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Summary.

Objective:"We'report on patierdpecificdurations of postictal periods in longrm
intracranialelectroencephalogram (iIEE@cordings. The objective was to investigate the
relationship _between seizure duration and postictal suppression duration.

Methods: Long+term recordings iIEEG from nine patie(t%0 seizures recorded)ere
analyzed. In total, 2310 seizgreiere recorded during a total of 13.8 years of recording.
Postictal suppression duration was calculated as the duration of time after seizure termination
until total signal'energy returned to bgound levels. The relationship between seizure
duration and postictal suppression duration was quantified using the correlatitciesuef

(). The effects opopulatiors of seizures within patients on correlations were also
considered. Populatisrof sézures within patients were distinguished by seizure duration
thresholds and k-means clustering along the dimensions of seizure duration and postictal
suppressiontduration. The effects of bursts of seizures were also consideredihy defi
populatiors basd on interseizure interv@lSl).

Results:"Seizure duration accounted for 40% of postictal suppression duration variance,
aggregated across all patients and seiz@eigure duration accounted for more than 25% of
the variance in postictauppressioduration in two patientand accounted for less than 25%
in the remaining seven. threepatients heat mapshowedmultiple distinct postictal
patternsndicatingmultiple populations of seizures. When accounting fos#populations,
seizure duration accounted for less than 25% of the variance in postictal duration in all
populatiors. Variance in postictal suppression duration accounted for less than 10% of ISl
variance in-allspatients.

Significance::\We have previouslgemonstratethat some patientsalie multiple seizure
populationssdistinguishable by seizure duration. This paper shahdifferent seizure
populationsthave distinct and consisteostictal behavia. The existencef multiple
populatiors in some patients has implications for seizure management and forecasting, while

thedistinctpostictal behavi@ may have implications for SUDEP prediction and prevention.
Key Words: long-term, iEEG, postictal, suppression, paspstific, SUDEP
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Key Points

e Long-term iEEG recordings were obtained from nine patients with a total of 2310
seizures-over a cumulative recording time of 13.8 years.

e Multiple distinct and reliable postictal iEEG patterns were seen in three patients,
illustrating multiplepopuktions of seizures.

e Postictal suppression duration shows minor or no correlation with seizuredurati

when aecounting for multiple populat®of seizures.

I ntroduction

Despite extensivstudy, the mechanisms of epileptic seizures remain elustueh of the

focus in epilepsy research is on seizure onset rather than seizure termirfat®fess is

known about the postictal period than abogictaland ictalactivity. Understanding seizure
onset mechanisnmay help guide preventative or predictive strategies. However, studying
the seizureteminationprocessnay permit new therapeutic approachés understanding

of seizufe"dynamics and transitions must be informed by statistical observations from data

including mathematical modelling

Various signal features at the electrographic @anaet offsetsf seizuresuggest that they
arecritical transitiors in the underlying brain stdte Critical transition modelassume that
seizure onsstand offsetsnay not begin and end entirely asesult of random fluctuations in
cortical activityor input,but rather thaseizuredollow a path that must be completasthe
brain transitions to thmterictal state Mathematical modelling of postictal suppression
suggests.a deterministic process associated with longeciatec intervals and reduced
connectivitysprior to seizure terminatidiThis agres with thehypothesighat seizures

follow a setspathway through brain stdtes

The postictalperiod is commonly characterized by a period of low energy that slawhsre
to interictal norms (referred to here as postictal suppressiotfostictal suppression is
often associated witkpecific clinical featuresuch as immobility, impaired cognition,
headache, and psychological depresSibn There isacontentiousihk betweerpostictal

generalized suppression(PGE®) sudden unexpected death in epilepsy (SUBERY.
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No correlation between postictal suppreadength and SUDEP has been established.

