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Abstract

The first reports of combined EEG and fMRI used for evaluation of epileptic spikes date back to
the mid-90’s. At that time the technique was called EEG-triggered fMRI — the “triggered”
corresponded to an epilepsy specialist reviewing live EEG while the patient was located in the
scanner; after the spike was identified, scan was initiated to collect the data. Since then major
progress has been made in combined EEG/fMRI data collection and analyses. These advances
allow studying the electrophysiology of genetic generalized epilepsies (GGES) in vivo in greater
detail than ever. In addition to continuous data collection, we now have better methods for
removing physiologic and fMRI-related artifacts, more advanced understanding of the
hemodynamic response functions, and better computational methods to address the questions
regarding the origins of the epileptiform discharge generators in patients with GGEs. These
advances have allowed us to examine numerous cohorts of children and adults with GGEs while
not only looking for spike and wave generators but also examining specific types of GGEs (e.g.,
juvenile myoclonic epilepsy or childhood absence epilepsy), drug-naive patients, effects of
medication resistance, or effects of epileptiform abnormalities and/or seizures on brain
connectivity. While the discussion is ongoing, the prevailing thought is that the GGEs as a group
are a network disorder with participation from multiple nodes including thalami and cortex with
the clinical presentation depending on which node of the participating network is affected by the
disease process. This review discusses the contributions of EEG/fMRI to our understanding of
GGEs.
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1. INTRODUCTION

The clinical characteristics of the genetic generalized epilepsies (GGES) include various
combinations of generalized seizures, myoclonic jerks and absence seizures; patients with
GGEs have either normal EEG or exhibit bifrontally predominant generalized spike and
wave discharges (GSWDs).(1) Substantial proportion of patients with GGEs also shows
focal EEG abnormalities with some but not all studies associating these focal abnormalities
with medication resistance. (2-5) The presence of these focal abnormalities may be
consistent with focal cortical onset of these epilepsies and the “rapid bilateral synchrony”
postulated by Gloor. (6) While in the past GGEs were thought to be of central (thalamic)
onset with various thalamic nuclei implicated in the generation of the GSWDs, there is
mounting evidence that this may not be true for all patients and that the location of the
seizure onset may depend on which node of the thalamo-cortico-thalamic network for
GSWND/seizure generation is affected by the disease process.

Several possible theories of GGEs and/or GSWD onset have been proposed. In general,
these theories can be divided into “cortical onset” (cortical theory and cortical focus theory),
“thalamic onset” (centrencephalic theory and thalamic clock theory), and the “cortico-
reticular” theory which incorporates elements of the cortical and thalamic onset theories (for
detailed review see e.g., (7)). Briefly, the cortical theory posits that GSWDs in GGEs
originate from diffuse cortical areas rather than from the thalami (8, 9) while the cortical
focus theory puts forth the somatosensory cortex as the originator of GSWDs. (10) In
contrast, the “thalamic onset” theories suggest the onset of GSWDs and seizures to be
thalamic. The difference between these theories is that the centrencephalic theory by
Penfield and Jasper considers the thalamic structures and midbrain as the originators of the
EEG abnormalities in GGEs (11) while the thalamic clock theory proposes that thalamic
oscillations are the primary determinant and driver of the neocortical rhythmic events with
the rhythmicity of the events maintained by cortex. (12, 13) Finally, the unifying
corticoreticular theory maintains that excitable cortex is necessary for the production of
GSWDs while the interplay between cortex and thalami is necessary for the maintenance of
GSWDs in the excitable cortex via response to thalamic volley. Thus both, thalami and
cortex, are necessary for the production and maintenance of GSWDs. (6) While the basic
science experiments and human studies provide evidence in support of all these theories, the
recent explosion of neuroimaging studies, in particular EEG/fMRI has further contributed to
our understanding of GGEs. Thus, the questions posed by this targeted review are:

1. How has EEG/fMRI contributed to our understanding of the origins of the GSWDs
and seizures in GGEs?

2. Can EEG/fMRI be used to assess the contribution of specific nuclei within the
thalamus to generation and propagation of GSWDs?

