CHAPTER

Exploring the existence of an
epileptic resting-state network
7.1

Introduction

Patients who do not respond to anti-epileptic drugs are potential candidates for
epilepsy surgery. The decision whether a patient is a good candidate is based
on several noninvasive electrophysiological and neuroimaging techniques, such
as video-EEG and structural MRI. Clinical interpretation of these data results in
hypotheses about the cortical areas that are most likely involved in the generation
of seizures. Recently, EEG-fMRI has been evaluated as a noninvasive technique
for the preoperative work-up (Zijlmans et al. 2007; Thornton et al. 2010a; Pittau
et al. 2012). EEG-fMRI investigates the correlation between the occurrence of IEDs
and BOLD changes. The results of EEG-fMRI are promising: most studies report a
good correspondence between activated BOLD areas and the presumed epileptogenic
region (Bénar et al. 2006; Salek-Haddadi et al. 2006; Thornton et al. 2010a; Gholipour
et al. 2011; Grouiller et al. 2011; van Houdt et al. submitted).
A disadvantage of EEG-fMRI is that its application depends on the number of
IEDs present in the EEG (van Houdt et al. 2010a). Since IEDs occur spontaneously,
they might not be present during the limited time scope of an fMRI recording.
Furthermore, scalp EEG is not able to detect all types of IEDs. For example, IEDs
that originate in mesial temporal structures might not be visible with scalp EEG
(Walczak et al. 2008). Data sets without (visible) IEDs can not be analyzed with the
standard GLM approach. This limits the sensitivity of EEG-fMRI as a clinical application.
However, recent findings support the possibility that unobserved epileptic activity
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affects the fMRI data. Two independent studies suggest that functional connectivity
(i.e. statistical coupling between activity of different neuronal populations (Lemieux
et al. 2011)) is higher in epileptic tissue than in unaffected tissue (Bettus et al. 2008;
Ortega et al. 2008). Bettus et al. (2008) used depth recordings of patients with
temporal lobe epilepsy to demonstrate that this increased connectivity was also
observed when IEDs were removed from the data. Furthermore, in a comparative
study of invasive EEG and fMRI data, they also showed that those regions with an
increased connectivity in intracranial data, showed a decreased connectivity with
fMRI data (Bettus et al. 2011). Although these are opposite effects, it suggests that an
increased synchronization is coupled with altered metabolic activity (Laufs 2012).
Spatial ICA is a popular data-driven technique commonly used for the analysis
of fMRI data, and in particular for the analysis of resting-state fMRI data in which
the subject is asked to lie relaxed with his or her eyes closed such that ongoing
intrinsic brain activity can be measured. ICA is based on the assumption that separate
processes can be represented by one or more spatially independent components (ICs)
(McKeown et al. 1998). It has been demonstrated that resting-state network activity
is consistently present in healthy volunteers related to functions such as vision,
hearing, and working memory (Beckmann et al. 2005; Damoiseaux et al. 2006; Cole
et al. 2010; Smith et al. 2009). In several types of epilepsy, these networks can
be altered related to impaired functions (Voets et al. 2009; Luo et al. 2011; McGill
et al. 2012; Zhang et al. 2009b; Zhang et al. 2009a). Moreover, ICA also enables the
detection of components related to epileptic activity (Rodionov et al. 2007; LeVan
et al. 2009; Moeller et al. 2011). In these studies, ICA was performed on data with a
relatively large number of IEDs and compared to EEG-fMRI results. Based on the idea
that not all epileptic activity is visible as IEDs in scalp EEG, we hypothesize that ICs
related to epileptic activity can also be detected with ICA of resting-state fMRI data
when no clear IEDs are present in the scalp EEG data.
The goal of this study is to explore to what extent this hypothesis can be confirmed and to discuss the consequences for the application of pure resting-state
fMRI (without EEG) in the presurgical evaluation. Therefore, we investigated the
resting-state fMRI data with co-registered EEG of a heterogeneous patient population
of which all patients underwent epilepsy surgery. The fMRI data were split into
two, not necessarily contiguous, parts with and without IEDs present in the EEG.
Spatial ICA was applied to the fMRI data of each part separately and the results were
compared to the resection area and EEG-fMRI correlation patterns available for these
patients.

