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2.1

Introduction

can be used to localize the generators of EEG phenomena, such as normal brain rhythms (Salek-Haddadi et al. 2003; Laufs 2008; de Munck et al. 2009a;
Moosmann et al. 2003) and sleep spindles (Schabus et al. 2007). The main clinical
application of EEG-fMRI is to improve localization of the epileptiform focus (Gotman
et al. 2004; Gotman et al. 2006; Stern 2006; Laufs et al. 2008; Cunningham et al. 2008),
which is especially important for patients who are candidates for epilepsy surgery
(Zijlmans et al. 2007). At a basic level, EEG-fMRI describes the relationship between
IEDs and the resulting BOLD changes. The HRF describes this relationship by modeling
the magnitude and timing of the fMRI signal change following an IED. However,
previous studies have shown that the level of concordance of EEG-fMRI results with
the presumed generator of IEDs varies between 50 % and 100 % (Gotman et al. 2006;
Jacobs et al. 2007; Manganotti et al. 2008; Al-Asmi et al. 2003; Salek-Haddadi et al.
2006). This variation may be explained by differences in study designs related to
patient selection and the chosen strategy for fMRI analysis.
The success of an EEG-fMRI experiment may depend on the data itself, because
the occurrence of IEDs during the limited time scope of a recording cannot be
EEG-fMRI
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controlled, and the signal-to-noise ratio of the EEG may be low due to the gradient
and ballistocardiographic artifacts and movements of the patient. Theoretically, fMRI
analysis is considered as a regression analysis with an event-related experimental
design determined by the occurrence of IEDs: an IED density function, representing
the temporal information of IEDs present in the EEG, is extracted from the EEG and
is correlated with the fMRI signals in the GLM framework. In the context of eventrelated designs, the effectiveness of a stimulus design is determined by the average
interstimulus interval (determined by the number of stimuli) and the variation in
the interstimulus interval during the experiment (Dale 1999). Therefore, a design
might be suboptimal when there are either too few stimuli (low signal-to-noise ratio)
or too many (no baseline activity). In addition, the effectiveness is determined by
the extent in which the responses evoked by the stimuli overlap in time: short and
varying interstimulus intervals increase the accuracy of estimating the hemodynamic
response function, but tend to decrease the detectability of activated areas (Birn et al.
2002). The performance of an experimental design can be characterized by detection
power, which represents the ability of a design to detect activation, and estimation
efficiency, which represents the ability to characterize the shape of the HRF (Liu et al.
2001; Liu et al. 2004). Based on these studies, we hypothesize that the performance
of EEG-fMRI will depend on the number of IEDs detected during the recording and
their temporal distribution.
The outcome of EEG-fMRI may also depend on the analytical strategy for IEDcorrelated fMRI data. The analysis is typically based on the assumption that each IED
is followed by the same predictable HRF, analogous to the HRF observed in healthy
volunteers related to auditory responses [Glover HRF (Glover 1999)]. However,
several studies in epilepsy have shown that the shape of the HRF may deviate from
this canonical shape. For example, Lemieux et al. (2008) show that in one third of the
experiments significant noncanonical responses were found. Furthermore, several
studies have reported that the time to peak of the HRF differs from the standard
5.4 s like assumed in the Glover HRF (Bagshaw et al. 2004; Jacobs et al. 2009). If
these variations in HRF are not taken into account, incorrect correlations could be
obtained and potentially significant fMRI changes could be missed. These issues are
not only specific for IED-correlated fMRI studies, but play a role in event-related fMRI
in general (Aguirre et al. 1997; Handwerker et al. 2004). To address the problem
of misspecification of the HRF, more flexible methods have been proposed; a large
amount of variability can be captured by adding the temporal derivative of the
canonical HRF to the GLM (Friston et al. 1998) or by using multiple gamma functions
peaking at different times (Bagshaw et al. 2004; Waites et al. 2005). On the other
hand, the most flexible models, such as the finite impulse response model (FIR)
(Dale 1999; Burock et al. 2000), the deconvolution method (Glover 1999) or the use
of Fourier basis set (Josephs et al. 1997), do not make any a priori assumptions
about the shape of the HRF, but allow the HRF to be different for each voxel in the
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brain. The only assumption made in these models is that the response is identical
for each occurrence of the same type of event. As an advantage, these models do
not only indicate which brain areas are involved during the neural activity, but
also give additional information about the BOLD response by estimating the shape
of the HRF for each voxel in the brain. Whether flexible modeling increases the
number of concordant results of epilepsy related EEG-fMRI is still under debate. Lu
et al. showed that they could indeed increase the yield of EEG-fMRI (Lu et al. 2006).
However, Lemieux et al. (2008) report that these noncanonical HRFs were usually
located remote from the assumed epileptiform focus.
The goal of the present study is to evaluate the influence of the EEG characteristics
and the chosen analytical strategy on the yield of EEG-fMRI. For that purpose, we
analyzed the data of a previous EEG-fMRI study of patients who were offered EEG-fMRI
for re-evaluation of epilepsy surgery (Zijlmans et al. 2007). Three issues regarding
the analytical strategy are addressed. Firstly, a FIR model (de Munck et al. 2007)
is applied to the data to further explore the use of a flexible modeling strategy.
The results are compared to a fixed approach (Zijlmans et al. 2007). In comparison
to Lu et al. (2006), our flexible model is extended for noncausal effects, because
several studies have shown that BOLD changes may precede the IEDs (Jacobs et al.
2009; Hawco et al. 2007; Moeller et al. 2008). Secondly, we assess the effect of taking
cardiac effects into account for this large patient group. Although several studies
have shown that the fMRI signals can be affected by these physiological changes (e.g.
Shmueli et al. 2007; Lund et al. 2006; de Munck et al. 2008; van Houdt et al. 2010b),
surprisingly few IED-correlated fMRI studies have appeared so far that reported
to take these effects into account. Thirdly, we address the question how to treat
multiple types of IEDs for the patients in whom more than one type of IEDs was
detected. Salek-Haddadi et al. (2006) suggest that different types should be tested
individually when they have presumed different anatomical generators. However,
the question remains whether the other IED-type can be simply ignored or should be
added as a confounder to the model. Theoretically, one needs to account for every
possible event that may influence the BOLD response (Salek-Haddadi et al. 2006;
Waites et al. 2005). Otherwise it is assumed that the responses of the different types
do not overlap and that the data is only explained by Gaussian noise. The level of
concordance of the different approaches is assessed by comparing the fMRI results to
the EEG focus (i.e. maximal spike amplitude), which is the best available indicator of
the irritative zone for these data sets. In addition, for each data set detection power
and estimation efficiency are calculated and related to the concordance of the fMRI
results.
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Methods
Subjects and data acquisition

