physiological artifacts (Rodionov et al., 2007). However, it remains to be seen
whether ICA methods could also reveal relevant brain regions not already identified by the
GLM, or provide additional information on the identified areas. Simulations have
demonstrated that the GLM could fail to detect activations with an HRF only slightly

Neuroimage. Author manuscript; available in PMC 2013 September 20.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duosnuen Joyiny YHID

LeVan et al.

Methods

Page 3

different from the canonical shape; in contrast, an ICA method independent of the HRF
could not only detect the responses, but also explicitly estimate the HRF shape (LeVan and
Gotman, 2009). Unlike interictal spikes, seizures are not instantaneous events and are
characterized by a temporal evolution. The current study thus first investigates the ability of
ICA to detect brain regions showing BOLD changes related to ictal discharges. A
subsequent investigation of the estimated HRFs may then reveal additional dynamic
information about the identified areas.

Data acquisition

Subjects were selected from a database of focal epilepsy patients who underwent
simultaneous EEG-fMRI acquisitions between No-vember 2003 and June 2008. These
patients showed frequent interictal discharges and the initial objective of the scanning
sessions was to investigate this activity. Until May 2006, the acquisitions were performed in
a 1.5 T Siemens Sonata Vision scanner (Siemens, Erlangen, Germany) with a CP head coil.
After a standard anatomical scan (T1-weighted, TR=22 ms, TE=9.2 ms, flip angle of 30°, 1
mm isotropic voxel size, 256x256 matrix, 176 sagittal slices), functional BOLD-EPI data
was acquired in several consecutive 6-minute scanning runs (TR=3 s, TE=50 ms, flip angle
of 90°, 5 mm isotropic voxel size, 64x64 matrix, 25 transverse slices). Starting in May 2006,
the imaging was performed in a 3 T Siemens Trio scanner with a CP head coil. The
anatomical scans were acquired with the following parameters: TR=23 ms, TE=7.4 ms, flip
angle of 30°, 1 mm isotropic voxel size, 256x256 matrix, 176 sagittal slices. As with the
previous patients, the functional data was also acquired in 6-minute scanning runs (TR=1.75
s, TE=30 ms, flip angle of 90°, 5 mm isotropic voxel size, 64x64 matrix, 25 transverse
slices).

Multiple scanning runs were performed up to 2 h, unless patients experienced discomfort or
if they suffered from clinical events susceptible of causing injuries. Simultaneous EEG, low-
pass filtered at 1 kHz and sampled at 5 kHz, was recorded using 25 MR-compatible Ag/
AgCl electrodes and a BrainAmp amplifier (Brain Products, Gilching, Germany). The
electrodes were positioned according to the 10-20 system (19 standard scalp locations), with
additional electrodes at F9-T9-P9 and F10-T10-P10, and referenced to FCz. Two additional
electrodes were placed on the back to record the electrocardiogram. The electrodes were
adjusted until all impedances were below 5 kQ. This was monitored throughout the scanning
session, possibly requiring a readjustment between the scanning runs if the impedances went
above 5 kQ. After the scanning session, scanner gradient artifact was removed by an
averaged subtraction method (Allen et al., 2000) implemented in BrainVision Analyzer
software (Brain Products, Gilching, Germany). Ballistocardiographic artifact was eliminated
by an ICA method (Benar et al., 2003; Srivastava et al., 2005).

A neurologist then visually reviewed the artifact-corrected EEG recording and marked
epileptic events. In particular, seizures were carefully identified. These were defined as
prolonged rhythmic activity, clearly differentiated from background and from interictal
activity, and showing a propagation or evolution of the rhythmic component (Sperling and
O’Connor, 1990). The identified ictal events did not necessarily include recognizable clinical
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symptoms, but it was verified that similar events had previously been observed on EEGs
recorded outside the scanner. Patients whose recordings included such seizures were retained
for further analysis. Only the 6-minute scanning runs containing the ictal events were
analyzed.

Patient description

The review of the EEGs revealed that 15 patients had ictal events during their EEG-fMRI
acquisition. The description of the patients, including habitual seizure semiology, MRI,
interictal EEG findings, and hypothesized epileptogenic focus, is presented in Table 1. As
described previously, not all patients were scanned in the same scanner. Patients #1 and #2
were scanned at 1.5 T, while the remaining 13 patients were scanned at 3 T. Patients #1-12
had clear MRI abnormalities, as well as focal EEG discharges concordant with those
abnormalities, supporting the hypothesis of an epileptogenic focus around the lesions. The
remaining 3 patients (#13-15) did not show MRI lesions, but had focal EEG findings. For
the purpose of evaluating the regions of activations identified by the GLM and ICA, the
presumed epileptogenic focus for these 3 patients was only defined at the lobar scale based
on the electro-clinical findings. On the other hand, for the 12 lesional cases, the
epileptogenic focus was presumed to be located in areas inside or immediately around the
lesions, including overlying cortex. Moreover, four of these patients (#4, 5, 6, and 12)
underwent an intracranial EEG investigation that allowed a more precise localization of the
seizure onset zone.

