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Generalized tonic—clonic seizures are among the most dramatic physiological events in the nervous system. The brain regions
involved during partial seizures with secondary generalization have not been thoroughly investigated in humans. We used single
photon emission computed tomography (SPECT) to image cerebral blood flow (CBF) changes in 59 secondarily generalized
seizures from 53 patients. Images were analysed using statistical parametric mapping to detect cortical and subcortical regions
most commonly affected in three different time periods: (i) during the partial seizure phase prior to generalization; (ii) during the
generalization period; and (iii) post-ictally. We found that in the pre-generalization period, there were focal CBF increases in the
temporal lobe on group analysis, reflecting the most common region of partial seizure onset. During generalization, individual
patients had focal CBF increases in variable regions of the cerebral cortex. Group analysis during generalization revealed that the
most consistent increase occurred in the superior medial cerebellum, thalamus and basal ganglia. Post-ictally, there was a
marked progressive CBF increase in the cerebellum which spread to involve the bilateral lateral cerebellar hemispheres, as well
as CBF increases in the midbrain and basal ganglia. CBF decreases were seen in the fronto-parietal association cortex, precuneus
and cingulate gyrus during and following seizures, similar to the ‘default mode' regions reported previously to show decreased
activity in seizures and in normal behavioural tasks. Analysis of patient behaviour during and following seizures showed
impaired consciousness at the time of SPECT tracer injections. Correlation analysis across patients demonstrated that cerebellar
CBF increases were related to increases in the upper brainstem and thalamus, and to decreases in the fronto-parietal association
cortex. These results reveal a network of cortical and subcortical structures that are most consistently involved in secondarily
generalized tonic—clonic seizures. Abnormal increased activity in subcortical structures (cerebellum, basal ganglia, brainstem and
thalamus), along with decreased activity in the association cortex may be crucial for motor manifestations and for impaired
consciousness in tonic—clonic seizures. Understanding the networks involved in generalized tonic—clonic seizures can provide
insights into mechanisms of behavioural changes, and may elucidate targets for improved therapies.
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Introduction

The most dangerous type of seizure is the generalized tonic—clonic
seizure, also known as the grand mal. These frightening events
have been described throughout human written history, and give
rise to much of the stigmatization and negative consequences
of epilepsy. Generalized tonic—clonic seizures can cause injury or
death through accidents and falls, and the seizures themselves
can produce vertebral fractures, cardiac arrhythmias and when
severe or prolonged, rhabdomyolysis, brain damage and death
(Drazkowski, 2007; Nei and Bagla, 2007; de Boer et al., 2008;
Jehi and Najm, 2008). Because of the dramatic motor manifesta-
tions of generalized tonic—clonic seizures, they are more difficult to
investigate than other seizure types, and few studies have been
done in humans to identify the cortical and subcortical networks
involved. Emerging evidence suggests that ‘generalized’ seizures
are not truly generalized, but rather affect specific brain regions
most intensely, while others are relatively spared (Meeren et al.,
2002; Blumenfeld et al., 2003b, Holmes et al., 2004; Blumenfeld,
2005a; Schindler et al., 2007). Identification of the specific cortical
and subcortical regions involved in generalized tonic—clonic
seizures will be crucial to reach a better understanding of the
mechanisms for seizure generation and behavioural impairments,
and may also help identify targets for improved prevention or
treatment of this seizure type.

Generalized tonic—clonic seizures can occur in primary general-
ized epilepsy, or can arise from partial seizures with secondary
generalization. Over 70% of patients with partial epilepsy
occasionally experience secondary generalization (Forsgren et al.,
1996). After a period of focal features, onset of generalization is
usually marked by tonic head or eye deviation, vocalization and
asymmetrical tonic contraction of the face (Theodore et al., 1994;
Jobst et al., 2001). This is often followed by irregular clonic jerking
evolving into rigid tonic extension of the extremities, which
merges into vibratory movements and finally rhythmic clonic
jerks. After the seizure ends, in the post-ictal period, patients
usually lie still with flaccid muscle tone and deep breathing for a
variable period of time before resuming spontaneous movements
with some degree of disorientation and confusion. During general-
ized tonic—clonic seizures, and in the early post-ictal period nearly
all patients are deeply unconscious, meaning that they are unre-
sponsive to external stimuli and have no recall of events, with rare
exception (Bell et al., 1997).

Investigation of generalized tonic—clonic seizures has been lim-
ited in both humans and in animal models due to the challenges of
performing electrophysiology and imaging studies in the face of
generalized convulsions. Animal studies using metabolic labeling
methods and post-mortem histology (Handforth and Ackermann,
1995; Handforth and Treiman, 1995; McCown et al., 1995), or
functional neuroimaging in conjunction with neuromuscular

blockade and artificial ventilation (Nersesyan et al., 2004;
Brevard et al., 2006; Schridde et al., 2008) have revealed bilateral
increases in cortical and subcortical activity in widespread
networks. Human investigations of generalized tonic—clonic
seizures have been more limited. Early human neuroimaging
studies using positron emission tomography (PET) suggested that
the whole brain may be involved in generalized tonic—clonic
seizures (Engel et al., 1982). A recent study with intracranial
electroencephalography (EEG) demonstrated that secondarily
generalized tonic—clonic seizures often spare some cortical brain
regions (Schindler et al., 2007). In addition, neuroimaging
during induction of generalized tonic—clonic seizures under neuro-
muscular blockade for treatment of depression has demonstrated
that focal cortical and subcortical structures are involved, including
regions of the fronto-parietal association cortex, thalamus,
brainstem and cerebellum, while other areas are relatively spared
(Blumenfeld et al., 2003a, 2003b; Enev et al., 2007; Takano et al.,
2007).