Subjects and data acquisition were identical to those described by Zijlmans et al.
(2007). Briefly, 29 patients were re-evaluated for epilepsy surgery. These patients had
no contraindications for MRI; more than 10 IEDs were present in 45 min of previously
recorded EEG; they were considered as complex cases for surgical treatment due
to an unclear focus or presumed multifocality. This study was approved by the
Medical Ethics Committee of the University Medical Center Utrecht. All patients
gave written informed consent.
All patients underwent an fMRI session of maximally 45 min. Functional images
were acquired at a 1.5 T Achieva MR scanner (Philips Medical Systems, Best, The
Netherlands) with an 8-channel phased array head coil for signal reception using
a T2∗ -weighted EPI sequence (field of view (FOV) 23 × 23 cm2 , matrix 64 × 63, TR
2.5 s, TE 46 ms, flip angle 90◦ , 29 adjacent slices, reconstructed voxel size 3.6 × 3.6
× 4 mm3 , interleaved slice order). A T1 -weighted anatomical scan was made using
a spin-echo acquisition (FOV 25 × 25 cm2 , matrix 256 × 154, multi slice acquisition
of 19 slices of 4.0 mm separated by a gap of 0.6 mm, TR 512 ms, TE 15 ms, flip angle
90◦ ). Simultaneously, EEG data were acquired with an MR-compatible EEG amplifier
(MicroMed, Treviso, Italy) and a cap providing 31 electrodes positioned according
to an extended 10-20 system (sampling rate = 1024 Hz). A bipolar ECG was coregistered.