Data processing

The fMRI volumes were mation-corrected (Collins et al., 1994) and smoothed with a
Gaussian kernel (full-width at half-maximum of 6 mm) using in-house software. Following
these preprocessing steps, the 6-minute runs containing seizures were concatenated and
analyzed first using a standard GLM method, and then using ICA. It was decided to only use
the runs with seizures (rather than all runs) to ensure maximal sensitivity. Nevertheless, in 2
patients, an additional analysis using all runs was performed, yielding similar results.

GLM processing

The GLM analysis was performed using the FMRISTAT software package (Worsley et al.,
2002). Baseline drifts were treated as confounding factors using a polynomial basis set, with
separate regressors for each run. The 6 motion parameters (3 translations and 3 rotations)
were also incorporated as confounds, since residual motion artifacts may contaminate the
fMRI images even after motion correction (Friston et al., 1996). The BOLD changes related
to the seizures were modeled as boxcar functions based on the timing and duration of the
marked events, and convolved with four HRFs peaking at 3, 5, 7, and 9 s (Bagshaw et al.,
2004). If the scanning session included interictal events, additional regressors were formed
in the same way and treated as confounds in the model. Applying the GLM framework
resulted in a statistical #map for ictal regressors corresponding to each HRF. A combined
map was then formed by taking the maximum #value from each map at each voxel. This
map was thresholded at |4>3.1 with a minimum cluster spatial extent of 5 voxels, yielding a
corrected family-wise error (FWE) p-value of 0.05 (Friston et al., 1994; Worsley et al.,
2002).
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ICA processing

The ICA was performed using the MELODIC toolbox (Beckmann and Smith, 2004)
implemented in FSL (Smith et al., 2004). While the GLM is a massively univariate method
treating each voxel separately, ICA is a multivariate method that assumes that the fMRI data
can be represented as a linear mixture of spatially independent sources. It examines inter-
voxel relationships to extract spatially independent patterns of activation with common time
courses.

The method requires several steps and is outlined in Fig. 1. Briefly, the preprocessed images
are first decomposed into spatially independent components. To identify which components
are related to the seizures, arbitrary HRF shapes time-locked to the seizure onset are fitted to
the component time courses. Finally, activation maps are generated based on the amplitude,
sign, and time-to-peak of the fitted HRFs. The following will describe the analysis steps in
more detail.

Preprocessing and ICA decomposition

The fMRI slices within each volume were temporally realigned using sinc interpolation with
Hanning windowing, and high-pass filtered to remove drift effects, separately for each
concatenated 6-minute run. Voxels outside the brain were removed using a mask created
from the averaged EPI volume (Smith, 2002). The independent components were then
computed by an iterative fixed-point method maximizing the non-Gaussianity of the sources,
which has been shown to be equivalent to maximizing statistical independence (Hyvarinen
and Oja, 2000). The number of extracted sources was determined by performing 20
repetitions of the ICA decomposition with random initialization, as true sources are likely to
appear consistently in multiple ICA decompositions (Himberg et al., 2004; LeVan and
Gotman, 2009). The reproducible components were then identified using the RAICAR
algorithm (Yang et al., 2008), which matches components across ICA realizations based on
their pairwise spatial cross-correlation coefficient.

Identification of ictal components

The application of ICA on fMRI data typically yields a large number of components, which
include any source of fluctuation such as physiological artifacts, residual motion, and
cerebral BOLD activity. While the ICA decompoasition is purely data-driven, modeling
assumptions are required to detect components relevant to the current study, namely the
hemodynamic changes related to the ictal events. As in the GLM analysis, the seizures were
modeled as boxcar functions. However, the HRF was not constrained to any particular shape,
but was rather modeled by a windowed Fourier basis set spanning an interval from 10 s
before to 20 s after the marked events. HRFs have been observed peaking as early as 3 s
before or as late as 9 s after EEG events (Bagshaw et al., 2004; Moeller et al., 2008), so the
selected time interval allows for a reasonable margin around the HRF peak. In the case of
the canonical HRF, the onset is 5.4 s before the peak, and an undershoot occurs 5.4 s after
the peak before resolving to baseline (Glover, 1999).

An HRF was thus deconvolved from the time course of each component extracted by ICA. If
a patient had multiple seizures in the scanner, a single HRF was calculated using the
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constraint that its shape should be the same for each seizure. Components significantly
related to the seizures were then identified by an ~test (p<0.05, corrected for the number of
components), with the motion parameters used as confounds as in the GLM analysis. Noise
was modeled as an autoregressive (AR) process estimated from the residuals using the Yule-
Walker equations. The AR order was determined by performing the estimation using
gradually increasing AR orders, until the residuals no longer contained significant
autocorrelations (Ljung—Box test, p<0.01). The AR parameters were used to compute an
adjusted Fstatistic with appropriate effective degrees of freedom (Kruggel et al., 2002).
Statistically significant ~values were then indicative of component time courses showing
significant signal changes time-locked to the ictal onset.

