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ABSTRACT – Since its first description, quantifying the burden of epilep-
tiform abnormalities in sleep EEG has played a fundamental role in the
diagnosis of Encephalopathy related to Status Epilepticus during slow Sleep
(ESES). In fact, in the 1971 seminal paper by Tassinari’s group and in the
following studies on this syndrome, the amount of epileptiform discharges
(EDs) was calculated as the percentage of slow sleep occupied by spike-and-
waves and referred to as “spike and wave index” (SWI). However, nowadays
it is becoming increasingly clear that the SWI alone does not explain the
whole clinical course of patients affected by ESES. In this paper, we aim to
provide a state-of-the-art summary of the quantitative EEG methods cur-
rently used in the ESES/CSWS literature, highlighting the possible pitfalls
and discrepancies explaining the unsatisfactory correlation between SWI
and clinical course. Furthermore; we illustrate a number of methodological
refinements - taking into account inter-individual, intra-individual, and tem-
poral variability of EDs - alongside “new” quantitative variables -including
ED-related and sleep-related features - potentially useful to reach a reliable

with ESES.
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The quantitative analysis of EEG
plays a fundamental role in the diag-
nosis of Encephalopathy related to
Status Epilepticus during slow Sleep

(ESES). In fact, since its first descrip-
tion (Patry et al., 1971), a computable
measure of epileptiform discharge
(ED) abundance during sleep was
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sed as a diagnostic criterion. Along the lines of Tassi-
ari’s hypothesis - that the severity of encephalopathy

s proportional to the amount of sleep substituted
y spike-and-wave complexes - the description of the
EG pattern of ESES has been based almost exclusively
n the abundance of EDs, while other quantitative
nd qualitative measures have been usually neglected
Scheltens-de Boer, 2009; Tassinari et al., 2012; Peltola et
l., 2014). However, nowadays it is becoming increas-
ngly clear that this variable alone does not explain the

hole clinical course of the patients. The aim of this
aper was not to merely illustrate the best quantitative
easure, but rather to provide the reader with a num-

er of quantitative variables potentially useful to reach
reliable electro-clinical correlation. These quanti-

ative measures can be related to the amount and
uality of epileptiform paroxysmal activities but also

o physiological components of sleep. Furthermore,
e will examine the possible pitfalls and discrepan-

ies in the methods currently used in the ESES/CSWS
iterature.

pileptiform activities

mount

pike-and-wave index(es)
n the 70s, at the Centre Saint-Paul in Marseille, the
uantification of EDs in ESES was inspired by the
ecently adopted (at that time) Rechtschaffen and
ales (1968) sleep scoring method (Tassinari personal
ommunication), in which, for each epoch, the time
ccupied by an activity (e.g. delta waves) is expressed
s percentage and serves as a scoring criterion.
ccordingly, the amount of EDs was expressed as the
ercentage of the total duration of slow sleep occupied
y a spike and the following slow wave or by sequences
f rhythmic spike-and-wave complexes. This percent-
ge was referred as “spike and wave index” (SWI) in the
eminal paper by Patry et al. (1971), in which six patients
ere selected based on the “spectacular increase”
f the spike-and-waves observed as soon as they fell
sleep. In this selected population, the SI ranged from
5 to 100% and these values were used as a reference
or the typical feature of overnight EEG in patients with
SES. The method of determining SI was not described
n the paper, and as a consequence, a number of dif-
erent methods were crafted and used to determine
32

he SWI.
he great majority of the subsequent studies contin-
ed to rely on visual estimation, without further clarify-

ng the computational rules to determine the percent-
ge of time occupied by the pathologic pattern, with
he exception of the study by Aeby et al. (2005), in which
t is specified that the SWI was obtained by calculating

o
O
i
f
i
t
l

he percentage of 1-second bins containing at least
ne spike-and-wave complex (Aeby et al., 2005). This
ethod is similar to the “original” since even a one-

econd interval between two spike-and-wave comple-
es is computed as discharge-free. However, only 60
inutes of EEG were analyzed instead of the full night.