Although these prior studies are informative, the detailed
cortical and subcortical networks involved in human spontaneous
tonic—clonic seizures have not been thoroughly investigated.
Intracranial EEG studies have excellent temporal resolution, but
limited spatial sampling especially with regard to subcortical
structures. Seizures induced by electrical stimulation in depressed
patients under anaesthesia may differ from spontaneous seizures
in patients with epilepsy. Animal models enable well-controlled
and invasive studies, but do not fully replicate human seizures.
Neuroimaging with functional MRI or PET during human tonic—
clonic seizures is not practical, since images would need to be
obtained during seizures, causing safety concerns, movement arti-
fact and unacceptable waiting time in the scanner. Single photon
emission computed tomography (SPECT) has the unique advan-
tage that injection of the radiopharmaceutical is done during the
seizure, but imaging can be done later, when the patient is stable.
Since the SPECT tracer is taken up rapidly by the brain and does
not significantly redistribute, imaging done later reflects cerebral
blood flow (CBF) from the time of the injection during the seizure.

We used SPECT to image spontaneous secondarily generalized
tonic—clonic seizures in a relatively large group of patients with
epilepsy. We obtained images from the pre-generalization phase,
during generalization, or in the post-ictal period, and performed
group analyses using statistical parametric mapping (SPM) to
identify cortical and subcortical regions most commonly involved.
With this approach, we found focal CBF increases in the regions
of seizure onset, with later increases in bilateral subcortical
networks. Subcortical increases were related through correlation
analysis to decreases in the fronto-parietal association cortex, pos-
sibly explaining impaired consciousness during and following
tonic—clonic seizures.
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Methods

Data acquisition

Fifty-nine ictal-interictal SPECT scan pairs were acquired from
53 patients who had secondarily generalized tonic—clonic seizures
during continuous video-EEG monitoring. Six patients were injected
twice on different days (see below). Patient scans were divided into
three groups for analysis: (i) Pre-generalization: 12 scans were injected
with Tc-99 HMPAO during the partial seizure phase prior to general-
ization; 5 of these were in patients with left hemisphere seizure onset
based on concordance of pre-surgical data and clinical outcome after
surgery, 4 had right hemisphere onset and 3 were unlateralized (side
of onset unknown based on clinical data); (i) Generalization: 12 scans
were injected after onset of generalization and prior to seizure end;
6 with left hemisphere seizure onset, 4 right hemisphere onset and
2 unlateralized; and (iii) Post-ictal: 35 scans were injected after seizure
termination; 13 left, 11 right hemisphere onset and 11 unlateralized.
Of the six patients who were injected twice on different days, one
patient had seizures injected in both the pre-generalization and
post-ictal period, two had seizures injected in the generalization and
post-ictal periods and three had two seizures injected at different times
in the post-ictal period. Late injections, including those performed in
the post-ictal period were not intentional, but due to limitations in
staff and radiopharmaceutical necessary for consistent early injections.
Interictal SPECT scans were acquired at least 24h after the most
recent seizure.

SPECT images were acquired within 90 min after injection. Projection
data were obtained on a Picker PRISM 3000, 3000XP or Marconi/
Philips IRIX 3 headed scanner (Philips Medical Systems, Best,
Netherlands) mounted with high resolution fan beam collimators.
Transverse slices were reconstructed using standard low pass
Butterworth filter and Chang attenuation correction as previously
described (Zubal et al., 1995).

Localization of seizure onset was determined when possible using
concordance of other clinical tests and clinical outcome, as described
previously (McNally et al., 2005).

Image analysis

Images were analysed using statistical parametric mapping (SPM2,
Wellcome Department of Cognitive Neurology, London, UK, http://
fil.ion.ucl.ac.uk/spm/) on a MATLAB (The MathWorks, Inc. Natick,
MA) platform. Individual patient ictal-interictal SPECT difference
analyses were performed using ictal-interictal SPECT analysed by
SPM (ISAS), as described in detail previously (Chang et al., 2002;
McNally et al., 2005). This method provides regions of statistically
significant SPECT increases and decreases compared with interictal
baseline images for each patient. Full details of the ISAS method,
including free downloads of the software and databases are available
at http://spect.yale.edu/.

Group analyses were performed using a paired t-test model in SPM
to compare the ictal (or post-ictal) versus interictal images for patients
in each group (pre-generalization, generalization and post-ictal). Using
the paired t-test model, we can make observations within each group
and still preserve the ictal-interictal scan pair relationship. As described
previously (Blumenfeld et al., 2004a), images were realigned, spatially
normalized, masked and smoothed using a 16 x 16 x 16 mm? Gaussian
kernel. Global intensity normalization was performed to correct for
differences in total brain counts among scan pairs, using SPM defaults.
This involved first calculating a global mean for each image. Then, to
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avoid effects of zero voxels outside the brain, the mean was recalcu-
lated excluding all voxels with intensity values below the initial mean
divided by eight. All voxels were then divided by this final mean value
and multiplied by 50, resulting in a global mean of ~50 for each brain.
After intensity normalization, the image was masked using the SPM
analysis threshold default of 0.8, which removes all voxels with inten-
sity <80% of the global mean (usually these are non-grey matter
voxels). Contrasts were chosen to detect hyperperfusion and hypoper-
fusion throughout the entire brain. The extent threshold (k), below
which clusters were rejected, was 125 voxels. This is equivalent to
a volume of 1cc (with SPM voxel dimensions of 2 x 2 x2mm?).
Individual voxel-level significance threshold P was 0.01, corresponding
to a Z-score of 2.33. We further required that clusters of voxels have
a corrected cluster-level significance P<0.05 to be considered
significant, which effectively corrects for multiple comparisons for
the entire brain (Friston et al., 1994, 1996; Brett et al., 2003). These
thresholds were chosen based on our prior epilepsy SPECT investiga-
tions (Blumenfeld et al., 2003b, 2004a), including an ROC analysis
(McNally et al., 2005). When using this approach, SPM displays all
clusters exceeding the voxel-level threshold (P=0.01) and extent
threshold (k=125), even if they do not meet the corrected cluster
level significance threshold (P=0.05). This enables subthreshold
changes to be visualized in the data; however, it is necessary to specify
in the text and tables which clusters are statistically significant.

