1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Pediatr Epilepsy. Author manuscript; available in PMC 2016 January 05.

-, HHS Public Access
«

Published in final edited form as:
J Pediatr Epilepsy. 2015 ; 4(4): 174-183. doi:10.1055/s-0035-1559812.

Simultaneous Electroencephalography and Functional Magnetic
Resonance Imaging and the Identification of Epileptic Networks
in Children

Thomas C. Maloney, MS2", Jeffrey R. Tenney, MD, PhD?, Jerzy P. Szaflarski, MD, PhDP, and
Jennifer Vannest, PhD?2

aCincinnati Children’s Hospital Medical Center

bUniversity of Alabama at Birmingham

Abstract

EEG/fMRI takes advantage of the high temporal resolution of EEG in combination with the high
spatial resolution of fMRI. These features make it particularly applicable to the study of epilepsy
in which the event duration (e.g., interictal epileptiform discharges) is short, typically less than
200 milliseconds. Interictal or ictal discharges can be identified on EEG and be used for source
localization in fMRI analyses. The acquisition of simultaneous EEG/fMRI involves the use of
specialized EEG hardware that is safe in the MR environment and comfortable to the participant.
Advanced data analysis approaches such as independent component analysis conducted alone or
sometimes combined with other, e.g., Granger Causality or “sliding window” analyses are
currently thought to be most appropriate for EEG/fMRI data. These approaches make it possible to
identify networks of brain regions associated with ictal and/or interictal events allowing
examination of the mechanisms critical for generation and propagation through these networks.
After initial evaluation in adults, EEG/fMRI has been applied to the examination of the pediatric
epilepsy syndromes including Childhood Absence Epilepsy, Benign Epilepsy with Centrotemporal
Spikes (BECTS), Dravet Syndrome, and Lennox-Gastaut Syndrome. Results of EEG/fMRI studies
suggest that the hemodynamic response measured by fMRI may have a different shape in response
to epileptic events compared to the response to external stimuli; this may be especially true in the
developing brain. Thus, the main goal of this review is to provide an overview of the pediatric
applications of EEG/fMRI and its associated findings up until this point.

1. Introduction

Since its introduction, electroencephalography (EEG) has been used in the study and
diagnosis of epilepsy. Its low cost and ease of use make it a ubiquitous staple in the
examination of paroxysmal neurological disorders. However, EEG has poor spatial
resolution, especially in regions deep in the brain, and the localization of sources (e.g.,
epileptiform discharges) is dependent on multiple assumptions. Whereas EEG measures the
direct electrical activity of a large number of neurons with a high temporal resolution and
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low spatial resolution, fMRI measures blood oxygen level dependent (BOLD) signal change,
which is an indirect measure of neuronal activity at a low temporal resolution, on the order
of seconds, and high spatial resolution, on the order of millimeters. The differences in the
temporal and spatial resolution of these techniques and in the types of measured neuronal
signals make EEG and fMRI complementary techniques enabling examination of dynamic
changes associated with paroxysmal neurological disorders such as epilepsy.

The engineering challenges of merging these two technologies were addressed in a paper in
1993 [1]. At that point, EEG could be safely recorded while the participant was in the MRI
scanner but the resulting EEG traces were plagued by noise from ballistocardiographic
artifacts and echo planar imaging (EPI) gradients that completely consumed any clinically
relevant EEG findings. Initially, a technique called “EEG-triggered fMRI” was used —
simply put, the fMRI data collection was triggered by an electroencephalographer who was
reviewing the real time EEG and who triggered the scanner to collect fMRI data once EEG
event was identified (event-related fMRI). In 1998 an algorithm was introduced for
removing the ballistocardiographic artifact and later an algorithm for removing the EPI
gradient noise [2, 3]. Recently, other methods for ballistocardiographic artifact removal have
been developed based on principal component analyses [4, 5]. The ballistocardiographic
artifact is believed to be related to the interaction of the magnetic field with the motion of
the blood as it accelerates and changes direction in the aorta [1]. Using these noise removal
algorithms, EEG can be recorded concurrently to the fMRI with minimal noise and little
obstruction to neuronal signals — these advances allow for continuous EEG data collection
and, more recently, real-time EPI artifact removal, to assess for the presence of events of
interest (e.g., epileptiform discharges).

