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Abstract

We used simultaneous EEG and functional MRI (EEQrfMo study generalized
spike wave activity (GSW) in idiopathic and secaydgeneralized epilepsy (SGE). Recent
studies have demonstrated thalamic and corticallf8ighal changes in association with
GSW in idiopathic generalized epilepsy (IGE). Wpar on a large cohort of patients that
included both IGE and SGE, and give a functiongdrpretation of our findings. Forty six
patients with GSW were studied with EEG-fMRI; 3GWGE and 16 with SGE. GSW-
related BOLD signal changes were seen in 25 oh@8tvidual patients who had GSW
during EEG-fMRI. This was seen in thalamus (60%g ayimmetrically in frontal cortex
(92%), parietal cortex (76%) and posterior cingellairtex / precuneus (80%). Thalamic
BOLD changes were predominantly positive and cakrhanges predominantly negative.
Group analysis showed a negative BOLD respongeeiicartex in the IGE group and to a
lesser extent a positive response in thalamusantialactivation was consistent with its
known role in GSW, and its detection with EEG-fMRay in part be related to the
frequency and duration of GSW epochs recorded.sphaéal distribution of the cortical
fMRI response to GSW in both IGE and SGE involvesha of association cortex that are
most active during conscious rest. Reduction atigtin these regions during GSW is

consistent with the clinical manifestation of als®=Beizures.
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Introduction

Generalized spike wave (GSW) activity, is the etmmcephalographic (EEG) hallmark
of idiopathic generalized epilepsy (IGE), occurringuns of 2.5-4 Hz spike and slow
wave activity, typically arising from a normal batkund EEG {Duncan, 1997}. GSW is
also seen in symptomatic generalized epilepsiesenhes usually associated with an
abnormal background EEG, and clinical evidencetloéioneurological dysfunction
{Holmes et al., 1987}.

The pathophysiological substrate of GSW remaingreatic. The debate between a sub-
cortical origin “the centrencephalic hypothesisagper and Drooglever-Fortuyn, 1947}
versus a cortical origin {Marcus and Watson, 196@js reconciled to an extent by the
corticoreticular hypothesis. This proposed a rolebboth cortex and subcortical structures
{Gloor, 1968}, with aberrant oscillatory rhythmstiaciprocally connected
thalamocortical loops normally involved in the geatn of sleep spindles {Gloor,
1968}, leading to GSW. The primary neuroanatomarad neurochemical abnormality in
IGE remains undetermined with evidence and argusrfentonset in either cortex
{Timofeev and Steriade, 2004} or thalamus {Avoliat, 2001}.

Much of the evidence pertaining to the pathophgsgjplof GSW comes from invasive
electrophysiological and neurochemical recordimganimals {Avoli et al., 2001}. A
small number of intracranial studies have beenrtedan man in which spike wave
activity was recorded in both thalamus and corté#llifams, 1953KNiedermeyer et al.,
1969} {Velasco et al., 1989}. The spatial samplofglepth studies is limited to the
immediate vicinity of the implanted electrodes, &meir invasiveness, in the absence of

clinical benefit precludes their current use in IGE
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Combining EEG recording with fMRI (EEG-fMRI) enabléhe non-invasive mapping of
haemodynamic correlates of specific EEG eventhythms {Salek-Haddadi et al.,
2003a}, by means of the blood oxygen level depen(@LD) contrast {Ogawa et al.,
1990}. Studies in patients with focal epilepsy haemonstrated spatially concordant
BOLD activations in relation to focal epileptifordischarges (IED), evidence that EEG-
fMRI can provide localizing information on genenatof these discharges {warach
1996}{Krakow et al., 1999} {seeck 2000} {Lemieux at., 2001} {jager 2002HAl Asmi
et al., 2003}. Whether EEG-fMRI is able to shedtier light on the pathophysiology of
GSW, by localizing generators of these dischargesins to be seen.
Salek Haddadi et §balek-Haddadi et al., 2003b}, using continuous EfMRI at 1.5T,
described bilateral thalamic BOLD signal increas®] widespread cortical decrease in a
patient with juvenile absence epilepsy (JAE). Adraak et al {Aghakhani et al., 2004}
with continuous EEG-fMRI at 1.5T found thalamic hamlynamic signal change,
predominantly activation, in 12 of 15 patients wiaml GSW during scanning, in addition
to symmetrical cortical activation or deactivatessociated with GSW. Archer et al
{Archer et al., 2003} found posterior cingulate tt (PCC) deactivation in association
with GSW in four of five IGE patients studied wiEG-triggered fMRI at 3 T. Laufs et
al. {Laufs et al., 2005} noted thalamic activatiand widespread cortical deactivation in
a patient studied on two occasions, and emphastieedistribution of the cortical
deactivation; being cerebral areas thought to bst mctive during the conscious resting
state, the “default mode” hypotheses {Raichle gt24101}.