3. What are the effects of GGEs and GSWDs on resting state and resting state
connectivity?

4, Can fMRI be used to constrain source reconstruction of simultaneous EEG in order
to further investigate the anatomical underpinnings of GSWDs generators?
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2. KEY QUESTIONS

2.1. How has EEG/fMRI contributed to our understanding of the origins of the GSWDs and
seizures in GGEs?

Generalized spike wave discharges observed on routine EEGs are pathognomonic for GGEs.
(14) Although GSWDs may exhibit fronto-central predominance in some patients,(15) it is
difficult to localize them more precisely than this using scalp EEG. Dense array EEGs and
magnetoencephalography (MEG) studies have revealed less generalized patterns with
medial frontal, orbitofrontal or prefrontal source localization. (16, 17) While intracerebral
EEG recordings are the gold standard for seizure localization, little intracerebral data are
available in patients with GGEs since they typically are not candidates for invasive EEG
monitoring. (18-20) The combination of EEG with fMRI, as a noninvasive technique, offers
high spatial resolution rendering it suitable for use in patients with GGEs. (21, 22)

EEG/fMRI studies of GGEs utilizing standard fMRI data analysis methods typically show
symmetric changes in thalamic and cortical blood oxygen level dependent (BOLD) signal
related to GSWDs (Figure 1).(23-32) Observed cortical changes usually include both
GSWD-related activation and deactivation in multiple regions. Thus, standard EEG/fMRI
data analyses have not been able to identify any single region as an ictogenic focus. This
may be a limitation of the EEG/fMRI data analysis methods, the EEG/fMRI methodology
and the relatively poor temporal or spatial resolution of the fMRI (a single whole brain
volume is imaged usually in 2-3 seconds with typical spatial resolution of 4 mm), various
patient factors (e.g., controlled vs. not controlled GGE, GGE type), medication influence or
other, up to date unidentified factors.

Recently, instead of fitting a single canonical hemodynamic response function to the EEG/
fMRI data attempts have been made to perform dynamic analyzes of the time courses of the
BOLD signal changes related to either GSWDs or absence seizures (“sliding window”
approach) and to assess the relationships between the activations using e.g., Granger
causality methods. These studies were able to identify BOLD signal changes in cortical
areas to precede thalamic activations (24, 30, 31, 33) and show effective connectivity
directed from frontal cortex to thalami supporting cortical onset of GGEs in at least some
patients. (30) Others have found that subcortical BOLD signal increases precede or coincide
with cortical signal decreases in children with difficult to control GGEs. (34) But, this
particular study included analyses of polyspike and wave discharges with a fast component
of 10-12 Hz that is known, at least in the setting of Lennox-Gastaut syndrome, to produce
positive global BOLD correlates in contrast to GSWDs that had the opposite effects on
BOLD signal. (35) Thus, while it cannot be said that all EEG/fMRI studies support either
the centrocephalic or cortical focus hypotheses exclusively, there is bias in the EEG/fMRI
literature towards the cortical onset of GGEs. The observation of robust GSWD-related
BOLD signal changes in both cortical and subcortical regions is most consistent with the
corticoreticular hypothesis but differences between studies and the clinical characteristics of
the included patients need to be taken into consideration especially the choice of new-onset
or drug naive patients vs. patients with multi-drug resistant GGEs and the possible effects of
medication on the fMRI and EEG signals. (28, 34, 36)
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Whereas the majority of patients with GGEs exhibit thalamic activation, cortical regions
involved in GSWD-related activation are noted to vary (Figure 1C).(23, 25, 26) When
medication responsive GGE patients are compared to patients who demonstrate
pharmacoresistance, stronger activation is observed in cortical regions -- in medial frontal
cortex and bilateral anterior insulae,(31) Further, increased GSWD-related changes in
BOLD signal are associated with negative effects on cognitive performance. (25) Thus,
EEG/fMRI is able to identify differences in GSWD-related brain activation associated with
clinical features of GGEs.

Cortical deactivations observed in patients with GGEs are usually symmetric and
widespread (Figure 2); they are consistently described as occupying a set of brain regions
known as the default mode network (DMN).(26, 28, 37, 38) The DMN is a well-studied
resting state network thought to support consciousness. (39-42) Its deactivation by GSWDs
is thought to contribute to absence seizure semiology (27, 37) via the network inhibition
hypothesis. (43, 44)

2.2. Can EEG/fMRI be used to assess the contribution of specific nuclei within the
thalamus to generation and propagation of GSWDs?