Performing EEG/fMRI studies in children carries several additional problems that need to be
resolved in order for good quality data to be collected. First and foremost is the comfort
level of children as young as few months of age who, in the case of those with epilepsy,
frequently have cognitive impairments. This is, in many cases, resolved by the use of natural
sleep and/or sedating agents that do not affect EEG signals by themselves, e.g., chloral
hydrate. Although MRI, including repeated scans, is considered to be safe in children and
adolescents [7, 8], the benefits of the research study need to be weighed against the potential
risks of the procedure including the use of sedating pharmaceuticals. Finally, to examine
group results in a research context, another obstacle that needs to be overcome is splicing
data of children of various ages because of developmental differences. Several pediatric
brain MRI templates have been developed in order to address developmental changes in
anatomy [9, 10].

The majority of previous EEG-fMRI studies have been completed in adults but the
childhood epilepsies are unique with respect to their etiologies, semiology, pathogenesis,
EEG findings, and long-term prognosis [11]. The developing brain has more frequent
epileptiform discharges and they are usually poorly localized when compared to adults. It is
likely that the immature brain has neuronal networks leading to interictal discharges that are
influenced by the process of development. In addition, many epilepsy syndromes are
specific to the pediatric population and can only be studied within children. Consequently,
the use of EEG/fMRI in children has the potential to provide unique insights into the
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pathophysiological mechanisms of epilepsies, which can then be applied across the age
span.

2. Requirements for EEG/fMRI data acquisition

MRI-compatible EEG equipment is required for EEG/fMRI data acquisition; standard
clinical EEG hardware cannot be used in the MRI scanner without significant risk of
damage to the hardware and physical injury to participants. Currently, commercial EEG
hardware is available from several vendors that is safe for use in MRI and provides software
that allows synchronization of the EEG to the fMRI data.

Typically, in order to remove the ballistocardiographic artifacts from the EEG recordings
EKG and respiratory signals are recorded along with the EEG. These artifacts are then
modeled and removed from the EEG recording using various freeware or commercially
software packages that have implemented various methods of artifact removal including the
previously mentioned Allen method [2, 3].

In MRI studies, participant compliance is an important issue that deserves considerable
thought in the study design, especially in the pediatric population [12]. At our center, we
have successfully performed fMRI in awake participants as young as 2.5 years [13] and
EEG/fMRI scans on awake participants as young as 5 years old. While it is possible to
perform EEG/fMRI on children who are sedated, the interpretation of signals obtained with
the use of sedation may be difficult as sedative pharmaceuticals may alter the BOLD
response [14-16]; in addition, use of sedation precludes functional or cognitive testing
during the fMRI experiment. It is important when using EEG/fMRI in children to make sure
that they have a good understanding of all the steps involved, that they are comfortable with
all steps, and that there are no surprises that could cause discomfort leading to movement
and resulting in failure of the experiment. The participants should understand that while
some steps may be slightly uncomfortable, such as slight abrasion of the scalp during
placement of EEG electrodes, nothing will be painful; this helps eliminate much of the
anxiety the participant might otherwise have.

An important step to increase the success rate of the fMRI scans is to ensure patient comfort
while in the scanner. Common complaints during scanning are a discomfort in the back of
the head where the participant is resting on the EEG electrodes. Using toroid shaped foam
pads around each posterior electrode is one way of increasing patient comfort, which may
extend the time a participant is able to tolerate the cap, but a slight discomfort of the cap
remains since pressure is still being exerted on a relatively small area. The best solution is a
gel pad that spreads the pressure out across the entire back of the head and absorbs the
impression of the electrodes. In our experience, switching to a gel pad has eliminated
complaints relating to comfort in the scanner. Using this approach, our current study of
patients with Benign Epilepsy with Centrotemporal Spikes (BECTS) has successfully
collected EEG/fMRI data in 27 of 35 scans of BECTS patients (23 patients total ages 5-12
years, several patients with two scans). In 17 of these 27 successful scans, centrotemporal
spikes were recorded during a resting state acquisition (a 15 minute sequence). In the
remaining 8 scans, 2 children (both 6 year olds) refused to wear the EEG cap, 2 children
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(both 5 year olds) exited the scanner before data could be collected, and 4 scans were
unusable due to excessive motion.