We report on a large consecutive series of patieittsGSW, including patients

with different subtypes of IGE as well as SGE. Wpdthesized that population specific



EEG-fMRI of GSW
Hamandi K

BOLD effects to GSW could be identified using EB@R| and a random effects group
analysis in a large group of patients

Materials and M ethods

Patients
Forty six patients, 30 with IGE and 16 with SGEd &requent GSW discharges

on recent interictal EEG were recruited from thiéeggy clinics at the National Hospital
for Neurology and Neurosurgery, London, the Nati®@ciety for Epilepsy, Chalfont St
Peter and St Thomas’ Hospital, London. The study ayaproved by the National
Hospital for Neurology and Neurosurgery and theitune of Neurology Joint Research
Ethics Committee. Patients gave written informedsemnt.

Patients were grouped according to the ILAE 1988gification scheme
{Commission on Classification and Terminology o timternational League Against
Epilepsy, 1989}. These were IGE and its sub clasdibns - juvenile myoclonic
epilepsy (JME), juvenile absence epilepsy (JAE)dbleod absence epilepsy (CAE), and
epilepsy with generalized tonic clonic seizureydiGE-GTCS) - and secondary
generalized epilepsy (SGE). The latter group haaymore of the following: atypical
absences, an abnormal background EEG, and irreGH%. In one patient there was
electrographic evidence of a unilateral frontai®¢patient 43, see table 1 and figures 1

and 3B). All patients had normal structural MRI.

EEG acquisition
Ten channels of EEG referenced to Pz and two chewherecordial ECG were

recorded using in house recording equipment {A#eal., 1998} {Allen et al., 2000}.

Gold disk electrodes fitted with 10 kOhm resisttosi,educe possible MR induced
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currents {Lemieux et al., 1997}, were applied te #talp, at FP2/ Fpl, F8/ F7, T4/ T3,
T6/ T7, O2/01, Fz (ground) and Pz according toitbternational 10-20 system (for
methods see) {Krakow et al., 2000}. An impedance&2? kOhm across each electrode
pair was typically achieved (20 kOhm attributaldette resistors in each electrode).
Algorithms for pulse and image artifact reductitrgt calculate and subtract an averaged
artifact waveform, were used to recover the undeglf¥eEG, allowing the visualization

of the EEG during the image acquisition (onlinejl aabsequent review (off-line) {Allen

et al., 1998} {Allen et al., 2000}.

MRI acquisition

A 1.5T GE Horizon echospeed MRI scanner (Milwauk#&esc.) was used to
acquire 700 BOLD sensitive echo-planar images (ERdges (TE/TR 40/3000, 21 x5
mm interleaved axial slices (acquired paralleh® intercommissural line), FOV 24 x 24
cm, 64x64 matrix) over a 35 minute session withtiomous, simultaneous EEG. An
additional four images were acquired at the stagaoh session and discarded to allow
for T1 equilibration effects. Foam padding or awat head cushion was used to help
secure the EEG leads, minimize motion, and imppateent comfort. Two successive 35
minute scan sessions at the same sitting wererachui 13 patients, giving 59 sessions

in 46 patients.

Data Analyses

The SPM2 software package (www.fil.ion.ucl.ac.ukigpwas used for all image
pre-processing and voxel based statistical analyiseges were slice-time corrected to

the middle slice and spatially realigned to thstfacan of the series, and then spatially
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normalized to the MNI template supplied by SPM.alinimages were spatially
smoothed using an isotropic Gaussian kernel (10fatinvidth at half maximum).

The artifact corrected EEG was reviewed off-lind #me onset and offset of
GSW epochs were identified relative to the fMRIgiseries. These were used to
construct a boxcar model of the active (GSW) versas(background) EEG state. This
model was convolved with the canonical haemodynaesponse function (HRF), as
supplied by SPM2 (peak at 6 seconds relative tetjmkelay of undershoot 16 seconds
and length of kernel 32 seconds), its time anded&pn derivatives, to form regressors
testing for GSW-related BOLD changes. The tempdeaivative (TD) and dispersion
derivative (DD) were used to accommodate variatiortee canonical HRF
{Handwerker et al., 2004} {Henson et al., 2002}.e8pl realignment parameters and
their first order expansion were included as eff@ftno interest to model the linear and
non-linear effects of motion {Friston et al., 1996}ata and design matrices were high
pass filtered at 128 seconds cutoff. An auto resjpes(AR(1)) model was used to
estimate the intrinsic autocorrelation of the d&taston et al., 2000}. No global scaling
or normalization was performed, to preclude int@dg apparent deactivations in the
analysis that would be artifactual.