Two different approaches were used for the group analyses. Side of
seizure onset was known for some, but not all of the patients, based
on EEG or other clinical data. Therefore, for group analyses, we initially
combined all data from seizures with left, right and unknown side
of seizure onset. We refer to this analysis approach below as ‘L-R
combined’. Group analysis of this kind should reveal regions most
commonly involved in CBF increases or decreases regardless of side
of seizure onset. As a second approach, we repeated the group
analysis with the subset of patients for which side of onset was
known based on clinical data (n=43 of 59 scans), but first flipped
all images from right-onset seizures (using the spm_flip utility), so
that group changes ipsi- or contralateral to onset could be visualized.
This second approach is referred to below as ‘lateralized’. Using these
two approaches includes the advantages of both maximizing sample
size (L-R combined analysis, n=59) and examining unilateral changes
with smaller sample size (lateralized analysis, n=43).

To study the timecourse of SPECT changes in the cerebellum, and
to perform correlation analyses, we used the number of voxels (k)
showing significant changes as an approximate measure of the
amount of change in this structure. A binary volume corresponding
to the cerebellum was created manually in MRIcro (http://www.
psychology.nottingham.ac.uk/staff/cr1/mricro.html), using the SPM
MRI template Colin27 (see http://www.mrc-cbu.cam.ac.uk/Imaging/
mnispace.html and ftp://ftp.mrc-cbu.cam.ac.uk/pub/imaging/Colin/).
The total number of voxels showing significant hypoperfusion and
hyperperfusion (at a voxel-level significance threshold P=0.01, and
cluster-extent threshold k=125 as before) were then determined in
the cerebellum for each patient from their ISAS analysis, using the
small volume correction function in SPM. All seizures (n=59) were
included in this analysis.

To analyse the partial correlation between cerebellar changes and
changes in all other brain regions, we performed an SPM analysis
using the multi-subject, conditions and covariates model, entering
the total number of cerebellar hyperperfusion voxels for each patient
(determined above) as the covariate. For this analysis, we again
used an extent threshold k=125 voxels, and voxel-level significance
threshold P=0.01, followed by a cluster-level significance threshold
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P=0.05 corrected for the entire brain, and all seizures (n=59) were
included.

Behavioural analysis

Video and EEG of seizures for all SPECT injections were reviewed by
two readers, blinded to the results of the imaging studies. Seizure
onset was defined as the earliest EEG or clinical evidence of seizure
activity. Seizure offset was defined as the last EEG or clinical evidence
of seizure activity; usually this coincided with the last clonic jerk exhib-
ited by the patient. Onset of generalization was defined based on
head or eye version, vocalization or asymmetric tonic facial contrac-
tion, as in previous behavioural studies of generalized tonic—clonic
seizures (Theodore et al., 1994; Jobst et al., 2001). SPECT injection
time was defined as when the plunger of the syringe containing the
radiopharmaceutical was fully depressed.

Level of consciousness was evaluated during the 30s following
SPECT injection based on responses to external stimulation, questions
or commands. Motor activity during this 30s period was also described
based on video review for each patient. Analysis of the severity of the
tonic phase (even if not during this 30s period) was performed for all
patients based on previous criteria (Theodore et al., 1994; Jobst et al.,
2001) with a scale from O to 4, with O indicating no tonic activity,
and 4 signifying motionless contraction during the tonic phase.

Results

Cortical and subcortical CBF increases

Secondarily generalized tonic—clonic seizures were associated with
early functional imaging changes in the regions of seizure onset,
followed by bilateral cortical and subcortical changes in specific
networks. We analysed SPECT images from 59 seizures in 53
patients injected during three different time epochs: during the
partial seizure phase prior to generalization (pre-generalization;
n=12), during the generalization phase (n=12) and post-ictally
(n=35).

In the pre-generalization phase, analysis of individual patients
demonstrated focal CBF increases in different regions related to
the variable anatomical locations of seizure onset (data not
shown). Focal CBF increases from these brain regions cancelled
out in the L-R combined group analysis, and the subthreshold
increases seen in the temporal lobes did not reach significance at
the cluster level (Fig. 1A and 2A; Table 1).

During the generalization phase, similarly, focal but variable
cortical increases were seen in individual patients tending to
cancel out in the L-R combined group analysis, which resulted in
no significant overall cortical increases. However, consistent CBF
increases in several important subcortical structures emerged in the
group analysis of generalization (Fig. 1B and 2B; Table 1). Thus,
significant hyperperfusion was observed in the superior medial
cerebellum, as well as in the left thalamus and basal ganglia
during the generalization phase. Increases in the right thalamus
and basal ganglia formed a separate cluster which did not reach
statistical significance. The increases seen in the cerebellum, basal
ganglia and thalamus are consistent with the known important
role of these subcortical structures in seizure generalization
(Avoli et al., 1990; Gale, 1992; Norden and Blumenfeld, 2002).

H. Blumenfeld et al.

While CBF increases are expected with the intense neuronal
activity during seizures, we were surprised to observe that in
the post-ictal phase following generalized tonic—clonic seizures, a
massive CBF increase was seen involving almost the entire
cerebellum (Fig. 1C and 2C; Table 1). This cerebellar hyper-
perfusion was analysed in greater detail, as we will describe shortly.
CBF increases in the post-ictal period were also observed in the
midbrain, but increases in the caudate and adjacent white matter
did not reach cluster-level significance (Fig. 1C and 2C; Table 1).