3. Analysis Methods
3.1 EEG Preprocessing

As previously mentioned, the fMRI environment creates significant noise that obfuscates
neurologically generated electrical signals in the EEG data. It is possible to perform an
analysis using EEG without the gradient artifacts removed, this is accomplished using an
interleaved scanner acquisition [17] or by triggering EPI volumes off of an EEG event
detection [18]. The downside to these methods is that it is impossible to account for any
EEG events that may occur while the functional volume is being acquired and decisions
regarding EEG events need to be made in a split second in order for the peak of the BOLD
response to be collected. A more effective method, as mentioned above, is to use a gradient
noise removal algorithm such as the one initially developed by Allen et al. [2] to completely
remove the gradient noise allowing the use of a continuous EPI acquisition. Other
algorithms have been used successfully as well including e.g., linear spatial filtering method
[19, 20]. After the first processing step, the EPI artifact removal, ballistocardiographic
artifacts are removed followed by censoring out EEG samples with excessive motion
artifact. Once the EEG artifacts are removed, EEG signals can be evaluated for the presence
of expected abnormalities (Figure 1).

3.2 Functional MRI Processing

The simultaneous EEG acquisition has little effect (occasional signal loss in the cerebellar
region due to interference from the EEG cables) on the fMRI and the preprocessing of the
fMRI data proceeds in the typical fashion [21]. These steps include motion correction of the
functional scan volumes, coregistration of the functional scan to the anatomical,
normalization of functional and anatomical scans to a normalized space and spatial and
temporal smoothing. All of these steps are incorporated into freeware packages such as FSL
or SPM [22].

3.3 General Linear Model

One of the most common methods to analyze EEG/fMRI data is the general linear model
(GLM) [23]. One approach is to convolve the timing of the events of interest from EEG data
with a hemodynamic response function (HRF) and use the resulting time series as a
covariate in the GLM. It is common to model the interictal epileptic discharges (IED) as a
gamma function [24] but other methods have been used as well such as counting the number
of IED’s before an fMRI volume is acquired [17] or, in the case of generalized spike and
wave discharges (GSWDs), using the entire length of the GSWD convolved with the HRF
[25].

Most commonly, canonical HRF implemented in software packages such as SPM and FSL
has been used [20, 26]. However, multiple studies report that the hemodynamic response
arising from EEG events cannot be adequately modeled by the canonical HRF and HRFs in
different areas of the brain may vary [27]. One method of evaluating BOLD signal responses
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to EEG events that occur outside the standard HRF window is to run several GLM analyses
with a phase shifted HRF [25, 26, 28]. It is also possible to run a GLM analysis without
restricting the shape of the hemodynamic response by using a basis set such as the finite
impulse response (FIR), sine or gamma basis set [29].

3.4 Blood Oxygenation-Level Dependent Signal Change Estimation

In order to examine how the BOLD signal changes in relation to an EEG event, one can
analyze the BOLD percent signal change in specific regions of interest. First, regions of
interest must be identified either by statistical analysis (e.g. GLM), or hypothesis-driven,
based on literature or relationship to seizure semiology. For each region of interest, BOLD
intensity is averaged over all voxels for each functional volume, giving an average time
course for that region. The percent change in BOLD for each region can then be calculated
as (I = lg)/lg x 100 where | is the average BOLD signal at each time point and Iy is the
average over the time course. See [30] and [31] for examples of this type of analysis.
Examining the percent change in BOLD provides a way of examining the shape of the
hemodynamic response independent of any assumed HRF model; a limitation of this
approach is that the areas must be defined a-priori.

3.5 Independent Component Analysis

EEG/fMRI GLM analysis has shown that there is a wide network involved in the initiation
and maintenance of epileptiform discharges in many epilepsies that occur in childhood and
adolescence (e.g., childhood absence epilepsy or juvenile myoclonic epilepsy) with BOLD
signal changes occurring before and after the EEG events [26, 28, 30, 32, 33]. To better
evaluate these changes, a method called event-related independent component analysis
(eICA) has been developed that allows for a model free way of finding network components
involved in a defined event with the assumption that the network components are temporally
and spatially consistent [34]. The first step is to apply a GLM event-related analysis using a
finite impulse response basis set, which is followed by feeding the beta estimates from the
GLM analysis into an ICA, which identifies functional networks along with their time
courses. The elCA can be implemented at both the individual and group level.