However, postictal suppression and PGES reflectsimilar processes and so it is

reasonable to speculate that postictal suppression may also influence SUDEP occurrence
SUDEP has a mortality rate of 0.13-2.7 per 1000 person years, increasing to 3.5-9.3 per 1000
person years+for people with refractory epiléfisso understanding any potential link may

assist in the development of preante strategies

Cook et alg (2016 showed that, in some patients, seizimegtion is bimodally distributed,
indicatingtwo distinct populatios of seizures that have different onset and/or offset
mechanisms. However, it is not yet knowthiésepopulatiors also differ in their postictal
behavior Knowledge of postictal statisticould have important implications for SUDEP

prevention.

Despite knowledge that many aspects of seizure characterization are highlysystisfit "~

20 such aranalysis of the postictal peridd longterm datahas not yet been conducted. This
has been largelgiue tolack of datasets that contanoughseizures per patient &dlow
sufficientanalysis. The dataset created by the clinical trial of a seizure advisory system has
recentlyiprovided such dataWe use this to investigapatientspecific patterns in the

postictal periegandfind arelationship between postictal suppressiarationand seizure

duration.

M ethods

The Dataset

The data.used.in this stutips beempreviouslydescribedy Cook et al. (20133, please refer
to this publication fofurtherinformation on patient demographissyudy designand other
detailsnot provided in Table 1. In summary, thegdiientsin thedatasehadfocalonset
seizures with a lateraked epileptogenic zone. Sixteitracranialelectroencephalogram
(IEEG) channelsvere continuously recorded at 46(z. Epilepsyrelated events were
categorzed intorthree typeseizures that werdinically confirmed (typeone),events that
wereequivalent to typeneseizuresn theiEEG recordingdbut without clinical confirmation
(typetwo), and seizurdike events that werdifferent to type onevents inEEG recordings

and without clinical confirmation (typiree). Typethreeevents were excluded frothis
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study as they may not represent tseezuresThe first 15 weeks aEEG recordingsvere
excluded as there were transition periods in the iEEG sigtaalinitial implantatioff.
Patient2, 4, 5, 7, 12, and Mere removed as they had less tBartype one antivo

seizures.

Some seizurewerefollowed within a few hours by another seizufe.avoid unintentional
inclusion of the following seizure’s preictal period in the current seizure’sigtasperiod a
minimum interseizure interva{lSl) of five hours was chosen, except where stated otherwise.
Seizures withhigh iIEEG signal loss, defined amore tharl0%of the data segment lostere

also removed from the study.

Data processing

Each datssample consisted of 16 channel IEEG from the pointinfisetermination until
the postictalipper limit, which waslefined to identify a start point of the interictal period
andwas determined on a patiespiecific basis (see Table IJhe postictal upper limit is
defined here lathe longest postictal suppression durafiaa time from seizure start until
changes in total energy perceived to be due to noise)atmnmeked up to the nearest multiple
of 10 minutes=Thereforall postictal suppressions finish before the postictal upper limit.

The mean of each channel was subtracted from that channel to remove DCHritsggy
was calculated.in the 180 Hz rangen eachchannekfter filtering witha zerophase,
secondorder Butterworth filterThe energy was then smoothed usrfare sec moving
average sliding'window with 0.0025 sec step size. Smoothed esxaags all 16 channels
weresummed to give the total energgross the recording in thi®-30 Hz frequency bané.
five sec mediatvalue filterwith 0.0025 sec step sizeas then applied to smooth the total

energy.

The average total energy in the 10 minutes after the postictal uppexéimdefined as
normal background energy for a given seiziitee endof postictalsuppression for each
seizurewas conservatively estated as the timef thefirst total energy valupassedhe
background energy valu&o avoid falsely short suppressitomes due tesmoothing
windows overlapping witthe seizure, the firdive sec aftereachseizure vereignored when

calculating postictal suppression lengtl. ensure that seizures with no suppression period
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were noffalselylabeled to have five sec suppression periaal| suppression durations were

reduced byive sec.