These L-R combined group analyses included both left- and
right-onset seizures, so that unilateral changes may be lost in
the average. To determine the possible influence of unilateral
onset on our results, we repeated the above analyses with the
subset of patients for whom side of seizure onset was known.
Scans from patients with right-sided onset were flipped right-left
(using the spm_flip utility) and combined with left-sided onset
patients to yield maps of changes ipsi- and contralateral to seizure
onset. When group analyses were repeated with this lateralized
approach, we found generally similar regions of CBF increases to
analyses with non-flipped (L-R combined) images, with some
differences. Thus, in the pre-generalization group (n=9 with
known side of onset; five left, four right), there were significant
increases in the ipsilateral temporal cortex in the lateralized
analysis (Fig. 3A and 4A; Table 2). This agrees with the fact
that the temporal lobes were most consistently involved in seizure
onset (6 of 12 patients in this group had confirmed temporal lobe
onset). In the generalization group (n=10, 6 left-sided onset, 4
right), there were significant increases in the bilateral superior
medial cerebellum; and in the post-ictal group (n=24; 13 left,
11 right), there were more dramatic increases in the bilateral cer-
ebellum and midbrain, and ipsilateral caudate (Fig. 3 and 4;
Table 2). Overall, the lateralized analysis showed some focal cor-
tical CBF increases during the pre-generalization phase (in regions
of onset). This was followed by mainly bilateral subcortical
increases at later times, similar to those seen in the larger L-R
combined group analysis.

CBF decreases and behavioural changes

CBF decreases were also observed in specific regions of the
cerebral cortex during and following secondarily generalized
tonic—clonic seizures. In the pre-generalization phase, with L-R
combined analysis we observed CBF decreases in the cingulate
gyrus and frontal cortex (Fig. 1A and 2A; Table 1). These
decreases became more pronounced during generalization (Fig.
1B and 2B; Table 1), and evolved to profound hypoperfusion in
the post-ictal period involving the orbital frontal, lateral frontal,
anterior cingulate as well as posterior cingulate cortices (Fig. 1C
and 2C; Table 1).

To determine if the observed SPECT changes may be correlated
with impaired consciousness, we analysed behaviour during and
following seizures in all patients based on video recordings, look-
ing particularly at behaviour during the first 30s following SPECT
injection, since most of the radiopharmaceutical is taken up by the
brain during this interval (Andersen, 1989; Devous et al., 1990).
For injections in the pre-generalization and generalization phases,
patients exhibited the characteristic motor behaviours associated
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Figure 1 Secondarily generalized tonic—clonic seizures are associated with CBF changes in cortical and subcortical networks. Data from
L-R combined analyses are shown (see ‘Methods’ section). Statistical parametric maps depict CBF increases (warm colours) and
decreases (cool colours) compared with baseline interictal images. (A) Pre-generalization period (n=12). Increases in the temporal lobes
(the most common region of seizure onset) do not reach statistical significance at the cluster level, while significant decreases occur in
the cingulate gyrus and frontal association cortex. (B) Generalization period (n=12). Significant increases at the cluster level occur in
the superior medial cerebellum, left thalamus and basal ganglia, while significant decreases occur in the frontal association cortex. Note
that thalamic and basal ganglia increases are not visible in these surface renderings (see Fig. 2B for subcortical changes) except for
where they artifactually appear on the lateral surface in the second row, right image (left lateral brain view). In fact, no significant
cortical increases occur in the group analysis during the generalization period (Fig. 2B, Table 1). (C) post-ictal period (n =35). Significant
increases occur in the cerebellum and dorsal midbrain, while decreases occur in the frontal association cortex, cingulate and precuneus.
As in the generalization period, no significant cortical increases occur, but some of the basal ganglia signal appears on the lateral surface
due to the surface rendering algorithm. For A-C, extent threshold, k=125 voxels (voxel size = 2 x 2 x 2 mm?). Height threshold,
P=0.01. Equivalently, only voxel clusters greater than 1 cm? in volume and with Z scores greater than 2.33 are displayed. Only regions

with corrected P<0.05 are considered significant at the cluster level (Table 1).

with secondarily generalized tonic—clonic seizures (Theodore et al.,
1994; Jobst et al., 2001), including facial clonus, vocalization, head
version, tonic and clonic limb movements. Of the 35 patients
injected in the post-ictal period, most lay still with eyes closed
breathing deeply, nine resumed some spontaneous movements
within 30s of injection including agitation in two and moaning
vocalizations in two patients. All patients injected post-ictally
were deeply unresponsive to questions, commands and other
external stimuli during this time, except for one patient who
regained the ability to speak, but was disoriented.

As with CBF increases, we repeated the analysis using only
patients with known side of onset, and flipped images of right-
onset seizures prior to group analysis. This allowed us to visualize
CBF decreases ipsi- or contralateral to side of onset. With this
lateralized approach, in the pre-generalization group (n=9; five
left-sided onset, four right), there were again CBF decreases in
the bilateral cingulate and frontal cortex, which became more
pronounced in the generalization group (n=10, six left-sided
onset, four right), and evolved to dramatic bilateral hypoperfusion

of the orbital frontal, anterior and posterior cingulate, and con-
tralateral fronto-parietal cortex in the post-generalization group
(n=24; 13 left, 11 right) (Fig. 3 and 4; Table 2). These findings
were again in general agreement with the larger L-R combined
group analyses that included all patients (Fig. 1, 2 and Table 1),
but showed some lateralization of late fronto-parietal CBF
decreases to the side contralateral to onset.

Cerebellar timecourse and network
correlations

Because we observed large unexpected post-ictal CBF increases
in the cerebellum, we analysed ictal and post-ictal cerebellar CBF
changes in greater detail. The aggregate timecourse was estimated
by measuring the total number of voxels showing significant
cerebellar CBF changes for individual patients injected at different
times (Fig. 5; n=59). This analysis demonstrated that cerebellar
hyperperfusion tended to increase progressively with later injection
times in the post-ictal period. A similar pattern of progressive
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Figure 2 CBF changes associated with secondarily generalized tonic—clonic seizures (L-R combined analysis), with results overlaid on a
structural MRI in the coronal plane. Same patients and data are shown as in Fig. 1. Statistical parametric maps depict CBF increases
(warm colours) and decreases (cool colours) compared with baseline interictal images. (A) Pre-generalization period (n=12). Increases
in the temporal lobes (the most common region of seizure onset) do not reach cluster-level significance (Table 1), while significant
decreases occur in the cingulate gyrus and frontal association cortex. (B) Generalization period (n=12). Significant increases at the
cluster level occur in the superior medial cerebellum, left thalamus and basal ganglia, while significant decreases occur in the frontal
association cortex. (C) post-ictal period (n=35). Significant increases occur in the cerebellum and midbrain, while decreases occur in the
frontal association cortex, cingulate and precuneus. Increases in basal ganglia and adjacent white matter do not reach cluster-level
significance. For A-C, extent threshold, k=125 voxels (voxel size = 2 x 2 x 2mm?). Height threshold, P=0.01. Equivalently, only voxel
clusters greater than 1cm? in volume and with Z scores greater than 2.33 are displayed. Only regions with corrected P<0.05 are
considered significant at the cluster level (Table 1).