4. EEG/fMRI findings in pediatric epilepsy

4.1 Localization of sources in focal epilepsy syndromes

Benign Epilepsy with Centrotemporal Spikes (BECTS)—BECTS is an
electroclinical genetic syndrome of childhood, which is characterized by nocturnal seizures
with focal onset and secondary generalization and diurnal focal seizures with EEG onset
localized to the Rolandic region [35-37]. Seizures begin during childhood with an age range
of 3 to 13 years with a peak between 7 and 8 years. The EEG has characteristic interictal
abnormalities consisting of high amplitude spikes or sharp waves which occur with
maximum over the central (rolandic; C3, C4) and mid-temporal (T3, T4) head regions.
Individual spikes may be unilateral or bilateral, however, when unilateral, there is usually an
equal representation over the right and left hemispheres. The spikes are usually activated
with sleep with up to 30% of children having spikes only during sleep [38-41]. Seizures are
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typically infrequent and treatment may not be not necessary [42]. The prognosis is excellent
with the epilepsy remitting completely by mid-adolescence.

One study compared EEG multiple source analysis (MSA) with EEG/fMRI BOLD activity
to localize the irritative zone in 11 BECTS patients [17]. MSA located the first dipole in all
participants in the Rolandic region as expected from previous studies [43-45]. For the EEG/
fMRI analysis, good EEG/fMRI data with interictal epileptiform discharges (IEDs) were
acquired in only 4 patients. These authors did not use EEG artifact removal but instead used
the sparse fMRI acquisition technique and convolved the number of IEDs occurring prior to
each fMRI volume scan with the canonical HRF; final analysis was performed with GLM.
EEG/fMRI analyses showed activation in all 4 patients in unilateral perisylvian central
regions.

Another study used a finite impulse response (FIR) basis set to look at the hemodynamic
response from CTS in 8 patients with BECTS [46]. BOLD activation presented in the
ipsilateral sensorimotor region in response to IEDs for all patients from which a time course
was extracted from the most statistically significant voxel in that region. The time courses
were averaged to obtain the shape of the average group response that peaked 2 seconds
earlier than the canonical HRF and that had a much greater undershoot. Using the group
average response shape in GLM analysis, statistically significant activation in the ipsilateral
postcentral gyrus was detected in 8 out 9 patients, compared with only 4 when using the
canonical HRF. Using GLM convolved with canonical HRF, one of their patients who
exhibited bilateral independent spikes showed significant activation outside of the Rolandic
areas including the occipital regions that disappeared when HRF defined by the
hemodynamics of the Rolandic region was used in the analysis. This may be an indication of
a wider network involved in the generation or maintenance of CTS that has a different
timing and/or HRF than the Rolandic region. The results from the FIR analysis were not
shown, only the location of the representative voxel in each patient’s Rolandic region from
which the time course was taken. These authors also hypothesized that the larger BOLD
undershoot following the CTS might represent a reduction in neuronal activity. For an
example of the difference between a GLM analysis with a standard Gamma HRF and a
GLM analysis with FIR basis see figure 2. Based on their data, we hypothesize that
individual differences in the extent of the decreasing BOLD signal may help explain the
subtle cognitive deficits that have been reported in patients with BECTS [13, 47-49].

Subsequently, the same group investigated the location and timing of network components
involved in the generation of the patients’ IEDs in 14 patients with BECTS using elCA [34].
They examined these networks at both the individual and group level; the data from patients
with right sided CTS were normalized to one side in the left-right direction for the group
analysis. The group elCA analysis detected a single component with activation in the
postcentral gyrus ipsilateral to the CTS with a smaller activation on the contralateral side.
The time course of the component did not follow the canonical HRF pattern but had an
earlier peak time and a larger BOLD decrease as well as an increase in BOLD prior to the
CTS. A group GLM analysis with canonical HRF of the same patients produced no
significant activation most likely due to the fact the individual GLM analyses showed a mix
of CTS related activation and deactivation in the Rolandic region. In their eICA analysis of
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individual patients, BOLD activity in the ipsilateral Rolandic region was found in 11 of the
15 analyses (14 patients, one of which had independent left and right sided CTS which were
analyzed separately) compared with only 8 of the 15 when a GLM analysis with canonical
HRF was used. Aside from activation in the Rolandic regions, elCA analysis also identified
components with activation in the occipital and peri-Rolandic regions in a few patients.
They hypothesize that additional components from the individual analysis did not show up
in the group analysis because those regions may be secondary responses or precursors to the
IED with individual variability.

