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Abstract

Sudden unexpected death in epilepsy (SUDEP) is a major cause of epilepsy-related mortality. SUDEP is highly linked to
seizures, with most deaths occurring after convulsive seizures in sleep. In most cases of SUDEP, convulsive seizures appear
to directly trigger catastrophic cardiorespiratory dysfunction leading to death. In the last few decades, many pathophysi-
ological mechanisms have been proposed to explain the sequence of events leading to death. Patients with epilepsy often
have underlying autonomic dysfunction, as measured by heart rate variability and other testing modalities. Additionally,
seizures often trigger acute cardiac and respiratory dysfunction. While sinus tachycardia is the most common cardiac finding
during seizures, asystole and malignant tachyarrhythmias may also occur. Seizures can also lead to respiratory dysfunction,
including central ictal and obstructive apnea related to laryngospasm. Available data suggest that there could be underlying
autonomic dysfunction, potentially related to genetic, medication, and other factors that might predispose individuals to
sudden catastrophic cardio-respiratory dysfunction in the setting of a seizure, resulting in SUDEP. Further exploration of
this possible link is needed. Patients with medically refractory epilepsy are at the highest risk, and adequate management
via medical therapy to control convulsive seizures, or surgical intervention may decrease the SUDEP risk. Recently, many
automated seizure detection systems have been developed to detect convulsive seizures, which may enable caregivers to more
closely monitor individuals with epilepsy. Improved identification of seizures may be important for patients with refractory
epilepsy as close supervision and timely intervention after a seizure could potentially reduce the risk of SUDEP.
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Introduction

Sudden unexpected death in epilepsy (SUDEP) is a major
cause of epilepsy-related mortality. SUDEP is defined as
the “sudden, unexpected, witnessed or unwitnessed, non-
traumatic and non-drowning death, occurring in benign cir-
cumstances, in an individual with epilepsy, with or without
evidence for a seizure and excluding documented status epi-
lepticus, in which postmortem examination does not reveal
a cause of death” [1]. The risk of sudden death is higher
in those individuals with uncontrolled seizures, especially
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when they have frequent convulsive seizures, particularly
when there are greater than 2—-3 convulsive seizures/year
[2,3].

Most deaths occur in sleep, with the patient in the prone
position (which might exacerbate seizure-related respiratory
dysfunction), and are unwitnessed, though there is often evi-
dence of a recent seizure (e.g., tongue bite, urinary inconti-
nence, or body positioning to suggest a recent seizure) at the
time of death [4-6]. Most witnessed cases of SUDEP occur
immediately after convulsive seizures [4, 7].

In epilepsy, mortality is 2-3 times that of the general
population [8, 9]. This increased risk is due to multiple
causes, including seizure-related trauma/drowning, sta-
tus epilepticus, and associated neurologic conditions [10].
The risk of sudden unexpected death is 24 times that in the
general population, which accounts for an average of 17%
of deaths in patients with epilepsy [11]. Patients who die
due to SUDEP are most often young adults with uncon-
trolled epilepsy, particularly with convulsive seizures. For
the general epilepsy population, the incidence of SUDEP is
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approximately 0.35-2.3/1000 person-years [12, 13]. Patients
with refractory epilepsy, particularly those who are epilepsy
surgery candidates or continue to have seizures despite epi-
lepsy surgery, are at the highest risk for SUDEP with an
incidence of approximately 6.3-9.3 SUDEP deaths per 1000
people with epilepsy per year [12].

Other associations with SUDEP include antiepileptic
drug (AED) polytherapy, young age of epilepsy onset, low
antiepileptic medication levels, cognitive disability, and high
seizure frequency [14, 15]. While some studies implicate
specific AEDs as increasing the risk for SUDEP, other stud-
ies show no specific AED association with SUDEP [16].
Elimination of seizures by epilepsy surgery may confer
reduced risk [3]. And seizure reduction via vagal nerve
stimulation or responsive neurostimulation (RNS) may also
reduce the risk of SUDEP [17, 18]. Increased seizure sur-
veillance and early intervention may also reduce risk for
SUDEP [19].