Table 1 Significant changes in generalized tonic—clonic seizures: L-R combined analysis (n=59)

Brain regions® Corrected cluster Cluster Location of most x, y, 2° Z-score®
significance, P°  volume, k° significant voxel

Pre-generalization
Hyperperfusion
No significant clusters - = = - -
Hypoperfusion
Bilateral cingulate, bilateral superior 0.013 3885 Right cingulate gyrus -4, 12, 46 3.74
frontal gyrus

Generalization
Hyperperfusion
Bilateral superior cerebellum, left thalamus, <0.001 7508 Left superior cerebellum 16, =50, —20 4.46
left caudate
Hypoperfusion
Bilateral anterior medial frontal, bilateral 0.002 4919 Right anterior medial frontal —14, 64, 0 4.39
orbitofrontal

Post-ictal
Hyperperfusion
Bilateral cerebellum, midbrain <0.001 15893 Superior vermis -2, —46, -4 542
Hypoperfusion
Bilateral orbitofrontal, bilateral middle frontal <0.001 19997 Midline posterior cingulate 0, —18, 40 6.01
gyrus, bilateral cingulate, bilateral precuneus

Same data as in Fig. 1 and 2.

a Location of clusters with voxel-level significance P<0.01, extent k>125, and corrected cluster-level significance P<0.05.
b P=cluster-level significance corrected for multiple comparisons for the entire brain.

¢ k=cluster size in voxels (voxel size = 2 x 2 x 2 mm).

d x, y, z are coordinates in MNI space of the most significant voxel (maximum Z-score) for the cluster.

e Zg score for most significant voxel in the cluster.
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Figure 3 CBF changes ipsi- and contralateral to side of seizure onset in secondarily generalized tonic—clonic seizures (lateralized
analysis). Changes ipsilateral to seizure onset are shown on the left side of the brain rendering, and contralateral changes on the right
side of the brain (combining patients with left- and right-onset seizures). CBF increases (warm colours) and decreases (cool colours)
were analysed compared with baseline interictal images. (A) Pre-generalization period (n=9). Significant increases occur in the
ipsilateral temporal lobe (the most common region of seizure onset), while decreases occur in the bilateral cingulate gyrus and frontal
association cortex. (B) Generalization period (n=10). Significant increases occur in the bilateral superior medial cerebellum. Increases
seen in thalamus, basal ganglia and contralateral Rolandic cortex did not reach significance at the cluster level. Significant decreases
occur in the bilateral frontal association cortex (slightly more pronounced contralateral). (C) post-ictal period (n=24). Significant
increases occur in the bilateral cerebellum, midbrain and ipsilateral basal ganglia, while decreases occur in the bilateral frontal
association cortex (more pronounced contralateral), bilateral cingulate and precuneus, and in the contralateral lateral parietal cortex.
No significant cortical increases occur post-ictally, but some of the basal ganglia signal appears on the lateral surface (second row of
images) due to the surface rendering algorithm. For A-C, extent threshold, k=125 voxels (voxel size = 2 x 2 x 2mm?3). Height
threshold, P=0.01. Equivalently, only voxel clusters greater than 1cm? in volume and with Z scores greater than 2.33 are displayed.

Only regions with corrected P<0.05 are considered significant at the cluster level (Table 2).

post-ictal increases was seen if either the left or right half of the
cerebellum was analysed separately (data not shown). CBF
decreases in the cerebellum did not show this pattern of temporal
evolution (Fig. 5).

To further investigate the spatial evolution of these changes in
different anatomical regions of the cerebellum, we subdivided the
post-ictal injections into early (0-30s), intermediate (30-605)
and late (>60s) times following seizure end (Fig. 6). In the
pre-generalization period, no significant cerebellar increases were
seen in the group analysis. During generalization, cerebellar hyper-
perfusion was present mainly in the region of the superior medial
cerebellum and deep cerebellar nuclei. At early (0-30s; n=12)
times after seizure end, these increases in the superior midline
cerebellum became more pronounced. At intermediate (30-60s;
n=13) and late (>60s; n=10) times, there was a striking shift
of hyperperfusion into the lateral cerebellar hemispheres, with
midline regions less involved (Fig. 6).

Aside from the relationship between cerebellar hyperperfusion
and time of injection (Fig. 5 and 6), we did not find any

relationship between cerebellar hyperperfusion and other beha-
vioural features of the seizures. Thus, the amount of cerebellar
hyperperfusion was not related to total seizure duration (mean
126s; range 40-4865), duration of the tonic phase (mean 25s;
range 8-59s), duration of the clonic phase (mean 31s; range
7-130s) or to severity of the tonic contractions (mean tonic
rating = 3.17; range 0-4) as determined by video review based
on previously established behavioural criteria (Theodore et al.,
1994; Jobst et al., 2001).