Focal Cortical Dysplasia—Several studies in adults documented variable BOLD signal
responses to IEDs including local and remote activations and deactivations [50, 51]. Overall,
the results of studies in children are similar. E.g., one group used EEG/fMRI to compare
BOLD activation associated with focal cortical dysplasia IEDs to seizure onset zone (SOZ)
as detected on intracranial electroencephalography (icEEG) [52]. They recorded IEDs in 12
patients during the EEG/fMRI scan, 11 of which had significant BOLD changes. For their
analysis they convolved the marked timing of the IED with the canonical HRF to be used as
a regressor in a GLM. The fMRI results showed BOLD activation within 2 cm of the SOZ,
as detected with icEEG, in 9 out of 11 patients, 5 of which had all BOLD clusters localized
with the SOZ at the lobar level. In 5 of 6 cases where surgical outcome was poor, some or
all of BOLD clusters of activation were located in lobes outside of the lobe where the SOZ
was localized. They concluded that EEG/fMRI is currently unable to replace icEEG, the
gold-standard of SOZ localization, but may be able to be used as a factor when deciding
whether or not to undergo icEEG, as extensive BOLD activation showed a trend with poor
post-surgical outcome. Using a model free approach or other types of hemodynamic
response may provide better localization but this remains to be shown.

Tuberous Sclerosis Complex—One group studied 5 patients, mean age 5.2 years, with
tuberous sclerosis complex, a genetic syndrome typically associated with multiple cortical
abnormalities and epilepsy [6]. The patients in this study had various seizure types including
complex partial seizures (CPS), atypical absences, hypermotor seizures, infantile spasms and
myoclonic jerks. All but one of the patients were treated with antiepileptic drugs (AEDs)
with one of the medicated patients seizure-free at the time of the study. All patients were
sedated prior to EEG/fMRI. IEDs and spike-wave-bursts were marked and differentiated
according to spatial distribution and morphology. Four GLM analyses were performed with
IEDs timing convolved with a Gamma function with peak at 3, 5, 7 or 9 seconds after the
IEDs onset. Each IEDs type was included in each analysis but each remained differentiated
from the others, with one study per patient per IEDs type this resulted in 13 total studies.
Positive BOLD response was identified in 10 studies and negative in 2 with only 1 study not
showing any BOLD response. All patients showed BOLD response in multiple areas where
a tuber was present as well as areas where the tissue appeared to be normal. No specific
patterns in regard to the sign of the BOLD response were identified across the group. This
study suggests that there is a wider brain network involved in IEDs with involvement of
multiple tubers and healthy tissue

J Pediatr Epilepsy. Author manuscript; available in PMC 2016 January 05.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maloney et al. Page 8

4.2 Epileptic networks in generalized epilepsy syndromes

Childhood Absence Epilepsy—Childhood Absence Epilepsy (CAE) Absence epilepsy
is the most common pediatric epilepsy syndrome; absence seizures are part of many forms
of pediatric and adult epilepsy syndromes. Typical absence seizures (AS) are characterized
as “generalized” and consist of multiple, brief (up to 20 seconds) impairments of
consciousness that have an abrupt onset and offset [53]. Absences are unique due to their
pharmacologic treatments and characteristic bilaterally synchronous 3Hz generalized spike
wave discharges (GSWDs) on EEG. A typical AS is manifested behaviorally as a “staring
spell” and can be accompanied by atonic postures such as drooping of the head and/or
automatisms such as lip smacking. The majority of children affected by AS will become
seizure-free as they enter adulthood [54-56].