he introduction of digital EEG systems offered an
pportunity to reduce the workload needed for SWI
ssessment of the entire nocturnal recording. In fact, a
umber of computer-aided spike detection methods
ave been developed and some of these successfully
pplied to ESES/CSWS (Larsson et al., 2009; Nonclerq
t al., 2009; Nonclerq et al., 2012; Peltola et al., 2012;
cherg et al., 2012; Chavakula et al., 2013; Joshi et al.,
018). A spike-detection algorithm is used to find each
pike (with or without an aftercoming slow-wave)
ithin the EEG (with different sensitivity and speci-
city based on the method used). These time points
an be used to calculate the discharge-free interval,
ased on the assumption that a minimum interval
etween consecutive spikes (Inter-Spike Interval -

SI) is required to consider it as discharge-free. The
rst to use this approach to determine SWI in ESES
ere Larsson and coworkers (2009), documenting

hat ISI equal to 3 seconds yields reliable SWI in
he majority of patients. Based on other studies
ith a similar approach, if this interval is as long

s 10 seconds (Peltola et al., 2014), it will probably
ead to overestimation and an enhanced ceiling
ffect.
esides the SWI, the same spike-detection algorithms
an be used to calculate the number of spikes per
nit of time. Even if in a certain range a linear rela-

ion exists between the two measures (Larsson et
l., 2009), there is a substantial and conceptual dif-
erence between computing the “time occupied by
pileptiform activities” (or “spike and wave index”
SWI]) vs the “number of spikes/unit of time” (or
Spike Frequency” [SF]). The SF has the advantage
f avoiding the ceiling effect intrinsic to SWI calcula-

ion, particularly with paroxysmal discharges >60/min
Larsson et al., 2009; Sánchez-Fernández et al., 2012).
he use of SF might only preclude comparison with
he “classical” percentage thresholds used in the
ast (Cantalupo et al., 2013), and studies aiming to
ompare SF and SWI - in terms of their ability to
orrelate with the clinical condition - are lacking. In
ther words, it is unclear whether the linear SF mea-
ures or the SWI better reflects the clinical features
f ESES.
verall, the methods employing the automatic count-
Epileptic Disord, Vol. 21, Supplement 1, June 2019

ng of individual spikes may lead to some important
eatures being overlooked, such as fundamental
ntermittent focal pseudo-slowing, corresponding
o a sequence of prominent slow waves following
ow-amplitude spikes (Massa et al., 2001).
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F
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igure 1. Frequency distribution of SWI - computed according
o Larsson et al., 2009 with max ISI=3 - based on 1913 consecutive
ecordings. The x-axis corresponds to SWI during sleep and the
-axis to the number of recordings within a given SWI interval.
Data from PGL).

WI variability
WI varies within and between patients. Within
atients there are dynamic changes during the night

see below), but there are also variations from night
o night (see also Gardella et al., p. S22-S30). These
ariations are not well described and hence, not
ell understood. Reported between-patient variabil-
pileptic Disord, Vol. 21, Supplement 1, June 2019

ty ranges from 0 to 100%. Figure 1 provides reported
WI values from 1913 recordings analyzed with a semi-
utomated method (Larsson et al., 2009). Cognitive
mpairment could be seen with SWI as low as 40.
robably, these low values are sufficient to produce
egative influence in the brain. Anyway, in some cases,
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igure 2. Relation between age and spike index (computed accordin
ecordings. (Data from PGL).
Encephalopathy related to Status Epilepticus during slow Sleep

n underestimation of the SWI due to day-to-day vari-
tions cannot be excluded.
WI also varies according to age of the subjects
figure 2). There is a tendency for a bell-shaped distri-
ution with the highest values and the highest number
f patients of around 10-11 years of age tapering off

owards 18. This tapering is generally acknowledged
o be due to puberty.
aution should be taken interpreting this plot. At the

eft side, there is a time lag from symptoms until a full
ight EEG is recorded. There was no routine follow-up,
nd hence there are a set of reasons for recording in
he middle of the age span. Also, the few recordings
t the right side are probably influenced by the lack of
ew indications for a repeated recording.