Since the cerebellum has well-known reciprocal network con-
nections with other brain regions, including the cerebral cortex via
thalamus and pons, we were interested in determining whether
changes in other brain regions were correlated with CBF changes
in the cerebellum. To investigate this, we performed a correlation
analysis in SPM between CBF changes in the cerebellum, and all
brain regions, across all 59 seizures. This analysis enabled us to
determine which regions showed significant relationships with
changes in the cerebellum, and whether they were positively or
negatively associated with cerebellar changes. Significant positive
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Figure 4 CBF changes ipsi- and contralateral to side of seizure onset (lateralized analysis) overlaid on a structural MRI in the
coronal plane. Same patients and data are shown as in Fig. 3. Changes ipsilateral to seizure onset are shown on the left side of
the brain sections, and contralateral changes on the right side (combining patients with left- and right-onset seizures). CBF increases
(warm colours) and decreases (cool colours) were analysed compared with baseline interictal images. (A) Pre-generalization period
(n=9). Significant increases occur in the ipsilateral temporal lobes (the most common region of seizure onset), while decreases
occur in the bilateral cingulate gyrus and anterior medial frontal association cortex. (B) Generalization period (n=10). Significant
increases occur in the bilateral superior medial cerebellum. Increases seen in thalamus, basal ganglia and contralateral Rolandic
cortex did not reach significance at the cluster level. Significant decreases occur in the bilateral frontal association cortex (slightly
more pronounced contralateral). (C) Post-ictal period (n=24). Significant increases occur in the bilateral cerebellum, midbrain,
ipsilateral basal ganglia and adjacent white matter, while decreases occur in the bilateral frontal association cortex (more pronounced
contralateral), bilateral cingulate and precuneus, and in the contralateral lateral parietal cortex. For A-C, extent threshold,

k=125 voxels (voxel size=2 x 2 x 2mm?). Height threshold, P=0.01. Equivalently, only voxel clusters >1cm? in volume and

with Z-scores greater than 2.33 are displayed. Only regions with corrected P<0.05 are considered significant at the cluster level

(Table 2).

correlations were found between the cerebellum, thalamus and
upper brainstem tegmentum including the midbrain and pons
[Fig. 7; cluster-level P<0.0001 corrected for multiple comparisons,
k=21834 (voxel dimensions 2 x2 x2mm?3), maximum voxel
t=13.64]. Interestingly, significant correlations were also found
between cerebellar hyperperfusion, and hypoperfusion in specific
regions of the higher-order association cortex, including the bilat-
eral lateral prefrontal cortex, orbital frontal cortex, lateral parietal
cortex, anterior cingulate and posterior cingulate/precuneus
regions (Fig. 7; cluster-level P<0.0001 corrected for multiple
comparisons, k=27909, maximum voxel t=6.29). Therefore,
cerebellar increases were related to other network changes includ-
ing increases in the thalamus and brainstem, and decreases in the
fronto-parietal association cortex.

Discussion

We observed that secondarily generalized tonic—clonic seizures are
associated with variable focal CBF increases in the cortex of indi-
vidual patients. However, group analysis revealed consistent sub-
cortical increases which are correlated with decreased CBF in the

fronto-parietal association cortex. For SPECT injections performed
during the pre-generalization period, group analysis revealed focal
CBF increases mainly in the temporal lobes, reflecting the most
common region of partial seizure onset. During generalization,
there were CBF increases in the thalamus, basal ganglia and supe-
rior medial cerebellum, and post-ictally, progressive CBF increases
were observed in the cerebellar hemispheres and midbrain. The
marked CBF increases in the cerebellum were correlated with
increases in the midbrain and thalamus, and were also correlated
with decreases observed in the fronto-parietal association cortex.
Nearly all patients were deeply unconscious at the time of SPECT
injection. These results allow us to describe a network of cortical
and subcortical structures which could play a crucial role in the
generation and behavioural manifestations of secondarily general-
ized tonic—clonic seizures.

Focal cortical changes in generalized seizures, with intense
involvement of specific brain regions and relative sparing of
others, have been observed in both generalized tonic—clonic
seizures (Blumenfeld et al., 2003a, 2003b; Enev et al., 2007
Schindler et al., 2007; Varghese et al., 2008) and in absence
seizures (Meeren et al., 2002; Archer et al., 2003; Aghakhani
et al., 2004; Nersesyan et al., 2004; Berman et al., 2009;



Generalized tonic—clonic seizures networks

Brain 2009: 132; 999-1012 | 1007

Table 2 Significant changes in generalized tonic-clonic seizures: lateralized analysis (n=43)

Brain regions®

Corrected cluster Cluster

Location of most X, y, 2° Z-score®

significance P°  Volume, k° significant voxel

Pre-generalization

Hyperperfusion

Ipsilateral anterior temporal 0.011
Hypoperfusion

Bilateral anterior cingulate, bilateral medial 0.003

anterior frontal

Generalization
Hyperperfusion
Bilateral superior cerebellum 0.017
Hypoperfusion
Bilateral anterior medial frontal, bilateral 0.006
orbitofrontal
Post-ictal
Hyperperfusion
Bilateral cerebellum, midbrain, ipsilateral <0.001
caudate, ipsilateral white matter
Hypoperfusion
Bilateral orbitofrontal, contralateral middle <0.001
frontal gyrus, bilateral cingulate, bilateral
precuneus, contralateral lateral parietal

2858 Ipsilateral anterior temporal

3650 Midline cingulate

3613 Contralateral oribital frontal

19179 Ipsilateral cerebellum

19610 Midline anterior cingulate

48, 12, —28 4.12

0, 4, 46 4.00

2838 Contralateral superior cerebellum —16, —48, —16 4.03

-8, 20, —20 3.70

26, —52, —16 6.21

2, 34, 28 5.23

Same data as in Fig. 3 and 4.

a Location of clusters with voxel-level significance P<0.01, extent k>125 and corrected cluster-level significance P<0.05.

b P=cluster-level significance corrected for multiple comparisons for the entire brain.

¢ k=cluster size in voxels (voxel size=2 x 2 x 2 mm).

d x, y, z are coordinates in MNI space of the most significant voxel (maximum Z-score) for the cluster.

e Zg score for most significant voxel in the cluster.
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© Hypoperfusion ]
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2000 | iy

0 o m
0 100 200 300 O 100 O 100 200 300 400
t(s)

A Pre-generalization B Generalization C Postictal

Figure 5 Cerebellum shows progressive CBF increases in the
post-ictal period following secondarily generalized tonic—clonic
seizures. Total number of cerebellar voxels with significant
CBF increases (filled square) or decreases (open circle) in
individual patients are plotted against SPECT injection time.
(A) Pre-generalization (n=12). (B) Generalization (n=12).