7.2. Methods
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Methods
Data selection

Simultaneous EEG and fMRI data were retrospectively selected from a group of
patients for whom resective surgery was successful (Engel score 1, follow-up > 1
year). An additional inclusion criterion was a substantial overlap between the EEGfMRI correlation pattern and resection area as determined in previous studies (van
Houdt et al. 2012; van Houdt et al. submitted). Table 7.1 summarizes demographic
and clinical information of the eight patients that were included in this study. For
all patients, except patient 6, the resection area included the seizure onset zone
as determined from invasive EEG recordings. In patient 6 a lesionectomy was
performed, whereas the seizure onset zone was located in the temporal lobe. The
EEG-fMRI correlation pattern of this patient showed activations that overlapped with
both the resection area and seizure onset zone. All patients gave informed consent;
the study was approved by the Medical Ethics Committee of the University Medical
Center Utrecht.
fMRI data were acquired for 20 to 45 min during which the patients were asked
to lie relaxed with their eyes closed. The data were acquired at a 3 T MR scanner
(Achieva, Philips Medical Systems, Best, The Netherlands) with the following parameters: T2∗ -weighted EPI sequence; TR = 2.5 s; TE = 35 ms; reconstructed voxel
size 33.2 × 3.2 × 3 mm3 ; 31-33 adjacent slices; bottom-to-top or interleaved slice
order). Simultaneous EEG data was recorded using a 64-channels or 32-channels
EEG cap and an MR compatible EEG amplifier (MicroMed, Treviso, Italy). ECG was
co-registered either as a bipolar signal included in the EEG data or as a separate data
file with MR-compatible sensors. For each patient, an anatomical T1 -weighted scan
was available for visualization of ICA and EEG-fMRI findings.

7.2.2

EEG-fMRI analysis

EEG-fMRI analysis was performed as described previously (van Houdt et al. 2012)
using Brain Imaging Analysis Package1 . Briefly, EEG data were first corrected for
gradient and pulse artifacts (Gonçalves et al. 2007; de Munck et al. 2013). The
corrected EEG was reviewed by an EEG technician who marked the occurrence of
IEDs (spikes, sharp waves, and spike-wave complexes). An IED density function
was created from these markers indicating the number of IEDs per fMRI scan. This
function was subsequently applied as a predictor in a GLM framework to estimate the
correlation between the IEDs and the variations in fMRI signals. We used an impulse
response model that estimates the HRF from the data (de Munck et al. 2007). The
following regressors were included as confounders in the model: realignment parameters, three trend functions (constant, linear, and parabolic function), RETROICOR
1 http://demunck.info/software/
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Table 7.1: Summary of patient’s demographic and clinical details

Patient

Age MRI abnormalities
/Sex

Seizure
onset zone

Resected
Area

Surgical
Outcome (Engel
Score)

1
2
3
4
5

34M
41M
24M
22F
48M

T-L
mF-R
mT-L
T-L
mPO-R

T-L
mF-R
T-L
T-L
mPO-R

1D
1A
1A
1AB
1A

mT, lT
mT-R

TO-L
T-R

1A
1B

mT-R

T-R

1A

6
7
8

Cavernoma T-L
Dysplasia mF-R
MTS L; Infarct O-L
Dysplasia mT-L
Infarction posterior
cerebral artery R
25M Tumor PO-L
28M Enlargement of right
ventricle
31F Suspicion of mild
cortical dysplasia

Abbreviations: Sex: M = male; F = female. MRI abnormalities: MTS = mesial temporal sclerosis; Seizure
Onset zone and Resection Area: m = mesial; l = lateral F = frontal; P = parietal; C = Central; O = occipital;
T = temporal; R= right; L = left; Engel Score: follow-up > 1 year after surgery

parameters (Glover et al. 2000), and heart beat intervals (de Munck et al. 2008). An
F-test was performed to determine the significance of the parameters of interest.
The resulting p-values were converted to an FDR value which was used to threshold
the statistical maps (FDR < 0.01) (Genovese et al. 2002). As a result a thresholded
correlation pattern was obtained indicating which brain regions were significantly
associated with the occurrence of IEDs.