ime course
hen referring to SWI, usually a single value is given,

sually the mean. This can be sufficient when a
niform distribution of discharges across the entire
ecording is present. This is in agreement with the
erm “continuous spike-and-wave during slow sleep”
CSWS), implying that the pattern of diffuse spike-
nd-waves should be continuously present. However,
his is true only in a subset of children, while a more
ragmented or skewed pattern is the most common
figures 3, 4). In these latter cases, a single mean SWI
alue for each recording does not illustrate accurately
he differences in temporal distribution of EEG abnor-

alities throughout the recording. This is particularly
mportant in evaluating studies in which SWI is com-
S33

n fact, even if it is clear that the “original” SWI is
omputed considering the entire nocturnal sleep
EG, the principal difference in subsequent studies
eflects the proportion of the EEG recording analyzed.
igure 4 provides an overview of 40 consecutive, full
ight recordings showing a wide range of patterns. In

0 14 16 18 2012

ge

e spike index

g to Larsson et al. [2009] with max ISI=3) based on 132 full night
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Figure 3. SI (computed according to Larsson et al. [2009] with
max ISI=3) plotted in 10-minute epochs over 21 hours. The night
sleep starts at about epoch 45. The dips in the plot reflect REM-
sleep periods. SWI was reported as 78% for this patient. (Data
from PGL).
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Figure 4. SWI from 40 full night recording. The x-axis gives time in ep
computed accordingly to Larsson et al. (2009). In the plot red, blue a
(Data from PGL).
lmost all recordings, a rhythm with a cycle time (close
o 90 minutes) is seen, corresponding to sleep cycles.
efore the introduction of computer-aided tech-
iques, the quantitative analysis of the entire overnight
EG was considered highly time-consuming and the
ajority of authors calculated the SWI based on
shorter EEG recording or a subsampling of the

vernight EEG (see Scheltens-de Boer, 2009 for details).
owever, using a computer-aided semi-automated
ethod like the one applied by Larsson et al. (2009)

sually requires less than 30 minutes, mostly computer
ime, for the analysis of a full night recording.
uring the era of analog EEG recording, the sleep EEG
f a patient with ESES can be recognized just by looking
Epileptic Disord, Vol. 21, Supplement 1, June 2019

t the very beginning of the EEG (figure 5). Although
eemingly implausible or an over-simplification, this
udgment is a statistical estimation based on scientific
rounds: (1) the initial part represents a subsampling
f the entire recording (one sample of about 10-20
s for each 40-s folded page); (2) only high-amplitude

pikes or steep transients can be observed in such

5 6 7 8

13 14 15 16

21 22 23 24

29 30 31 32

37 38 39 40

ochs (number for each 10th 10 minutes epoch). Y-axis gives SWI
nd green represents max ISI of 1, 3 and 5 seconds respectively.
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Figure 6. Overnight variation of the level of EDs in three patients
with ESES. Different patterns can be observed: (A) the “slow-
sleep pattern”, with few discharges during wakefulness and REM
sleep and increasing EDs from sleep stage I-II to sleep stage III-
IV; (B) the “light-sleep pattern” with maximal EDs during sleep
stage II, paralleling the sigma power as described by Nobili et
al. (2001); (C) the “continuous pattern” with almost no differ-
ence between REM and NREM sleep. In each panel, the upper
line represents a hypnogram based on visual scoring (accord-
ingly to Rechtschaffen and Kales, 1968). In the lower part of each
ome is mounted beside an EEG montage scheme (left) and an ad-
oc time scale (upper) and different sleep stages are identified
ased on the corresponding pattern visible on the paper trace.
uring NREM sleep, the trace reflects the occurrence of almost

ontinuous high-amplitude spike-and-waves of ESES. (Courtesy
f prof. C.A. Tassinari - personal iconography).

