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FULL-LENGTH ORIGINAL RESEARCH

BOLD signal changes preceding negative responses
in EEG-fMRI in patients with focal epilepsy
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Montreal Neurological Institute, McGill University, Montreal, Quebec, Canada

SUMMARY

Purpose: In simultaneous electroencephalography (EEG)
and functional magnetic resonance imaging (fMRl),
increased neuronal activity from epileptiform spikes com-
monly elicits positive blood oxygenation level-dependent
(BOLD) responses. Negative responses are also occasion-
ally seen and have not been explained. Recent studies
describe BOLD signal changes before focal EEG spikes.
We aimed to systematically study if the undershoot of a
preceding positive response might explain the negative
BOLD seen in the focus.

Methods: Eighty-two patients with focal epilepsy who
underwent EEG-fMRI at 3T were retrospectively studied.
Studies with a focal negative BOLD response in the region
of the spike field were reanalyzed using models with
hemodynamic response functions (HRFs) peaking from
—9 to +9 s around the spike.

Results: Eight patients met the inclusion criteria, show-
ing negative BOLD responses in the spike field on
standard analysis. None had positive BOLD responses
immediately adjacent to the areas of deactivation.
Regions of deactivation were found to have congru-
ent preceding positive responses in two cases. These
early activations were seen at the combined maps of -5
to-9s.

Discussion: This study indicates that in a small propor-
tion of patients with focal epilepsy in whom the stan-
dard analysis reveals focal negative responses, an
earlier positive BOLD response is probably the cause.
The origin of negative BOLD signal changes in the
focus as a result of an epileptic event remains, how-
ever, unexplained in most of the patients in whom it
occurs.
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Functional magnetic resonance imaging (fMRI) allows
the dynamic study of neuronal activity linked to a particular
event using a change in blood oxygenation—level dependent
(BOLD) effects as a surrogate marker (Ogawa et al.,1992).
Interictal discharges as seen on electroencephalography
(EEG) are a result of summated membrane events from
abnormally hypersynchronous neurons in epileptic tissue
manifesting as a deviation from a baseline “‘resting state’
(Matsumoto & Ajmonemarsan, 1964). In epilepsy patients,
BOLD signal changes can be used to detect neuronal activ-
ity linked to spikes seen on the scalp EEG in simultaneous
EEG-fMRI recording, thereby allowing the noninvasive
study of epileptogenic networks (for review see Gotman
et al., 2006; Laufs & Duncan, 2007). The BOLD response
reflects the synchronized neuronal activity that occurs as a
result of an epileptiform discharge. A delay is observed
between the EEG spike and corresponding BOLD signal
change, which usually peaks 4-6 s later (Krakow et al.,
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2001; Bénar et al., 2002; Kobayashi et al., 2006; Raichle &
Mintun, 2006). However, the quantitative measure of this
response, known as the hemodynamic response function
(HRF) may vary between subjects, for different brain
regions or for different types of spikes (Aguirre et al., 1998;
Bénar et al., 2002; Kang et al., 2003; Handwerker et al.,
2004; Menz et al., 2006). The sensitivity of EEG-fMRI
could be improved with the use of HRF models peaking at
3,5,7,and 9 s from the time of the EEG discharge to maxi-
mize the capture of statistically significant BOLD changes
(Bagshaw et al., 2004). Studies of the BOLD responses in
focal and generalized epilepsies have uncovered two curi-
ous phenomena for which a definite explanation remains
elusive.

