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ABSTRACT – Despite representing the leading cause of epilepsy-related
mortality, the pathophysiology of sudden unexpected death in epilepsy
(SUDEP) remains elusive. In this context, the identification of clinical mark-
ers of SUDEP assumes a great importance and has been the target of many
studies aimed at stratifying patients’ individual risk. Among the poten-
tially most hazardous post-ictal phenomena observed following convulsive
seizures in monitored SUDEP cases, postictal generalized EEG suppression
and postictal immobility have attracted attention as potential SUDEP risk
factors. In this manuscript, we review the current knowledge on postictal
generalized EEG suppression and postictal immobility, aiming to identify

s, reported frequencies and associ-
luate the evidence on their potential

ected death in epilepsy (SUDEP),
n, postictal immobility

attention as it was observed in
cases of SUDEP who were under-
going clinical monitoring at the
time of death (Purves et al., 1992;
Bird et al., 1997; Lee, 1998; McLean
and Wimalaratna, 2007; Bateman
et al., 2010; Lhatoo et al., 2010;
Tao et al., 2010; Ryvlin et al., 2013).
Although the role played by PGES
in the cascade of events leading to
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their pathophysiological mechanism
ated clinical factors, and critically eva
relevance as SUDEP risk markers.
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Sudden unexpected death in
epilepsy (SUDEP) is a major lead-
ing cause of epilepsy-related
death and is particularly preva-
lent in treatment-resistant patients
(Tomson et al., 2008). The pathophys-
iological mechanisms underlying
SUDEP remain elusive and the iden-
tification of clinical markers has
been the target of many epidemio-
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logical studies, aimed at identifying
patients at high risk. Among these
factors, the observation of a dif-
fuse EEG “flattening or attenuation”
following a seizure, defined as pos-
tictal generalized EEG suppression
(PGES), has received considerable

SUDEP is still unclear, PGES conti-
nues to attract attention and to
be considered as a SUDEP risk
marker. Moreover, it is often used
in clinical studies to assess the
role of other variables as potential
SUDEP markers. Another interesting
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actor observed in the context of SUDEP cases is the
bsence of motion following a seizure, called postic-
al immobility (PI) (Semmelroch et al., 2012; Seyal et
l., 2013). Unlike PGES and despite its potential clinical
elevance, PI and its mechanisms have received less
ttention in recent years, and the literature exploring
his topic and its connection to PGES is smaller.

e aimed to review the literature to assess the current
nowledge on these two phenomena, their relation-
hip and their significance in the context of SUDEP.

ostictal generalized EEG suppression
PGES)

efinition and aetiology

efore the term “postictal generalized EEG suppres-
ion” (PGES) was adopted (Lhatoo et al., 2010), the
bservation of postictal attenuation of EEG activity was
escribed as a sudden EEG “flattening” (Bird et al.,
997), an “abruptly attenuated termination pattern”
Kim et al., 2006) or an “electrocerebral shutdown”
McLean and Wimalaratna, 2007). Currently, the most
ommonly adopted definition is the one proposed
y Lhatoo et al. (2010), as “the immediate postictal

within 30 seconds) generalized absence of electroen-
ephalographic activity <10 �V in amplitude, allowing
or muscle, movement, breathing, and electrode arte-
acts”. This definition has a significant practical value
nd has been enriched by other authors, introducing
dditional minimum duration criteria of one second
Surges et al., 2011; Tao et al., 2013) or two seconds
Seyal et al., 2012).
espite the mechanism leading to the occurrence
f PGES not being clearly elucidated and explored

n humans, some hypotheses, based on mechanisms
tudied in animal models, have been outlined and sup-
orted by clinical findings in some studies. Bird et al.

1997), suggested that the activation of a neuromod-
latory reticular-thalamo-cortical inhibitory network,
robably involved in the seizure termination mecha-
ism, may be responsible for “switching off” cortical
ctivity or hampering a reactivation of cortical activ-
ty after suppression, including consciousness. This

echanism may be particularly active during sleep
nd may explain the relationship between PGES and
he higher incidence of SUDEP during sleep or when
atients are unsupervised and not stimulated.
46

hatoo et al. (2010) have expanded this hypothesis
nd postulated the presence of a wider subcortical
nhibitory mechanism disrupting brainstem functions.
imilarly, a recent study including patients undergo-

ng intracerebral EEG recordings suggested a possible
nvolvement of the brainstem at the level of the
ulbar-reticular formation, based on the finding of, and

b
O
i
m
p
r
e

ssociation between, oral tonicity and PGES (Marchi
t al., 2019). However, other authors have questioned
he degree of brainstem involvement, highlighting
ow preserved respiratory brainstem responses dur-

