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Abstract

In EEG–fMRI studies, BOLD responses related to interictal epileptic discharges (IEDs) are most 

often the expected positive response (activation) but sometimes a surprising negative response 

(deactivation). The significance of deactivation in the region of IED generation is uncertain. The 

aim of this study was to determine if BOLD deactivation was caused by specific IED 

characteristics. Among focal epilepsy patients who underwent 3T EEG–fMRI from 2006 to 2011, 

those with negative BOLD having a maximum t-value in the IED generating region were selected. 

As controls, subjects with maximum activation in the IED generating region were selected. We 

established the relationship between the type of response (activation/deactivation) and (1) presence 

of slow wave in the IEDs, (2) lobe of epileptic focus, (3) occurrence as isolated events or bursts, 

(4) spatial extent of the EEG discharge. Fifteen patients with deactivation and 15 with activation 

were included. The IEDs were accompanied by a slow wave in 87 % of patients whose primary 

BOLD was a deactivation and only in 33 % of patients with activation. In the deactivation group, 

the epileptic focus was more frequently in the posterior quadrant and involved larger cortical areas, 

whereas in the activation group it was more frequently temporal. IEDs were more frequently of 

long duration in the deactivation group. The main factor responsible for focal deactivations is the 
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presence of a slow wave, which is the likely electrographic correlate of prolonged inhibition. This 

adds a link to the relationship between electrophysiological and BOLD activities.
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Introduction

Functional magnetic resonance imaging (fMRI) uses the blood oxygen level dependent 

(BOLD) effect to map the neuronal activity linked to a particular event (Ogawa et al. 1992). 

Simultaneous electroencephalogram (EEG) and fMRI, EEG–fMRI, is a non-invasive 

technique that detects hemodynamic changes in the brain related to interictal epileptic 

discharges (IEDs) identified on scalp EEG. Combining the high temporal resolution of EEG 

signal with the high spatial resolution of BOLD images, EEG–fMRI has been shown to be 

useful to characterize various forms of focal and generalized epileptic discharges (Laufs and 

Duncan 2007). IED-related BOLD response usually increases in regions generating focal 

IEDs, but often in the context of more widespread, or even distant, responses (Fahoum et al. 

2012; Thornton et al. 2011). These findings have brought to the concept of networks 

associated with epileptiform discharges (Gotman 2008).

IEDs related BOLD changes can be positive or negative with respect to the baseline; these 

two types of response are called respectively activation and deactivation. Activation has been 

assumed to reflect increased neuronal activity and increased synaptic activity (Attwell and 

Laughlin 2001), but the neurophysiologic basis of deactivation is more difficult to explain in 

the context of presumed increased neuronal activity (Shmuel et al. 2002, 2006). 

Deactivations have been reported in areas directly or indirectly involved in sensory and 

cognitive tasks (Hamzei et al. 2002; Czisch et al. 2004; Born et al. 2002). In epilepsy, 

deactivation in EEG–fMRI field was first described in patients with bursts of generalized 

discharges, but it has been also observed in patients with focal epilepsy and focal EEG 

discharges (Salek-Haddadi et al. 2006; Kobayashi et al. 2006; Jacobs et al. 2009). In some 

patients, this decrease is located in the presumed region of spike generation and appears to 

have the same localization value as the increase (Gotman and Pittau 2011).

In contrast, deactivations in the regions of default mode network were first found in 

generalized discharges, but then also in focal discharges (Aghakhani et al. 2004; Hamandi et 

al. 2006; Fahoum et al. 2012) and believed to be the result of a suspension of the baseline 

state of attention (Raichle et al. 2001; Gotman et al. 2005; Laufs and Duncan 2007) and do 

not have localization value with respect to the generator of epileptic activity.

Different mechanisms have been proposed to explain negative BOLD responses: (i) a 

vascular effect, with a reduction of cerebral blood flow (CBF) in the deactivated areas 

secondary to the increased CBF in activated regions (“steal” phenomenon) (Harel et al. 

2002); (ii) an abnormal coupling between neuronal activity and regional cerebral blood flow 

(Suh et al. 2006); (iii) decreases in neuronal activity (Shmuel et al. 2006). Jacobs et al. 

(2009) have shown a preceding activation in all three of their cases that had a focal 
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deactivation in the spike field, suggesting that the negative response may represent the 

undershoot of an earlier positive response occurring before the spike. These findings were 

confirmed but in only a minority of cases with deactivation (Rathakrishnan et al. 2010). The 

origin of negative BOLD changes in the focus as a result of an epileptic event therefore still 

remains unexplained in most of the patients in whom it occurs.