An F-contrast was used to assess the variancelatveael explained by GSW.
The resulting SPMs were thresholded at p<0.05 usiegorrection for multiple
comparisons based on random field theory {Fristosl.e 1991}. The contrast estimate
pertaining to the canonical HRF {Henson et al.,Z00as used to ascertain the direction
of the BOLD response at the global maxima andeatdbal maxima of frontal, posterior

superior parietal, and posterior cingulate cortices
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A random effects group analysis was performed @h edthe groups IGE, and
SGE using the following two stage procedure toritiie average pattern at a population
level {Friston et al., 1999}. The contrast estingpertaining to HRF, TD and DD, were
taken to a second level random effects group aisalging a one-way analysis of
variance. The inter-session variability in the tuemof EEG events requires particular
consideration for group analyses due to the rigknbfalanced designs {Friston et al.,
2005}. We therefore selected patient sessions iclwime number of GSW events fell
within one order of magnitude of each other (sé&ta, sessions marked *), giving 18
IGE cases and 10 SGE cases for the group anallsdscontrast at the second (i.e. the
between subject) level was used to test for thenee explained by GSW across the
group. We had insufficient patient numbers {Desmand Glover, 2002} with GSW
during scanning for group analysis in JME and JAE.
Results
Clinical features

See table 1 for the patients’ clinical featureso@quality EEG was obtained
following pulse and gradient artifact subtractiabpwing identification of epileptiform
discharges (for examples see figure 1). In 16 ses<il0 patients, marked T in table 1)
no GSW was seen; these sessions were not considetteer. Three further patients
were excluded due to correlation between head matial GSW events (marked £ in
table 1). The rate of occurrence of GSW eventhérémaining 40 sessions (in 33

patients) varied between 1 and 189 per 35-minwda session (mean 28, median 11).
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Single subject results

Significant BOLD signal changes were seen in 2fept, (29 sessions, 73% of
sessions containing GSW): in thalamus (15 patiefra)tal cortex (FC) (23 patients),
posterior parietal cortex (PPC)(19 patients) an@ P@recuneus (20 patients), with one
or typically more of these areas involved in eaa$ec(table 2). In addition, BOLD
change was also seen, to a variable extent in paments in basal ganglia, cerebellum,
brainstem, the sagittal sinus, or all lobes.

Figure 2 shows examples of BOLD response patterB8siatients with the
different IGE syndromes JME, IGE-GTCS, JAE, andifeg3 in one case with SGE,
illustrating the similarities of the cortical patten these distinct syndromes. Negative
cortical changes predominated, although positind,@phasic changes, were also seen
(table 2). BOLD decreases in FC were seen in I€i@es (8 IGE, 6 SGE), increases in
10 (5 IGE, 5 SGE), and biphasic changes in 2 (IGP)C decreases were seenin 17 (11
IGE, 6 SGE), increases in 3 (1 IGE, 2 SGE), antidsp changes in 1 (SGE), and PCC /
precuneus decreases in 15 (8 IGE, 7 SGE), incréa$ec3 IGE, 3 SGE) and biphasic
changes in 1. The signal change in the thalamuguasitive in 9 sessions, biphasic in 4
and negative in 3 sessions. In patient 43, with 88EEEG evidence of left frontal
epileptogenicity a small area of frontal activatwas seen in addition to a more

widespread fronto-parietal cortical negative resgofiigure 3).

Group results

Table 3 gives the regions of significant BOLD chesgevealed by the group
analysis, with coordinates of local maxima andrthespective Z score. This shows a

group effect of thalamic signal increase in IGIbjghasic change in SGE, and cortical
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signal decrease in a characteristic distributioRBE, PCC / precuneus and FC in the
IGE group and medial FC / anterior cingulate inseeia the SGE group and biphasic
thalamic change in the SGE group. Figure 4 shoesS®M{t} of the HRF for the group
analyses of the IGE, illustrating the cortical dizition of signal decrease and the
thalamic activation.
Discussion

BOLD signal changes were detected in 73% of sessigield comparable to
that previously reportedhghakhani et al., 2004}. Those with no BOLD resgerhad 7
events or less, all of which were of less thancdsds duration (table 2). The most
striking feature of our results is the lack of ches in the primary cortices, except in a
few cases, the primary visual cortex. Aghakharil ¢2004) similarly, found the cortical
BOLD changes predominantly in a frontal and postetistribution, similar to those seen
here. They highlighted the symmetrical nature efrtfindings as well as the
predominance of negative changes in cortex astseren We used a second level random
effects group analysis to look for population spe®OLD effects to GSW. Sub
threshold signal changes that are not seen ahdiddual level will become significant
if they are present across subjects. Similarliéiré is a high degree of variance at a
particular voxel then activations that are seethenindividual level will not reach
significance at the group level. We chose to shmwesults for both the individual
analyses and the random effects group analysisrtmdstrate 1) the degree of
intersubject similarity, in different syndromes aratiability within the same syndrome,

at the individual level, that, at this present tipreclude the use of EEG-fMRI as a

10
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clinical tool, and 2) population specific effectst allow inferences to be made about
neuronal activity during GSW.