2.2.2

EEG analysis

EEG data were off-line preprocessed and reviewed as described by Zijlmans et al.
(2007). Briefly, IEDs were independently identified by two experienced observers,
who divided them into two types: the first type included spikes, spike-and-waves
and sharp waves, whereas the second type indicated paroxysms. Thereafter, each
IED-type was classified based on the localization of the maximum amplitude of
the IEDs in a common reference montage, further referred to as the EEG focus. IEDs
with different topography were grouped in separate IED-sets. IED-sets with an
interobserver kappa below 0.40 were reviewed by a third observer. Consensus IEDs
were defined as IEDs identified by at least two observers. From each IED-set with
more than three consensus IEDs, an IED density function was created. This function
indicated the number of IEDs per volume scan.
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fMRI analysis

The fMRI data were preprocessed and analyzed using Brain Imaging Analysis package1 . First, fMRI data were slice time corrected, realigned to the first image, matched
to the anatomical scan, and spatially smoothed with a Gaussian kernel with a standard deviation of 5 mm. Data points where the fMRI data were disturbed by abrupt
head movements (more than 0.5 mm or 0.5◦ based on the realignment parameters)
were excluded from the time series. Next, a fixed and a flexible approach were
compared for each IED set. The fixed approach assumes a predictable shape of
the HRF for each voxel in the brain. The flexible model does not make a priori
assumptions about the shape of the HRF, but estimates the shape from the data. Both
models fit within the GLM framework as in equation (2.1).
d = Xh + Sφ + ε

(2.1)

Here d represents the fMRI data with N data points; X contains the regressors of
interest; h are the unknown coefficients of the regressors of interest; each column of
S represents a regressor of non-interest; φ is the vector of nuisance coefficients with
a dimension which is equal to the number of confounders added to the model; ε is
the vector of assumed uncorrelated measurement noise. The difference between the
two approaches is determined by the specification of X and consequently also the
meaning of the coefficients of h. The coefficients of interest and of non-interest were
estimated per voxel using ordinary least squares. An F-test was used to calculate the
level of correlation between the data and the regressors of interest, accounting for
the number of estimated parameters, the number of nuisance effects and the number
of data points. Mathematical details can be found in Appendix A of de Munck et al.
(2007). The resulting p-values were converted to a false discovery rate (FDR), which
was used to threshold the statistical maps (Genovese et al. 2002). These maps were
overlaid on the anatomical scan.
The canonical HRF of the SPM software package (SPM5, Wellcome Department of
Imaging Neurosciences, University College London, U.K.2 ) was used in the fixed
model, further referred to as the SPM HRF. Two regressors were derived from the
IED density function, which was convolved with the SPM HRF and its first temporal
derivative, and applied as predictors in the GLM. As a result, two coefficients of
interest were estimated, representing the unknown amplitudes of the response. In
case of the flexible model, X was determined by the shifted versions of the IED
density function (de Munck et al. 2007). The shifts started at -4 times TR (i.e. 10 s
before the IED was present in the EEG) and ended at +8 times TR (i.e. 20 s after the
onset of the IED). Consequently, the model estimated 13 unknown parameters of