The aim of this study was to better characterize this phenomenon, investigating the 

correlation between BOLD deactivation and characteristics of the IEDs.

Materials and Methods

Subjects

From the pool of 184 patients with focal epilepsy who underwent EEG–fMRI (3T) from 

April 2006 to May 2011, we retrospectively selected from our database all patients who had 

a focal negative BOLD response within the spike field (remote negative responses were not 

investigated); the peak t-value of this deactivation had to be the maximum absolute t-value 

for the patient, or be at least of the same order of magnitude as the maximum positive t-
value. Patients with primarily generalized discharge were excluded. If a patient had multiple 

types of IEDs (marked as different events), we considered only the study with the highest t 

value. For that study, we analyzed and described (Table 1) all the activation and deactivation 

responses (included those remote to the spike field). Although the t value of BOLD response 

may depend on different variables, including statistical method, we chose this parameter 

because we assume that it represents the maximal metabolic activity to the event of interest. 

In order to select only patients with BOLD responses with a localizing value, we excluded 

patients for whom the max t value corresponded to brain regions belonging to the default 

mode network. Among the selected patients, some could also have smaller negative 

responses in default mode regions.

As a control group we retrospectively selected from our database (starting from the most 

recent patient and going backward) patients who underwent 3T EEG–fMRI and had a focal 
positive BOLD response with a maximum absolute t-value within the spike field. Patients 

were selected consecutively and recruitment stopped when we reached the same number of 

patients as in the negative BOLD group. The nature of the experimental procedures was 

explained and written informed consent in accordance with the Research Ethics Committee 

of the Montreal Neurological Institute and Hospital was obtained from each subject.

EEG–fMRI Acquisition

EEG was continuously recorded inside a 3T MRI scanner (Siemens, Trio, Germany). No 

sedation was given. The EEG acquisition was performed with 25 MR compatible electrodes 

(Ag/AgCl) placed on the scalp using the 10–20 (reference at FCz) and the 10–10 (F9, T9, 

P9, F10, T10, and P10) placement systems. Two electrodes were placed on the back to 

record the electrocardiogram. The head of the patient was immobilized with a pillow filled 

with foam microspheres (Siemens, Germany) to minimize movement artifacts and for 

patient’s comfort. Data were transmitted from a BrainAmp amplifier (Brain Products, 
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Munich, Germany, 5 kHz sampling rate) to the EEG monitor located outside the scanner 

room via an optic fiber cable.

A T1-weighted anatomic (MP-RAGE) acquisition was first done (1 mm slice thickness, 

256′256 matrix; echo time [TE] = 7.4 ms and repetition time [TR] = 23 ms; flip angle 30°) 

and used to superimpose the functional images. The functional data were acquired in runs of 

6 min each with the patient in the resting state using a T2*-weighted EPI sequence (64′64 

matrix; either 25 slices, 5′5′5 mm, TE = 30 ms, TR = 1.7 s, or 33 slices, 3.7′3.7′3.7 mm, 

TE = 25 ms, TR = 1.9 s; flip angle 90°).

EEG–fMRI Processing

EEG—Brain Vision Analyser software (Brain Products, Munich, Germany) was used for 

off-line correction of the gradient artifact (Allen et al. 2000). A 50-Hz low-pass filter was 

also applied to remove the remaining artifact. The ballistocardiogram artifact was removed 

by independent component analysis (Bénar et al. 2003). A neurologist reviewed the EEG 

recording and marked the interictal epileptic discharges, according to those observed during 

clinical monitoring (outside the scanner). In the figures the montage of the EEG is displayed 

in the most illustrative way, as used in clinic practice (bipolar, referential at FCz or average).

fMRI—The EPI images were motion corrected and smoothed (6 mm full width at half 

maximum) using the software package from the Brain Imaging Center of the Montreal 

Neurological Institute (http://www.bic.mni.mcgill.ca/software/). Data were then analyzed as 

an event-related design using fMRIstat software (Worsley et al. 2002).

The EPI frames were realigned using a linear 6-parameter rigid-body transformation (3 

translations and 3 rotations) to correct for movement effects. To account for residual 

movement artifacts, the 6 parameters used for the realignment were also integrated in the 

analysis as confound regressors in the general linear model. A regressor for each type of 

interictal epileptic discharge was built using the timing and duration of each event and 

convolved with 4 hemodynamic response functions (HFRs) with peaks at 3, 5, 7, and 9 s 

(Bagshaw et al. 2004). All these regressors were included in the same general linear model. 