Correlating seizure and postictal suppression duration

The strengtheof.the correlation between postictal suppression duaatiseizureluration

was evaluatedsingthe correlation coefficier(r). To account for the effect of multiple
seizurepopulations on the correlation between seizure length and postictal suppression
length,correlation was also calculated within seizpopulatiors for selected patients
Seizures in these patients were most easily separated by seizure length and so seizures were
serated inb short-seizure and lorggizurepopulatiors. From herein the term populations
refers to theselusters of seizuresplit by seizure length except where stated otherwise.
Thresholds'were chosen upon viewing the data. Given that the selection of thés@dsres
were subjective; seizures were also sepam@gettivelyby applying k-means clustering in
two dimensions (seizure duration and postictal suppression dur&mmnéglation was also
calculated across all patients as a point of compargspattentspecific analysidf all

seizures were userksults couldrary due to differences in statistical power alone. To avoid
this, 17 seizures per patient for a total of 153 seizwere sampled, close to the average of
152.6 seizureswper patigmthen excluding seizures with an ISl less thae hours).

To investigate possible effects of seizahgsterson the postictal periodhe relationship
between seizurduration and postictal suppression wasestigatedn threeseparate groups
distinguished by, the inteseizure interval (ISI) followig the seizure: ISI five hours, two
hours < ISIdive hours, and I1SI4wo hours.Correlation coefficientbetween postictal
durationand ISIduration,as well as postictaluration and the following seizurduration,

were also calculated.

Results

Seizurelduration vs. postictal suppression duration

Figure 1shows heamnaps of the postictal period for all nine patients, ordered by seizure
duration. Blue, whiteandredrepresenperiods of low, average, and high energy,
respectivelyTherefore, pstictalsuppression can be seen as a segment of blue that starts at
the start of the postictal period (left) and gradually fades to white. Comparogs gatients,
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the heat maps show very different patterns of postictal behavior, highlighting theangeo

of patientspecific analysis. Based on the heeps, the patients can be categorized into two
broad types: those with consistent postictal behavior, and those with multipigushable
postictal behaviorsThese changes in postictal behavior align with changes in seizure
durationtindicating that the populations identified in the heat map mténelsame

populatiors identified previousf/. Within populations defined by seizure length, postictal
suppression length'is notably consist®dtients 6, 9, 13, and 1&llfinto the first category.
The postictal behaviors of patients 1 and 3 are broadly consistent acrosaiafissaixcept
that the longest seizures have notably different behavior with a longer siqppp$od.

The postictal periods of patients 8, 10, and 11 show clearly different pdietween
populations: Short seizures for patients 8 and 10 show no postictal suppression at all while
longer seizures show a clear suppression pefibd postictal periods of patient 11 show a
similar patternthoughinvolve a small degree of postictal suppression for short seizures.
Additionally, it is likely thatpatient 11 has three pastal patternsvith the longest seizures
showing notablyonger posictal periods than mediutength seizuresthe postictal peods

of patient 10.andp a lesser degree, patientstiow a period of postictal excitation after the

shorter seizures.

Figure 2 compares seizure duration with postictal supjareduration for each patiewjth

each data point representing a sirggezure. Histograms next to the horizontal and vertical
axes show. the distributions of seizure length and postictal suppression lemgbtivesy.

Blue lines show lines of best fit and red lines show the seizure length threshad tdos

split seizuresnto two populationsResults varied greatly across patients, for instance patient
11 had the highest correlation at 0.76 (p < 0.001) while patient 10 showed the lowest
significant'correlation &.20 (p =0.03) and three patients did not show any sigaifit
correlationlAcross dlpatients, r = 0.6294{F 0.396, p < 0.001) meaning 40% of postictal
duration variance is due geizure duration when ignoring patient specifidiyll results of

the statistical-analys@re shown in Table 2.