The selection of patients for this study was ne@ely biased to those at the
severe end of the spectrum often referred for apaition of medical treatment. Rarely
were patients on no medication. Carbemazepine (@Bd)gabapentin (GBP) are known
to increase the amount of GSW in patients with {&&chen 2002}, however they used
if the initial diagnosis is incorrect, or in sonm@rovements in generalized seizures are
seen despite the relative contraindication. ltoshle that 7 of 34 of our IGE patients
with frequent discharges were taking CBZ or GBkhattime of the study. In the other
EEG-fMRI studies 4 of 15 were taking CBZ in (Aghakinet al. 2004) and 4 of 5 in
(Archeret al.2003). The effect of anti epileptic medicationtba neurovascular response
is not known, although any effect is lessened lyfdict that comparisons made here are
within sessions. Even with optimal patient setattithe unpredictability and in cases
paucity of GSW during scan sessions remains adtioit of EEG-fMRI. Activating
procedures such as hyperventilation could be erepldyt are likely to introduce
confounds due to variable effects on cerebral Gtmn and the BOLD response
{Kemna and Posse, 2001}, whilst photic stimulatisieep deprivation or drug
withdrawal would run the risk of provoking genezalil tonic clonic seizures.

The predominant finding in individual subject anmdyp analyses was of thalamic
activation and cortical BOLD negative response sesient with recent EEG-fMRI
reports {Salek-Haddadi et al., 2003b} {Archer et @003} {Aghakhani et al., 2004}
{Laufs et al., 2005}. Thalamic signal change wasrsm less than half of patients with

IGE and almost all patients with SGE. This may be tb the greater occurrence of GSW

11
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in SGE cases compared to IGE (median SGE 44.5 ¥é@& 8), and tended to be seen
in those individual IGE cases with a higher numtrdilonger duration of GSW. Primary
cortical areas were spared, with changes occumifigntal, parietal and temporal
association areas. At the single subject levellamBOLD responses were seen across
IGE syndromes and in SGE, suggesting that the pnedmt BOLD findings represent
generic changes associated with GSW per se rdthersyndrome specific patterns. This
is unlikely due to syndrome misclassification {Bevic et al., 1987} given the similarity
of our findings in cases with very clear syndroutiferences (figures 2 and 3).

It is not possible to infer causality of the BOLDBamges relative to our modeled
covariate, GSW; they may represent areas gener@®Wy, or alternatively reflect areas
secondarily affected by GSW. This difficulty irfenring causality is in contrast to
paradigm driven fMRI where it is generally safeagsume a primary association between
the task or stimulus and the observed fMRI chanigesgidition a prior hypothesis about
a relatively well defined location of expected rawactivity usually exits. In GSW
however we have little prior anatomical hypothasigarding the spatial extent of BOLD
changes. We propose that thalamic activation seenrepresents subcortical activity
necessary for the maintenance of GSW {Avoli et2001}. The absence of thalamic
activation in a number of our cases may reflect $awnwsitivity of our model at 1.5 T
{Laufs et al., 2005}. The left frontal cortical action in case 43 (figure 3B) requires
further validation but likely represent an areanitiation of GSW, given its concordance
with the left frontal EEG onset of GSW (figure 1d).

The cortical distribution of signal change, FC, P&t PCC / precuneus,

comprises areas of association cortex that arethgpized, at rest, to be involved in an

12
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organized, baseline level of activity, a “defauttae” of brain function {Raichle et al.,
2001} {Mazoyer et al., 2001}. The default mode ceptcame from observations of
consistent deactivations in meta analyses of diffetask related paradigms in fMRI, in
addition to independent PET measurements of inecebhlood flow to these areas during
awake conscious rest {Raichle et al., 2001}. Atyivin these areas as measured by PET
is also altered during sleep, coma and anestheaiar¢ys et al., 2004}. Default mode
areas likely represent part of a neural networlssnbng human awareness {Laureys et
al., 2004}. Our study, and others {Archer et a3} {Aghakhani et al., 2004} {Laufs
et al., 2005}, shows alteration of activity in tkaggions during GSW, which would be
consistent with the clinical manifestation of abseseizures. These findings are also
consistent with PET findings of opioid release ss@ciation neocortex, most marked in
parietal cortex and posterior cingulate, followadgsence seizures {Bartenstein et al.,
1993}