Human cardiorespiratory function in SUDEP
and near-SUDEP

Available data from witnessed and monitored SUDEP cases
suggest that, in most cases, a convulsive seizure triggers
catastrophic cardio-respiratory dysfunction that results in
death [20, 19].The MORTEMUS study, which is the larg-
est study to date describing cardiorespiratory function at
the time of death in epilepsy, reported all SUDEP deaths
occurring after a convulsive seizure [19]. In those cases,
a seizure appeared to trigger progressive bradycardia and
apnea beginning during the immediate post-ictal period.
Terminal apnea occurred before terminal asystole in all
cases. Notably, cardiopulmonary resuscitation was delayed
by > 13 min or did not occur at all in the monitored cases of
SUDEP. There were no cases of ventricular tachyarrhythmia
as a cause of death in any of the patients in this series. In
contrast, in the same series, patients who had near-SUDEP
(due to prolonged apnea, asystole, or ventricular arrhyth-
mia) received cardiopulmonary resuscitation within 3 min,
at the latest. These data suggest that when there is significant
cardiorespiratory dysfunction after a seizure, rapid interven-
tion with cardiorespiratory support might prevent death in
some cases.

However, there are cases of non-seizure related SUDEP,
which reveal that a seizure is not necessary to trigger severe
terminal cardiorespiratory dysfunction resulting in death
[21]. In this series of three patients with refractory epilepsy,
all patients died in the epilepsy monitoring unit during con-
tinuous video-EEG monitoring. There was no clinical sei-
zure and no ictal change on EEG preceding death. Similar
to other cases of monitored SUDEP, the deaths were not due
to a primary cardiac (ventricular tachyarrhythmia) cause. In
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all cases there was progressive cardiorespiratory dysfunc-
tion associated with suppression of the EEG. In two cases
there was tachycardia and tachypnea preceding bradypnea
and bradycardia followed by terminal apnea, which was then
followed by terminal asystole, a pattern that is similar to
the progression of cardiorespiratory dysfunction noted in
the MORTEMUS study. These data, along with data from
seizure-related SUDEP, suggest that catastrophic autonomic
dysfunction may occur due to severe brainstem dysfunction,
which may be responsible for the highly abnormal cardio-
respiratory patterns seen in all of these cases. In these non-
seizure SUDEP cases, there was no evidence of cortical
activation (via a seizure) causing this dysfunction, again
supporting possible initial brainstem dysfunction as a cause
of death. More recently, there was another case of SUDEP
that occurred without evidence of an electrographic seizure
on electrocorticography stored in the patient’s implanted
responsive neurostimulator, but cardiorespiratory function
was not available in that case [17].

While severe combined cardiorespiratory dysfunction
appears to be the most common finding in SUDEP, there are
some cases of ventricular tachyarrhythmia in near-SUDEP
or SUDEP patients. Espinosa et al. reported near-SUDEP in
a 51-year-old woman with refractory temporal lobe epilepsy.
During video-EEG monitoring, the patient had a right tem-
poral focal to bilateral tonic—clonic seizure, which triggered
ventricular tachycardia, requiring placement of an implant-
able cardiac defibrillator [22]. Ferlisi et al. also reported
ventricular tachycardia at the end of a convulsive seizure
occurring outside the hospital setting [23]. Ventricular
arrhythmia occurred at the time of SUDEP in one case but
underlying ischemic heart disease may have contributed, and
only the emergency medical report of ventricular fibrillation
was available in another case [24, 25]. There are addition-
ally rare cases of patients with long QT syndrome who also
have epilepsy [26, 27]. Animal data also suggests that an
ion channelopathy may cause both epilepsy and alter the
autonomic control of the heart [28]. Additionally, ventricular
tachyarrhythmias may occur more frequently in patients with
epilepsy (possibly related to increased risk of cardiovascular
disease in this population) and could be an underestimated
cause of SUDEP [29-31]. The data thus far suggest that
ventricular arrhythmia might be a rare cause of SUDEP.

Ictal and interictal cardiac function

Seizures commonly alter respiratory and cardiac function.
Most seizures cause an increase in heart rate, which gener-
ally resolves spontaneously and is not clinically significant.
However, seizures may also cause significant bradycardia
or potential high-risk arrhythmias. In multi-day recordings
in patients admitted to epilepsy monitoring units, almost
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40% of patients had ictal cardiac arrhythmias or repolari-
zation abnormalities, including bundle branch block, atrial
fibrillation, supraventricular tachycardia, asystole, and other
abnormalities [32, 33]. Convulsive and longer seizures may
increase the risk for ictal EKG abnormalities [32].