ng periods of PGES (Seyal et al., 2010) and normal
ostictal cardiac functions (Lamberts et al., 2013a)
ould rather suggest an absent or partial brainstem

hutdown in PGES. According to other theories, PGES
ight be seen as a “passive” process, either caused

y a seizure-related prolonged and hypersynchronous
euronal excitation with consequent neurotransmit-

er depletion and neural exhaustion (Kim et al., 2006;
cLean and Wimalaratna, 2007; Lhatoo et al., 2010) or

y cortical spreading depression triggered by neuronal
timulation or depletion of energy substrates (Tao et
l., 2013; Aiba and Noebels, 2015; Alexandre et al., 2015;
archi et al., 2019). While the abrupt onset of PGES

nd the lack of correlation between PGES and seizure
uration go against this hypothesis, the relationship
etween PGES and the duration of the tonic phase

Freitas et al., 2013; Tao et al., 2013; Alexandre et al.,
015; Asadollahi et al., 2018), characterized by signifi-
ant hypersynchronous neuronal excitation (Lado and
oshe, 2008; Yang et al., 2012), and between PGES and

ral tonicity, which may represent a clinical marker of
ilateral tonic discharge involving the brainstem at the

evel of bulbar nuclei (Marchi et al., 2019), add some
upport to it.
nother recently published paper (Jansen et al., 2019)
emonstrated that, in SUDEP-prone transgenic mice,
eizures with brainstem spreading depolarization are
ollowed by suppression of the electrocorticogram.
nterestingly, brainstem spreading depolarization
eaching the brainstem medullary respiratory centres
nitiates apnoea and hypoxia, which are relevant to

echanisms leading to SUDEP. However, a genetic pre-
isposition to a lower threshold for brainstem spread-

ng depolarization has been highlighted in other
nimal models (Aiba and Noebels, 2015), supporting
he role of additional predisposing factors to PGES.
inally, findings including the prevention of PGES with
arly oxygen administration (Alexandre et al., 2015),
he reduction in duration of PGES with early peri-
ctal nursing interventions and oxygen administration
Seyal et al., 2013) and the termination of PGES corre-
ating with blood pressure normalization (Bozorgi et
l., 2013) suggest that seizure-induced respiratory and
ardiac dysfunctions may also play a role in the gene-
is and termination of PGES and, once again, point to
Epileptic Disord, Vol. 22, No. 3, June 2020

rainstem involvement.
verall, the evidence for a mechanism leading to PGES

s speculative and indirect and has emerged from ani-
al models. Although brainstem structures are likely

laying a role, findings have not consistently been
eplicated and the mechanism leading to PGES remains
lusive.
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associated with peri-ictal cardiac autonomic instabil-
ity as a comparable peri-ictal heart rate and heart rate
requency and duration

here is a great variability in the reported frequency
f PGES with estimates from 1% (Surges et al., 2011)

o 81% (Poh et al., 2012). As well as reflecting the sam-
le size, the heterogenicity of the studied populations
nd their different clinical characteristics (described
nder Other associated clinical factors), the wide range
f estimates likely indicate a difficulty in identifying

he presence of a true EEG suppression on scalp EEG,
ighlighted in a study using simultaneous scalp and

ntracranial EEG (Altenmüller et al., 2016) and the pres-
nce of substantial disagreements among clinicians
hen identifying the presence of PGES and its duration

Theeranaew et al., 2018).
n addition to this, a large intraindividual variability
as also been demonstrated. In fact, the same individ-
al can present with seizures with PGES and seizures
ithout PGES and the inconsistency increases with

he number of seizures recorded from each individual
Lamberts et al., 2013b).
n general, a lower prevalence of PGES has been
eported among children as compared to adults (Kim
t al., 2006; Semmelroch et al., 2012; Freitas et al., 2013;
avlova et al., 2013) and no PGES was observed in
nfants younger than six months in one study (Kim et
l., 2006).
evertheless, the major and more frequently explored
GES determinant seems to be seizure type, given that
GES has been more commonly observed following
onvulsive seizures (27-81%) (Tao et al., 2010; Poh et al.,
012; Seyal et al., 2012; Lamberts et al., 2013a; Tao et al.,
013) as compared with focal seizures (1-2%) (Lhatoo
t al., 2010; Surges et al., 2011).
lthough the mean PGES duration ranges from 38 to
28 seconds in several case series (Lhatoo et al., 2010;
urges et al., 2011; Poh et al., 2012; Semmelroch et
l., 2012; Seyal et al., 2012), patients can present with
eizures with short PGES and others with more pro-
onged PGES (Sarkis et al., 2015). Moreover, shorter
GES durations were reported in children (Freitas et
l., 2013; Sarkis et al., 2015) while longer durations
ere found in focal seizures evolving into a bilat-
ral convulsive seizure versus primary generalized
eizures (Freitas et al., 2013). In a case-control study,
hatoo et al. (2010) concluded that the duration of PGES
as significantly prolonged in SUDEP cases as com-
ared to non-SUDEP cases and demonstrated that the
isk of SUDEP increased proportionally with the dura-
ion of PGES (each one-second increase producing an
pileptic Disord, Vol. 22, No. 3, June 2020