The majority of cortical BOLD responses were negattable 2), in keeping with
other fMRI {Salek-Haddadi et al., 2003b} {Aghakhagtial., 2004} {Laufs et al., 2005}
as well as transcranial Doppler (TCD) {Sanada ¢t18I88,Klingelhofer et al.,
1991,Bode, 1992,Nehlig et al., 1996,De Simone.etl@8B8,Diehl et al., 1998} and near
infrared spectroscopy studies {Buchheim et al. 42@Blaginoya et al., 2002}. A number
of lines of evidence suggest that BOLD negativpoases represent a reduction in
neural activity. In visual cortex, a reduction dDBD signal, elicited by stimulating part
of the visual field is due, primarily, to a redustiof neuronal activity {Shmuel et al.,
2002}. A decrease in BOLD signal is seen in themitad cortex during auditory induced

saccades {Wenzel et al., 2000}, a manipulation kmbovsuppress neuronal activity

13
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{Duffy and Burchfiel, 1975}. BOLD decreases haveabeen observed in the context of
neuronal synchronization, modulated by sub-corstaictures {Parkes et al., 2004}.
Visual stimulation during sleep leads to occipB&lLD negative responses, confirmed as
a decrease in rCBF with,HO PET {Born et al., 2002}. Similarly auditory BOLD
negative responses occur on auditory stimulatiomdisleep, the amplitude and extent
of which correlate positively with measures of EEf@chronization in sleep {Czisch et
al., 2004}.

Although the majority of our cases showed cortieadative response a number of
cases showed activation or biphasic time coursdsisame areas. These did not differ
significantly (2-sample t-tests, all p > 0.8) fréhose with negative response in terms of
the frequency of GSW, the number of events, theidian duration or total duration
during the scan session. Nevertheless activati@ns seen in a greater proportion of
SGE than IGE patients. This would explain the absex widespread cortical change in
the SGE group analysis, where positive signal ceaigsome subjects and negative in
others in the same region lead to a loss of thieceat the group level.

Our cases of cortical activation are compatibikh the findings of others;
cortical increases were seen in some cases with {fghakhani et al., 2004} and in
TCD an initial increase was seen prior to the npzotonged decrease {Diehl et al.,
1998} {De Simone et al., 1998}. Similarly, SPECTHRET showed increases as well as
decreases in cortical activity to spike wave {Endel et al., 1985} {Theodore et al.,
1985} {Ochs et al., 1987} {Prevett et al., 1995} évii et al., 2000}. The terms
“activation” and “deactivation” are operationalrtes that reflect measured vascular or

metabolic responses from which inferences aboutomali activity are made, we have
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preferred to use the term negative BOLD responterahan deactivation as the neural
correlates of these responses aren'’t yet cleartélrhes have their origins in the field of
PET {Friston et al., 1990}, in which measures anamgitative and more direct. In fMRI
the modeling of signal changes is relative, i.eomparison between two states
{Bandettini et al., 1992}. Given that 1) we, andiets {Aghakhani et al., 2004,Salek-
Haddadi et al., 2003} model GSW against an impbeiseline, i.e. active (GSW) against
rest (background resting state activity), and 2)detect changes in areas of association
cortex, then the level of arousal or sleep reflectiesting state activity in these regions
may affect the direction of detected BOLD signamfjes. A negative response is
therefore seen where there is a decrease or iptemuwf awake resting state activity; if
however the patient is drowsy or asleep activitthese areas may be lower than that
engendered by GSW thus giving rise to activatiéusgure studies of GSW with EEG-
fMRI need to take this into account, by modeling Background EEG in more detail or
presenting the subject with a low grade task design maintain and monitor a constant
level of vigilance.
Conclusion

In conclusion, we have shown that the main BOLD fM&relates of GSW
consist of widespread cortical negative responseeas associated with normal brain
activity during conscious rest. These likely reflacecrease in neural activity, as a result
of either synchronization or inhibition of corticattivity due to thalamo-cortical
interactions. This is in keeping with the cliniéehtures of absence seizures, i.e. a brief

alteration of consciousness with minimal somatosgnser motor manifestations.
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IDno Age Seizuretype frequency (ageonset/yrs) Antiepileptic Drugs Frequency of
(yrs) GSW (Hz)

JAE

1 19 Abs daily (11) GTCS 5/yr (15) LEV, LTG 2.5-3

2* 24 Abs 15 d (10) GTCS 4/yr (13) CBZ, ESM, LTGZM 3

3* 18 Abs (10) GTCS 2/mth (14) LTG 3-4

4 43 Abs 2/wk (9) GTCS 5/yr (9) CBZ, LTG 3

5* 43 Abs daily (8) GTCS 4 /yr (13) CLB, LTG, VPA 3

6* 22 Abs 4-5wk (9) GTCS 6/yr (16) LTG, VPA 4

7 22 Abs 2-3day (8) GTCS 2/mth (19) ESM, LTG, TPM -43

8 54 Abs 1/mth (19) GTCS none for 10yrs (19) CBHT, PB, VPA 3-4

9* 18 Abs weekly (15) Nil 2.5-3

10 19 Abs daily (7) GTCS <1 yr (7) CBZ, VPA 2.5-3

11 33 Abs daily (teens) LTG, VPA 3

12 1 33 Abs 10/day (10) GTCS 5/yr (14) LTG, VPA 3

13 1 37 Abs 1/mth (4) GTCS 2/yr (11) LTG, OX¥B, VPA 3

14*t 36 Abs weekly (3) GTCS 3 in total (6) LTG 3
Agerange: 18-54 yrs, mean 30, median 28.5. sex ratio M:F - 4:3.
JME