The thalamus is thought to be an important part of the circuit that generates GSWDs in
GGEs. (45) However, the thalamus is not a monolithic structure. It is somatotopically
organized with different nuclei connecting to different regions in cortex. (46) The
morphology (47) of these different nuclei and their white-matter connections with cortex
(48) are affected unequally by GGE. Furthermore, the activation patterns, as detected by
EEG/fMRI, vary between studies and between patients (Figure 1) thus making generalized
inferences regarding specific thalamic nuclei is difficult. In this context it is important to
consider whether or not EEG/fMRI can assess the contribution of specific nuclei within the
thalamus toward producing GSWDs.

Imaging the thalamus is difficult because it is a relatively compact structure. Each lobe is
approximately 20 mm wide (46) compared to a 4 mm fMRI voxel size. Statistical techniques
that assume large,(49) smooth,(50) clusters of significant voxels are thus ill-suited to
detection of individual thalamic nuclei at low spatial resolution. The use of other,(51) non-
parametric (52) statistical techniques may be more appropriate when studying the thalamus
in the context of GGEs. High-field fMRI using the early BOLD response increases spatial
resolution (53-55) and allows for the detection of individual thalamocortical networks. (56)
However, artifacts associated with simultaneous EEG/fMRI are increased at higher field
strengths, and their removal at 7 Tesla remains a challenge with respect to testing the roles
of specific thalamic nuclei in GGEs. (57)

At least one EEG/fMRI study has found that the timing of GSWD-related activations is
different for different thalamic nuclei, implying that they may play different roles in
initiation vs. maintenance of seizures. (32) When the thalamus is considered as a single unit,
EEG/fMRI does not consistently reveal changes in thalamic functional connectivity
associated with GGE. (58) However, an EEG/fMRI study that subdivided the thalamus into
regions based on morphology has found changes in functional connectivity in the medial
dorsal nucleus (MDN) but not the pulvinar. (59) Even when significant changes in thalamic
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activity are not observed, subthreshold thalamic connectivity is found to be organized into
discrete clusters. (60) Therefore, results of EEG/fMRI studies support the hypothesis that
different thalamic nuclei may be affected differently by GGEs or that that they may have
different roles in the maintenance of epileptiform discharges and/or seizures. But, we are far
from reaching conclusive evidence because of the inherent limitation of the technique — the
large size of the fMRI voxels. Thus, future EEG/fMRI studies of epileptiform discharges in
patients with GGEs should focus on collecting fMRI data using smaller voxel size (e.g.,
<2mm) in order to better differentiate the thalamic structures.

2.3. What are the effects of GGEs and GSWDs on resting state and resting state
connectivity?

Epilepsy is also a disorder of brain connectivity. (61) Structural brain connectivity in GGE
has been studied using diffusion tensor imaging (DTI), which measures anatomical
connectivity, and resting-state fMRI, which measures functional connectivity. Functional
connectivity reflects anatomical connectivity (62) and is sensitive to changes associated with
GGE. (61) In the case of resting-state fMRI, the availability of simultaneous EEG data
allows for the exclusion of data points, scans, or subjects that are “contaminated” by
GSWDs. However, resting-state fMRI studies that do or do not use EEG to exclude GSWDs
have yielded similar findings (63, 64) and we are not aware of any studies that specifically
examine whether GSWDs have a confounding effect on functional connectivity. The
practice of excluding GSWDs from resting-state analysis provides emerging evidence that
GSWDs have an adverse effect on cognitive performance. (25)

Deactivation of the default mode network (DMN) by GSWDs is thought to contribute to the
semiology of absence seizures (Figure 2).(37) Connectivity in the DMN has been well-
studied using fMRI and EEG/fMRI and was found to be reduced in patients with GGEs
when compared to healthy controls. Moreover, the degree of reduction in DMN connectivity
in patients with GGEs is correlated with the length of time since diagnosis. (59, 61, 64-66)
Reduction in DMN connectivity is greater, and its rate of decline steeper, in patients with
GGEs demonstrating features of pharmacoresistance. (65)

Patients with GGEs may have various cognitive deficits as part of their syndrome e.g.,
frontal lobe dysfunction which may be genetically determined. (67, 68) Thus, it is not
surprising that the EEG/fMRI studies have revealed changes in the functional connectivity
patterns of frontal regions (33, 48, 59, 60) that correlate with cognitive performance. (69,
70) GGE-associated changes are also observed in the functional connectivity of subcortical
regions including thalamus, (48, 59) basal ganglia, and cerebellum,(60, 66) although these
are not consistently reproduced. (58)