1 http://demunck.info/software/
2 http://www.fil.ion.ucl.ac.uk/spm
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interest, which represent the estimated HRF. This model is further referred to as the
FIR model.
The GLM was applied in four different ways: SPMstandard , SPMcardiac , FIRsimple and
FIRextended . SPMstandard refers to the standard analysis similar as it was performed
for these data in the study of Zijlmans et al. (2007). SPMcardiac is an extension of
SPMstandard , in which the cardiac effects were taken into account. For that purpose,
19 additional confounders were added to the model: six RETROICOR regressors of the
heart beat (Glover et al. 2000) and thirteen shifted versions of the heart beat intervals
(de Munck et al. 2008). These cardiac confounders were also applied to both FIR
models. The difference between FIRsimple and FIRextended concerned the way multiple
types of IEDs were treated. In FIRsimple one IED-set was chosen as regressor of interest,
whereas the other IED-set(s) were ignored. In the FIRextended model the other IED-set(s)
were applied as additional confounders, in order to correct for possible overlapping
responses of different types of IEDs. For all four models the remaining nuisance
parameters were the same: six motion regressors resulting from realignment of the
fMRI data, and a constant, linear, and quadratic trend.

2.2.4

Model Comparisons

Correlations with an FDR smaller than 5 % were considered to be significant. A
connected component algorithm was applied to identify groups of neighboring
voxels of significantly activated voxels (only components of more than five connected
voxels were considered). These groups were ordered on basis of their group sizes
and were described on basis of lateralization (left (l), right (r), or bilateral (b)) and
localization (frontal (F), temporal (T), parietal (P), occipital (O), and medial (M)).
Activations were described as bilateral when symmetric activations were found.
Medial activations include significant correlations in the thalamus, basal ganglia and
interhemispheric cortex (e.g. cingulate cortex). When more than four activated areas
were found, only the four largest areas were identified and the others were indicated
with the symbol W (= widespread). A symbol G (= generalized) was used when the
correlation pattern consisted of the following areas: thalamus, mesial frontal region,
insula, bilateral frontal regions, bilateral parietal regions and the posterior cingulate
gyri (Gotman et al. 2005). Activations revealed in artificial areas (eyes, ventricles)
and also activated areas in cerebellum were excluded from further analysis. For
all obtained fMRI results, the topographical concordance between the significant
fMRI results and the localization of the corresponding IEDs were assessed using the
following symbols (Zijlmans et al. 2007): † concordant: same area, ipsilateral; ‡ same
area, contralateral; § different area, ipsilateral; ¶ no concordance.
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Design Parameters

The design parameters were calculated to determine whether the performance of
an EEG-fMRI data set could be explained on basis of the design of the experiment
(i.e. the occurrence of IEDs during the recording and their temporal distribution).
The estimation efficiency is a measure for the ability of a design to characterize the
shape of the response, whereas the detection power indicates the ability of a design
to detect activations. These parameters were derived from the definition of the GLM
[see equation (2.1)]. From that it follows that the coefficients of h can be estimated
with equation (2.2).

 −1
h = X T Ps X
X T Ps d,

(2.2)

where Ps is a projection matrix, which removes the nuisance effects (Ps ≡ I −
 −1 T
S ST S
S ). The total estimation efficiency ξ of the estimated HRF is defined as
the inverse of the sum of the variances of the coefficients of h (Liu et al. 2001) as
described in equation (2.3).
ξ=

1
h

σ2 Tr ( X T Ps X )

−1

i,

(2.3)

where Tr indicates the trace of a matrix. The unknown variance σ2 was assumed
to be equal for all studies, and accordingly it was ignored in the comparison of
the different designs. The determination of the detection power is based on the
noncentrality parameter η of the F-distribution used to test statistical significance of
the data and the predicted data [see equation (2.4)].
h T X T Ps Xh
,
(2.4)
σ2
Since the non-centrality parameter depends on the shape of the HRF, h was the
SPM HRF in order to compare different designs obtained in different patients (Liu
et al. 2004). The numerator can be interpreted as the expected energy of the signal
after the interference terms have been removed and the denominator is the expected
noise variance. Following Liu et al. (2001), we considered the Rayleigh quotient
[equation (2.5)] instead of the noncentrality parameter as a measure of the detection
power of a given experimental design.
η=

h T X T Ps Xh
,
(2.5)
hT h
Detection power and estimation efficiency were compared to the level of concordance
of the fMRI results in order to establish to what extent the design parameters can
predict the quality of the fMRI analysis.
R=
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Results
Comparison of analytical strategies