15 55 Abs resolved (13) GTCS 1-2/yr (13) MJ 2-3/tdels) CLB, LEV, LTG 3

167 20 Abs daily (13) GTCS 2/mth (13) MJ daily (18) CLN, TPM, VPA 2-3

17* 59 GTCS 1/wk (5) MJ several/wk(10) CBZ, PRRA 4

18 20 Abs 3/d (<10) GTCS 1/mth (13) MJ resolved (14 LEV 3

19 41 Abs nil GTCS 1/mth (15) MJ resolved (15) CLBG, PHT, VPA 3

20* 18 Abs 2-3/wk (15) GTCS<1/yr(16) MJ daily(15) LEV, LMT, VPA 4-5

21* 37 Abs 10d (7) GTCS 2/yr (12) MJ (teens), CERBP, VPA 2-3

22 18 Abs nil GTCS 1/yr (14) MJ resolved (14) VPA 3

23*t 20 Abs 3wk (19), GTCS 1/yr (18) MJ daily 18 CLN, LTG 2-3
Age range 18-59 yrs, mean 34, median 33. M:F - 5:4
IGE-GTCS

24 33 GTCS free 2 yrs (11) LTG 4

25* 34 GTCS 3in total (12) CBz 3

26 32 GTCS 4 in total (22) CBZ, CLN 3-4

27t 21 GTCS 1/mth (1) CLB, LTG, VPA 25-3

28t 48 GTCS 1<10yrs (7) VPA 2-3

207 24 GTCS 1in total Nil 2-3
Agerange 21-48, mean 32, median 32. M:F 2:1
CAE

30 23 Abs 10/d (4) GTCS 1/mth (12) LEV 3

31} 26 Abs 15/d (8) Nil 3

32% 53 Abs several/day (10) DZP 4

Agerange 26-53 yrs, mean 34, median 26. M:F 8:5
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33 29 Abs daily (20) GTCS <1 yr (23) LTG, VPA 2Bn bkgd
34 29 Abs 3/d (16) GTCS <1 yr (14) ACE, CBZ, VPA 1.5-2
35 21 Abs daily (10) GTCS <1 yr (10) tonic sz 1£4R) ACE, CBZ, CLN 2-3
36 19 Abs 6-8/d (7) GTCS 6lyr (7) LEV, LTG, BG 3 abn bkgd
37 22 Abs 2/wk (8) GTCSresolved (9) MJ 2/wk CLNG, OXC, VPA 2-3
38 26 GTCS 2-3lyr (14) drop attacks 6/yr (26) LTeM 2-3
39 26 Abs 2-3/wk (9) GTCS <1/yr (12) atonic sz 1{dR) CLN, LTG, OXC 2 abn bkgd
40 74 Abs daily (teens) GTCS 2/mth(14) PHT, TPM 2.5-
41 22 GTCS 6/mth (11) CBZ, TPM 3
42 38 Abs 10-20/d (7) GTCS 0-4/mth (11) CBZ, LEV -2
43 21 Abs 8/mth (13)  GTCS 4/yr (18) CBZ, LEV, VPA 2 L>R, max F3
44t 40 Abs 1-2/mth, (11) GTCS 2/yr, (11) CBZ,JRHGB 3
45t 19 GTCS 2/mth (2) LTG, TPM 2-3 abn bkgd
46*t 47 Abs 15/d (2) GTCS 3/mth (4) PHT 3-4

Agerange 19-74 yrs, mean 31, median 26. M:F 4.3

Table 1. Clinical details of patients studied basedLAE diagnostic categories, showing
seizure type and frequency, age at onset, medicatiome of study and frequency of
GSW. Structural MRI in all patients was normal. Hub classification of IGE is often a
source of debate, with a degree of overlap betwgadromes, and some would therefore
argue they represent a continuum rather than spedsease entities. For example
patient #10, whilst the age of onset 7 years nsglygest CAE, we prefer to classify as
JAE on the basis of GTCS occurring with the on$efpadepsy, similarly patient #32
whilst the age of onset of 10 might suggest JAEr®®r had a GTCS, this would be
unusual for JAE, hence we include them in CAE {Bampolous 2002}.