One study evaluated 10 drug-naive children with CAE using EEG/fMRI and captured
GSWDs in 6 of them [57]. Focusing on pre-defined ROIs in the thalamus, the precuneus,
left and right parietal cortex, and caudate nucleus, they used a canonical HRF to model the
BOLD signal in each of these ROIs. They found that a group analysis across the 6 patients
showed a BOLD signal increase in the thalamus. BOLD signal decreases were observed in
the caudate nucleus and the left parietal cortex. Then, extracting the average BOLD signal
time course from each ROI, they found consistent patterns of BOLD signal change
associated with GSWDs. Specifically, BOLD signal increase in the thalamus began to rise at
the onset of the GSWD and peaked at approximately 6 seconds regardless of the length of
the seizure. In the precuneus and caudate nucleus, the decrease in BOLD response began at
the onset of the GSWD and reached a maximum decrease several seconds later. These
“deactivations” may correspond to previously defined default mode networks and could be
involved in the loss of awareness which is the hallmark of absence seizures [57, 58].
Additionally, positive and negative BOLD changes in areas other than the thalamus were
variable and may indicate phenotypic variation of the epilepsy syndrome or individual
differences in the hemodynamic response. They also noted that in these regions, no changes
in BOLD responses were detected prior to the onset of the GSWD. However, subsequent
studies by other groups have demonstrated BOLD signal changes occurring up to several
seconds prior to absence [25, 30, 59] thus the lack of pre-IEDs BOLD signal changes may
be related e.g., to the fact that the participants were drug naive.

Another study analyzed EEG/fMRI data from 9 CAE patients, mean age 11.9 years, with
absence seizures [30]. While scanning they used a continuous performance task (CPT),
repetitive tapping task (RTT) and a visual fixation task (VFT) to measure impairment of
consciousness. They used a GLM analysis with the GSWD modeled as a boxcar function
and convolved with the canonical HRF. This resulted in BOLD increases in bilateral
thalamus, occipital cortex, midline cerebellum, anterior and lateral temporal lobes, insula
and an area near the lateral ventricles and BOLD decreases in lateral parietal cortex,
precuneus, cingulate gyrus and basal ganglia. They also examined the fMRI percent signal
change on a voxel-by-voxel basis by averaging the time course of single voxels across
patients and averaged the resulting voxel time courses in seven anatomical regions in order
to look at the hemodynamic response. These results revealed changes that began 8-14
seconds prior to seizure and continued after the seizure had ended. Prior to seizure onset
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positive BOLD changes occurred in the medial orbital frontal, fronto-polar, cingulate, lateral
parietal, precuneus and lateral occipital cortex with additional increases in the lateral frontal
and temporal cortex at seizure onset which is similar to adult studies (for detailed review see
[60]. The period after AS was marked by mostly BOLD decreases in medial/orbital frontal,
cingulate, medial and lateral parietal cortex 10 seconds after seizure onset followed by
additional decreases in frontal, temporal, and occipital cortex and basal ganglia with changes
lasting for at least 20 seconds after the seizure. Examining the time course in many of these
regions they concluded that they did not follow a canonical HRF response to seizure onset
with the exception of a region covering the thalamus. Despite BOLD effects lasting for more
than 20 seconds after seizure they report that all behavioral impairments during CPT and
RTT tasks ended with the seizure.

A third study examined a heterogeneous group of patients with AS and found that they could
separate their cohort into two groups based on BOLD signal changes in the frontal cortex
[31]. Their GLM group analysis using the canonical HRF showed positive BOLD activation
in the thalamus and frontal white matter tracts and negative activation in the posterior
parietal, bilateral mesial frontal cortex, caudate and pontine reticular regions. Using ROI’s
defined from previous studies they examined the percent signal change in those regions from
32 seconds before to 32 seconds after AS. The percent signal change in the dorsolateral
prefrontal cortex (DLPFC) showed either a mostly positive (7 subjects) or mostly negative
(6 patients) BOLD response. Only those patients who showed a positive response in the
DLPFC had ongoing AS seizures (3 patients) and had seizures other than AS (2 patients).
They also found subtle differences in the BOLD response between the two groups in the AS
network. The authors predicted that there may be biological significance to their
classification although confounding factors such as differences in medication and
neuropsychological performance require further investigation.