Long-term EKG recording (between 4 and 22 months) via
implantable loop recorders in patients with refractory epi-
lepsy suggest that ictal and interictal bradycardia may occur
relatively commonly in this population, with 8/39 patients in
both studies combined having bradycardia or asystole [34,
3]. None of the 39 patients had ventricular tachyarrhyth-
mias. There were 4/39 patients who had cardiac pacemaker
implantation due to asystole found on their long-term car-
diac recordings. However, the utility of cardiac pacemaker
implantation in preventing death in this population remains
questionable. While it is clear that pacemaker implantation
can be very helpful in preventing ictal syncope (i.e., syncope
due to ictal asystole with subsequent hypotension and cer-
ebral hypoperfusion) and falls, it is not clear that pacemaker
implantation can prevent SUDEP. Schuele et al. found that
when pacemakers were implanted in patients with ictal asys-
tole and followed for 5 years, the risk of recurrent asystole
appears to be low and that asystole may be a benign event
[35, 36]. However, one caveat is that ictal asystole is likely
to be a rare event, since rare or intermittent pacing occurring
only during seizures may be below the detectable threshold
of pacing. Additionally, while post-ictal asystole occurred in
monitored SUDEP cases, it always followed apnea. Thus, it
is not clear that cardiac pacing could prevent terminal asys-
tole in the setting respiratory failure. In a review of ictal and
post-ictal cardiac arrhythmias, there were no deaths related
to ictal asystole though there was one case of prolonged
asystole terminated by resuscitation [37].

Retrospective analysis of multi-day ECG data obtained
during video-EEG monitoring from patients who subse-
quently died due to SUDEP found that SUDEP patients had
greater increases in heart rate during seizures than in other
refractory control epilepsy patients [25]. The changes in
heart rate from baseline to seizure were particularly marked
during sleep-onset seizures in the SUDEP group. However,
while 56% of SUDEP patients had ictal cardiac rhythm and/
or repolarization abnormalities, this was not significantly
higher than the 39% rate of abnormalities seen in the refrac-
tory control population. More recently, a case—controlled
study compared the electrocardiographic features of twelve
SUDEP cases with 22 age and sex matched controls. An
abnormal ventricular conduction pattern was more common
in cases than controls (58% vs 18%, p=0.04), but the rates
of early repolarization (which may indicate increased risk
for sudden death) was similar among cases and controls [38].

In a non-SUDEP epilepsy population, Lamberts et al.
found that early repolarization abnormalities and severe
QTec interval prolongation were more common in a cohort

of patients with refractory epilepsy than in a control non-
epilepsy group. Of note, severe QTc prolongation was found
only in patients with epilepsy who were on depolarization-
blocking drugs, which primarily included antiepileptic drugs
(AEDs). In this study, since only epilepsy patients had severe
QTec prolongation, it was not possible to separate whether
the QTc prolongation was related to epilepsy or to the AED
effect. In peri-ictal QTc evaluation, Brotherstone et al. found
that the QTc interval significantly increased during some
seizures in 9 out of 39 patients admitted for video-EEG
monitoring [39]. While individual transient seizure-related
QTc interval prolongation may occur in epilepsy, as a group,
QTc intervals are not prolonged in the SUDEP population
as compared with a refractory epilepsy control population
[25]. Consistent with the findings from these studies, another
study found that the post-ictal QTc was prolonged in some
SUDEP cases but not more commonly than in a control epi-
lepsy group [40]. Another study reported that early repolari-
zation on EKGs may be more common in epilepsy patients
than in healthy controls [41]. In that same study, one of two
patients who subsequently died due to SUDEP had abnor-
mal early repolarization. To date, studies evaluating SUDEP
compared to other patients with epilepsy have failed to find
any reliable cardiac marker that is specific for SUDEP.