A statistic t map was obtained for each regressor using the other regressors as confounds (a 

study was performed for each type of interictal event) in the fMRI analysis (fMRI-stat) 

(Worsley et al. 2002). At each voxel, the maximum t value was taken from the 4 individual t 

maps created with the 4 HRFs. To be significant, a response needed to have a spatial extent 

threshold of 5 contiguous voxels having a t-value > 3.1 corresponding to p < 0.05, corrected 

for multiple comparisons (family wise error rate = FWE) resulting from the number of 

voxels in the brain and the use of 4 HRFs. The t map results were represented using red–

yellow scale corresponding to positive BOLD changes (activation) and blue–white scale to 

negative BOLD changes (deactivation). Responses outside the brain parenchyma were 

ignored.

EEG-Correspondence Between EEG and BOLD Localizations

The spike field (the region thought to generate the spike) was estimated at the sub-lobar level 

by visual inspection of the scalp EEG (for example, F7–T3–T5 spikes generated in the 
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anterior aspect of left temporal lobe, or Fp1–F3–F7 generated in the anterior aspect of left 

frontal lobe) by two different neurologists. Concordance between each BOLD response 

(positive and negative) and each type of IED was established if the max t-value 

corresponded to the localization of the spike field by EEG.

We established the relationship between the type of response (activation or deactivation) 

and:

• IED morphology. The presence of slow wave in the IEDs was considered (spikes 

or polyspikes vs. spikes or polyspikes and slow wave). A slow wave was defined 

as a waveform lasting at least 300 ms and having the same polarity as the 

preceding spike.

• IED duration, i.e. single events or bursts. When the events were characterized by 

bursts, they were marked with “event-start” and “event-end”. For these cases, we 

reported the average and the maximum burst length (Table 1). The length of the 

bursts was convolved with the HRF to include length in the analysis. Because of 

their short duration (<500 ms), bursts of polyspike were considered as single 

event (examples of burst are shown in the figures).

• IED extent. The discharge was considered diffuse when it involved bilateral 

homologous regions or more than four channels of one hemisphere. If an event 

started in only one channel but became diffuse in less than 200 ms it was 

considered diffuse. If an event was bilateral and diffuse but the amplitude of the 

spike was higher in one or two channels this event was still considered diffuse. If 

all these conditions were not present, the discharge was considered focal.

• The maximum IEDs localization at the lobar level.

Chi Square Test was used to compare deactivation/ activation patterns with the presence of 

slow wave, duration of events and the extent. The level of significance was set at 0.05.

Results

Subjects

From 184 patients of our database, 15 patients with a deactivation pattern as described above 

were included (8 %; 9 females). The mean age at seizure onset was 10 years (range 1–21) 

and the mean age at evaluation was 29 years (range 18–48). Clinical details of patients are 

reported in Table S1. In seven patients structural MRI was normal or unspecific, in one it 

showed the surgical bed of anterior callosotomy, in seven it showed a lesion (nodular 

heterotopia in 1 patient, perysilvian polymicrogyria in 1, focal cortical dysplasia in 2, 

hemimegalencephaly in 1, mesial temporal lobe sclerosis in 1, an occipital cyst in 1).

Fifteen patients with activation were included as control group (10 females). The mean age 

at seizure onset was 12.5 years (range 1–25) and the mean age at evaluation was 30 years 

(range 19–50). In three patients structural MRI was normal or unspecific, in one it showed 

the surgical bed of left temporal lobectomy, in 11 it showed a lesion (nodular heterotopia in 
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1 patient, perysilvian polymicrogyria in 1, focal cortical dysplasia in 5, mesial temporal lobe 

sclerosis in 4).

BOLD Response

Table 1 and Fig. 1 report the characteristics of the marked IEDs end of the corresponding 

BOLD responses, and the relationship between the type of response (activation or 

deactivation) and the studied parameters. In the deactivation group, the number of IEDs 

recorded during the fMRI session ranged from 12 to 459 (average 127.5, median 89). All 

patients but one presented also a cluster of activation with a lower t-value remote form the 

spike field. IEDs were accompanied by a slow wave in 13/15 cases (87 %; Figs. 2, 3, 4). 

Regarding the localization of the epileptic focus, it was in the occipital or posterior quadrant 

region in 7/15 patients (47 %) (Figs. 2, 3), frontal in 6 (40 %) and temporal in 2 (13 %). 