7.2.3

ICA analysis

Resting-state analysis is typically performed for data sets of five to ten minutes (Cole
et al. 2010). Two selections were made from the fMRI data of each patient: one with
and one without IEDs. The selection of these epochs was based on the IED density
function. We defined IEDs as a window of -20 s to +30 s around an IED marker, such
that possible hemodynamic effects were taken into account. For the part with IEDs, a
ten minute continuous epoch was selected such that within those ten minutes the
maximum number of IEDs for that data set were present. In a similar way, a five to
ten minute continuous epoch was selected without IEDs. In those patients in whom
it was not possible to select a continuous part of fMRI data without IEDs (patients 5,
6, and 7), several pieces of data without IEDs were concatenated into one part of at
least five minutes. For patient 8 it was not possible to select a piece without IEDs
at all, due to a insufficient quality of a large part of the fMRI data. Therefore, this
patient was excluded from further analysis.

7.2. Methods
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fMRI data

Spatial ICA
(IC1 … ICn)

Mask
Resection
area

Compute overlap
FRk

Compute overlap
FEk

Sort ICs (descending)

Sort ICs (descending)

EEG-fMRI
correlation
pattern

Compare ranking,
select IC with highest
ranking in both

ICepileptic focus

Figure 7.1: Flow chart to select the epileptic ICs from all estimated components based on a
comparison with the resection area and EEG-fMRI correlation pattern.

Spatial ICA was performed using the software of FSL2 . First, the fMRI data were
co-registered to the anatomical MRI using SPM5 (Wellcome Department of Imaging
Neurosciences, University College London3 . Thereafter, the data were motion
corrected and spatially smoothed with the FEAT toolbox in FSL. A mask was created
based on the average EPI volume to exclude non-brain voxels. Confounding effects
(i.e. trend functions, realignment parameters, RETROICOR regressors, and heart beat
interval regressors) were removed from the data before ICA analysis (Beall et al. 2010)
similar to the EEG-fMRI analysis. Spatial ICA was performed as implemented in the
MELODIC toolbox of FSL (Beckmann et al. 2004). This toolbox uses a probabilistic
approach of ICA, which estimates the optimal number of sources (i.e. components)
from principle component analysis. The method yields thresholded Z-score maps
(ICs) indicating which voxels are significantly associated with the time course of the
component (p > 0.95).

2 http://www.fmrib.ox.ac.uk/fsl/
3 http://www.fil.ion.ucl.ac.uk/spm
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Selection of relevant components

typically yields a large number of ICs for each data set. In this study, we are
only interested in those ICs related to epileptic activity. To select those ICs that are
related to epileptic activity, the EEG-fMRI correlation pattern and a postoperative MRI
with resection area were used as a priori information. Since the patients selected for
this study were seizure free after surgery, the resection area is assumed to include
the seizure onset zone. Furthermore, in a previous study, the EEG-fMRI correlation
patterns were systematically compared with invasive EEG and showed overlap with
the seizure onset zone in all of them. For these reasons, we assume that ICk that
shows a high degree of overlap with both resection area and EEG-fMRI correlation
pattern may be identified as an epileptic component ICE that is related to the seizure
onset zone (Figure 7.1).
To quantify the overlap with the resection area, a mask was created from the
contour of the resection based on a postoperative MRI. This mask has the value 1 for
voxels within the resection area, and 0 for remaining brain tissue. The fraction of
overlapping voxels of each IC with the resection area (FRk ) was determined according
to equation (7.1).
ICA

FRk

=

N (ICk ∩ Resection)
N (Resection)

(7.1)

in which N (ICk ∩ Resection) represents the number of overlapping voxels between
the thresholded component k (ICk ) and the mask of the resection, whereas Nresection
is the number of voxels of the resection area. This fraction represents the percentage
of voxels of the resection area that were also active in the thresholded IC map.
Second, the overlap between the ICs and the EEG-fMRI correlation pattern was
defined as follows
FEk