As implemented in the MELODIC toolbox (Beckmann and Smith, 2004), the spatial
topographies associated with the seizure-related components were thresholded to identify
voxels involved in the seizures. After normalization by a noise amplitude estimated from the
ICA residuals, the spatial maps were modeled by a mixture of Gaussian and two Gamma
distributions, representing background noise, positive, and negative voxel intensities,
respectively (Beckmann and Smith, 2004). A voxel was considered as activated if it had a
99.9% or greater probability of not belonging to background noise.

Generation of activation maps

There could be several components associated with an ictal event, particularly if the seizure
involves a widespread brain area. To facilitate the interpretation of the results, a single
summary map for each patient was formed by computing at each voxel the variance
accounted for by all seizure-related components. This map was reviewed visually to assess
the concordance of the identified voxels with the patient’s presumed epileptogenic focus, as
determined by clinical history, EEG, and MRI abnormalities. Moreover, the similarity
between the ICA variance map and the absolute GLM #statistic map was quantified using
Spearman’s correlation coefficient.

More elaborate maps were then generated to illustrate the BOLD changes in more detail. In
particular, HRFs fitted to the ictal components were investigated to determine the sign and
delay of the HRF peaks. This part of the analysis could thus only be performed on HRFs
showing a clear peak, even though the HRF fitting method could support arbitrary shapes.
The peak was defined as the maximum absolute value of the fitted HRF. Any data outside a
window of £5 s around the peak was then considered as baseline (Fig. 2). This window
should accommodate the peak width; for example, the canonical HRF has a full-width at
half-maximum of 5.2 s (Glover, 1999). The prominence of the peak was then quantified by
dividing its amplitude by the standard deviation of the baseline. HRFs with a ratio inferior to
3 were excluded from further analysis. The value of 3 was determined from Monte-Carlo
simulations using false, randomly determined seizure timings, and computing the threshold
that would result in the rejection of 95% of the simulated HRFs.

The sign of the peak was then used to distinguish BOLD activations (positive peak) from
deactivations (negative peak). A new amplitude map was constructed from the signed peak
amplitudes and compared with the GLM #statistic map using Spearman’s correlation
coefficient. A timing map was formed from the HRF peak delays, in which the color scale
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represented time delay instead of the usual representation of amplitude. If multiple
components overlapped at a given voxel, then only the value corresponding to the earliest
HRF peak was used. The timing map thus provided a temporal ordering of the BOLD
changes, which were then compared with the location of the expected epileptogenic focus.

Results

GLM results

During the EEG-fMRI acquisitions, patients had between 1 and 31 ictal EEG events. The
GLM results from patient #1 were presented previously in Kobayashi et al. (2006) and
patients #2—-4 and #6-9 were presented in Tyvaert et al. (2008). A description of the results
for all patients is presented in Table 2. Significant BOLD responses were always present in
the presumed epileptogenic focus, as defined previously.

The patterns of activation and deactivation were quite widespread, on average accounting for
32.9% of the brain volume, and often included brain areas distant from the presumed
epileptogenic focus. Such widespread responses lack specificity in the identification of the
epileptogenic zone, as they are likely to include a large amount of propagated activity. The
volume of significant BOLD responses was strongly correlated with the number of ictal
events analyzed (Pearson’s /=0.75, £=0.001). In all 15 patients, the BOLD changes in the
presumed epileptogenic zone were positive. These activations often extended farther,
including remote brain regions. In 5 patients, negative BOLD responses were also present in
the presumed focus.

The GLM findings thus suggest that ictal events are accompanied by significant BOLD
changes in the epileptogenic zone. These responses may take the form of activations or
deactivations. However, it is also clear that seizures may sometimes involve a large brain
area beyond a presumed smaller epileptogenic focus.

ICA results

The ICA method decomposed the fMRI data into a number of reproducible components
ranging from 37 to 292 for each patient. After fitting an HRF to the component time courses,
there were between 4 and 135 components in which this HRF was statistically significant,
indicating that these components were related to the ictal activity. All 15 patients thus had at
least one component whose time course was significantly related to the seizures. Examples
of such components are shown in Fig. 3. The number of identified components was strongly
correlated with the volume of significant BOLD response previously found by the GLM
method (Pearson’s =0.92, p<0.001).