Heart rate variability and electrodermal
activity

Patients with epilepsy often have interictal autonomic dys-
function, with many studies reporting decreased heart rate
variability (HRV) [42]. Interictal HRV abnormalities have
been reported in various populations of epilepsy, including
in focal (particularly in temporal lobe epilepsy) and gener-
alized epilepsy [43-45]. Additionally, other forms of auto-
nomic testing, including baroreflex function and Valsalva
maneuver tests, also show interictal dysfunction in epilepsy.
HRYV studies reveal variable findings, with some showing
parasympathetic dominance and others showing sympathetic
dominance or combined sympathetic and parasympathetic
dysfunction [42]. Some studies correlate specific antie-
pileptic medication use with greater degrees of autonomic
dysfunction [46, 47]. Decreased HRV may also correlate
with atrophy of specific brain stem regions involved in auto-
nomic control in patients with focal epilepsy [48]. In the
same study, a separate group of patients who subsequently
died due to SUDEP had progressive atrophy of these brain-
stem regions in serial MRI scans prior to death, suggesting
a possible link between structural and functional autonomic
pathology. It is possible that when there is already under-
lying autonomic dysfunction, related to genetic, medica-
tion, and other factors, these abnormalities may predispose
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individuals to sudden autonomic dysfunction in the setting
of a seizure, resulting in SUDEP.

Most HRYV studies have focused on living patients with
epilepsy, with many studies evaluating HRV parameters in
relation to SUDEP risk factors, but there are limited HRV
data directly from SUDEP patients. Decreased HRV strongly
correlates with increased risk of sudden death, presumably
due to lethal cardiac tachyarrhythmias in most cases, in some
non-epilepsy populations, particularly in those with under-
lying cardiovascular disease [49]. However, thus far, there
are no clear specific HRV biomarkers for SUDEP. Surges
et al. 2009 investigated the HRV in seven patients with
SUDEP with HRV in seven control patients and found no
significant differences in interictal HRV measures between
the groups [50]. More recently, Myers et al., noted that the
awake HRV was lower and the sleep:awake HRYV ratios were
either extremely high or very low in a group of patients with
sodium channel mutations who died due to SUDEP, as com-
pared with refractory epilepsy controls [51]. Patients with
Dravet syndrome, which is highly associated with SUDEP,
also have reduced HRV [52, 53]. There is also one case
report of a man with refractory epilepsy and SUDEP in
whom serial studies showed a sudden increase in parasym-
pathetic activity, as measured by high-frequency (HF) power
and the ratio between cardiac vagal index (CVI) and cardiac
sympathetic index (CSI) during the 1 day to 30 min preced-
ing death [54]. Although the MORTEMUS and other avail-
able SUDEP data suggest that primary cardiogenic causes of
SUDERP are rare, it is still possible that abnormal HRV might
contribute to SUDEP in a minority of cases.

Of course, it is possible that HRV may also be abnor-
mal due to overall autonomic dysfunction and thus may
be related to SUDEP independently from a potential car-
diogenic pathomechanism of death. Additional evaluation
from larger populations of patients with SUDEP is needed
to clarify whether specific HRV parameters may correlate
with risk of SUDEP and whether there might be a specific
pattern of progressive HRV changes over time that may pre-
dict SUDEP.

Electrodermal activity (EDA) measures changes in the elec-
trical conductance of the skin due to sympathetic neuronal
activity [55]. One study evaluating primarily children found
that there is a surge of EDA (correlating with increased sym-
pathetic activation) and suppression of high frequency power
of HRV (correlating with parasympathetic suppression) after
tonic—clonic seizures [56]. This post-ictal autonomic dys-
regulation correlated to increased duration of PGES in this
study. These data suggest that PGES, which may be a bio-
marker for SUDEP, could be associated with significant auto-
nomic dysfunction during the critical post-ictal period, when
SUDEP most often occurs. A recent case report of a SUDEP
patient showed significant elevation in peri-ictal electroder-
mal response recorded by a commercially available wrist
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device suggesting uninhibited sympathetic surge [57]. Such
autonomic dysregulation could potentially contribute to the
risk of SUDEP. Additional investigation showed that age may
affect the degree of sympathetic and parasympathetic activity
following seizures [58]. Adults tend to have longer durations of
PGES [59, 60]. Sarkis et al. also found that adults had longer
durations of PGES and that the duration of PGES correlated
with the degree of sympathetic activation as measured by EDA
[58]. However, after controlling for PGES duration, pediatric
patients were found to have stronger sympathetic activation
as well as greater parasympathetic suppression than adults.
These age-dependent findings may correlate with the variable
incidence of SUDEP seen in different age groups.