JAE, Juvenile absence epilepsy; JME, Juvenile Myoc Epilepsy; IGE-GTC,

idiopathic generalized epilepsy with generalizeddalonic seizures only; SGE.
secondary generalized epilepsy; abs, absence egjadd, myoclonic jerks; GTCS,
generalized tonic clonic seizures; ACE, actetazaanCBZ, carbemazepine; CLB,

clobazam; CLN, clonazepam; DZP, diazepam; ESM,setk@mide; GBP, gabapentin;
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LEV, leviteracetam; LTG, lamotrigine; OXC, oxcarbame; PB, phenobarbitone; PHT,
phenytoin; TGB, tiagabine; TPM, topiramate; VPAdgmn valproate; M, male; F,

female; abn, abnormal; bkgd, background; F3, tefttll electrode; d, day; wk, week;
mth, month; yr, year; sz, seizure. * patients sddn two successive sessions, 1 patients
in whom no GSW was seen during scanning,  pateatsided due to correlated

motion.
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Table2
Id No. of Duration of Regions of significant fMRI signal change
o o No. GSw GSW events.
85 Events | Median (range)
£ (seconds)
s Thalamus Frontal Parietal Posterior Other
o cingulate/ precuneus
1* 9 2.1(1.6-8.1) - 1 B(Lm) B 1B 1 ss, cereb, temp
2a 3 7.3(4.4-7.7) - 1 B(Lm) |B - 1 L temp
2b 1 5.9 - T Rm - - 1 B temp
3* 7 1.3(0.9-3.3) IR 1B - - { B head caudate (R)
4* 4 2.6 (1.0-3.0) - - - - -
5a 18 0.6 (0.4-3.6) 1B 1B - 1B 1 ss, cereb (Rn), B occ
W 5b* 16 0.7(0.4-1.7) - - - 1B 1 cereb (Lm), B occ
< 6a 4 1.9 (1.3-3.0) - - - - -
6b* 17 1.3(0.4-4.3) - - - - | Linfoccm
7 2 4.3 (3.4-5.3) 1B 1B(Lm) TR - 1ss
8* 8 2.1 (1.0-5.3) - B(Lm) | B. B -
9a* 8 1.9 (0.7-3.6) - !B LB B 1.ssm
9b 2 0.6 (0.6-0.7) - - - - -
10* 11 1.3 (0.9-2.6) - - - - -
11 189 1.6 (0.3-73.9) 1B | B(Lm) | B | B | ss, cereb
15* 17 0.7 (0.4-5.3) - - - - | occm,] R BS
17a* | 7 1.4 (1.1-1.6) - - - - -
17b 1 1.4 - - - - -
w 18* 25 1.3(0.4-3.4) 1B (Lm) 1B - 1B 1 occ, B temp
= 19+ | 4 0.6 (0.6-0.9) - - - - -
20 |7 1.6 (0.7-1.7) - - - - -
2la | 60 1.4 (0.4-8.4) I|B(Lm) ||B 1B 1B | BS
21b | 89 1.0 (0.3-5.4) 1B 1B IR 1B 1 BSm
22+ |11 9 (2.4-15.7) - | B 1B (Lm) 1B -
24* |6 1.1 (0.9-1.7) - - - - -
58 |25 | 33 1.6 (0.6-3.9) - 1B 1B (Lm) 1B -
or 25b* | 24 1.4 (0.6-4.1) - 1B 1B(Lm) -
26* |5 1.1 (0.7-1.4) - - - - -
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CAE | 32* 17 2.1 1B LB LB B 1 cerebm
33* 25 1.1 (0.3-2.0) IR LB lB(RmM) B -
34* 55 13.7(1.0-824) |1 B LB !B B (RmM) | all lobes, cereb, BS, BG
35* 32 10.9(1.3-824) || B | B(Lm) | B | B | ss, cereb., temp, BS
36* 9 7.1 (5.0-12.6) - 1B(RmM) LB B 1ss,| BS

" 37* 78 2.6 (0.6-15.0) 1B 1B - 1B (Lm) 1 occ

8 38* 43 5.7 (0.7-12.3) 1B (Rm) 1B 1B 1B 1 ss, cereb] BS
39* 68 6.6 (0.4-39) 1B (Rm) 1B 1B 1B 1 cereb, temp, BS, BG
40 3 6.9 (1.9-8.6) - - - - -
41* 46 0.7 (0.3-12.9) 1B | B midline (Lm) | B | B | cereb; BS, temp, occ
42* 57 4.1 (1.1-24.6) - LB B(RmM) B | temp
43* 46 5.2 (1.1-29.3) 1L | B +areaof 1 B (RmM) B | BS

Table 2. Summary of results for all sessionsrapwhich GSW activity occurred, detailing numbed auration of

GSW epochs, and regions of significant BOLD sigrelnge labelled in accordance with direction of H&deling. All

SPMs corrected for multiple comparisons using raméield theory (p<0.05).