We systematically compared the correlation patterns obtained by the fixed (SPM)
and the flexible (FIR) approaches. Of the 29 patients studied, 11 patients had one
IED-set and 14 patients had more than one IED-set with more than three consensus
events. Patient 20 was scanned twice. Hence, in total, 42 IED-sets were analyzed.
The results of the fixed and flexible models are given in Table 2.1 (column 3 and 4),
together with the EEG focus (column 2). The cardiac effects were only studied for the
fixed approach. In seven patients, the correction for cardiac effects resulted in newly
activated areas or less activated areas, while in the other patients no differences
were found. Figure 2.1a illustrates this effect in one of the seven patients showing
that the addition of the cardiac regressors strongly reduced the number of activated
voxels and yielded a left frontal activation that was concordant with the EEG focus.
Furthermore, the activated areas did not differ for the two versions of the flexible
approach, meaning that adding multiple sets of IEDs as additional confounders in
the GLM had no effect on the correlation patterns. Therefore, Table 2.1 only shows
the results of SPMcardiac and FIRsimple .
The comparison between the fixed approach and flexible approach showed that
FIRsimple revealed significantly activated regions in more data sets than SPMcardiac
(36 versus 22). In six data sets no significantly activated areas were obtained with
any approach. In general, the flexible approach yielded more activated regions per
data set than the fixed approach, although in some data sets SPMcardiac resulted in
more activated regions (e.g. in data set 21.2, 26.1 and 29.1). In addition, FIRsimple
resulted in at least one area concordant with the EEG focus in 26 data sets, whereas
SPMcardiac resulted in 16 concordant data sets. There was an overlap for 15 data sets in
which both models detected the same concordant areas. In most cases, one or more
discordant areas were revealed besides the concordant area for both approaches. The
percentage of complete discordance was similar using FIRsimple (10/42) or SPMcardiac
(6/42). These findings are illustrated by the cases presented in Figure 2.1. The
first two examples (Figure 2.1b and c) show data sets where both SPMcardiac (white
contour line) and FIRsimple (color-coded map) resulted in significantly activated areas.
In Figure 2.1b, both models resulted in a BOLD response related to left frontal spikes.
However, the number of activated voxels was smaller using FIRsimple . The shape
of the estimated HRF in this area resembled the canonical HRF. The correlation
patterns of the two models were different in the IED-set illustrated in Figure 2.1c;
only FIRsimple resulted in a concordant area of which the size was large enough to
distinguish it from the widespread correlations. The shape of the estimated HRF in
this area differed from the canonical HRF. Figure 2.1d and e show two examples of
data sets where only the flexible model resulted in significantly activated areas. For
the data set presented in Figure 2.1d, this area was concordant with the EEG focus
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(right frontal), whereas in Figure 2.1e the fMRI response was discordant with the EEG
focus (right fronto-temporal). In both examples, the shape of the estimated HRFs in
the activated areas was different from the canonical shape.