Blood pressure and heart rate

The resting awake interictal heart rate (HR) and blood pres-
sure (BP) in SUDEP cases and control epilepsy groups
(refractory and controlled) are similar but there is a trend
toward a higher diastolic BP and more stable (less vari-
able) HR over time in individuals who subsequently died
due to SUDEP [61]. These data suggest that patients who
subsequently die due to SUDEP may have increased rest-
ing sympathetic tone as well as impaired normal heart rate
regulation. While these findings need to be confirmed in
larger populations, they again support the possibility that
patients at risk for SUDEP may have underlying autonomic
dysfunction, which may increase their risk for death in the
setting of a seizure. Such abnormalities may serve as mark-
ers for SUDEP.

Jaychandran et al. evaluated peri-ictal HR and BP in
patients undergoing video-EEG monitoring and found that
ictal hypertension occurred in 26.3% of 57 seizures in 42
patients [62]. Ictal hypotension was less common, occurring
in 8.7% of seizures in that same series. Hampel et al. found
that increases in HR and BP varied depending on seizure
type and were more marked during seizures with impaired
awareness or convulsive activity [63]. More recently, ictal
data utilizing continuous noninvasive blood pressure moni-
toring found that post-ictal hypotension lasting more than
60 s was closely correlated with post-ictal generalized EEG
suppression [64]. Lacuey et al. recently found that stimula-
tion of Brodman area 25 (subcallosal region) causes hypo-
tension, suggesting that involvement of this area during
seizures might cause peri-ictal hypotension, which might
contribute to SUDEP [65].

Respiratory system and SUDEP

Ictal respiratory dysfunction is common and is often closely
linked to cardiac dysfunction. Cortical centers of respira-
tory control have been known as early as the 1950s. Jasper
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noted that electrical stimulation of the human insular cortex,
ventromedial prefrontal cortex, hippocampus, and amygdala
affects autonomic control and may cause respiratory arrest
[66]. Ictal central apnea strongly correlates with focal epi-
lepsy, particularly temporal lobe epilepsy. In 56 patients
with focal epilepsy, Bateman et al. found that approximately
one-third of focal seizures with or without generalization
were accompanied by desaturations below 90% [67]. More
recently, Lacuey et al. found that ictal central apnea occurred
in 47% of 109 patients (36.5% of 312 seizures), most notably
in temporal lobe epilepsy [68]. Dlouhy et al. 2015 found that
electrical stimulation of the amygdala in patients undergoing
intracranial EEG monitoring resulted in central apnea [69].
An increase in end tidal Co, is also reported with seizures.
Seyal et al. studied one hundred and eighty-seven seizures
in 33 patients with focal epilepsy and found that one third
of patients had seizures with ETCO, elevation above 50 mm
Hg. Ictal/postictal ETCO(2) increase above baseline was
recorded for a significant duration (Mean 424 s). The peak
ETCO, value was significantly associated with ictal spread
to the contralateral hemisphere [70]. Study of regional cer-
ebral perfusion with near-infrared spectroscopy has shown
decreased regional cerebral oxygenation with ictal onset
[71]. Another study focusing on the same technique noted
that generalized tonic—clonic seizures were significantly
associated with lower values of ictal and post ictal regional
cerebral oxygen saturation. Patients who had more than
20% decrease in the periictal regional cerebral perfusion
from baseline were also found to have higher scores on the
SUDEP-7 Inventory [72].

Animal models have been studied to identify the basic
neurobiological mechanisms of respiratory arrest with sei-
zures. It has been well studied that 5-hydroxytryptamine
(5-HT) neurons play a critical role in maintaining respiratory
drive. Provoked audiogenic seizures in DBA/2 mice which
lack several 5 HT receptor proteins in the brainstem lead
to death due to respiratory arrest, which can be prevented
with oxygenation [73]. It is notable that seizure-related death
is reduced by use of selective serotonin reuptake inhibitors
(SSRI) [74, 75]. Additionally, adenosine antagonists may
also significantly reduce ictal apnea [76]. Reduced 5-HT
levels and immature 5-HT neurons in the medulla have also
been noted in infants who died of Sudden Infant Death Syn-
drome (SIDS), which suggests a possible role of 5-HT axis
dysfunction as a cause of sudden unexplained death [77].
Further investigation is needed to evaluate whether SSRIs
and adenosine antagonists might have a role in reducing ictal
apnea in humans.