Firstly, changes in BOLD can be positive or negative,
alternatively termed activations and deactivations (Archer
et al., 2003; Gotman et al., 2006; Laufs & Duncan, 2007).
They may occur within the region of the spike field or at
regions of the brain distant from the epileptic discharge seen
on the EEG (Kobayashi et al., 2006; Laufs et al., 2007).
Based on the assumption that activation in a region concor-
dant with EEG spikes reflects the epileptic discharge, the
significance of a deactivation in this region is uncertain.
(Al-Asmi et al., 2003; Gotman, 2008). Various hypotheses

1837



1838

R. Rathakrishnan et al.

have been proposed to explain this phenomenon, such as a
vascular “‘steal”” phenomenon, disruption of neurovascular
coupling, reduced synaptic activity, and y-aminobutyric
acid (GABA )ergic inhibition (Shmuel et al., 2002; Gotman,
2008; Mangia et al., 2009). Deactivations in the ‘“‘default
pattern” were commonly found in generalized discharges
but also reported for focal discharges (Aghakhani et al.,
2004; Hamandi et al., 2006; Laufs et al., 2007) and believed
to be a result of a suspension of the baseline state during
attentiveness (Raichle et al., 2001; Gotman et al., 2005;
Laufs et al., 2007). Focal deactivation within the region of
the spike field appears less commonly and is not easily
explained. The true incidence of an isolated and concordant
deactivation in focal epilepsy remains uncertain.

Secondly, both in focal and generalized epilepsies,
patients have been described in whom BOLD signal
changes preceded the spikes seen on the scalp EEG and
were not detected by the standard analysis (Hawco et al.,
2007; Moeller et al., 2008; Jacobs et al., 2009). The find-
ings of preceding hemodynamic changes prior to epileptic
activity seen on the scalp EEG are supported by near-infra-
red spectroscopy (NIRS) studies in humans (Roche-Labarbe
et al., 2008) as well as by animal studies, which showed
BOLD signal changes several seconds before induced dis-
charges (Mikiranta et al., 2005; Brevard et al., 2006). By
studying the modeled HRFs prior to the spike, Jacobs et al.
(2009) demonstrated that a negative BOLD response in the
spike field was preceded by a positive response in the same
region in 3 of 11 children with focal epilepsy. There was no
evidence that the prespike appearances were secondary to
any subtle EEG changes. They proposed that these deactiva-
tions merely reflect the undershoot following earlier activa-
tions. This explanation could shed new light on the
understanding of focal negative BOLD responses observed
in some patients.

The aim of our study was to determine systematically the
incidence of deactivations within the spike fields in a larger
group of patients with focal epilepsy. In such patients, we
studied the prespike BOLD response to determine if the
deactivations were due to a preceding activation in the same
region.

METHODS

Eighty-two adult patients with focal epilepsy who under-
went 3T EEG-fMRI between October 2006 and April 2009
at the Montreal Neurological Hospital and Institute were
identified from a database. Patients with clear interictal
EEG discharges and corresponding focal negative BOLD
responses within the spike field were included in the study.
The spike field (the anatomic region that generated the
spike) was estimated at the sublobar level by visual inspec-
tion of the EEG. Visual comparison was then made between
the estimated spike field and the localization of the BOLD
response. Concordance between EEG and fMRI was
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presumed if a negative BOLD response was noted in a region
of the brain that corresponded with the estimated spike field.
For example, temporal spikes involving the anterior tempo-
ral EEG channels suggested that the spike field was local-
ized to this particular region and that a BOLD response
isolated to the posterior temporal lobe was not considered
concordant. The following exclusion criteria were applied:
1. Generalized or very widespread discharges
2. Prolonged bursts of interictal discharges (in order to avoid
overlap between consecutive HRFs)
3. Deactivations in the ‘‘default mode’ pattern
4. Concomitant areas of activation immediately adjacent to
the deactivation
Patients provided informed consent in accordance with
the requirements of the ethics board at the Montreal Neuro-
logical Institute and Hospital.

Data acquisition

EEG was continuously acquired inside the 3T magnetic
resonance imaging (MRI) scanner (Siemens Magnetom Trio,
Erlangen, Germany) using 27 MRI-compatible Ag/AgCl
electrodes. EEG data were collected using a BrainAmp
amplifier (Brain Products, Munich, Germany). A 1 X
1 x 1 mm T,;-weighted scan was obtained for anatomic
localization of the functional data. Functional MRI images
of 62 patients were acquired using echo-planar imaging
(5 X 5 X 5 mm voxels, 25 slices, 64 X 64 matrix, TR/TE =
1,750/30 ms, flip angle = 90°) in runs of 200 frames lasting
6 min. An alternate acquisition parameter was used in
20 patients using a different head-coil (3.7 mm isotropic
voxels, 33 slices, 64 X 64 matrix, TR/TE = 1,900/25 ms,
flip angle = 70°).