2.3.2

Design Parameters

Detection power and estimation efficiency were calculated for the GLM as defined
by FIRsimple . These parameters appeared to have a strong linear relationship (R2 =
0.89). Leaving out the additional confounders (motion regressors and cardiac
confounders) did not effectively influence this relationship, which suggests that
detection power and estimation efficiency are mainly dependent on the occurrence
of IEDs. Furthermore, it appeared that the estimation efficiency, and therefore also
detection power, was mainly dependent on the number of IEDs. This is shown in
Figure 2.2, where the estimation efficiency of each data set is depicted relative to
the number of IEDs per hour of EEG-fMRI recording. In general, it could be observed
that the more IEDs were detected in the EEG, the higher the estimation efficiency of
the EEG-fMRI analysis. Furthermore, in this figure the IED-sets with a concordant, a
discordant, or no significant result are indicated with different symbols. Note that all
IED-sets with more than 100 events per hour have a concordant result. The IED-sets
with no fMRI result tend to have lower estimation efficiency, but there are also IED-sets
with low estimation efficiency that still have a concordant result. The percentage of
overlapping events (ı.e. two IEDs overlap within the duration of the HRF) appeared to
be highly correlated with the number of IEDs (exponential relationship, R2 = 0.86).
Since estimation efficiency is strongly dependent on the number of IEDs, as shown in
Figure 2.2, this suggests that their temporal distribution only plays a minor role.

2.4

Discussion

This study systematically compared the correlation patterns of a flexible HRF model
to the ones obtained with a fixed HRF model in 29 patients with epilepsy. Our results
indicate that the level of concordance of EEG-fMRI is affected by the analytical strategy
showing that the use of a flexible model and the correction for cardiac effects yields
more concordant areas. Furthermore, the outcome appears to be mainly dependent
on the occurrence of IEDs and only minimally dependent on the temporal distribution
of IEDs.
Our main finding is that a flexible modeling approach generally increased the
number of activated voxels, which resulted in more areas concordant with the EEG
focus. This is in agreement with the study of Lu et al. (2006), which also reported an
increased sensitivity when a flexible approach was used. The specificity of EEG-fMRI is
similar for the fixed and flexible approaches; the percentage of complete discordance
was the same (27 %). However, the flexible model generally yields more widespread
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Figure 2.1: Comparison of detected areas revealed by different analytical approaches. Each
row represents a different data set showing an axial, coronal, and sagittal view together with
an estimation of the HRF. The first row (a) illustrates the difference between SPMstandard (white
contour line) and SPMcardiac (color-coded scale) for one of the data sets of patient 29. The other
four examples illustrate the difference between SPMcardiac (white contour line) and FIRsimple
(color-coded scale) for one of the data sets of patient 29 (b), patient 14 (c), patient 24 (d), and
patient 26 (e). The HRFs were selected from voxels in the EEG concordant regions (b-d) or in
the only activated area (e) obtained for these data sets.
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Table 2.1: Summary of the EEG-fMRI results obtained for 42 IED sets using fixed and flexible
approaches
Patient
1.1
2.1
3.1
3.2
4.1
6.1
8.1
8.2
9.1
9.2
9.3
10.1
10.2
11.1
12.1
12.2
13.1
14.1
15.1
15.2
16.1
17.1
18.1
19.1
20.1.1
20.1.2
20.2.1
20.2.2
21.1
21.2
22.1
22.2
24.1
24.2
25.1
25.2
26.1
26.2
28.1
28.2
29.1
29.2

IED (n)

CP-r (292)
F-r (166)
F-l (97)
F-l/G (181)
FT-r (38)
FT-r (8)
F-l (13)
F-r (6)
F-b (32)
F-l (7)
F-r (4)
F-l (55)
F-l (44)
T-r (8)
FT-r (66)
FT-l (6)
P-b (184)
FT-r (12)
F-r (244)
F-l (14)
FT-r (5)
T-r (222)
F-l (41)
F-l (10)
F-l (16)
FT-r (7)
F-r (6)
F-r (9)
FT-l (21)
T-l (5)
T-r (7)
T-l (18)
F-l (41)
F-r (8)
FT-r (5)
FT-r (7)
FT-l (12)
FT-r (27)
FT-l (12)
FT-r (7)
F-l (84)
F-r (28)