limited time fraction; (3) the chance to view a high
umber of sequential high-amplitude spikes increases
s the SI approximates to 100%, particularly when
he time distribution is homogeneous. This was the
ase for the “classical” cases, however since the
enice Colloquium it was evident that these cases
epresented “the tip of the iceberg”, in which the
ulk is constituted by patients with similar clinical

eatures but less EEG abnormalities (Beaumanoir,
995). Particularly in those cases, a preferential occur-
ence of discharges in certain sleep stages can be
bserved. Nobili and coworkers (2001) demonstrated
higher number of discharges in the early stage of
REM sleep, but it should be noted that a preva-

ence in slow sleep can also be found (Cortinovis et
l., 1995), revealing that different distributions are
pileptic Disord, Vol. 21, Supplement 1, June 2019 S35

ossible (figure 6).
ooking at the variability of SWI across the night and
n different sleep stages (figure 6), it is clear that the
hoice of the subsample will affect the results in a way
hat varies from one patient to another. In particular,
nalyzing only the onset of sleep or a nap EEG will give

panel, the graph is generated by means of homemade MATLAB
scripts (The Mathworks, Natick, MA) using EEG spike recogni-
tion trough BrainVision Analyzer 2.0 software (Brain Products,
Munich, Germany). Blue lines represent the Spike frequency
(number of spike/minute) and red lines the SI calculated using
Larsson’s method (Larsson et al., 2009) - using max ISI=3; one
value/min. (Data from GC and PA).
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reliable result in patients with a homogeneous dis-
ribution, but will probably overestimate the SWI in
atients with a high number of abnormalities in the
rst cycle and few discharges in the latter cycles. The
ame is true regarding the sleep stages. Sampling the
rst 30 minutes of NREM sleep of the first and last sleep
ycles (Aeby et al., 2005) will mitigate the error due to
he difference between sleep cycles but will not avoid
he bias introduced by overestimating patients with
igh SWI in stages I-II (figure 6B) versus patients with

he highest SWI in stage III-IV (figure 6A). This would
lso give erroneous results based on analysis of only
ne sleep-wake cycle (Saltik et al., 2005), a 15-min slow
ave sleep (Lewine et al., 1999) or the first 5 minutes
f NREM stage 2 during the first sleep cycle (Sánchez-
ernández et al., 2012) or 100 seconds of sleep (Weber
t al., 2017). In fact, in patients with a large number of
Ds (i.e. “classic” SWI >85%), there is good concor-
ance between the traditional full-night method and
shortcut” methods used to analyse a small fraction
f the night (Azcona et al., 2017), however, we do
ot know the reliability of those “shortcut” methods

n patients with an intermediate amount or inho-
ogeneous distribution of EDs. Similarly, although
correlation has been demonstrated between nap

nd overnight SWI (Larsson et al., 2010), data from
ianalund Epilepsy Centre suggested that the two

alues can be discordant based on a non-negligible
umber of subjects (Gardella et al., 2016). To overcome

he drawback of a unique SWI value, Scheltens-de Boer
2009) proposed to express the SWI as mean, range and

ost encountered value. Other possible adjunctive
easures are the standard deviation of SWI, the per-

entage of time spent over a certain threshold, the SWI
or each sleep stage, and - probably the most informa-
ive - Area Under the Curve (AUC) for both SWI and SF.