The clusters identified by ICA were quite extensive, covering 20.3% of the brain volume on
average. However, this is smaller than the responses found by the GLM, although this may
be due to different thresholding procedures in the ICA maps. Nevertheless, the seizure-
related BOLD changes identified by both methods were similar, as all 15 patients showed
significant correlations (p<0.001) between the ICA and absolute GLM maps, with an
average correlation coefficient of 0.23. On average, 40.6% of significant voxels identified by
the GLM were also detected by the ICA method.
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The results were investigated more thoroughly after partitioning the maps into activations
and deactivations, as described in the Methods section. After identifying the peak of the
fitted HRFs and rejecting HRFs whose ratio of peak amplitude to baseline standard
deviation was less than 3, there was a single patient (#3) for whom there was no remaining
HRF with a prominent peak. The other 14 patients had a number of remaining components
ranging from 1 to 69. The locations of the activations and deactivations are detailed in Table
3. The EEG, GLM maps, and ICA maps of 5 illustrative cases are shown in Figs. 4, 5, 6, 7,
and 8 and will be discussed in more detail below. The ICA maps from the remaining patients
are shown in Supplementary Fig. 1. When taking into account the sign of the BOLD
response, ICA maps were highly significantly correlated with GLM maps in 13 of 14
patients (0<0.05), with an average correlation coefficient of 0.27, a slight increase from
before. On average, after the removal of clusters without prominent HRF peaks, 19.5% of
significant voxels in the GLM maps were also present in the ICA maps. This percentage was
below 10% in 5 patients (#3, 9, 10, 11, and 15).

Maps from 6 patients (#1, 4, 6, 8, 13, and 14) included components with negative HRF
peaks in the so-called “default-mode” network, which is known to show activity anti-
correlated with other functional regions (Raichle et al., 2001). These components had been
visually identified with the help of a spatial mask of the default-mode regions (precuneus,
posterior cingulate, inferior parietal lobes, and medial prefrontal cortex) generated from an
anatomical atlas.

Ictal HRF patterns

While ICA and GLM methods identified widespread areas of significant BOLD changes
related to the seizures, the data-driven nature of ICA allowed for a subsequent investigation
of the HRF corresponding to each activation cluster. However, the patients’ motion
parameters were first examined to account for the possibility that some of the activations,
particularly those distant to the presumed epileptogenic focus, may be due to motion
artifacts. Fig. 9 shows a scatterplot of the maximum translation and correlation coefficient
between the translation parameters and a signal representing the ictal events as blocks for all
patients. The plot shows that 6 patients had relatively large motion or high correlation
between the motion parameters and the ictal events. Fig. 9 also shows the translation
parameters and ictal events for these 6 patients. For 4 patients (#2, 3, 4, and 7), the seizures
were clearly associated with head movement. For patient #10, there were several abrupt
movements that were sometimes simultaneous with ictal events. For patient #12, the
translation parameters did not show abrupt movements, but rather a slow drifting motion.
BOLD signal changes due to motion artifacts cannot be distinguished from true ictal
fluctuations if the motion is correlated with the seizures. The activations identified in those 6
patients are thus likely to include motion-related clusters.

In 8 patients, the earliest activations were in focal areas concordant with the presumed
epileptogenic zone (see Table 3). The results will be discussed according to lesion type. All
HRF peak times will refer to the time relative to the ictal onset determined from the EEG.
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Periventricular nodular heterotopia

Patients #1-5 had periventricular nodular heterotopias. The results of patient #5 are shown in
Fig. 4. The HRF pattern involved the right posterior cortex overlying the heterotopia with an
HRF peaking at approximately 5 s. The heterotopia was also involved with a later HRF
peaking between 7 and 8 s. This pattern was consistent with the intracranial investigation
(see Fig. 4). The ictal onset was localized to depth electrodes RS, in superficial contacts, and
RP, either only in superficial contacts or diffusely. After 2-3 s, the seizures then propagated
to the deeper contacts of electrodes RS and RP (in the nodule), and some time later to other
locations including mesial temporal structures after another 2-3 s. Surgical resection of the
lesion and overlying cortex resulted in seizure freedom after 12 months.

Patient #1 had a very similar HRF pattern as patient #5, with involvement of the overlying
cortex followed by the heterotopia. The results of patients #2—4 are less consistent due to
head movements associated with their seizures (see Fig. 9B). The ICA map of patient #2
was dominated by a large frontal deactivation, which was also present in the GLM map,
while patient #3’s ICA decomposition did not result in any component whose fitted HRF
had a prominent peak. As for patient #4, the activations included bilateral mesial temporal
structures with an HRF peaking at 2 s. This would be consistent with the intracranial
investigation of this patient, which revealed either left or right mesial temporal seizure onset,
with propagation to the nodules after 2 to 15 s. However, the ICA method also identified
several small clusters with earlier HRFs peaking at approximately the same time as the EEG
ictal onset, in bilateral frontal, insular, ventricular, and periventricular areas.