SPMcardiac
†

§

FIRsimple
‡

¶

P-r O-b P-l M +W
G† T-r§ T-l¶ O-b§
F-l† P-r¶
M¶ O-b¶ F-r‡ F-l† + W
∅
∅
∅
P-r§ T-r§ O-l¶ F-l‡
F-b† P-b¶ M¶ T-l¶ +W
F-r‡ O-l§ O-r¶ F-l† +W
F-l‡ T-l¶ M¶ F-r†
F-r‡ F-l† P-b§ M¶ +W
∅
T-r†
O-b§ P-b§ F-r† M¶ +W
∅
P-b† F-b¶ T-r¶ T-l¶ +W
P-b§ F-l‡ M¶ O-b§ +W
O-b§ M¶ T-l¶ P-l¶ +W
∅
∅
O-b§ P-b§ M¶ F-b§ +W
∅
∅
∅
P-b§ M¶ T-l‡ T-r† +W
∅
∅
∅
O-r¶ O-l§ P-r¶ F-l§ +W
∅
P-b§ T-l† O-b§ F-l§ +W
∅
∅
∅
∅
F-r‡ F-l† O-l¶ T-l† +W
∅
O-l§
∅
F-l† M¶ F-r‡
F-r† M¶ F-l‡ P-r§ +W

P-r† O-b§ P-l‡ T-r§ +W
G† T-r§ T-l¶ O-b§
P-b¶ F-l†
M¶ O-b¶ P-b¶ F-l† +W
T-r† F-r† P-l¶ F-l‡
O-b§ P-b§ M¶ F-r† +W
∅
F-r† T-r§ P-r§ F-l‡ +W
G† T-b¶ O-b¶
F-r‡ F-l† P-b§ T-r¶ +W
F-l‡ T-r§ F-r† P-r§ +W
F-r‡ F-l† P-b§ T-r¶ +W
F-r‡ F-l†
T-r† F-b§ M¶ T-l‡ +W
O-b§ P-b§ T-l‡ M¶ +W
∅
P-b† F-b¶ T-l¶ M¶ +W
F-r† M¶ F-l‡ P-b§ +W
M¶ O-b§ T-l¶ F-r† +W
F-r‡ T-r¶ T-l§ P-l§ +W
∅
O-b§ T-l‡ P-b§ T-r† +W
T-r¶ T-l§ O-b§ F-r‡
M¶
P-r¶ F-l† T-r¶
P-b§ M¶ T-l‡ T-r† +W
T-l¶
F-r† F-l‡ M¶
O-l§
O-l§ O-r¶ P-l§ F-r¶ +W
∅
O-b§ P-b§ M¶ F-r¶ +W
F-r‡ T-l§ P-r¶ T-r¶
F-r† P-r§ T-r§ F-l‡ +W
F-l‡ F-r† O-l¶ T-r† +W
O-l¶ F-r†
∅
T-l‡
O-l§ T-r‡ M¶ T-l† + W
∅
F-l† M¶
F-l‡ F-r† T-l¶ P-r§ +W

The 42 data sets are represented as patient number followed by an IED set number (column 1). Thus 3.2
represents data set 2 of patient 3. Column 2 shows the EEG focus based on visual review of the EEG for
each data set together with the number of consensus IEDs between brackets. Column 3 and 4 describe the
EEG-fMRI results using either SPMcardiac or FIRsimple . Abbreviations: l, left; r, right; b, bilateral; F, frontal; T,
temporal; P, parietal; Occipital, O; M, medial; G, generalized (thalamus, mesial frontal region, insula,
bilateral frontal regions, bilateral parietal regions, posterior cingulate gyri); W, widespread. †, concordant;
‡, same area, contralateral; §, different area, ipsilateral; ¶, no concordance; ∅, no significant fMRI result.
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Figure 2.2: Estimation efficiency versus number of IEDs per hour for each IED-set plotted on a
logarithmic scale. The squares represent the concordant IED-sets; the triangles indicate the
discordant IED-sets; and the circles represent the IED-sets with no significant results.