(C) Post-ictal (1=35). Time=0 in each case is the beginning
of the pre-generalization, generalization or post-ictal epochs.
Patients were the same as in Fig. 1 and 2. Analysis was
performed using the small volume correction in SPM to identify
significant SPECT changes in the cerebellum of individual
patients at a voxel-level significance threshold P=0.01, and
cluster-extent threshold k=125 (see ‘Methods' section for
details).

Hamandi et al., 2008; Moeller et al., 2008). The importance of
these focal changes in ‘generalized seizures' and their role in
seizure generation and in behavioural manifestations have been
discussed at length elsewhere (Blumenfeld et al., 2003b;
Blumenfeld, 2005a, 2003b; Meeren et al., 2005; Varghese
et al., 2009). In the present study, group analysis has eliminated
most of the variable focal cortical changes except for in the pre-
generalization period. The focal temporal lobe increases seen in
the pre-generalization group resembled those seen at the site of
seizure initiation during induced tonic—clonic seizures in prior work
(Enev et al., 2007).

The group analysis enabled us to identify the most consistently
involved regions across patients despite variable focal onset.
Interestingly, although focal or unilateral cortical changes were
seen in the pre-generalization, generalization, and even post-ictal
periods in analyses of individual patients (Varghese et al., 2009),
the group analysis demonstrated increases mainly in subcortical
structures. In the cerebral cortex, variable focal CBF increases can-
celled out in the group analysis, except for in unilateral analysis of
the pre-generalization period. However, consistent bilateral CBF
decreases were seen in the fronto-parietal association cortex
during and following seizures. In addition, subcortical increases
were present which became progressively more prominent, espe-
cially in the cerebellum, in the post-ictal period. The post-ictal
changes differed in this respect from other states of impaired
consciousness, such as slow wave sleep, in which cortical
CBF decreases are seen without increases in the cerebellum
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Postictal period

30-60s

Figure 6 Evolution of cerebellar CBF increases from the superior medial cerebellum to the lateral cerebellar hemispheres. Statistical

parametric maps depict CBF increases (warm colours) and decreases (cool colours) compared with baseline interictal images. (A) CBF
increases and decreases overlaid on a structural MRI in the coronal plane demonstrates superior medial cerebellar increases peaking
during the generalization and early post-ictal (0-30s) periods. (B) Axial sections through the inferior cerebellum demonstrating lateral
cerebellar increases most prominent at late post-ictal times (>605s). (C) Posterior surface renderings demonstrating medial to lateral

evolution of cerebellar CBF increases during the post-ictal period. (A-C) Group analyses were performed for SPECT injections during the
pre-generalization (n=12), generalization (n=12), early post-ictal (0-30s, n=12), middle post-ictal (30-60s, n=13) and late post-ictal
(>60s, n=10) periods. Patients were the same as in Fig. 1 and 2. SPM extent threshold, k=125 voxels (voxel size = 2 x 2 x 2 mm?3).

Height threshold, P=0.01.

(Dang-Vu et al., 2005). It is also notable that we observed both
increases and decreases in CBF at times after the abrupt cessation
of the widespread neuronal discharge on EEG defining the end of
the seizure. This suggests either a dissociation of CBF changes and
neuronal events, or continued neuronal events not accessible to
conventional EEG recordings.

One possible concern with group analysis, which combines both
left- and right-onset seizures, is that unilateral changes would be
lost in the average. To address this, we repeated the group
analysis with the subset of patients in which side of onset was
known using a lateralized approach, analysing all seizures based
on changes ipsi- or contralateral to the side of onset. Interestingly,
the lateralized analysis still showed mainly subcortical increases
and bilateral cortical decreases. There were some minor differences
between the L-R combined and lateralized analyses. For example,

the lateralized analysis showed significant increases in the ipsilat-
eral temporal lobe in the pre-generalization period, presumably
due to better lateralization of changes, which in the L-R combined
analysis were distributed bilaterally and did not reach significance.
On the other hand, thalamic increases in the generalization period
reached significance only in the L-R combined analysis (and in the
correlation analysis), while thalamic changes in the lateralized ana-
lysis did not reach significance, likely due to smaller sample size.
However, overall both analyses showed bilateral increases during
the generalization and post-ictal periods particularly in the
cerebellum, and bilateral decreases in fronto-parietal association
cortex. The bilateral changes in these structures may be important
for the bilateral behavioural features seen in generalized tonic—
clonic seizures. This supports a model in which focal activity
increases in the cerebral cortex trigger subcortical increases and
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Figure 7 Network correlations between cerebellar CBF changes and other brain regions. Positive (red) and negative (green)
correlations are shown. SPM analysis was used to correlate SPECT changes in the cerebellum with all voxels in the brain across patients
(n=59). (A) Surface rendering. (B) Coronal sections. Significant positive correlations with cerebellar CBF changes were found in the
upper brainstem tegmentum and thalamus. Negative correlations were found with the bilateral fronto-parietal association cortex,
anterior and posterior cingulate and precuneus. Patients were the same as in Fig. 1 and 2. SPM extent threshold, k=125 voxels

(voxel size=2 x 2 x 2mm?>). Height threshold, P=0.01.

cortical decreases in activity, which may underlie the pathophysiol-
ogy of secondary generalization.

Much previous work supports an important role for the thala-
mus and upper brainstem in generalized seizures (Kreindler et al.,
1958; Browning and Nelson, 1986; Avoli et al., 1990; Jasper,
1991; Gale, 1992; Miller, 1992; Faingold, 1999; Blumenfeld,
2002; Norden and Blumenfeld, 2002). These structures are
thought to be critical for synchronizing abnormal cortical-
subcortical electrical discharges, for generating tonic motor
activity, and for producing impaired consciousness in epilepsy.
Involvement of the upper brainstem and thalamus in human
secondarily generalized seizures supports the proposed role of
these structures in seizure generalization. The basal ganglia have
been shown to play an important role in the regulation of seizures
(McNamara et al., 1984; Gale, 1992) and in ictal dystonia (Kotagal
et al., 1989; Newton et al., 1992). We observed involvement of
the caudate nucleus during the generalization and post-ictal
periods, compatible with abnormal increased activity in the basal
ganglia during secondarily generalized seizures.