=

N (ICk ∩ EEG-fMRI)
N (ICk )

(7.2)

in which N (ICk ∩ EEG-fMRI) represents the number of overlapping voxels between
ICk and the EEG-fMRI correlation pattern. This number is divided by the number of
voxels in ICk . The assumption is that EEG-fMRI usually consists of multiple activated
brain regions and that the activated voxels in an IC are a subset of this correlation
pattern. Therefore, FEk will be close to 100 % if the IC is a subset of the EEG-fMRI
correlation pattern with almost no activated voxels outside the EEG-fMRI pattern.
The fractions FRk and FEk were both sorted in descending order. Hence for every
k an index value is available for FR and FE. These indices were added up. Then, ICk
with the smallest sum was defined as the epileptic component, because it showed
the highest degree of overlap with both the resection area and EEG-fMRI correlation
pattern. Although in theory there could be multiple components with the same
index sum, this never happened in practice. The epileptic component was labeled as

7.3. Results
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ICE .

The same component selection procedure was applied to the fMRI data where
no IEDs were visible in the scalp EEG. The similarity between the spatial maps of the
selected epileptic components for the data with IEDs (ICE+ ) and the data without IEDs
( ICE− ) was assessed by computing the spatial correlation coefficient (RE ) between
the selected ICs (Beall et al. 2010)
RE

=

ICE+ · ICE−
| ICE+ || ICE− |

(7.3)

In addition to the seizure onset area, EEG-fMRI correlation patterns generally also
contain significant BOLD regions that are associated with propagation of epileptic
activity (van Houdt et al. submitted). To investigate whether these propagation
regions were also found with ICA, the ten ICs with the highest overlap with the
EEG-fMRI correlation pattern (FEk , equation (7.2)) were inspected visually. For each of
these components we determined whether the spatial maps showed activated brain
regions that were not visible in ICE .
To investigate whether the selected ICE is patient-specific, we cross-validated the
results of all patients. For that purpose, the components of patient j were compared
to the resection area and EEG-fMRI correlation pattern of patient i according to the
flow chart of Figure 7.1. This procedure resulted in a selected “epileptic” component
ICiEj and corresponding FRiEj and FEiEj values. To allow a fair comparison between
subjects, the ICs, resection mask, and EEG-fMRI correlation patterns of all patients
were normalized to MNI space with SPM5. Since 7 patients were included for the
ICA analysis, this approach resulted in 42 new comparisons. The similarity between
the spatial maps of ICiEj and ICE+ of patient i was quantified by computing the
spatial correlation coefficient. The values of FRiEj , FEiEj , and RiEj were compared to the
intrasubject values where the indices i and j were equal.

7.3

Results

ICA was performed twice for each patient: for fMRI data with and without IEDs. The
number of IEDs ranged from 4 to 57 (Table 7.2). The number of estimated ICs varied
between 39 and 89 across all data sets. Figure 7.2 illustrates the selection of the
epileptic component ICE in more detail for patient 1 for the data with IEDs. Inspection
of the ranking of the overlap indices FRk and FEk shows that one component, IC31 ,
has a high degree of overlap with both the resection area and EEG-fMRI correlation
pattern. The map of this component indeed indicates a good resemblance with the
resection area and EEG-fMRI correlation pattern. Therefore, this IC was labeled as
the epileptic component (ICE+ ). The graph of FRk indicates that another component
(IC18 ) also has a high overlap with the resection area. The activated voxels in this
component were located within the resection area, but the concordance with the
EEG-fMRI pattern was less compared to IC31 .