Simultaneous EEG data also allow for direct examination of the effects of GSWDs on
functional connectivity. One approach is to compare data from patients with GGEs who do
and do not manifest GSWDs during the fMRI scan. Changes in subcortical connectivity
associated with GGEs vs. healthy controls were greater in patients with GGEs who exhibited
GSWDs during scanning. (66) Another strategy is to use GSWD frequency as a regressor
while excluding timepoints “contaminated” with GSWDs. Patients with GGEs with higher
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GSWD frequency were found to have increased connectivity between a paracingulate seed
region and executive, DMN, and subcortical brain regions. (60)

2.4. Can fMRI be used to constrain source reconstruction of simultaneous EEG in order to
further investigate the anatomical underpinnings of GSWD generators?

Simultaneous EEG/fMRI is used to identify brain regions exhibiting fMRI BOLD activation
correlated with epileptiform discharges observed on the EEG. (22) However the temporal
resolution of the fMRI BOLD signal, on the order of seconds,(71) limits its usefulness for
investigating the order in which these brain regions activate. The high temporal resolution of
EEG is a potentially useful adjunct to the fMRI data in determining the order of fMRI
cluster activation. (72)

In the setting of focal epilepsy, EEG source reconstruction is useful in the localization of
epileptiform discharges and can correctly identify the seizure focus up to 90% of the time.
(73) EEG/fMRI yields better spatial resolution than EEG alone and is useful in cases of
multiple or ambiguous foci. (74, 75) By comparing the results of source estimation from
both EEG and EEG/fMRI modalities, the order in which brain regions activate may be
inferred. (72) For example, it is possible to distinguish between regions associated with
seizure onset vs. seizure propagation. (76) Although EEG source reconstruction has been
attempted in GGE,(16) to our knowledge this has never been combined with EEG/fMRI
analyses in the same study. Combining EEG and EEG/fMRI source estimation is thus a
promising future direction in the study of GGEs, however, the lack of available intracranial
EEG (icEEG) data from patients with GGEs will pose a problem for validation and the need
for multi-level processing of the EEG data prior to visualization (Figure 3) may affect the
results of further EEG source localization analyses.

Any attempt to interpret EEG source reconstruction with EEG/fMRI must consider that the
EEG and fMRI BOLD signal measure different physiologic phenomena arising from the
same underlying neuronal activation (77) such that positive EEG/fMRI activation
corresponds to low frequency energy in the EEG recording, i.e. slow waves. (78) Indeed, a
comparison of EEG and EEG/fMRI with the gold standard for neuronal recording,
intracranial EEG (icEEG), reveals that in focal epilepsies EEG and EEG/fMRI are more
concordant with icEEG than they are with each other. (78, 79) There are multiple techniques
for quantifying the concordance of EEG and EEG/fMRI sources. (80) They are, in general,
concordant,(72, 74, 81) with the distance between estimated sources ranging from 16 mm
for evoked response potentials (ERPs) (82) to on the order of 30 mm for detection of
discharges in focal epilepsies. (76, 83)

Among experimental factors contributing to concordance, a greater number of EEG
electrodes has been shown to improve concordance between electric source imaging (ESI)
results using the scalp EEG and the ictal onset zone; ESI was superior to other non-EEG
imaging techniques. (73) This effect is especially notable when using beamforming
algorithms for source reconstruction in place of dipoles, in which case doubling the number
of EEG electrodes improves the signal-to-noise ratio (SNR) by a factor of 1.6.(84)
Interestingly, the beamformer technique appears to yield more concordant sources in the
absence of filtering to remove fMRI-related artifact from the EEG recording. If epileptiform
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discharges are treated as reproducible events, then EEG data from outside the MRI scanner
may be used for source reconstruction and has been found to explain a greater proportion of
discharge related variation in fMRI BOLD signal than simultaneous EEG data from inside
the MRI scanner, possibly because of reduced contamination by fMRI-related artifact. (85)
Magnetic field strength is thus another important consideration, as fMRI-related artifacts in
the EEG recording are greater at higher fields. (57) EEG source reconstruction from
simultaneous EEG/fMRI data has been performed at up to 7 Tesla with concordance on the
order of 10 mm for a phantom and as low as 24 mm for healthy human subjects undergoing
median nerve stimulation. (84)