With respect to duration, in 10/15 (67 %), IEDs were characterized by bursts (Fig. 4). Eight 

of 15 (53 %) patients had diffuse discharges (in 5 the discharges involved bilateral 

homologous regions, in 3 they were bilateral and diffuse).

In the activation group, the number of IEDs recorded during the fMRI session ranged from 3 

to 300 (average 62.5, median 16). The difference in IED rate was significantly lower than in 

the deactivation group (p = 0.042; Mann–Whitney U-test). All patients but three presented 

also a cluster of deactivation with a lower t-value remote form the spike field. IEDs were 

accompanied by a slow wave in 5/15 cases (33 %, Fig. 5). In 2/15 (13.3 %) the focus was in 

the posterior quadrant (Figs. 6, 7), frontal in 2 (13.3 %), temporal in 9 (60 %) and parietal in 

2 (13.3 %). In 4/15 (27 %), IEDs were characterized by bursts. Two of 15 patients (13 %) 

had diffuse discharges (both bilateral). The Chi square test indicated that the type of BOLD 

response (activation/deactivation) was significantly related to the presence of slow wave in 

IEDs (χ2 (1, N = 30) = 8.89 p < 0.01), to whether IEDs were characterized by bursts or not 

(χ2 (1, N = 30) = 3.33 p = 0.0281), and to whether the discharge was diffuse or focal (χ2 (1, 

N = 30) = 5.4 p = 0.020). Deactivation was mainly associated to slow waves, IED bursts, and 

diffuse discharges.

Discussion

In our population of patients with focal epilepsy with heterogeneous etiology, the incidence 

of negative BOLD response concordant with the spike field is almost 8 %. This is in 

agreement with previous EEG–fMRI studies in focal epilepsy (Rathakrishnan et al. 2010; 

Al-Asmi et al. 2003; Bagshaw et al. 2004; Kobayashi et al. 2006). The incidence is higher in 

the pediatric population, as it varies from 27.2 to 36 %, (Jacobs et al. 2009, Jacobs et al. 

2007). The reason for this higher percentage in children is not clear; a possible role of 

sedation has been proposed (Jacobs et al. 2007).

Our study suggests that deactivation is significantly related with the presence of a slow 

wave: indeed, the IEDs were followed by a slow wave in almost all patients whose primary 

BOLD was a deactivation and only in 33 % of patients with activation. Kobayashi et al. 

(2006) investigated, in patients with focal or generalized epilepsies, the characteristics of 

EEG–fMRI studies that produced robust deactivation, not specifically into the spike field, as 

compared to studies that had only robust activation or both types of responses. They found 
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that spike-and-slow waves were always associated with deactivation, which was not 

observed with spikes not followed by a slow wave. Our results are in agreement with this 

study. We defined a slow wave as a waveform lasting at least 300 ms and having the same 

polarity as the preceding spike (in one patient IEDs consisted only of bursts of slow waves). 

Experimental studies have shown that slow wave is caused by a robust hyperpolarization of 

the membrane of the pyramidal cells of the third and fifth cortical layers (Pollen 1964; 

Neckelmann et al. 2000). There are different opinions about the fact that the 

hyperpolarization associated with the slow wave is a process that requires energy or not. On 

one hand it has been demonstrated with multiple intracellular recordings that virtually all 

neurons (local inhibitory interneurons included) are silent during this phase (Fisher and 

Prince 1977; Amzica 2009), suggesting that the neuron membrane is in a “refractory mode”. 

This hypothesis would imply that for this process no energy is required. On the other hand it 

has been shown that this hyperpolarization is due to the role of GABA inhibitory 

interneurons. This active process should implicate an increased metabolism, as suggested by 

Bénar et al. (2006), who, comparing the concordance between EEG–fMRI results and 

stereotaxic EEG (SEEG) recordings, observed a higher proportion of energy in the low 

frequencies for the SEEG recorded in regions with fMRI signal increase compared to the 

regions with fMRI signal decrease. Nevertheless it has been shown that, due to their peculiar 

branched shape, their fast connections and the position of their synapses along the soma of 

the neurons, inhibitory interneurons are very efficient in inhibiting a high number of neurons 

despite a low consumption of energy (Chatton et al. 2003; Koos and Tepper 1999). 

Therefore, even if the hyperpolarization is an active process, it could cause a decrease in 

neuronal activity with respect to the baseline. The relationship between the GABAergic 

system and negative BOLD has been further demonstrated in a spectroscopy study by 

Northoff et al. (2007), who observed that the concentration of GABA in the anterior 

cingulate cortex specifically correlates with the amount of negative BOLD responses in that 

region.