ncreased SUDEP odds of 1.7%). However, these find-
ngs were not replicated in a subsequent case-control
tudy (Surges et al., 2011); disagreement between these
tudies reflects that the number of SUDEP cases in each
ere relatively few.

v
i
c
p
(

Postictal EEG suppression and immobility

espite the clinical importance of findings by Lathoo
t al. (2010), they represent the only evidence that
GES is directly associated with SUDEP, highlighting
hat there is no well-established link between SUDEP
nd PGES of any duration.

ther associated clinical factors

he association between PGES with SUDEP has
rompted a lot of research aimed at finding clinical

actors correlated with this potential SUDEP marker.
any studies have failed to demonstrate any correla-

ion with gender, total seizure duration (Lhatoo et al.,
010; Surges et al., 2011; Poh et al., 2012; Semmelroch
t al., 2012; Seyal et al., 2012; Freitas et al., 2013; Lee et
l., 2013; Moseley et al., 2013; Pavlova et al., 2013; Tao
t al., 2013), tonic phase duration, clonic phase dura-
ion, epilepsy duration, brain imaging abnormalities
nd seizure type (generalized tonic-clonic versus focal
o bilateral tonic-clonic) (Lhatoo et al., 2010; Surges et
l., 2011; Poh et al., 2012; Semmelroch et al., 2012; Seyal
t al., 2012; Tao et al., 2013; Kuo et al., 2016). Contra-
ictory results have been obtained by other studies
here the occurrence of PGES was associated with

he presence and a nearly doubled duration of the
onic phase (Semmelroch et al., 2012; Freitas et al.,
013; Tao et al., 2013) as well as with a bilateral sym-
etrical tonic extension of the limbs (Alexandre et al.,

015; Marchi et al., 2019) and oral tonicity (wide mouth
pening and vocalization) (Marchi et al., 2019). Tonic
uscle contraction, PGES and their association with

rain hypoxia have also been highlighted in a recent
aper, where postictal tonic electromyography activ-

ty following some generalized convulsive seizures
as associated with PGES and with a greater sever-

ty of respiratory dysfunction (Park and Seyal, 2019).
GES has also been considered a possible marker of
ostictal autonomic dysregulation. In particular, it has
een associated with a sympathetic over-activation,
emonstrated as a surge of electrodermal activity, the
agnitude of which correlated with the duration of

GES (Poh et al., 2012; Sarkis et al., 2015). On the
ther hand, a possible correlation with a parasympa-

hetic suppression (vagal suppression, reduction of HF
ower) demonstrated in one small study (Poh et al.,
012) was not confirmed in a larger population (Sarkis
t al., 2015). Additionally, PGES did not appear to be
247

ariability characterized convulsive seizures present-
ng with and without PGES (Lamberts et al., 2013a). In
ontradiction to this, another study highlighted the
resence of relative bradycardia in a patient with PGES

Tao et al., 2013).
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espiratory disturbances and their severity have
lso been associated with the occurrence of PGES
Semmelroch et al., 2012; Seyal et al., 2012) and PGES of
ny duration has a significant association with ictal and
ost-ictal respiratory dysfunction (Kuo et al., 2016),

ncluding ictal hypoxemia and hypercapnia (Seyal et
l., 2012), post-ictal tachypnea (Seyal et al., 2010) and
ost-ictal hypoxemia (Seyal et al., 2012; Tao et al., 2013).
owever, in contradiction to the finding of Lhatoo et

l. (2010) suggesting that a prolonged PGES follow-
ng convulsive seizures may lead to central apnoea
and eventually SUDEP), another study showed no
ssociation between post-ictal central apnoea and
GES using respiratory parameter monitoring (Seyal
t al., 2012). Similarly, a more recent study (Vilella
t al., 2019a) demonstrated that ictal central apnoea
nd postconvulsive central apnoea (PCCA) were not
elated to PGES incidence and duration. However, the
ame authors highlighted how seizures with PGES
ere more frequently followed by postconvulsive