Using the location of EEG/fMRI to constrain EEG source reconstruction provides a
quantitative model for combining spatiotemporal information from EEG and fMRI sources.
(86, 87) However, such models should be used with caution as the underlying assumption
that each EEG source corresponds to an EEG/fMRI source is not always valid. In fact,
discordance on the order of up to 60 mm is not uncommon. (88) An alternative symmetric
model that estimates EEG and EEG/fMRI sources jointly has been shown to produce good
spatial agreement with icEEG in focal epilepsies. (89) Interestingly, this model suggests that
the time courses of EEG and EEG/fMRI sources may be discordant, calling into question the
validity of EEG/fMRI studies that make inferences about timing on the basis of EEG/fMRI
sources alone. (24, 30, 34, 89)

3. SUMMARY

EEG/fMRI, as an investigational technique, has undergone tremendous development over
the past two decades. Despite this progress, its use for in vivo investigation of patients with
GGEs is limited by insufficient temporal and spatial resolution of the fMRI signal. The
fMRI-related artifacts make it difficult to apply EEG source reconstruction to EEG/fMRI
data as a means of improving overall temporal resolution. Higher field strengths would
improve spatial resolution, but they would also exacerbate the problem of fMRI-related
artifacts. Further improvement of EEG/fMRI methodology will be needed to be able to
probe specific thalamic nuclei or to provide better data for temporal analysis of the
functional images. Nevertheless, EEG/fMRI has provided us with new insights and helped
us to redefine the pathophysiology of GGEs.
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KEY QUESTIONS ANSWERED

How has EEG/fMRI contributed to our understanding of the origins of the
GSWDs and seizures in GGEs?

The majority of studies utilizing EEG/fMRI has provided evidence supporting
of the cortical sources of the epileptiform discharges in patients with GGEs.
Barring their limitations, the largest studies of patients with GGEs showed
temporal evolution of the fMRI signals with initial cortical changes (usually
frontal) and later spread to the thalamus which appears to be necessary for
seizure maintenance.

Can EEG/fMRI be used to assess the contribution of specific nuclei within the
thalamus to generation and propagation of GSWDs?

Unfortunately, we are not there yet. Several attempts have been made to assess
the contributions of individual thalamic structures to the generation or
maintenance of epileptiform discharges and seizures in GGEs but poor spatial
resolution of the fMRI signals prevents us from making conclusive inferences.
Efforts are underway to improve spatial resolution of the EEG/fMRI images
collected in patients with GGEs.

What are the effects of GGEs and GSWDs on resting state and resting state
connectivity?

It appears that the effects are widespread and dependent on multiple factors
including medication response and the presence or absence of epileptiform
discharges. Additional studies will need to investigate whether longitudinal
changes in seizure control are associated with changes in brain connectivity and
investigate the effects of specific antiepileptic drugs on the resting state and
brain connectivity.

Can fMRI be used to constrain source reconstruction of simultaneous EEG in
order to further investigate the anatomical underpinnings of GSWD generators?

While several studies appear to address this question in patients with focal onset
epilepsies and there is no clear reason why this could not be done in patients
with GGEs, to the best of our knowledge such studies have not been performed
to date.
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Figure 1.
Some GGE patients exhibit predominantly thalamic (A) or cortical (B) GSWD-related fMRI activation. A mixture of both

thalamic and cortical activation (C) is the most commonly observed pattern. Activation (orange) for three representative subjects
is overlaid on the MNI152 standard brain in radiological orientation with slice coordinates shown at bottom. VVoxels with t > 3.5
(uncorrected p < 0.001) are shown. GSWD-related deactivation pattern is not shown. Pictures are in radiological convention
(left on the picture is right in the brain).
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Figure 2.
Brain regions in the default mode network (A) undergo GSWD-related deactivation (B). A: Default mode network independent

component, modified from Figure 1 in Kay et al. 2013.(90) B: Deactivation (activation not shown) 3 seconds after GSWD onset,
modified from Figure 1 in Szaflarski et al. 2013.(31) Pictures are in radiological convention (left on the picture is right in the
brain).
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Figure 3.
Processing of scanner artifact in EEG data acquired simultaneous with fMRI is a precursor to GSWD identification and source

reconstruction. Ten seconds of EEG data are shown raw (A), after gradient artifact removal with average artifact subtraction (B),
and after attenuation of the ballistocardiographic artifact with a linear spatial filter (C). Examples of gradient artifact (D) and
GSWDs (E) are marked. Standard double banana montage is presented with EEG leads indicated on left.
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