Different studies (Shmuel et al. 2002, 2006), have shown that BOLD deactivations are 

generally related to decreasing neuronal activity. Shmuel et al. (2006) obtained electrical 

recordings simultaneously with fMRI in anesthetized monkeys and found negative BOLD 

response beyond the stimulated regions of visual cerebral area V1. This response was 

associated with decreases in neuronal activity below spontaneous baseline activity, 

suggesting that a substantial component of the negative BOLD response can be attributed to 

decreased neuronal activity. We cannot infer a direct link between stimulus-induced 

deactivations in healthy animal and events-deactivations in pathological states like epilepsy, 

as the preservation of the neurovascular coupling in non-healthy states is still uncertain 

(Laufs 2012).

We did not investigate neuro-vascular coupling in our patients with epilepsy, relying on the 

assumed coupling between neuronal activity, cerebral blood flow (CBF) and oxygenation. 

Indeed it has been demonstrated (Stefanovic et al. 2005) that patients with generalized spike 

and wave do not have, during baseline and during bursts of spike and waves, a significant 

difference between ΔCBF/ΔBOLD within areas of negative BOLD, suggesting that cerebral 

energy consumption and neurovascular coupling to BOLD signal are generally maintained 

between states and in brain regions exhibiting deactivations. Nevertheless, it has been 
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demonstrated in non-epileptic patients (Rother et al. 2002; Hamzei et al. 2003), that extra- or 

intracranial artery diseases influence cerebrovascular reserve capacity (CVRC) and 

consequently motor tasks are related to a negative BOLD response, whereas patients with 

intact CVRC (without artery disease) do not show this phenomenon. These findings suggest 

that CVCR influences the BOLD signal and that our results may be important for the 

understanding of neurovascular coupling in epilepsy. It is possible that vascular 

abnormalities cause epileptic discharges, but we have no direct evidence of this.

In our population, most patients with normal or near-normal MRIs were in the negative 

BOLD group, whereas patients with lesional epilepsy were more represented in the positive 

BOLD group, suggesting that the lesions found in our patients do not interfere with 

neurovascular coupling.

The fact that several patients with negative BOLD had occipital non-lesional epilepsy with 

secondarily bilateral diffuse spike and waves (thalamic pathway) can find a parallel in the 

findings of Logothetis (2012). He showed that thalamus (particularly lateral geniculate 

nucleus, connected monosynaptically to primary visual areas) stimulation inhibits neuronal 

activity (resulting in negative BOLD) within visual areas and that this inhibition depends on 

the frequency of stimulation: visual brain regions connected by polysynaptic tracts (like 

secondary visual areas) are inhibited at low stimulation frequency and are progressively 

more inhibited by increasing frequency. Visual brain regions connected by monosynaptic 

tract (like primary visual areas) are inhibited only for low frequency stimulation (<12 Hz) 

and each stimulus is followed by a refractory period of 300–400 ms, during which the 

neurons are not excitable. This neuronal inhibition in primary visual cortex is abolished by 

injection of GABA antagonist, strengthening the concept that the slow wave inhibition 

period is mediated by GABA. Another finding that corroborates the relationship between 

slow waves and negative BOLD is the demonstration that spontaneous fluctuations in BOLD 

signals correlate with locally measured changes in neuronal activity in a frequency-band 

dependent manner (Naaman et al. 2011). These authors obtained neurophysiological 

recordings simultaneously with optical imaging of intrinsic signals in anesthetized rats and 

found a positive correlation with the low (30–50 Hz) and the high-gamma band (50–100 

Hz). This positive correlation occurred simultaneously with negative correlation between 

BOLD signal and the delta (1–4 Hz) theta (5–8 Hz) and alpha (9–14 Hz) bands. These 

findings suggest that one important factor responsible for focal deactivations is the presence 

of slow waves, which can be the EEG correlate of prolonged inhibition (Gloor 1978). BOLD 

positive responses related to slow waves in epileptic patients have been described 