27
57

8
4
6
33

7

1
2

3
4
5
6

7

80

74
48
73
64

89
67

6 (11.1 %)

1 (42.7 %)
3 (17.9 %)
1 (43.5 %)
1 (69.9 %)

2 (22.6 %)
2 (28.0 %)

Resection:
Ranking Index (FRk+ )

# IEDs # ICs ICE+

Patient ICA with IEDs

1 (18.6 %)

1 (61.4 %)
2 (21.3 %)
7 (2.8 %)
2 (26.9 %)

1 (32.2 %)
5 (48.1 %)

Ranking Index (FEk+ )

EEG-fMRI:

4 (87.8 %;
54.2 %; 53.4 %;
8.7 %)
2 (26.9 %;
6.2 %)
-

No. ICs (FEk+ )

ICs related to
propagation

56

62
39
69
54

48
74

2 (15.8 %)

1 (33.4 %)
7 (4.6 %)
4 (23.3 %)
1 (83.6 %)

1 (27.1 %)
3 (23.3 %)

Resection:
Ranking Index (FRk+ )

# ICs ICE-

ICA without IEDs

2 (20.5 %)

1 (67.6 %)
9 (3.7 %)
3 (5.4 %)
1 (40.6 %)

1 (40.7 %)
2 (65.5 %)

Ranking Index (FEk+ )

EEG-fMRI:

-

5 (52.5 %;
49.9 %; 49.3 %;
48.2 %; 46.7 %)
1 (7.6)

No. ICs (FEk+ )

ICs related to
propagation

80 %

70 %
38 %
31 %
34 %

65 %
81 %

RE (%)

Table 7.2: Summary of ICA findings for the fMRI selections with and without IEDs. For each of these selections the number of
estimated components is given. For the component that is selected as epileptic (ICE ) the comparison with resection area and
EEG-fMRI correlation pattern is expressed in the ranking index and fraction of overlapping voxels (FRk and FEk ). Furthermore, ICs
are listed that have an overlap with the EEG-fMRI correlation pattern and are assumed to be related to propagation of activity.
Finally, the last column of the table indicates the spatial correlation (RE ) between ICE+ and ICE- .

122
Chapter 7. Exploring the existence of an epileptic resting-state network

7.3. Results

123
Re
s
e
c
t
i
onMa
s
k

FRk(
%)

5
0

R

L

EEGf
MRIc
or
r
e
l
a
t
i
onpa e
r
n

0
0

FEk(
%)

I
C18

R

I
C31

I
Cnumbe
r

9
0

5
0

L

R

I
C18

0
0

I
C31

I
Cnumbe
r

9
0

I
C31=I
CE+

L

Figure 7.2: Results of patient 1 for the data with IEDs.

Table 7.2 summarizes the results for all patients: for each patient an epileptic
component could be selected both in the data with and in the data without IEDs (ICE+
vs. ICE− ). The selected components were ranked within the first ten ICs showing
the highest overlap with both the resection area and EEG-fMRI correlation pattern.
Their overlap with the resection area varied between 11.1 - 69.9 % for the data with
IEDs, whereas the overlap with the EEG-fMRI correlation pattern varied between 2.8 61.4 %, suggesting that the ICs always contained activated voxels outside the EEG-fMRI
correlation pattern. The results are similar for the data without IEDs: the overlap
with the resection area varied between 4.6 - 83.6 % and the overlap with the EEG-fMRI
correlation pattern between 3.7 - 67.7 %. The selected epileptic components (ICE )
are visualized in Figure 7.3 and 7.4 together with the resection area and EEG-fMRI
correlation pattern. The spatial maps of ICE+ and ICE− are similar for all patients.
The last column of Figure 7.3 and 7.4 illustrate the overlap between ICE+ and ICE− .
The average spatial correlation RE between these components was 57 %. This average
is partially determined by the relative low correlation values for patient 4, 5, and
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Comparison

Resection Area

EEG-fMRI

ICE+

ICE−

ICE+ and ICE−

Pat 1
R

L

Pat 2

Pat 3

Pat 4

Figure 7.3: Summary of ICA results for patient 1 - 4. The first column shows the resection
area, the second column the EEG-fMRI correlation pattern. The third and fourth column show
the selected epileptic components for the data with IEDs (ICE+ ) and for the data without IEDs
(ICE− ). The last column illustrates the overlap (yellow) between ICE+ (red) and ICE− (green).