Focal cortical dysplasia

Patients #6—7 had focal cortical dysplasias. Patient #6 (Fig. 5) had an early HRF peak at 3.5
s located directly inside the right anterior frontal lesion. A later HRF in the thalami, with a
peak at 9 s, is consistent with the secondary bilateral synchrony observed on surface EEG
during the seizures. A presurgical electrocorticogram showed rhythmic spiking over the
dysplasia. A right frontopolar resection resulted in seizure freedom after 2 years. For patient
#7, a large head motion occurred exactly at the time of the seizure (Fig. 9B). A left parietal
cluster inside the dysplasia was detected by ICA with an HRF peaking at 6 s, although there
was also an earlier occipital activation peaking at —5s.

Band heterotopia

Patients #8-9 had band heterotopias. In both cases, the fMRI cluster with the earliest HRF
peak was in the heterotopic cortex in a location consistent with the ictal onset observed on
scalp EEG. Patient #8 had a right temporo-parieto-occipital onset and a right occipital
activation with an HRF peaking at 2.5 s, with a later diffusion to surrounding areas. Patient
#9 had bilateral occipital rhythmic discharges with additional involvement of right temporal
and parietal electrodes and a single deactivation in the right occipital cortex with an HRF
peaking at 9.5 s. The lesions were widespread in both patients, but showed some right-sided
predominance in patient #8.
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Patient #10 had a metastasis from a lung cancer. Motion was correlated with the ictal events.
The earliest activation identified by ICA (Fig. 6) peaked at the time of the ictal onset and
followed the edge of the brain at the occipital pole; it was thus likely caused by movement.
The next activation cluster had an HRF peaking at 3 s and was situated in the cortex directly
adjacent to the lesion. The contralateral cortex was then involved 6 s later with an HRF
peaking at 9 s. The EEG did show bilateral synchronization following the right-sided ictal
onset in all recorded seizures, although only 1 to 2 s after. The rather early HRF peak of the
right-sided cluster may correspond to electrical activity preceding the onset visible on scalp
EEG.

Cortical atrophy

Patient #11 had a right frontal atrophy (Fig. 7). The earliest activation cluster was in the
inferior frontal areas bilaterally with an early HRF peak at —2 s. This region was also
identified by the GLM analysis, but appeared as a deactivation, likely reflecting the
undershoot of the HRF.

Patient #12 had a left fronto-temporal atrophy (Fig. 8). The motion parameters were
correlated with the ictal events, but the motion consisted of slow drift rather than abrupt
jerks (Fig. 9B). Despite the left-sided MRI abnormality, ICA only identified a single
activation cluster in the right frontal region, with an HRF peaking at 1 s. Nevertheless, an
electrocortigraphic study with left fronto-temporal strips appeared to have missed the seizure
onset zone. Therefore, the reviewing neurologist could not confirm the hypothesis of a left-
sided epileptogenic focus, and rather suggested a right-sided or multifocal ictal onset.
Because of the early HRF peak, this region was not detected by the GLM.

Non-lesional

Patients #13-15 had normal MRIs. Patient #13 showed early HRFs peaking at 2-3 s in the
left frontal and left mesial temporal areas, with other regions having later HRF peaks. This
was consistent with the EEG showing activity predominant in the F7-T3-T5 electrodes.
Patient #14 showed a bilateral frontal HRF peaking at —2 s, and then a left frontal cluster
with an HRF peaking at 5 s. This is concordant with the bifrontal, predominantly left, ictal
pattern seen on surface EEG. Patient #15 showed a single activation cluster in the right
temporo-parietal regions with an early HRF peaking at the same time as the EEG ictal onset,
which was predominantly right posterior. The GLM analysis showed a deactivation in the
same region, likely reflecting the undershoot of the HRF.

Discussion

In summary, 13 of 15 patients showed plausible HRF patterns given the available electro-
clinical data, although 4 of these 13 had seizure-related motions at ictal onset, resulting in
additional BOLD response clusters with early HRF peaks in 3 of them. Seizure-related
motion may also explain the lack of concordant BOLD patterns in the 2 remaining patients
(#2 and 3). Among the 9 patients without seizure-related motion, 7 had their earliest positive
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HRF peak inside the presumed epileptogenic zone, with another patient (#9) having a single
negative HRF peak concordant with the electro-clinical data.

Methodological issues

Ictal events

As a data-driven procedure, ICA cannot rely on null hypothesis testing to generate
thresholded spatial maps. The chosen approach of modeling the signal by a mixture of
Gaussian and Gamma functions (Beckmann and Smith, 2004) allowed for an adequate
representation of the ICA maps, but this is not equivalent to null hypothesis testing and
family-wise false positive rate thresholding as used in the GLM. Moreover, the GLM noise
estimation includes any unmodeled signal fluctuations such as cardiac artifacts, respiration,
or residual movement, while the ICA residuals do not include these sources of structured
noise, which are rather extracted into separate components (Thomas et al., 2002). This
results in additional variability between the maps generated by GLM and ICA methods.
Nevertheless, the GLM and ICA maps were significantly correlated in 14 of 15 patients.