entral apnoea, a possible predictor of SUDEP (Vilella
t al., 2019b).
he association between PGES and state of arousal

s unclear, with studies demonstrating no difference
n PGES occurrence between nocturnal or diurnal
eizures (Lee et al., 2013) and others suggesting a
igher PGES incidence in seizures presenting during
leep, also in conjunction with more severe desatura-
ions (Latreille et al., 2017).
he use of antiepileptic drugs (AEDs) was not related
o the presence of PGES in some studies (Lhatoo et
l., 2010; Hesdorffer et al., 2011), while others sug-
ested that treatment reduction may facilitate the
ccurrence of PGES of long duration (Lamberts et al.,
013a), akin to inadequate or ineffective treatment,
r non-adherence (Freitas et al., 2013), and treatment
estoration decreases its severity (Tilz et al., 2006).

verall, PGES has been demonstrated as a common,
lthough inconsistent, phenomena following convul-
ive seizures. However, the relationship between
pecific seizure characteristics, cardiorespiratory dys-
unctions, autonomic dysregulation, use of AEDs and
GES remains unclear and results are sparse and
ainly contradictory. The variability of the presence

f PGES after a seizure, the lack of systematic record-
ng of physiological data during and between seizures,
nd the inclusion of poorly characterized patient pop-
lations are the major limitations of the evidence
ollected so far. Conflicting findings and important
48

pen questions could perhaps be clarified by those
ew technologies allowing systematic and continuous
ecording of physiological data. Moreover, novel auto-

ated tools could assist clinicians and experts allowing
more objective and uniform assessment of PGES

eriods across studies and populations (Theeranaew
t al., 2018).

i
(
2
H
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w
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ost-ictal immobility

efinition and aetiology

he absence of motion following a seizure is a
requently observed clinical manifestation, typically
ccurring after convulsive seizures, and has been rec-
gnized by clinicians for more than a century.
he first clear description of post-ictal immobility was
ade in 1855 by Todd (Todd, 1855), who reported

he presence of motor paralysis, of different degree,
attern and duration, following a seizure. This obser-
ation was confirmed by Robertson in 1869 (Robertson,
869) and later by Jackson who coined the term “post-
pileptic paralysis” (Jackson, 1875). Although probably
elf-defined by the terminology alone, a definition of
absence of active non-respiratory movements after
he end of the seizures” has been only recently pro-
ided and may assume a practical value in clinical stud-
es, although with some limitations (Kuo et al., 2016).
espite the early recognition of PI in the past, its mech-

nism has remained largely unclear. The first obser-
ations of this phenomenon attributed it to cerebral
xhaustion, changes in neuronal threshold and corti-
al hypoxemia following a seizure (Meyer and Portnoy,
959). A transient neuronal anoxia was subsequently
emonstrated in experimental observation in primates

Meyer and Portnoy, 1959) and some support for this
bservation was provided by studies reporting a link
etween PI, PGES and respiratory dysfunction (Seyal
t al., 2013; Kuo et al., 2016). However, the relationship
etween PGES and respiratory dysfunction can also
oint towards the presence of some common patho-
hysiological mechanisms, involving seizure-activated
ortical and subcortical inhibitory networks. A theoret-
cal role of other circuits has been proposed but not
roven: in particular seizure-related dysfunction of the
-HT and glutamatergic systems, with inhibition of the
ubcortical arousal system and consequent impaired
onsciousness and motionlessness (Kinney and Thach,
009; Kothare and Singh, 2014), and decreased cholin-
rgic transmission from subcortical arousal structures
o the thalamus and frontal cortex with possi-
le involvement of motor circuits (Farzampour and
uguenard, 2015; Motelow et al., 2015).

ssociation with PGES and clinical factors

ostictal immobility has been reported follow-
Epileptic Disord, Vol. 22, No. 3, June 2020

ng convulsive seizures with and without PGES
Semmelroch et al., 2012, Seyal et al., 2013; Tao et al.,
013; Kuo et al., 2016; Asadollahi et al., 2018).
igher frequencies (92.3% [Semmelroch et al., 2012]

nd 95.3% [Tao et al., 2013]) and longer durations,
ith mean time to first movement between 156.24