6. For these patients one of the ICs was substantially larger than the other, yielding
a lower correlation coefficient. For example, for patient 6 ICE+ extends from the
parietal lobe to the temporal lobe, whereas this was not the case for ICE− (Figure
7.4).
For some patients (2, 4, and 6), the correlation pattern of EEG-fMRI consisted of
more areas than only the onset areas. These areas are probably related to propagation.
For each patient it was investigated whether these propagation areas were present
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Comparison

Resection Area

EEG-fMRI

ICE+

ICE−

ICE+ and ICE−

Pat 5
R

L

Pat 6

Pat 7

Figure 7.4: Summary of ICA results for patient 5 - 7. The first column shows the resection
area, the second column the EEG-fMRI correlation pattern. The third and fourth column show
the selected epileptic components for the data with IEDs (ICE+ ) and for the data without IEDs
(ICE− ). The last column illustrates the overlap (yellow) between ICE+ (red) and ICE− (green).
EEG-fMRI

ICA
IC5

pattern

L

results
IC14

IC20

IC27

IC61

R
auditory network

primary visual network

sensorimotor
network

higher visual network

ICE+

Figure 7.5: EEG-fMRI and ICA results of patient 2. The EEG-fMRI pattern was split into multiple
ICs, of which the first four were related to standard resting-state networks. IC61 was the
component selected as ICE+ .

126

Chapter 7. Exploring the existence of an epileptic resting-state network

Table 7.3: Intersubject comparison of components showing the overlap between the selected
component and the resection area (FRij ). The columns represent the patients i of whom the
resection area was used, whereas the rows represent the patients j of whom the ICs were used.
The values at the diagonal show the ICE+ values of the intrasubject comparison.
FR (%)

Pat 1

Pat 2

Pat 3

Pat 4

Pat 5

Pat 6

Pat 7

Pat 1
Pat 2
Pat 3
Pat 4
Pat 5
Pat 6
Pat 7

22.6
11.3
28.7
1.4
49.3
0.0
23.8

0.0
28.0
11.9
1.0
7.0
0.8
0.2

10.8
2.8
42.7
2.0
21.7
1.2
7.9

3.5
9.0
13.7
17.9
2.6
13.6
5.5

24.5
22.9
14.1
11.2
43.5
14.1
12.2

35.0
13.9
48.0
79.0
8.2
69.9
33.0

2.1
1.4
1.7
2.9
2.2
12.5
11.1

in the same IC as the onset region or whether they were obtained in separate ICs.
In patient 4 the right contralateral temporal activation was present in the same
IC as the left temporal onset region. In patients 2 and 6 propagation areas were
found in separate ICs. Figure 7.5 illustrates the components for patient 2 for the
data set with IEDs; four ICs were selected in addition to ICE . For this patient, these
components seem to overlap with standard resting-state networks, which are the
auditory network, primary visual network, sensorimotor network, and higher visual
network, respectively (Shirer et al. 2012).
Table 7.3 to 7.5 summarize our findings regarding the intersubject comparison of
the ICs. The columns represent the patients of whom the resection area and EEG-fMRI
correlation patterns were used, whereas the rows represent the patient of whom
the ICs were used. The diagonal of each table represents the comparison within
one patient (intrasubject comparison). It appears that the FR and FE values were not
necessarily larger for the intrasubject comparison with respect to the intersubject
comparison. The FR values were only the largest in patient 2 to 5, whereas FE values
were the largest in patient 3 and 6. Note that, the spatial correlation of ICE+ and
ICE− within one patient was always larger compared to the selected components
of the other patients (Table 7.5). Figure 7.6 illustrates the comparison for patient 1
and 2 in more detail. Visual inspection of these selected components indicates that
for patient 1 components could be found in other patients (patient 2, 3, 4, and 7)
that resemble the epileptic component of patient 1. For patient 2, only the spatial
maps of components of patient 4 and 5 include a similar mesial frontal activation,
but these maps were more widespread than ICE+ of patient 2.
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ICE+