Modeling the HRF by a Fourier basis set may also lead to the detection of artifacts in the
resulting fMRI maps. The method can accommodate arbitrary HRFs, including shapes very
different from the canonical one. The statistical analysis ensures that the method will not fit
fMRI signal peaks occurring merely by chance, but only if the assumptions of the model are
correct. Modeling the residuals as an autoregressive process cannot accommodate large
artifactual BOLD signal transients that coincidentally occurred during the ictal event, which
may result in statistically significant non-canonical HRFs. A study on epileptic spikes
revealed that most non-canonical shapes tended to occur remotely from the presumed
epileptogenic focus and were likely artifacts (Lemieux et al., 2008). On the other hand,
restricting the HRF to the canonical shape, such as in the standard GLM method, may
prevent the detection of real activations. For example, various studies have observed HRFs
with late peaks (Bagshaw et al., 2004; Jacobs et al., 2008) or even early HRFs preceding the
observed EEG events (Hawco et al., 2007; Jacobs et al., 2009; Moeller et al., 2008).
Simulations have shown that HRFs delayed by only a few seconds may be undetected by the
GLM (LeVan and Gotman, 2009). The current study opts for a compromise, the Fourier
basis model allowing an arbitrary HRF shape, but with the additional criterion of a single
clear HRF peak to reduce the likelihood of fitting artifacts. The resulting HRFs were similar
to the canonical shapes, but accommodated a wide variety of delays. This allowed a
temporal ordering of the ICA components, as well as the separation of activation and
deactivation.

The analyzed ictal events consisted of sustained discharges clearly distinct from background
or interictal activity. They did not necessarily include clinical symptoms, and thus were not
exactly equivalent to the patients’ usual seizures. Nevertheless, the regions identified from
these events may provide an important indication of the epileptogenic zone, which cannot be
determined from interictal events alone (Tyvaert et al., 2008). Subclinical electrographic
seizures usually originate from the same location as clinical seizures (Sperling and
O’Connor, 1990). Also, the distinction between clinical and subclinical events may only be
related to the extent of the propagation of the ictal activity and to the intensity of clinical
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observation; it has thus been suggested to consider the two types of events with the same
degree of importance in the presurgical evaluation of epilepsy (Zangaladze et al., 2008). Ictal
events lacking significant clinical symptoms, particularly movements, are particularly well-
suited for recording in the MRI scanner, as motion may result in highly contaminated fMRI
data (Lemieux et al., 2007). Compared to other studies in the literature (Di Bonaventura et
al., 2006a; Kobayashi et al., 2006; Salek-Haddadi et al., 2002; Tyvaert et al., 2008), the 15
patients in the current study constitute a sizable number, but ictal events are still quite
infrequently recorded during EEG-fMRI sessions. However, it should be noted that none of
the patients had originally been recruited on the basis of their seizure frequency. Future ictal
EEG-fMRI investigations may therefore use a more specific patient recruitment strategy to
increase the size of the study.

Identification of the epileptogenic focus

The high signal-to-noise ratio of ictal BOLD responses may result in the identification of
significant activation clusters in very widespread brain regions (Kobayashi et al., 2006).
Kobayashi et al. also reported that the spatial extent of the BOLD responses was strongly
dependent on the number of analyzed ictal events. The same strong correlation was observed
in the current study. This indicates that even subclinical seizures may involve a large brain
area that is undetected when analyzing only a few events, due to the stringent statistical
thresholds necessary to limit type | errors. The distinction between seizure onset and
propagation inside this large brain area is then unclear. The method presented in the current
study allows the estimation of the BOLD response delay by foregoing any strong constraints
on the HRF shape. By calculating the peak delay of the HRF fitted to each component, it
was possible to find activation clusters describing the onset of the ictal events, along with
clusters with later HRF peaks that may correspond to propagated activity. It should be noted,
however, that an analysis based on the identification of HRF peaks time-locked to EEG
events may fail to recognize more sustained BOLD changes. The short ictal events seen on
EEG may actually reflect longer neuronal discharges that are too deep or too spatially
restricted to be measured on the scalp (Kobayashi et al., 2006). Seizures may also be
accompanied by subtle, prolonged hemodynamic changes, for example due to the existence
of a pre-ictal state up to 20 min prior to a seizure (Federico et al., 2005b). However, the
detection of such changes would require longer continuous fMRI data than the 6-minute
scanning runs acquired in the current study. The HRF peaks may only represent the strongest
initial BOLD signal changes related to the seizures, and further studies would be necessary
to investigate ictal hemodynamics over long time periods.