EEG analysis

The EEG signal was of good quality and processed off-
line using Brain Vision Analyser software (Brain Products)
with correction of the gradient artifact and filtering of the
EEG signal (Allen et al., 2000). A 50-Hz low-pass filter was
applied to remove the remaining artifact. Independent com-
ponent analysis was used to extract the ballistocardiogram
artifact (Bénar et al., 2003). Epileptiform discharges
observed on EEG performed inside and outside the scanner
were identical. An experienced neurophysiologist marked
and categorized these according to their morphology, loca-
tion, and duration. The relationship between spike fre-
quency (number of spikes per min of acquisition) and
preceding fMRI activation was analyzed with analysis of
variance (ANOVA).

Standard fMRI analysis

The echo planar imaging (EPI) images were motion cor-
rected by linear six-parameter rigid-body transformations
(three translations and three rotations) and smoothed
(6-mm full width at half maximum) using the software
package from the Brain Imaging Center of the Montreal
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Neurological Hospital and Institute (http://www.bic.mni.
mcgill.ca/ServicesSoftware/HomePage).

In this standard analysis, maps of the t statistic (t maps)
were created using the timing of each event onset in an
event-related design (Worsley et al., 2002). At each voxel,
the maximum [tl value was taken from four individual
t maps created using a general linear model with one of four
gamma-shaped (HRFs) with peaks at 3, 5, 7, and 9 s, which
were convolved with the duration of the EEG discharge
(Bagshaw et al., 2005). Slice timing was taken into account
by sampling the modeled BOLD responses at the acquisition
times of each slice. EEG-fMRI responses were then classi-
fied into positive (activation) and negative (deactivation)
BOLD changes. For a response to be considered significant
it required a minimum of five contiguous voxels with a
Itl > 3.1, corresponding to p = 0.05 corrected for the multi-
ple comparisons resulting from the number of voxels in the
brain and the four HRFs. Six motion correction regressors
representing the three translations and three rotations were
included in the analysis. Runs with more than 2 mm of
motion were excluded from analysis. Anatomic and func-
tional MRIs were coregistered using a rigid transformation
(three rotations + three translations).

fMRI analysis for early BOLD signal changes

Studies that met the inclusion criteria for the focal deacti-
vations in the spike field were reanalyzed using models with
gamma-shaped HRFs peaking every 2 s from -9 to +9 s
around the spike to investigate possible earlier BOLD
responses (see Fig. 1). It was thus possible to investigate the
variability in HRF peak latency by computing the response
to each of the 10 HRFs in each patient. Peaks were then
grouped into early prespike [(—9) to (=5)], prespike [(=3) to
(+1)], and postspike [(+3) to (+9)] clusters as described by
Jacobs et al. (2009). The t map in each category was gener-
ated using the maximum It| values of all HRFs involved
within that group. The (+1) HRF is considered “‘prespike,”
although its peak occurs 1 s after the spike because the HRF
starts to rise before the spike (the rise time is approximately
5.4 s) (Glover, 1999). The (+3) HRF was included in the
“postspike” group for consistency with previous analyses,
and also because it shows very little variation preceding the
spike (see Fig. 1). The remaining six HRFs were thus not
only earlier than the canonical HRF, but also had their
onsets unambiguously earlier than the EEG events. These
six HRFs were partitioned into the two subgroups ‘‘early
prespike” [(=9) to (=5)] and “‘prespike” [(—3) to (+1)] to
facilitate the interpretation of the results. The t-map results
were represented using red—yellow scale corresponding to
positive BOLD changes (activation) and blue—white scale
corresponding to negative BOLD changes (deactivation).