Patients 810;and 11 were chosen for multiple populateoralysis based on the observation
of multiple postictal patterns in the heat mdpatients 1 and 3 were also considered for this
analysis but both had a relatively small number of seizures in one population and so were
excluded. The seizure duration thresholds separating short and long seizurests §ati@n

and 11 were set at 40, 35, and 20 secaredpectively Both populatios for patients 8 and
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10 showed no significant correlation between seizure length and postictal supderggion
despite correlation across all seizures for each patient. Howleisemaybe due to a loss in
statistical power intrinsic to calculating correlation in a smaller number of seizures. Patient 11
showed significant angkducedcorrelation for both the short (r = 0.47, p < 0.001) and (ong

= 0.69, p<0:0013eizurepopulations.

K-means clusteringith two clusters, across dimensions of seizure duration and postictal
suppression duratiomyas performed on patients 8, 10, and 11 due to the observation of
multiple populatiors in the heamaps.Patient 10 showed no significant correlation in either
cluster. Patients 8 and 11 both showed significant and reduced correlation in ongthrister
other cluster showing no significant correlation in each patient. The heat magiiémt R 1
also suggested a possible thaapulationand so kmeans clustering witthreeclusters was
performed for that patient. No cluster showed significant correlation betweenesength

and patictalsuppression length.

Notably, when.eonsidering all seizures for each patient, only patients 8 and 11 showed
correlation coefficients greater than 0.5 meaning that, for all other {satseizure duration
accountsfor1ess than 25% of the variaotpostictal suppression duration (i.&<@.25).
When considering twpopulatiors of seizures within patient 8|l correlation coefficients
fall below 0.5,and when seizures are separated by seizure length no significant correlation is
found at all. In contrast, patient 11 shows one populadtiahhas a correlation coefficient
above 0.5 for both methodlsr defining populations. However, if three populatiare
considered, there are no longer any clusters with significant correlation.t Ratgmows no
significant correlation when using either method of defining popuktidherefore,
assuming that patients 8 and 10 have populations and that patient 11 has three
populations,.as.supported by the heat maps, we find that within all seizure popidatizume
duration aceounts for less than 25% of the variance of postictal suppression duration.

Postictal"dur ation in seizure bur sts

To investigate postictal behavior during burstseizuresevents were grouped according to
the duration of the following inteseizure interval (ISI)Patient 6 shows the highest
correlation between postictal suppression length and seiewre interval (= 0.31, p =

0.03).A few other patients show lower and significant correlations while the majority sho

This article is protected by copyright. All rights reserved



Daniel Payne 9

no significant correlation. Figure 3 shows the relationship between seizure dunation a
postictal suppression duration with seizures labeled according to ISI.|&lggatient
showed significant correlation between postictal suppression length and durdkien of

following seizure.

Discussion

We have shown that populat®of seizures have distinpostictal activity within individual
patientsFor most if not alpopulatiors of seizures, less than 25% of postictal suppression
variance is attributable to variance in seizure duration. Howtheerelationship is stronger
when all pepulationsvithin a patieneare combinedThe populatioa themselves are
distinguished by seizarlength and so we propose that the increase in postictal suppression
duration variance accounted for by seizure duration is attributable to population stember
Therefore postictal suppression duration is a consequence of the populaisaizure
belonged to, in addition to the differences in seizure duration that the populeprasent

The consistent duration of the postictal suppressitinn eachpopulation also highlights the

deterministic ‘nature of the seizure process.

When combining alseizuresacross all patientgl0% of the variance of postictal suppression
is accounted for by seizure duration variance. However when accounting for different
populations within patients this value is below 25%. As when considesngilar
discrepancyvithin individual patients, we speculate tina¢mbership in @opulation
influences postictal suppression length in addition to the effects of skngth.This
discrepancylsohighlights the importance of performing patient specific analysis or even
populationspecific analysis, where possible.