Effect of artifacts

Patients with seizure-correlated motion also exhibited activation clusters associated with the
motion artifacts. These artifacts could be easily identified as such if they were situated in
areas such as brain edges or ventricles, but this was not always the case. Given that motion
artifacts appear in the fMRI signal without a hemodynamic delay, these clusters may not be
distinguishable from ictal BOLD changes with early-peaking HRFs related to the seizure
onset. Nevertheless, it was decided to still analyze and present the results from all patients,
knowing that false activations may be present in the GLM and ICA maps for the 6 patients
with seizure-correlated motion. This problem may be alleviated by the development of better
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models to detect and subtract these artifacts and other sources of noise that were not
investigated in the current study, but that could also contribute to the widespread regions
identified by the method. The clusters of BOLD response may also include non-artifactual
hemodynamic changes that are only indirectly related to the seizures, such as regions
comprising the “default-mode” network (Gotman et al., 2005; Laufs et al., 2007; Raichle et
al., 2001), identified in 6 patients. Further studies would be required to determine whether
other networks are also indirectly involved during ictal events, as such regions should not be
classified as part of the ictal pattern.

Concordance of the results with the literature

The ICA method identified HRF patterns concordant with electro-clinical data in 13 of 15
patients (including the 3 patients who additionally showed motion-related clusters). Only 4
patients had intracranial electrode investigations, with 3 of them yielding an accurate
delineation of the seizure onset zone. For patients without intracranial electrodes, the results
can still be compared to other patients with similar characteristics in the literature. SEEG
studies in patients with nodular heterotopia have shown that the nodules may be
epileptogenic (Kothare et al., 1998), but almost never exclusively. Seizures usually start in
the mesial temporal structures or in the cortex overlying the nodules, with only occasional
involvement of the nodules themselves (Aghakhani et al., 2005; Battaglia et al., 2006; Tassi
et al., 2005). Abnormalities in the overlying cortex are an indicator of epileptogenicity
(Aghakhani et al., 2005; Porter et al., 2002), as seen in patients #1 and 5.

Intracranial electrode reports on focal cortical dysplasia have shown that dysplastic cortex is
intrinsically epileptogenic, and complete removal of the lesion is associated with good
seizure outcome (Chassoux et al., 2000; Palmini et al., 1995). Accordingly, patients #6 and 7
showed early HRF peaks in the lesion before spreading to surrounding areas, although
patient #7 also included motion-related clusters.

There have been only a few studies of patients with band heterotopia investigated with
intracranial electrodes. The heterotopic cortex appears to be epileptogenic (Morrell et al.,
1992), but ictal onset discharges also involve the normal overlying cortex suggesting that
both cortices are strongly interconnected (Francione et al., 1994; Mai et al., 2003). The
diffuse lesion underlies widespread epileptogenicity, leading to poor surgical outcome
(Bernasconi et al., 2001). In the current study, patients #8 and 9 showed BOLD patterns in
heterotopic cortex consistent with surface EEG.

In the case of cerebral tumors, the mechanisms of epileptogenesis are not fully understood,
but it is known that tumors induce multiple structural changes in adjacent cortex, altering the
balance between excitatory and inhibitory activity (Beaumont and Whittle, 2000; Wolf et al.,
1996). Resection of the epileptogenic peritumoral cortex is often required to obtain seizure
freedom (Cascino, 1990). The results of patient #10 are in agreement with these
observations, although the ICA map also included motion-related clusters.

Focal atrophy findings provide poor localization of the epileptogenic focus. Patients with
mesial temporal lobe epilepsy (MTLE) are an exception, as they often show volumetric
changes in the epileptogenic focus, but extratemporal neocortical changes are also frequently

Neuroimage. Author manuscript; available in PMC 2013 September 20.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnuen Joyiny YHID

LeVan et al.

Page 14

measured, including in the contralateral hemisphere of patients with unilateral MTLE
(Keller and Roberts, 2008; Marsh et al., 1997; Seidenberg et al., 2005). Neocortical atrophy
may be focal, yet distant from the presumed epileptogenic focus (Liu et al., 2003). In light of
these observations, the BOLD patterns identified by the ICA method were only evaluated
with respect to scalp EEG for patients with neocortical atrophy, as well as those with no
visible MRI abnormalities. The results were found to be plausible in all cases.

These results show that the ICA method may constitute a way to distinguish between onset
and propagation of the seizures, with the earliest identified activations mostly matching the
presumed epileptogenic zone. The proposed method could also improve the interpretation of
some GLM results, such as a deactivation explained by an early-peaking positive HRF found
only by ICA analysis. Despite such differences, it should be noted that the ICA maps were
significantly correlated with the GLM maps in 14 of 15 patients.