Similar to findings in other epilepsy syndromes [30], the hemodynamic response in brain
networks involved in absence GSWD may not be captured by a canonical HRF. To avoid
the limitations with the canonical HRF, one study used elCA to examine the various
networks involved in GSWD and to evaluate their timings [61]. Eight absence patients with
GSWD during their EEG/fMRI scan were used in both, a GLM analysis with canonical
HRF, and a group elCA analysis. Using the GLM analysis they found activations in the
thalamus and anterior cingulate cortex and deactivation in the bilateral frontal, parietal and
occipital lobes and head of the caudate nucleus. Their elCA analysis revealed 6 networks
that showed a consistent event related response across the group. These 6 networks included
the same areas that showed up in the GLM analysis but with additional areas of BOLD
activity and with information on the timing of (de-)activation. These findings support the
hypothesis that there are focal brain regions that lead to activation of a more widespread
network resulting in the generalized EEG findings [60]. Additionally, several of these
components had different timing of their BOLD response. Prior to any EEG changes there
was activity in several regions, which may indicate a widespread pre-ictal network. During
the seizure a distinct activation in the mesial frontal cortical could represent not only the
mechanism leading to the attentional impairment seen during seizures but also indicate focal
onset of what appears to be a generalized epilepsy on the EEG.
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Other Genetic Generalized Epilepsies—Other Genetic Generalized Epilepsies
(GGEs) are heterogeneous in clinical presentations and genetic etiologies. The EEG
typically shows 2-5Hz generalized spike wave discharges (GSWDs) on a normal
background and patients can experience absence seizures, generalized tonic clonic seizures,
and/or myoclonic seizures [62]. Early EEG/fMRI studies of patients with GGEs have shown
thalamic BOLD signal increases, and increases and decreases within other cortical regions
during GSWDs [57, 58]. These results are similar to those which have been reported for
BOLD signal changes during absence seizures [57]. Other EEG/fMRI studies have shown
heterogeneity of BOLD signal changes associated with GSWDs with most patients having
thalamic activation (80%) and variable areas of cortical activation including diffuse regions
(33%), only anterior head regions (40%), and predominantly posterior cortical regions
(20%) [63]. Overall, these findings support the role of deep brain structures in the
maintenance of diffuse, bilaterally symmetric EEG discharges. The reason for the variable
nature of the cortical BOLD responses is unclear but may be due to heterogeneous patient
populations, medication effects on BOLD signals [64, 65], or slight differences in the
analysis methods.

More recently, timing of BOLD signal changes during GSWDs has been studied in more
detail. In adolescents and adults with GGE, one study found BOLD increases in the
thalamus, cerebellum, and anterior cingulate gyrus at GSWD onset [25]. However, they also
found that varying the phase of the standard HRF from 18 seconds before to 18 seconds
after the GSWD in 3 second intervals showed significant BOLD increases in the typical
default mode network and medial/dorsolateral prefrontal cortex up to 1 seconds prior to the
GSWD and BOLD decreases in the parietal lobes, medial temporal cortex lateral and medial
frontal cortex, associative visual cortex and bilaterally in the cerebellum. They believe that
the individual variability in the BOLD signal that was found could reflect genetic and
phenotypic heterogeneity [25].

EEG/fMRI has also been used to understand not only the neuronal networks underlying
GSWDs but to test hypotheses that variations in responses to clinical treatments may be
related to differing networks. When patients with GGE were analyzed based on their
response to treatment, those with refractory GGE initially had more widespread frontal and
parietal activity during absence seizures, which was followed by thalamic activation [26]. It
was hypothesized that patients with refractory GGE may have a cortical initiation of seizures
which then propagate to the thalamus (for detailed discussion see [60]. A follow up to the
above study contrasted patients GGEs responsive and not responsive to valproic acid, a
prototypical AED used for the treatment of GGEs to show differences between these two
groups including several cortical but not thalamic regions indicating that responders and
non-responders may have different origins of GSWDs [28]. Finally, connectivity analysis of
the thalamic and paracingulate areas revealed differences between responders and non
responders [66]. These and other studies argue for the cortical or cortico-thalamic rather
than thalamic seizure onset in patients with GGEs [30].

Lennox-Gastaut Syndrome—oOne study used EEG/fMRI to investigate the functional
networks in Lennox-Gastaut syndrome (LGS), a type of epilepsy in which patients have
multiple seizure types and slow spike wave complexes on EEG [67]. LGS patients also have
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developmental delay and poor response to anti-epileptic medication. The participants in the
above study were 11 children with LGS (mean 6.45 years) and 9 children with focal
epilepsy (mean 10.88 years) as controls, all 20 participants had global developmental delay.
All participants were sedated prior to scanning. Functional MRI data were analyzed using
GLM with interictal discharges convolved with the canonical HRF. In the LGS group, IEDs
were separated into left-sided and right-sided spike-slow wave complexes and runs of
polyspikes (paroxysmal fast activity), and activation in the brainstem was the most
consistent finding at the single-subject level with no consistent findings in the control group.
In the group analysis, the IED types were combined and only the LGS showed significant
areas of BOLD activation which were in the brainstem and thalamus, activity in both is
supported by previous studies.