Id no — identification number, corresponds to thaable 1. (a) and (b) are given for those stuaiét two sessions.

1 - increase| - decrease] - biphasic. B - bilateral, L - left, R - righty - global maxima, BG - basal ganglia, BS -

brainstem, BG - basal ganglia, cereb — cerebellemp - temporal lobes, occ - occipital lobes, sagittal sinus

(draining vein).

*indicates sessions included in second level gemgdysis.
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Table3
A. IGE group analysis

Region X,Y,Z Peak Z Weighting on

score contrast estimate

Parietal

L Angular Gyrus -44,-62,34 5.96 l

R Supramarginal Gyrus 46,-51,32 5.86 !

R Posterior Cingulate 6, -48, 17 5.23 !
Frontal

L Inferior Frontal Gyrus -51,16,16 4.75 !

L Inferior Frontal Gyrus -50, 26,-15 4.11 !

R Inferior Frontal Gyrus 53,35,7 3.86 )

L Inferior Frontal Gyrus -38, 49,1 3.82 l

R Middle Frontal Gyrus 53, 23, 23 5.47 l

L Superior Frontal Gyrus -12,61,23 3.76 l

R Superior Frontal Gyrus 18, 48, 29 3.59 !
Temporal

Fusiform Gyrus -51,-34,-20 4.21 !

R Middle Temporal Gyrus 67,-28,-12 451 !

L Middle Temporal Gyrus -46, -52, 3 3.78 )

L Parahippocampal Gyrus -16, -10, -13 3.98 )
Subcortical

L Caudate -14, 10,5 4.68 l

R Caudate 10,8,5 4.13 !

R Thalamus 12,-11,4 3.67 1
B. SGE group analysis

Region X,Y,X Peak Z Weighting on

score contrast estimate

Frontal

L Cingulate Gyrus -8, 10, 42 5.56 1

L Anterior Cingulate -8,33,2 3.94 )

L Inferior Frontal Gyrus -50, 5, 27 3.98 )

R Cingulate Gyrus 10,9, 33 3.89 )
Subcortical

L Thalamus -14, -15, 4 4.15 )

R Thalamus 10, -15, 3 3.92 )

Table 3. Brain regions that showed significant ¢fgaan the group analysis. A: IGE

cases and B: SGE cases. The weighting on the sbigrgiven to show the direction

of BOLD signal change. L, left; R, right; hrf, canoal haemodynamic response; td,

temporal derivative
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Figure legends

Fig 1. Examples of EEG recorded during scanningfohg pulse and image artifact
subtraction, displayed as bipolar montage showing of generalized spike wave
activity. a) patient #1, JAE. b) patient #25, IGHS. c) patient #35, SGE d) patient
#43, SGE with evidence of L frontal epileptogenicECG electrocardiogram, OSC
scanner slice pulse used for EEG artifact corraciod EEG-fMRI synchronization

(7/second).

Fig 2. Examples of mean intensity projections fraingle subject SPM analyses
showing cortical signal change with GSW involvingrsnetrical bi-frontal, bi-

parietal, posterior cingulate/precuneus in thraepts with different diagnostic
syndromes a) patient #10, JAE, b) patient #22 JMgatent #25 IGE-GTCS. The
fitted response for each global maximum (markedthwed arrow on the SPM) is
plotted on the right indicating the peristimuluséi course and percent signal change.

(SPMs corrected, p < 0.05)

Fig 3. Examples of mean intensity projections SPM{bm 2 patients with SGE
whos EEGs are shown in figure 1. A color coded layeof SPM{t}(red-

activation and green deactivation) onto the surfacder is shown for display
purposes and a plot of the weighting on the conestimates also shown to
indicate the direction of the signal change, bbibwsa similar distribution on
neagative BOLD to the IGE cases shown on figutBpugh to a greater extent
due to the higher number of events during the seasion.. A) Patient #35 shows

widespread cortical deactivation sparing primargtical areas. B) Patient #43 is
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also shown as this illustrates in addition to tegative BOLD changes a small

area of left frontal activation concordant with BEG abnormality.

Fig 4. SPM{t} overlaid onto canonical brain of ptig¢ HRF (red) and negative
HRF (green) (uncorrected p<0.001) illustrating tt@amic and cortical
distribution of BOLD changes to GSW in the IGE goanalysis. This shows
bilateral parietal [46 -51 32] and [-44 -62 34] gyakterior cingulate / precuneus
deactivation and [6 -48 17] thalamic activation [12 4], the activation around
the ventricles, we suspect is due to modeled clsaimg€SF pulsation as a result

of the widespread haemodynamic changes occurringgdGSW.
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