The detectionsof:multiple populatisrof seizures has significant implications for the
predictiondetectiormnd management of seizur&his work showshatpopulatiors of
seizures canhave very different postictal pattdtrisllows that thesg@opulatiors are likely

to alsohavediffering ictal patterns. If the ictal patterns differ, the seizure class within a
detector would necessarily be defined broautig therefore the seizure detector would likely
suffer from poor performance. To counter tieiachpopulationcould be classified separately.
So, instead of distinguishing seizure and seirurestatesthe detector would distinguish

non-sseizure, shorseizure and longeizure. In addition to improvinggure detection
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performance, a detector thajigpulation specific would also enable populatpecific
diagnosis and management. For example, triggers may be identified that dre paci
population, or a prescribed antiepileptic drug may be found to only suppress one population

of seizures.

While still contentiousthere is evidence that postictal generalized suppression (PGES) is
associated With SUDER patients with generalized tonitenic seizures’***°, Postictal
suppression, as defined in this paper, differs from PGES and so findings from studies
PGEScannot be directly relatad this study. However, postictal suppression and PGES
show some, similaritieso findings relating to PGES may also hiigce for postictal
suppression, though this remains to be prolfeemassociatiorbetween postictal suppression
andSUDEPcould be establishedur results suggest thiang-seizurepopulatiors may
represent highiisk populationdor SUDER which may inform preventative strategidshis
contrasts with findings that suggest seizure length doesonatate with PGES lendlth The
identification of seizures thataylead to a longer suppression period could enable clinicians
to more aggressively manage thigh-risk seizures while more conservatively managing
low-risk seizuresThis targeting of highiisk seizuresnay also apply to long seizunes
patients that do not have definggizure sulpopulations, although such zeres may be
harder to identify anthrget.

An extension ofletectinghigh-isk seizuresvould be to predict or forecast them. If higbk
seizures can heentified during the preictal period, they yraeentirely preventable. A
therapeuticystem would ideallprevent all seizureshoughthere is always a balance
between false positives and false negatives in anyweddl predctive systemFor those
seizures that are perceivedpmse a higher health risk, the system could be altered indévor
fewer falsé negatives, whilst keeping the fadesitives low for lower risk seizures. These
results alsorassist seizure predictiom asfinemenbdf the problem. Analogous to seizure
detection, mstsseizure prediction algorithms treat all seizures (or their preictal periods) as
one classdistinguished only agaimgerictal periods. The results presented in this work
suggest thatfesome patients, seizures should be splitiwtmor everthreedifferent

classes, making seizure predictiotwa-, three-, or fourclass classification problem

depending on the individual patient.

All patients in the study have focal seizulégjting conclusions to this seizure typEEG
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recordings ar@ot accompanied by clinical reporting for every seizure, which restricts
clinical interpretation of the findings. This limitation meaeaszure length and postictal

length cannot be confirmed by clinicaanifestationsHowever, the long term nature
provides the best cludsr the characterization of postictal suppression on a patient specific

basis.

The consistencyf postictal suppressiaturationwithin seizurepopulations supports the
hypothesis thiaseizures occur due to a deterministic process, with stochasticity within each
population around populatianeans Previous work has shown similadgnsistenpatterns
during the'ictal periogsuggesting that thisehavior is maintained from seizure onset through
to the return t0 normal interictatate This may even extend to the pre-ictal period allowing
algorithms to predict or forecast not just when a seizure occurs, but it®dutia¢ duration

of the postictakuppessionand possibly even likelihood of SUDEP.

Figure l-egends

Figurel

Energy heat maps of all seizures, ordered by seizure duration. Each row reamesents
individual pestictal period, starting at the endpoint of the seizure and finishingpetstictal
upper limit. The colour of each pixel represents total energy standardised to each seizure’s
threshold.iSeizures are ordered by duration with the shortest at the top. The figheeketin

show seizure durations, matched to the rows of therhajat
Figure2

Seizure duration vs postictal suppression duration. Type one and two seizures with an
interseizure interval greater than five hours. Each data point represents a single seizure.
Histograms.on.the horizontal and vertical axes show the individual distributionguresei
duration and postictal suppression duration respectively. Blue lines rednessmf best fit.
Sold red linessshow seizure length threshold used to split seizures into twatipoputar
patients 87720 and 11. Dashed red lines show lines of best fit within each population for
patients 8, 10 and 11.