HREF calculation
In order to confirm the findings obtained with the gamma
analysis, an HRF was calculated in the negative BOLD

Early Prespike

|

prespike
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Figure 1.

Plot showing the 10 HRFs used in the analysis, in relation to the
spike timing (represented by the vertical black bar). HRFs are
partitioned into “early prespike” (blue), “prespike” (green), and
“postspike” (red) groups.

Epilepsia © ILAE

response most concordant with the spike field in the posts-
pike map. For this purpose a region of interest (ROI) was
defined in the postspike maps, which was then used to select
the voxels for the HRF calculation. The shape of the HRF
was determined by investigating the voxel with the highest
t-value and the surrounding six significantly activated vox-
els. The average time course in those seven voxels was then
fitted by a Fourier basis set of 10 sine—cosine waves over a
50 s time window (from 20 s prior to the EEG spike to 30 s
after the spike) (Josephs et al., 1997; Kang et al., 2003).

RESULTS

Eighty-four EEG-fMRI scans from 82 patients with focal
epilepsy were reviewed. Interictal activity was localized to
the frontal region in 17 patients, temporal in 44, and extra-
frontotemporal in 14. In seven patients, the spikes were
either multifocal or had a field that involved more than one
of the regions described above.

Eight individual patient studies (9.5%) with one spike
type each met the inclusion criteria, with focal negative
BOLD signal changes concordant with the spike field.
Patient details are presented in Table 1. The mean age was
30.25 years (range 20-50 years). The distribution accord-
ing to the origin of the interictal discharges was as follows:
three frontal (22.2% of frontal patients studied), four tempo-
ral (6.8%), and one extrafrontotemporal (14.2%). Mean
spike rate was 2.9 per min (range 0.22-7.78 min). Seven
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The distribution of the prespike and early prespike BOLD in these regions is shown.

FTLE, frontotemporal lobe epilepsy.
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patients had identifiable structural abnormalities on the ana-
tomic MRI scans.

Patients 5 and 7 had a preceding activation in the congru-
ent region of focal negative BOLD seen on the standard
analysis (see Figs 2 and 3). In both cases these were seen in
the early prespike maps. Patient 2 had a preceding activa-
tion, but this was not in a congruent region. Three patients
(3, 4, and 6) had negative responses prior to the spikes (see
Fig. 4). Three patients (1, 2, and 8) did not have any preced-
ing responses in the region of spike field. There was no asso-
ciation between the spike frequencies to particular patterns
of preceding BOLD responses (ANOVA, p > 0.05).

In Patient 7, the t-statistics for deactivation and preceding
activation were —5.6 and 5.0, respectively. Both were in
congruous areas. In Patient 5, the maximum t-statistic for
deactivation in the postspike analysis was —5.6 and for acti-
vation in the early prespike analysis, 5.3. The areas of maxi-
mum activation and deactivation were seen perilesionally
and immediately adjacent to each other. No significant
BOLD response was seen in the prespike map of Patient 7,
whereas a small region of residual deactivation was seen in
Patient 5.

The plotted HRF confirmed the results seen in the maps:
All HRFs plotted in the negative BOLD responses most con-
cordant with the spike field in the postspike map showed a
clear negative peak varying from 4 to 9 s after the spike (see
Fig. 5). In patients in whom only deactivations in the early
maps were found (Patients 3, 4, and 6) the decrease started
before the onset of the spike. In Patient 7 the HRF showed a
broad positive peak from —9 to -2 s, followed by a negative
peak 7 s after the spike. This is in line with the early activa-
tion seen in the prespike map in the area of the negative
BOLD response of the postspike map. For Patient 5, the
HREF plotted in the negative BOLD response of the posts-
pike map showed a positive peak 2 s before the onset, fol-
lowed by a negative peak 6 s after the spike. Because the
areas of activation in the early prespike map and the deacti-
vation in the postspike map were adjacent to each other, the
HRF of the early activation was plotted separately. This
showed a broad positive peak starting 9 s before the spike
followed by a negative peak 12 s after the spike.