correlation patterns. It is not yet known how these widespread correlations should
be interpreted: these areas might be related to a true epileptiform network (Jackson
2008), but they might also represent underlying metabolic changes or false-positive
activations. To assess this problem, a gold standard is required for the identification
of the epileptiform networks, such as invasive EEG recordings.
Furthermore, our study shows that the correction for cardiac effects sometimes
resulted in a more plausible correlation pattern compared to the EEG localization,
but often had no effect at all. On the other hand, the addition of cardiac effects
is a relatively small additional effort, which did not harm the results. Therefore,
we would recommend their inclusion into the GLM. Moreover, in the patients with
multiple IED-types the same areas and the same estimated HRFs were found using
models with and without the other IED-types as additional confounders. These
results are in contrast with those by Waites et al. (2005), who found that correction
for other EEG events, such as slowing and sleep transients, could improve the
sensitivity of EEG-fMRI. Although the use of a flexible approach seems to increase the
number of concordant data sets of EEG-fMRI for our data, the level of concordance is
still relatively low, 62 %, compared to the values reported by other studies (Jacobs
et al. 2007; Manganotti et al. 2008; Jacobs et al. 2009; Vulliemoz et al. 2009; Liu
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et al. 2008; Federico et al. 2005; Moeller et al. 2009). One reason could be that the
selected patients in the current study were patients with unclear or multiple EEG foci.
However, EEG-fMRI might be most relevant as an independent epileptiform source
localization technique for these patients. It is unlikely that EEG-fMRI will replace
established clinical tests in straightforward cases.
In addition to the correlation patterns, the flexible approach yields an estimation
of the HRF for each voxel in the brain. The shape of the estimated HRF may provide
additional information about the significantly activated areas. As suggested in
the study of Lindquist et al. (2007), the onset and peak latencies of the HRF may
represent the timing of activation for various brain areas. Our study did not confirm
the suggestion resulting from the study of Lemieux et al. (2008) that a canonical HRF
is an indicator of the focus; noncanonical HRFs were found both in concordant and
in discordant areas. An explanation for these noncanonical HRFs needs to be further
investigated. They could represent different parts of the epileptiform network (e.g.
onset versus propagation of activity) or they could result from unmodeled effects
like physiological influences as already suggested by Lemieux et al. (2008). In the
current study, only cardiac effects were taken into account, but no correction for
respiration was applied, since the respiratory signal or pulse oximeter signal were
not simultaneously recorded in our data (van Houdt et al. 2010b). An alternative
explanation for the noncanonical shape could be that the assumption made in this
model (identical HRFs for each event of the same IED-type) might not be valid in
epilepsy. When each event of the same IED-type is followed by a different HRF,
these different HRFs will be averaged in our approach and thus may result in an
uncommon shape of the HRF.
That the performance of an EEG-fMRI experiment is affected by the number of
IEDs has already been suggested by the results of Salek-Haddadi et al. (2006). They
showed that data sets with more IEDs tended to result in a concordant activated area.
The calculation of the design parameters in our study formalizes these findings
quantitatively. In general, the data sets with more IEDs result in higher estimation
efficiency and in a concordant EEG-fMRI result (see Figure 2.2). Although we expected
the temporal distribution to play a role in the performance of the EEG-fMRI analysis,
our results show that this is only a minor role.

2.4.1

Conclusions

In this study, we investigated how the outcome of IED-correlated fMRI is determined
by both the analytical strategy and the way IEDs are present in the EEG during the
recording. The latter cannot be influenced externally, but the outcome of EEG-fMRI
analysis can be changed by using more tailored HRF models (a flexible approach
instead of a fixed one). This study further supports the finding that correction for
physiological effects is important. Future studies can use these flexible models to
explain widespread correlation patterns and the meaning of noncanonical HRFs and
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compare these results to the results of invasive EEG recordings (the gold standard to
determine the epileptogenic zone) and outcome of surgery.
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