The validation of any new method of studying seizure onset and propagation is always
challenging because there is currently no safe method providing this information
unambiguously. The current gold standard, intracranial EEG, is highly invasive and suffers
from poor spatial sampling. Nevertheless, it was still possible to obtain results that were
consistent with the available data for each patient. The estimation of HRF delays may
provide additional information in a non-invasive manner about seizure evolution, but it
would be necessary to further validate that the HRF peaks truly reflect the ictal process. The
temporal resolution of the identified HRF peaks is limited by the sampling rate of the fMRI
acquisition and the intrinsic smoothness of the HRF. The HRF may also undergo some
variability due to physiological factors unrelated to seizure propagation, but it is hoped that
such confounding factors can be addressed in future studies. For example, a breath-holding
task could be used as a calibration procedure to correct for variability due to regional
vascular differences (Chang et al., 2008). In the current study, it was thus not possible for
this method to detect propagated activity of the order of milliseconds, as is possible with
intracranial EEG. Time differences between HRF peaks could only be resolved on the order
of seconds, but the method has the advantage of providing a high-resolution image of the
entire brain in a non-invasive manner. Further studies with direct hemodynamic
measurements could be used to confirm that the reported HRF temporal patterns are truly
representative of ictal propagation.

Conclusion

The presented ICA method could detect similar regions of ictal BOLD response as the
standard GLM approach, with 14 of 15 patients having an ICA map significantly correlated
with the GLM map. By imposing only few constraints on the HRF, the method could fit
variable HRF shapes. This allowed the estimation of the hemodynamic delay in each BOLD
response cluster identified by ICA. These BOLD patterns were concordant with the available
electro-clinical data and with the literature in 13 of 15 patients, although motion artifacts
could introduce additional activation clusters. The proposed method could thus detect
regions with early HRF peaks, likely corresponding to the epileptogenic zone. It is
hypothesized that regions associated with later HRF peaks could be used to map the ictal
propagation patterns, although this would require further validation.
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Preprocessing ICA decomposition Identification of Spatial map thresholding HRF analysis
Slice-timing correction, Based on the number of seizure components Identification of activated Determination of HRF sign,
high- pass filtering, —> reproducible components —> By detecting time courses —> voxels associated with —> amplitude, and peak delay
and brain masking in 20 realizations of ICA showing significant responses each seizure component for each component
at seizure onset

Fig. 1.
Steps involved in the ICA processing.
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Baseline i Baseline

Fig. 2.
Procedure to determine the prominence of the HRF peak. Any data more than 5 s before or

after the peak (vertical dashed line) is considered as baseline (shaded area). The prominence
of the peak is then quantified by the ratio of the peak amplitude to the standard deviation of
the baseline. In the example shown, this ratio was equal to 4.0.
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Fig. 3.

E)?amples of seizure-related components extracted by ICA. Spatial topographies and time
courses of the components are shown, as well as the corresponding periods of ictal activity.
BOLD changes that appear related to the seizures on the ICA time courses are indicated by
red arrows. The HRFs deconvolved from the time courses are shown on the right.
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Patient #5

MRI GLM map EEG

B e e S A A e

C3-P3 NS /o LRt Aty
F3-0 V

Delay (s):12.5m 12.6 5.5 7.1

300 puv 1s

Fig. 4.
MRI, EEG, SEEG, and analysis results for patient #5. The heterotopia is circled in red on

the MRI. SEEG electrode labels are numbered from the deepest (#1) to the most superficial
contact (#9). The ictal onset time and location are indicated by green arrows on the SEEG
trace and GLM map, with propagated activity shown in the red rectangle. Note that the color
scale on the ICA delay map represents HRF peak timing, with the earliest activation also
indicated by a green arrow.
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Patient #6
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Fig. 5.
MRI, EEG, and analysis results for patient #6. The dysplasia is circled in red on the MRI.

Note that the color scale on the ICA delay map represents HRF peak timing, with the earliest
activation indicated by a green arrow.
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Patient #10
MRI GLM results EEG
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Fig. 6.
MRI, EEG, and analysis results for patient #10. The tumor is circled in red on the MRI. Note

that the color scale on the ICA delay map represents HRF peak timing, with the earliest
activation indicated by a green arrow.
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Patient #11
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Fig. 7.
MRI, EEG, and analysis results for patient #11. The atrophy is circled in red on the MRI.

Note that the color scale on the ICA delay map represents HRF peak timing, with the earliest
activation indicated by a green arrow. The spatial topography of a bilateral frontal
component is also shown, with the fitted HRF peaking at —=2 s. The GLM map only revealed
a deactivation in this region.
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Patient #12
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Fig. 8.
MRI, EEG, and analysis results for patient #12. The atrophy is circled in red on the MRI.

Note that the color scale on the ICA delay map represents HRF peak timing, with the earliest
activation indicated by a green arrow. The spatial topography of a right frontal component is
also shown, with the fitted HRF peaking at 0 s. The GLM map did not detect a significant
BOLD response in this region.
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Fig. 9.

Identification of patients with seizure-correlated motion. A: Scatterplot showing the
maximum motion and correlation between motion and ictal events for all patients. Six
patients, shown as red crosses, stand out from the other patients, shown as blue dots, due to
large motion and high correlation between motion and ictal events. B: Time courses of the 3
translation parameters and periods of ictal activity for the 6 patients identified in part A.
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