(Manganotti et al. 2008; Laufs et al. 2006), but it is likely that the mechanisms generating 

slow waves occurring independently of spikes are different from those generating the slow 

wave following a spike. Because in our population with deactivation almost all events were 

characterized by a spike preceding the slow wave, an important question could be: why is 

the BOLD deactivation not co-localized with an activation? The BOLD response has too 

slow a temporal resolution to separate the response related to the slow wave from that 

related to the spike. We record the compound response to both components and in some 

cases the positive response dominates whereas the negative dominates in others.
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In the deactivation group, the epileptic focus was more frequently in the posterior quadrant 

and involving larger cortical areas, whereas in the activation group it was more frequently 

temporal and focal. Moreover it was more frequently of long duration in the deactivation 

group than in the activation group. The distribution of the localization of the focus in the 

activation group is representative of the distribution of epilepsy in adults (Engel et al. 1997), 

temporal lobe epilepsy being the most common form of partial epilepsy in adults. Only two 

patients had an activation in the occipital areas: in the first one the marked events were 

bursts of focal polyspikes, and in the second focal spikes. In the deactivation group, in all the 

seven patients with a focus in the posterior quadrant region, the IEDs had slow wave as 

component of the marked events. Moreover they were very frequently marked as bursts and 

were diffuse. This could be related to the fact that the classical interictal pattern of the 

idiopathic, and more rarely cryptogenic, occipital epilepsies, comprises runs of nearly 

continuous high amplitude, rhythmic 2–3 Hz, unilateral or bilateral posterior sharp and slow 

wave complexes (Taylor et al. 2003). It could therefore be argued that posterior quadrant 

IEDs are more frequently diffuse, have long duration, and correlate with the presence of 

deactivation only because they had slow waves. A multivariate analysis could solve this 

issue, but the relative rarity of negative BOLD responses end the consequent small size of 

our sample did not allow us to perform this analysis.

We found that IEDs were more frequent in the activation group than in the deactivation 

group. We do not think this can have an influence on the nature of our results since the 

number of IEDs is not a factor in determining the direction of the response (activation or 

deactivation).

To conclude, the IEDs were accompanied by a slow wave in almost all patients whose 

primary BOLD was a deactivation and only in 33 % of patients with activation. In the 

deactivation group, the epileptic focus was more frequently than expected in the posterior 

quadrant and involving larger cortical areas but this may not be a determining factor in the 

presence of a deactivation because IEDs in posterior regions all included slow waves. One 

important factor responsible for focal deactivations therefore appears to be the presence of a 

slow wave, which can be the EEG correlate of prolonged inhibition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Deactivation/activation variables versus the three analyzed parameters of IEDs (presence of 

slow wave, duration, extent). a Deactivation is significantly related with the presence of slow 

wave in IEDs (p < 0.01), b with IEDs of long duration (p = 0.03) and c diffuse p = 0.02). d 
In the deactivation group IEDs had more often slow wave, were long and extended (13 

deactivation vs. 5 activation), whereas in the activation group, IEDs more often did not have 

a slow wave, were short and more focal (10 activation vs. 2 deactivation)
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Fig. 2. 
Case 9 with non-lesional right posterior quadrant epilepsy. Marked events (red arrow): bursts 

of diffuse spike and slow wave complexes starting at T6–P10–O2. BOLD response: max is 
deactivation in the right temporo-pariato-occipital junction; activation in mid cingulate 

cortex
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Fig. 3. 
Case 7 with non-lesional right occipital epilepsy. Marked events: bursts of spike and slow 

wave complexes with max amplitude at O2 (red arrow). BOLD response: max is 
deactivation in the right occipital cortex; activation in the cingulate cortex and bilateral 

insulae
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Fig. 4. 
Case 6 with lesional right temporal epilepsy (nodular heterotopia). Marked events: bursts of 

spike and slow wave complexes with max amplitude at T4–T6. BOLD response: max is 
deactivation in the cortex overlying the lesion (mid and posterior temporal); activation in the 

mesial part of the lesion
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Fig. 5. 
Case 22 with lesional right frontal epilepsy (FCD). Marked events: bursts of spike and slow 

wave complexes with max amplitude at Fp2–F8. BOLD response: max is activation in the 

right frontal operculum (lesion) and cingulate cortex. Other clusters of activations and 

deactivations were present, but not investigated because of the lower t-value and because 

they were remote from the spike field
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Fig. 6. 
Case 26 with non-lesional left occipital epilepsy. Marked events: spikes with max amplitude 

at O1 (montage: ref. at Fz–Cz). BOLD response: max is activation in the left lateral occipital 

region. Other clusters of deactivations were present, but not investigated because of the 

lower t-value and because they were remote from the spike field
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Fig. 7. 
Case 29 with non-lesional left posterior quadrant epilepsy. Marked events: Burst of 

polyspikes with max amplitude at T5 P3 O1. BOLD response: max is activation in left 

temporo-occipital region
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