DiSCcUSSION

This study of 82 patients demonstrates that the occurrence
of a focal deactivation in the region of the spike field in
adults with focal epilepsies is an uncommon (9.5% of cases)
yet consistent phenomenon. This is in accordance with other
EEG-fMRI studies in focal epilepsies (Al-Asmi et al., 2003;
Bagshaw et al., 2004; Kobayashi et al., 2005, 2006). An
EEG-fMRI study at 3T in 11 children with symptomatic and
idiopathic focal epilepsy revealed 27.2% incidence of focal
deactivations in the spike fields (Jacobs et al., 2009). In
another 3T study, similar deactivations were found in 36%
of children with only symptomatic focal epilepsy (Jacobs
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Patient 7 with a left posterior temporal deactivation and congruous activation in the early prespike map. Periventricular band heterot-
opia was noted on structural MRI shown at the bottom indicated by white arrows.

et al.,, 2007). A clear reason for the higher incidence in
younger patient populations has not been elucidated. The
effects of age and the circumstances under which such scans
are performed (usually under sedation and with predomi-
nant sleep activity) might play a contributory role (Jacobs
et al., 2007).

The issues of negative BOLD responses and of changes
prior to the interictal events are intertwined. Hemodynamic
changes prior to interictal discharges on the scalp have been
previously described both in animal studies (Mikiranta
et al., 2005; Brevard et al., 2006) and humans in fMRI and
NIRS studies (Hawco et al., 2007; Moeller et al., 2008;
Roche-Labarbe et al., 2008; Jacobs et al., 2009). However,
the pathophysiologic mechanisms of this phenomenon are
still insufficiently understood. It was postulated that the
early BOLD responses might reflect preliminary processes
occurring at the neuronal level that are invisible at the time
of the scalp EEG (Mikiranta et al., 2005). This hypothesis
is plausible, as not all spike activity is visible on the scalp,
especially if it originated in deep structures or involves only
a small cortical area (Tao et al., 2005). In our study, there
was partial overlap between the concordant areas of deacti-
vation and preceding activation. It is possible that a meta-
bolic change occurred before the epileptiform activity was
detected on the surface. Jacobs et al. (2009) showed that the

BOLD changes seen prior to the spike are not the result of
subtle EEG changes that occurred in the seconds preceding
the spike. Simultaneous EEG-fMRI using intracranial elec-
trodes might be able to answer this question, however, this
method is currently in preliminary stages (Cunningham
et al., 2008).

Our study of BOLD responses prior to the spikes suggests
that 25% of focal deactivations are preceded by earlier acti-
vations. We limited our analysis to HRFs peaking 9 s prior
to the spike, since earlier studies have shown BOLD signal
changes in this time window prior to the discharges (Hawco
et al., 2007; Moeller et al., 2008; Jacobs et al., 2009). How-
ever, it cannot be excluded that BOLD signal changes even
earlier than 9 s prior to the discharges might occur. In this
study, the HRF plots using the Fourier method were used to
confirm our findings based on analysis with gamma func-
tions. Indeed, using the Fourier fits, positive peaks occur-
ring earlier than —9 s were seen in Patients 1 and 2 (see
Fig. 5). The significance of these is uncertain and merits
further investigation.

Jacobs et al. (2009) demonstrated a preceding activation
in all three of their cases that had a focal deactivation in the
spike field. They proposed that the negative response may
represent an undershoot of the earlier positive response
occurring before the spike. This is an explanation for only a

Epilepsia, 51(9):1837-1845,2010
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Figure 3.