A more recent study used EEG/fMRI in 13 patients with LGS and attempted to separate the
activation patterns associated with spike-slow wave complexes and paroxysmal fast activity
[68]. These patients were studied as adults (ages 25-52), but all had childhood onset of
LGS. They also used a GLM approach with a canonical HRF to analyze events of
paroxysmal fast activity and spike-slow waves at the single-subject level. Paroxysmal fast
activity, observed in 6 patients was associated with increased BOLD signal in the brainstem,
basal ganglia, thalamus, and widespread cortical regions at the exclusion of primary sensory
motor cortices. In contrast, spike-slow wave activity corresponded with decreases in fMRI
signal in a number of cortical regions including primary visual and auditory cortices. They
concluded that two distinct diffuse patterns of activation underlie the two types of IEDs
observed in LGS. These findings are somewhat difficult to interpret given the small sample
size, heterogeous structural brain abnormalities, and the presence of prior corpus
callosotomy in some patients.

Myoclonic Astatic Epilepsy—A recent study examined patients with myoclonic astatic
epilepsy (MAE), a condition characterized clinically by myoclonic, astatic drop attacks,
generalized tonic-clonic seizure and absences and GSWD on the EEG [69]. The objective of
this study was to investigate the networks involved with GSWD and compare them with the
networks found for patients with GGE. Their participants consisted of 11 patients diagnosed
with MAE ages 3-13 years, all of whom were sedated prior to the MRI scan. BOLD
activation was analyzed using a GLM with GSWD marked and convolved with the
canonical HRF. In their group analysis they found activation in the right putamen, right
premotor cortex, left temporal lobe and left cerebellum with deactivation in the right
occipital cortex and precuneus at an uncorrected threshold of p < 0.001. When they reduced
the threshold to p = 0.005 uncorrected they found additional activation in the left putamen,
thalamus, left premotor cortex, supplementary motor cortex and right cerebellum with
deactivation in the left occipital cortex, and parietal cortex. These authors concluded that the
networks associated with MAE show similarity with the networks found in GGE but with
activation in the putamen and premotor cortex specific to MAE. They hypothesized that the
involvement of premotor cortex, putamen, and SMA leads to manifestation as myoclonic
jerks in patients with MAE.
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5. Conclusions

EEG/fMRI is a valuable technique for investigating the network activity in the epileptic
brain in pediatric subjects. At this point it is clear that the epileptic activity on the scalp EEG
does not tell the entire story. The shape and timing of the hemodynamic response to the
epileptic events shown on EEG needs to be investigated in detail as it is unlikely to follow a
standard canonical response [25, 30, 34, 61]. It could be that the hemodynamic response to
spikes and seizures is canonical in its shape but to activity that is undetectable on scalp EEG
[30, 34] or the underlying vasculature or metabolic function of epileptic activity may not
follow the same response as evoked activity [30, 34].

A major limitation in the design of pediatric epilepsy studies is the variability in the patient
population. At this point it is difficult to determine if the variations in BOLD activity at the
subject level are due to variations in the patient population, e.g. age, medication, severity,
time since diagnosis etc... or whether epilepsy taxonomy can be further subdivided based on
the etiology of the brain networks involved. More research into the effects that activity in
different epileptic brain networks have on factors such as response to medication or
behavioral measures is needed.
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Fig. 2.
EEG/fMRI analysis implemented in FSL’s FEAT with standard preprocessing steps. Subject

was diagnosed with BECTS and had 56 spikes during a resting EEG/fMRI acquisition (26
Right, 23 Left, 7 Bilateral). Images show positive BOLD activation for right spikes with
spike times convolved with A) FSL’s standard Gamma HRF (6 second lag, 3 second
standard deviation) and B) a FIR basis set starting at the time of the spike with a two second
window (i.e. each image is 2 seconds apart showing the progression from time of the spike
to 6 seconds after).
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