One of the more surprising results in the present study was the
marked and progressive increase in CBF we saw in the cerebellum,
beginning in the superior medial cerebellum during generalization,
and spreading to involve the bilateral lateral cerebellar hemi-
spheres in the post-ictal period. Prior studies have supported a
role for the cerebellar cortex and medial deep cerebellar nuclei

in tonic motor activity during seizures (Davidson and Barbeau,
1975; Fraioli and Guidetti, 1975; Raines and Anderson, 1976).
Continued CBF increases in the cerebellum after the termination
of seizures could have several potential mechanisms. One possi-
bility is a primary vascular mechanism, involving some form of
reactive independent  of activity.
Alternatively, continued neuronal activity in the cerebellum after
termination of motor seizures could produce increased CBF
through neurovascular coupling. Prior work from a cat model
(Salgado-Benitez et al., 1982) has shown a similar pattern of
increased Purkinje cell firing in the medial cerebellum during sei-
zures, which evolved to increased activity in the lateral cerebellum
in the post-ictal period. This work supports the likelihood of a
primary neuronal mechanism for the cerebellar CBF increases we
observed in the ictal and post-ictal periods. Since Purkinje cell
outputs are inhibitory, and project via the deep cerebellar nuclei
and thalamus to the cerebral cortex, it can be postulated that
increased cerebellar activity may contribute to seizures termination
and/or to post-ictal suppression (Salgado-Benitez et al., 1982).
Other studies also support the potential importance of the cere-
bellum in human epilepsy and in suppression of generalized
seizures (Norden and Blumenfeld, 2002; Parmeggiani et al.,
2008). Because of the known inhibitory role of the cerebellum,
cerebellar stimulation has been attempted as a treatment for
epilepsy, with initially promising results (Cooper, 1973; Cooper

vasodilation neuronal
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et al., 1978), although subsequent trials were disappointing
(Wright et al., 1984). The present results showing marked cere-
bellar involvement in tonic—clonic seizures suggest that it may be
worthwhile to revisit therapies directed at cerebellar targets.

Consistent with the inhibitory outputs of the cerebellum, we
found that increased cerebellar activity during and following
tonic—clonic seizures was strongly correlated with markedly
decreased CBF in the fronto-parietal association cortex. The
regions of decreased CBF included the lateral fronto-parietal
association cortex, as well as the cingulate gyrus and precuneus.
These regions closely resembled the ‘default mode’ areas reported
previously to show decreased activity on functional neuroimaging
during normal task performance, and postulated to play an impor-
tant role in normal attention and consciousness (Raichle et al.,
2001; Greicius et al., 2003;). These same regions have been
shown to exhibit markedly decreased activity in other seizure
types in which consciousness is impaired including absence
seizures (Archer et al., 2003; Gotman et al., 2005; Laufs et al.,
2006; Berman et al., 2009), and temporal lobe complex partial
seizures (Blumenfeld et al., 2004a, b). Of note, the patients in
the present study were deeply unresponsive based on video
review of their behaviour at the time of SPECT injections.

We have previously proposed a ‘network inhibition hypothesis’
(or network disruption hypothesis or ictal diaschesis) for loss of
consciousness in epilepsy (Blumenfeld, 2005b, 2009; Norden and
Blumenfeld, 2002; Blumenfeld and Taylor, 2003). According to
this hypothesis, despite differences between absence, complex
partial and tonic—clonic seizures they all share common anatomical
substrates for impaired consciousness. We propose that abnormal
increased activity in the thalamus and upper brainstem in all three
seizure types disrupts the midline arousal systems, and prevents
normal activation of the cortex. This leads to abnormally reduced
function in the ‘default mode' areas of the fronto-parietal asso-
ciation cortex, and causes impaired consciousness. Support for this
hypothesis comes from studies of temporal lobe complex partial
seizures, demonstrating that abnormal increases in CBF in the
medial thalamus during seizures are correlated with reduced CBF
in fronto-parietal association cortex (Blumenfeld et al., 2004a).
Electrophysiological studies in humans (Blumenfeld et al., 2004b)
and animal models (Englot et al., 2008) have shown that the
regions of association cortex with decreased CBF exhibit large
amplitude slow waves resembling coma or deep sleep (but not
seizure activity) during hippocampal seizures. These findings
suggest that limbic seizures exert remote depressive effects on
the neocortex through disruption of midline subcortical networks.

In the present study, we found that increased activity in the
cerebellum, midbrain and thalamus was highly intercorrelated,
and that increases in these regions were strongly related to
decreased CBF in the fronto-parietal default mode regions. The
mechanisms for fronto-parietal CBF decreases in secondarily
generalized tonic—clonic seizures are not known. Although a
hemodynamic mechanism such as vascular steal could contribute,
we do not believe that steal is the main mechanism since the CBF
decreases occur in different vascular territories from the largest
CBF increases, and the decreases also persist or become more
pronounced in the post-ictal period when cortical increases are
less prominent. We can speculate that, like in temporal lobe
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seizures, the fronto-parietal association cortex has reduced func-
tion during and following tonic—clonic seizures caused by indirect
disruption of the midline subcortical arousal systems. In addition,
direct disruption of neocortical function by local seizure activity
likely also contributes to impaired consciousness during tonic—
clonic seizures. Furthermore, the marked bilateral increase in
cerebellar outputs may play an important role in depressing
fronto-parietal function during tonic—clonic seizures and in the
post-ictal period.

In summary, we found that secondarily generalized tonic—clonic
seizures exhibit a sequence of subcortical increases and cortical
decreases on SPECT imaging, which we hypothesize may be
related to ictal and post-ictal behaviours including abnormal
motor activity and impaired consciousness. Improved understand-
ing of the specific networks underlying human tonic—clonic
seizures may help elucidate targets for new modes of therapy to
prevent or to interrupt these most dangerous of all seizures.
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