Figure3

Postictal suppression duration vs seizure duration in seizures of varied ISI. Blue circles
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indicate seizures with at least five hours until the next seizure,®mdgate between two
and five hours and red indicate less than two hours until the next seizure. Histogrdmas
horizontal and vertical axes show the individual distributions of seizure alugtd postictal

suppression duration respectively.
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Table 1: Patient information

Recording Time Seizures,
Age (years) Gender Epileptogenic Zone Seizures
(years) ISI > five hrs
Patient 1 26 Male Parietal-temporal 2.1 120 74
Patient 3 22 Female Parietal-temporal 1.5 325 163
Patient 6 62 Male Temporal 1.2 52 38
Patient 8 48 Male Frontotemporal 1.5 309 222
Patient 9 51 Female Occipitoparietal 1.1 161 142
Patient 10 50 Female Frontotemporal 1.0 475 165
Patient 11 53 Female Frontotemporal 2.0 343 212
Patient 13 50 Male Temporal 2.0 465 300
Patient 15 36 Male Temporal 1.3 60 57
Multiple
Average seizure Average postictal suppression Postictal upper
Bimodal subpopulations
duration (seconds) duration (seconds) limit (minutes)
investigated
Patient 1 26 54 30 - -
Patient 3 18 17 10 Yes -
Patient 6 110 1269 60 - -
Patient 8 37 56 10 Yes Yes
Patient 9 58 22 10 Yes -
Patient 10 37 34 10 - Yes
Patient 11 32 137 20 Yes Yes
Patient 13 25 42 10 - -
Patient 15 55 171 40 - -

ISI: Inter-seizure interval. Age shown is age at the start of the study. Seizure number represents the number of type one and type two seizures
after the initial 15 weeks of recording. Bimodal refers to findings from Cook et al. (2016)"” where some patients were found to have a bimodal
distribution of seizure durations when considering all three seizure types. Patients were selected for multiple subpopulation analysis based on

Figures 1 and 2.
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Table 2: Correlation statistics for selected patients across A: all seizures B: two subpopulations, defined

by seizure length thresholds C: two subpopulations, defined by k-means clustering D: three

subpopulations, defined by k-means clustering

A
r p Slope
Patient 1 0.358 0.03 2.25
Patient 3 0.256 0.005 0.486
Patient 6 0.131 0.43 2.89
Patient 8 0.528 <0.001 1.66
Patient 9 0.319 0.004 0.377
Patient 10 0.200 0.03 0.683
Patient 11 0.764 <0.001 5.61
Patient 13 0.110 0.09 0.650
Patient 15 0.150 0.30 6.66
All Patients 0.6286 <0.001 8.995
B
Short Seizures Long Seizures
Threshold (s) r p Slope r p Slope
Patient 8 40 0.09427 0.25 -1.732 0.1729 0.24 -1.047
Patient 10 20 0.01979 0.87 0.2249 0.003387 0.98 -0.01689
Patient 11 35 0.4737 <0.001 3.694 0.6909 <0.001 8.264
C
Cluster 1 Cluster 2
r P Slope r P Slope
Patient 8 -0.02566 0.76 -0.06304 0.4805 <0.001 -0.8176
Patient 10 0.17482 0.22 -0.2522 0.08791 0.46 0.08403
Patient 11 0.5767 <0.001 0.2533 0.2014 0.22 0.4205
D
Cluster 1 Cluster 2 Cluster 3
r p Slope r p Slope r p Slope
Patient 11 0.1335 0.40 0.09042 0.0872 0.51 -0.05143 0.2754 0.16 0.4696

r, correlation coefficient.'p, p-value. Slope (s/s), gradient of linear best fit.
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