Pat 1

ICE+

Pat 2

Pat 2

Pat 3

Pat 4

Pat 5

Pat 6

Pat 7

Pat 1

Pat 3

Pat 4

Pat 5

Pat 6

Pat 7

Figure 7.6: Intersubject comparison for patient 1 and 2. The left panel illustrates the component
that was selected for patient 1 and 2 as the epileptic component (ICE+ ) plotted on the MNI
brain. The right panels show the selected components of the other patients that showed
the largest overlap with the resection area and EEG-fMRI correlation pattern of patient 1 or 2,
respectively.
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Table 7.4: Intersubject comparison of components showing the overlap between the selected
component and the EEG-fMRI correlation patterns (FEij ). The columns represent the patients i of
whom the EEG-fMRI pattern was used, whereas the rows represent the patients j of whom the
ICs were used. The values at the diagonal show the ICE+ values of the intrasubject comparison.
FE (%)
Pat 1
Pat 2
Pat 3
Pat 4
Pat 5
Pat 6
Pat 7

Pat 1

Pat 2

Pat 3

Pat 4

Pat 5

Pat 6

Pat 7

32.2
3.7
44.6
0.6
14.3
1.0
29.7

71.9
48.1
37.3
40.0
29.2
49.0
38.5

29.4
39.3
61.4
32.1
48.5
29.4
22.5

21.6
16.9
10.1
21.3
22.9
10.3
7.7

3.1
1.7
4.5
6.3
2.8
3.6
2.1

5.4
4.2
10.7
7.7
25.2
26.9
16.3

23.1
38.5
42.3
13.1
29.9
8.7
18.6

Table 7.5: Intersubject comparison of components showing the spatial correlation between
the selected ICE+ of patient i and the components selected from the comparison of the other
patients. The values at the diagonal indicate the spatial correlation of the ICE+ and ICE−
values of the intrasubject comparison (last column of Table 2).

7.4

R (%)