Patient 5 with a focal left frontal deactivation (red arrows) and a preceding partially congruous activation in the early prespike map,
visible notably in the coronal plane. Structural MRI revealed a lesion involving the left frontal lobe that was pathologically diagnosed to
be alow grade glioma.
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Patient 4 with a right frontal deactivation. A preceding deactivation was seen in the prespike map. Focal cortical dysplasia at the right
frontal lobe was observed on MRI (indicated in white arrows).
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minority of cases in our study. There were no distinguishing
clinical or EEG features between these patients and others
in whom a preceding positive response was not observed.
The disparity between the studies may be related to the
different patient populations: Jacobs et al. studied children
with idiopathic and symptomatic focal epilepsy. In adults
with symptomatic and cryptogenic focal epilepsy as per our
study, the question remains: What causes a focal deactiva-
tion in the epileptogenic area when it is not the undershoot
of an earlier activation?

The areas of focal deactivations we observed were in the
region of the spike field and did not contain any activation.
In physiologic studies, a negative BOLD response has been
correlated with neuronal inhibition and a decrease in neuro-
nal activity. (Chatton et al., 2003; Shmuel et al., 2006).
Extending this observation to our study, it would suggest
that in some cases, decreases in neuronal activity occur
within epileptogenic tissue. Whereas inhibition could be the
synchronizing factor that gives rise to the discharge, the dis-
charge itself consists of actively firing neurons resulting
from synchronized excitation. It is, therefore, less likely that
deactivations are the direct result of neuronal inhibition.

Structural changes may result in compromised local
cerebral blood flow and possibly cause a decreased BOLD
signal (Sakatani et al., 2007). The extent of the role of struc-
tural abnormalities contributing to focal spike-relevant
deactivations in epilepsy is uncertain, although it does not
appear to be the primary cause. In our study, focal regions of
deactivation were observed despite relatively diffuse struc-
tural abnormalities (Patients 7 and 8). One patient had a
normal anatomic scan (Patient 6). Furthermore, this phe-
nomenon was also observed in idiopathic focal epilepsy,
where characteristically there is no demonstrable anatomic
lesion (Jacobs et al., 2009).

Another possible explanation involves the interpretation
of the fMRI signal. A positive BOLD represents increased
oxyhemoglobin content (Ogawa et al., 1992). This is a para-
doxical result of a disproportionate increase in regional
cerebral blood flow and volume relative to the oxygen
demand (Raichle & Mintun, 2006). The opposite holds true
for negative responses (Shmuel et al., 2006). Various
hypotheses have been cited to explain negative BOLD
responses, which include a dysregulated neurovascular cou-
pling in abnormal tissue, a vascular steal phenomenon, or a
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primarily neuronal mechanism via a decrease in neuronal
activity (Harel et al., 2002; Shmuel et al., 2006; Schridde
et al., 2008). However, Schridde et al. (2008) demonstrated
the occurrence of a sustained negative BOLD signal during
increased neuronal activity. This is caused by a lesser degree
of mismatch between cerebral blood flow and oxygen
consumption, emphasizing that BOLD involves complex
interactions among metabolic, hemodynamic, and neuronal
parameters (Raichle & Mintun, 2006; Mangia et al., 2009).
In addition, a true baseline in fMRI has not been identified,
as BOLD does not remain constant (Raichle & Mintun,
2006; Shulman et al., 2007). What is visually observed as a
focal change in BOLD is merely the deviation from an arbi-
trary “‘resting state’’ (Shulman et al., 2007). For these rea-
sons, the physiologic correlate of a focal deactivation in
epileptogenic tissue remains uncertain and caution should
be exercised when interpreting such signals.

CONCLUSION

Focal EEG-fMRI deactivations concordant to the spike
fields are an uncommon but consistent phenomenon in
adults with focal epilepsy. These are explained by a preced-
ing positive response in only a minority of cases. For the
remainder, the explanation remains uncertain. However,
recent discoveries related to neuronal metabolism and ener-
getics suggest that these negative BOLD responses are
more complex and should not be assumed to be simply an
indicator of neuronal suppression. Further studies incorpo-
rating blood flow measurements and intracranial EEG
within these regions may further our understanding of this
phenomenon.
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