uality

opography
t is now recognized that spike-and-waves character-
zing ESES are actually focal or multifocal discharges

ith a more or less prominent phenomenon of
ropagations and projection (ranging from focal ESES

o the classic one - see Gardella et al., p. S22-S30).
time course of amplitude mapping has been used

o demonstrate that the generalized aspect of spike-
nd-waves is the result of the extreme propagation
f focal abnormalities (Farnarier et al., 1995), through
36

he mechanism of secondary bilateral synchrony
Kobayashi et al., 1994). Propagation of interictal EDs
an be an indirect measure of the extent of the “epilep-
ic network”. However, up to now only few studies
xtracted some quantitative objective and repro-
ucible measures for this feature. One of the most

nteresting approaches used Electric Source Imaging

b

S

S
A
r

ith a distributed model to calculate the amplitude
f primary source and the number of propagation
egions (Larsson et al., 2010). Another fascinating
ethodology has been proposed recently by Peltola

nd coworkers (2014) to extract the “spike-strength”
SS), an amplitude-derived value expressing both
he spatial extent and the density of synchronously
cting neuronal networks. The latter measure has
he great advantage of being possibly plotted over
ime, allowing a combined use with the time-course
f SWI and/or SF. A limitation of SS with respect

o Larsson’s propagation measure is the reduced
nformation about propagation at distant sites. A
romising method can be the use of Independent
omponent Analysis to better extract the primary and
ropagated sources. In fact, by analyzing the temporal
volution of the averaged EDs projected onto the
ndependent Component space (for details see Abreu
t al., 2015), we can observe the different components
f the spike-and-wave complex as virtually separated
Ds with millisecond delays (figure 7A). It would then
e possible to compute SWI, SF, and SS for each
omponent, providing more detailed topographic
nformation of the most involved region in ESES.

igh Frequency Oscillations
igh frequency oscillations (HFOs) ranging from 80

o 500 Hz have been identified as possible biomark-
rs for epileptogenic tissue based on intracerebral
ecordings, but recently HFOs were described also on
calp EEG of patients with symptomatic and idiopathic
SES, including LKS (Kobayashi et al., 2010; Gong et al.,
018). The possibility to record HFOs from scalp indi-
ates the presence of hypersynchronous pathological
igh-frequency activity that involves a relatively large
ortical area (Kobayashi et al., 2010). These HFOs can
e observed, with the appropriate filtering, in strict
ssociation with spikes, however, not all the spikes
re associated with HFOs, even in the same patient
nd in the same recording (figure 7B, C). Based on
linical data, HFOs associated with spikes have been
roposed as a potential negative prognostic marker

n Idiopathic Focal Epilepsies of Childhood, indicating
possible evolution to ESES/CSWS (Kobayashi et al.,

011). Further studies confirmed that HFOs in patients
ith ESES might reflect disease activity and treatment

esponse (Qian et al., 2016; Gong et al., 2018). Thus, in
ur opinion, the presence (and abundance) of spike-
elated HFOs could be another quantitative variable to
Epileptic Disord, Vol. 21, Supplement 1, June 2019

e integrated into the evaluation of ESES.

leep

leep structure
part from epileptiform activities, the overnight EEG

ecordings allow the extraction of a number of
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Figure 7. (A) Example of Independent Component (IC) Analysis applied to decompose raw 128-channels EEG, containing bilateral
spikes, apparently synchronous on right and left centro-temporal regions. Amplitude time course of the average spike projected onto
the IC space allows the recognition of an early component (IC#1 - red) with left frontal field, followed by the left centro-parietal
component (IC#2 - green; peaking 30 ms after IC#1) and the bilateral component (IC#3 - blue; delayed by 30 ms from previous IC).
Lower panels illustrate individual spikes from one subject - same topography and shape - with (B) or without (C) associated HFOs.
I
(
t
a
P
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n both panels a 500-ms time window centered on spike peak is rep
C4 channel) in black and the same EEG trace high-pass filtered abo
ime-frequency wavelet analysis of the same unfiltered EEG trace, sh
s power increase at around 150 Hz. All transformations in this figure
roducts, Munich, Germany). (Data from GC and PA).
S37

resented. The upper part shows the unfiltered monopolar EEG
ve 100 Hz superimposed in red. The lower part represents the
owing that in B the HFOs associated with the spike are visible
were performed using BrainVision Analyzer 2.0 software (Brain
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Aeby A, Poznanski N, Verheulpen D, Wetzburger C, Van
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leep-related features, potentially useful for the eval-
ation of patients affected by ESES. Since the first
escriptions of the syndrome, attention was payed