Pat 1

Pat 2

Pat 3

Pat 4

Pat 5

Pat 6

Pat 7

Pat 1
Pat 2
Pat 3
Pat 4
Pat 5
Pat 6
Pat 7

65.0
4.6
42.7
3.8
16.1
-0.2
-0.2

-0.4
81.0
7.3
2.0
8.0
0.4
1.0

32.0
10.6
70.0
15.4
14.1
9.2
0.1

10.5
-0.5
2.7
38.0
22.8
0.8
7.2

17.5
1.5
7.0
4.4
31.0
1.1
1.6

3.2
2.3
6.1
7.7
30.7
34.0
0.2

46.1
1.4
41.0
-0.4
24.5
28.5
80.0

Discussion

In this study, we confirmed the results of other studies that ICA yields components
related to epileptic activity (Rodionov et al. 2007; LeVan et al. 2010a). But more
importantly, our study suggests that these components are also present without
visible epileptic activity in scalp EEG data. This finding could be explained by the
fact that scalp EEG shows only the “tip of the iceberg”: sufficient synchronized
synaptic currents occurring from superficial cortical structures. Therefore, epileptic
discharges might occur that are invisible for scalp EEG, but that cause nevertheless
metabolic changes in the fMRI data. Our results indicate that these “invisible” IEDs
involve the same brain regions as the visible IEDs, because the spatial distributions of
the fMRI components were similar to the correlation pattern of the EEG-fMRI analysis
based on the visible IEDs. This hypothesis about the presence of invisible IEDs can
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be validated with simultaneous intracranial EEG and fMRI which seems safe under
strict conditions (Carmichael et al. 2010; Vulliemoz et al. 2011). If this is indeed the
explanation for our findings, this will also suggest that the model used for EEG-fMRI
analysis is suboptimal, because it is based on an invalid IED density function. As
a consequence, this might explain why in some EEG-fMRI data sets the HRF has an
irregular or noncanonical shape as we reported in previous studies (van Houdt et al.
2010a; van Houdt et al. submitted).
An alternative explanation could be that there exists an interictal epileptic restingstate network, similar to the existence of large scale resting-state networks in healthy
volunteers (Beckmann et al. 2005; Cole et al. 2010). Apart from the fundamental
interest of our findings, this may also support the future use of resting-state fMRI in
clinical practice (Bettus et al. 2010; Negishi et al. 2011). It remains to be determined
whether the components we selected as epileptic were specific for the patient under
study, or whether these components can also be found in other patients or healthy
volunteers. As a preliminary analysis we cross-validated the results of all patients.
From Table 7.3 to 7.5 it appears that also within other subjects ICs are present that
show a high degree of overlap with the EEG-fMRI correlation pattern and resection
area of another patient. What the meaning of these findings is remains to be clarified.
It could be that the measures we have chosen were not specific enough.
ICA is a popular technique for the analysis of resting-state fMRI data (Cole et al.
2010). The difficulty with ICA is to select the relevant components, in our case
“epileptic” components. Previous studies in epilepsy used the time course of the
components and compared that to the IED density function (Rodionov et al. 2007;
LeVan et al. 2010a; Moeller et al. 2011). This approach cannot be used when applied
to data sets without visible IEDs. The study of Rodionov et al. (2007) also used
the spatial overlap between the EEG-fMRI correlation patterns and the IC maps, and
selected those as epileptic that showed a high overlap with the EEG-fMRI pattern. In
our study, we used a combination of the EEG-fMRI correlation pattern and resection
area. Since the patients are seizure free after surgery, the resection area is assumed
to include the seizure onset zone. When looking only at the resection area, also
artificial components were obtained. On the other hand, the EEG-fMRI correlation
pattern usually consists of more activated areas than only the onset area. Therefore,
we selected ICE by looking at ICs having an overlap with both the resection and
EEG-fMRI correlation pattern. The overlap fractions presented in Table 7.2 were highly
variable over subjects. The FEk values seem really low for patient 5 (2.8 % and 4.8 %
respectively). These low values can be explained by Figure 7.4. First there was
not a complete overlap between the resection area and EEG-fMRI correlation pattern.
Second, the activated area obtained by ICA contained more voxels than the EEG-fMRI
pattern, while we assumed with the definition of FEk (equation (7.2)) that this would
be the other way around. The differences in the extension of the activated areas
could be related to the different thresholds that were used for ICA and EEG-fMRI
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analysis.
The approach we used for the selection of epileptic ICs is highly dependent on a
priori information. Therefore, at this stage we cannot determine whether ICA yields
relevant additional information that has not been observed by other noninvasive
investigations. Furthermore, this approach cannot be applied for patients for whom
such a priori information is not available. For example, when no significant EEG-fMRI
correlation pattern was obtained due to the absence of IEDs. The next step towards
a clinical application would be to automatically select relevant components from
the large number of ICs that are usually revealed by ICA. The automatic classifier of
De Martino et al. (2007) separates the components into ICs related to BOLD, motion
artifacts, EPI artifacts, susceptibility artifacts, physiological noise, noise with a high
spatial frequency, and noise with a high temporal frequency. For the classifier a
set of eleven parameters is extracted from the spatial maps, average time courses,
and power spectra. It would be worthwhile to extend this approach by selecting
parameters that are characteristic for the epilepsy component. It will be necessary to
distinguish this component from other resting-state networks, unless these restingstate networks are part of the epileptic network of a patient (Laufs 2012) such as
in patient 2 (see Figure 7.2). To investigate whether such an automatic classifier is
feasible, fMRI data of a large number of patients with different types of epilepsy are
necessary to examine whether these components have common characteristics that
can separate them from the rest. This would greatly improve the clinical value of
ICA as alternative application besides EEG-fMRI.

7.4.1

Conclusions

In conclusion, this study assessed the added value of ICA in the presurgical evaluation of patients with epilepsy. The promise of ICA is that it can reveal epileptic
components even without the occurrence of IEDs. At this point of research, we have
two explanations for this finding. First, the IEDs might not be visible on scalp EEG, but
might be present when invasive EEG data would be used. Second, the components
yielded by ICA might represent an epileptic resting-state network that is specific for
each individual patient with epilepsy.
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