Asadollahi et al., 2018) and 251.96 seconds (Kuo et al.,
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016), were found to be associated with PGES seizures
s compared to seizures not followed by PGES (fre-
uency between 26.7% and 33.3% [Semmelroch et al.,
012; Tao et al., 2013]) with mean durations of 66.06-
39.1 seconds (Seyal et al., 2013; Kuo et al., 2016).
ne study found no association between the duration

f PGES and the duration of PI, which conversely cor-
elated with the duration of ictal oxygen desaturation
Seyal et al., 2013). In 1881, Gowers reported the lack of
ssociation between PI and seizure duration (Gowers,
881). This finding was confirmed in later studies
Seyal et al., 2013; Kuo et al., 2016) and additional
bservations demonstrated no correlation with either

he duration of the convulsive phase or tonic phase
f the seizure (Kuo et al., 2016), with some exceptions

Asadollahi et al., 2018).
he observation of recorded SUDEP cases found prone

n their beds (Purves et al., 1992; Bird et al., 1997;
cLean and Wimalaratna, 2007; Bateman et al., 2010;

hatoo et al., 2010; Tao et al., 2010; Ryvlin et al., 2013;
iebenthal et al., 2015) have suggested a potential life-
hreatening role of prolonged PI. In this situation, PI
ould prevent adequate body and head repositioning,
hich are necessary for an optimal airflow and which

ould lead to post-ictal cardiorespiratory dysfunctions
nd death. However, the association of PI with respi-
atory and cardiac disturbances, including apnoea and
radycardia, has not been adequately investigated and
ay represent a future area of interest to improve our

nderstanding on mechanisms leading to SUDEP.

onclusion: PGES, PI and SUDEP

GES is certainly a common post-ictal EEG pattern,
specially after convulsive seizures, and does not
xclusively occur in SUDEP cases. The evidence from
he current literature demonstrates a great variabil-
ty in the presentation of this phenomenon, whether
ccurrence and duration are influenced by different
linical variables, as well as the presence of intraindi-
idual variability and of possible discrepancies in PGES
dentification. These results highlight the lack of pre-
ictive value of PGES alone as a marker of SUDEP risk.
n the other hand, there is an interesting correlation

etween PGES and other SUDEP risk factors, including
he occurrence of convulsive seizures, PI, peri-ictal res-
iratory and cardiac disturbances, and possibly state of
rousal and AED withdrawal. Nevertheless, although
pileptic Disord, Vol. 22, No. 3, June 2020

he significance of PGES in the pathogenesis or as an
nitiating event in SUDEP cases remains elusive, its
resentation in the context of SUDEP is undoubted:
GES was found in all SUDEP cases occurring during
edical monitoring (Purves et al., 1992; Bird et al., 1997;

ee, 1998; McLean and Wimalaratna, 2007; Bateman et
l., 2010; Lhatoo et al., 2010; Tao et al., 2010; Ryvlin et al.,

t
N
t
M
T
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a
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Postictal EEG suppression and immobility

013) and a long-duration PGES was found with every
erminal seizure in the MORTEMUS study (Ryvlin et
l., 2013). Case studies have also demonstrated that
even of the eight SUDEP cases published over the last
0 years died when unsupervised in the prone posi-
ion (Purves et al., 1992; Bird et al., 1997; McLean and

imalaratna, 2007; Bateman et al., 2010; Lhatoo et al.,
010; Tao et al., 2010; Ryvlin et al., 2013; Liebenthal et al.,
015) suggesting a potential role of PI in the terminal
ascade of events leading to death. In fact, in the pos-
ictal period, a persistent immobility and inability to
hange body position may exacerbate postictal hypox-
mia (Kinney and Thach, 2009) and seizure-related
omeostatic alterations, such as pulmonary oedema

Kennedy et al., 2015), leading to asphyxia and asystole.
owever, the evidence that these two phenomena

ontribute directly to SUDEP is contradictory, not
xhaustive, and primarily obtained from studies per-
ormed in the artificial setting of epilepsy monitoring
nits. The presence of a common pathophysiological
echanism seems likely and deserves further explo-

ation, as well as their relationship and the role played
n the sequence of events predisposing to the “per-
ect storm” (Sarkis et al., 2015) leading to SUDEP.
arge studies using accurate cardiovascular monitor-
ng and reporting of critical physiological parameters
re needed to enrich our understanding of this impor-
ant topic. At the current time, there are no accurate
redictors of SUDEP in individual patients, and SUDEP
isk assessment for each individual seizure should
ake into account a combination of multiple variables,
ncluding PGES, PI and other clinical factors. Current
vidence is certainly insufficient and suboptimal for
lanning and setting up adequate preventive strate-
ies at the patient level, especially in unsupervised
ut-of-hospital environments. �

upplementary data.
ummary didactic slides are available on the
ww.epilepticdisorders.com website.
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(3) How might PI influence SUDEP?

Note: Reading the manuscript provides an answer to all q
website, www.epilepticdisorders.com, under the section
251
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