o the presence or absence of sleep graphoele-
ents (namely sleep spindles) and a recognizable

leep macrostructure, with alternating NREM/REM
tages and succeeding sleep cycles (Patry et al., 1971;
eaumanoir, 1995).
leep researchers have developed different, reliable
uantitative measures based on visual inspection or
omputer-aided analysis of EEG signal (Ferri et al., 2005;
ber et al., 2007; Achermann, 2009). These analyses

ay indicate the quality of sleep macrostructure and
rovide markers of fragmentation/instability in sleep
icrostructure. However, these quantitative analyses

ave been rarely applied to ESES and related condi-
ions (Nobili et al., 2001; Bruni et al., 2010; Gibbs et al.,
. S54-S61).

low waves downscaling
ne particular sleep-related EEG phenomenon

eserves particular attention in the context of ESES
Tassinari et al., 2009). In fact, according to the synaptic
omeostasis hypothesis (see also Rubboli et al.,
. S62-S70), the beneficial effects of sleep on brain

unction and performance is due to the progressive
enormalization (downscaling) of synaptic strength
ccurring during sleep. A higher synaptic strength at
leep onset is reflected by a higher synchronization
f large cortical areas that in turn are responsible

or the generation of EEG Slow Wave Activity (SWA).
n overnight decrease of the slope of individual
low Wave from the first to the last hour of sleep,
hich parallels the decline in SWA in the course of

leep, is an indirect testimonial of the occurrence of
he physiologic sleep-related synaptic downscaling
Vyazovskiy et al., 2009). Using this indirect quan-
itative measure, an alteration of the physiologic
vernight decrease of the Slow Wave slope has been
emonstrated in ESES (Bölsterli et al., 2011). This

ack of SWA downscaling was evident only on the
ffected hemisphere in focal cases, and interestingly
he degree of the impairment of the overnight slope
ecrease correlated with spike frequency (Bölsterli et
l., 2014). Furthermore, recent evidence demonstrates
hat these alterations of overnight dynamic SWA
uring active ESES are reversible when ESES resolves

Bölsterli et al., 2017).
38

onclusions

n conclusion, the diagnosis of Encephalopathy cannot
e done based on EEG without clinical information and
oes not rely only on EEG (i.e. ESES is not solely an EEG
attern; see Cantalupo et al., 2013). A semiquantitative

B
c
i

A
p
p
l

isual inspection, yielding an approximated amount of
pileptiform abnormalities in overnight sleep EEG can
e sufficient for diagnosis when a full-blown clinical
icture is present (appearance or worsening of neu-
ological, cognitive and/or behavioral disturbances).
owever, the challenge for clinicians is to recognize

lso very selective or subtle deficit possibly due to
mpairment of local SWA homeostasis induced by Sta-
us Epilepticus during Sleep (Tassinari et al., 2015).
p to now, there has been a lack of accurate and

dequately powered studies on correlation between
mount of epileptiform activity and neurocognitive
egression. Moreover, the amount of EDs is only one
f the potential and somewhat independent features

hat can be quantified in EEG recordings of ESES (see
lso Gardella et al., p. S22-S30). Probably this is why
urrently there is no clear-cut lower boundary beyond
hich an EEG pattern is suggestive of evolution into

SES before the clinical diagnosis.
ossibly, an improved combination of clinical data and
omputer-aided EEG analysis will offer us the oppor-
unity to recognize “dangerous” EEG features early in
he course of the syndrome, thus to foresee (and possi-
ly prevent) the evolution into ESES in patients at risk,
ut without an overt encephalopathy (Cantalupo et al.,
011; Tassinari et al., 2012). Thus, it is desirable that in
uture studies different EEG measures would be calcu-
ated in the same population (including ED amount,
uality, and sleep-related features - such as macro-

micro-structure and SWA downscaling) in order to
nd out which (alone or in combination) is the best
EG correlate of clinical evolution. �
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