Recent studies with a kainic acid rat model showed that
seizure activity caused increased firing of the recurrent
laryngeal nerve resulting in laryngospasm and airway occlu-
sion. Seizures induced ictal central apnea in some rats, but
others had obstructive apnea due to severe laryngospasm

causing obstruction and cessation of airflow followed by ST-
segment elevation, bradycardia, and death [78]. The same
group also recently identified two biomarkers of obstructive
apnea: (1) EMG-based signal or muscle artifact detectable
on the EKG produced by the attempt to breathe and (2) an
abrupt increase in RR interval. They noted that these two
biomarkers of obstructive apnea were also seen in patients
from MORTEMEUS study. They suggested that both might
be potential biomarkers of obstructive apnea and possibly
for risk of SUDEP [79].

Latreille et al. reported that nocturnal seizures are more
likely to be associated with both PGES as well as with
greater desaturation as compared with wake-related seizures
[80]. PGES additionally correlates with the both the nadir
and duration of desaturation as well as with the duration of
postictal immobility [81]. These data suggest that PGES,
desaturation, and post-ictal immobility may be related
and could be related to risk of SUDEP. The MORTEMUS
study provides clear evidence of respiratory dysfunction
in SUDEP. In patients with SUDEP in the MORTEMUS
series, convulsive seizures were followed by terminal apnea
and then asystole [19]. In a study by Park et al., focal to
bilateral tonic—clonic seizures or generalized tonic—clonic
seizures which caused ictal/post-ictal hypoxemia more
than 125 s had a statistically significant association with
high-risk cardiac arrhythmias (nonsustained ventricular
tachycardia, bradyarrhythmia, and sinus pauses). The odds
ratio for occurrence of arrhythmia was 7.86 for desaturation
durations > 125 s versus desaturations < 125 s (p =0.005).
The odds ratio increased to 13.09 for desaturation dura-
tions > 150 s (p <0.001) [82]. These studies show that the
peri-ictal respiratory decline may be the critical initial node
in the series of terminal events resulting in sudden death.

Pulmonary edema has been reported in the autopsy
of SUDEP cases [83]. It is important to note that hyper-
capnia and oxygen desaturation often extends into the
post-ictal period, during which time respiratory effort has
been reported to be normalized, and that also suggests the
possibility of intrinsic pulmonary dysfunction [84]. The
mechanism of pulmonary edema due to seizure is poorly
understood.

Prevention of SUDEP

Seizure control is the most important potentially modifi-
able risk factor of SUDEP. In order to best participate with
their care, patients should be knowledgeable about potential
risks of seizures, including SUDEP. The American Academy
of Neurology and American Epilepsy Society recommend
that clinicians counsel epilepsy patients regarding SUDEP.
Survey studies of epilepsy patients and family members of
SUDERP patients have shown that they prefer to know about
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the risk factors of SUDEP during the early phase of manage-
ment [85, 86]. Unfortunately, some data suggest that only a
small minority of neurologists counsel all of their patients
about SUDEP [87]. Non-adherence to medications often
results in breakthrough seizures and may lead to both sta-
tus epilepticus as well as SUDEP. Patient counseling efforts
should include the importance of medication compliance
[88]. A meta-analysis by Ryvlin reported that an adjunc-
tive AED treatment might reduce the SUDEP risk by seven
times when given to patients with intractable epilepsy [89].
Antiepileptic medication adherence and surgical interven-
tions, when appropriate, may reduce the risk of SUDEP.

Prone position and post-ictal immobility are often cited
in SUDEP cases, and some data suggests that nocturnal
supervision might reduce the risk of SUDEP [90]. Nursing
interventions such as stimulating and turning the patient to
the lateral position and suction with or without supplemental
oxygenation have been reported to shorten the duration of
peri-ictal hypoxemia and seizure duration [91, 92]. However,
currently, no guidelines exist on the use of supplemental
oxygen with seizures, and the potential benefits must be
weighed against the significant cost and risks of home oxy-
gen. The MORTEMUS data suggests that early peri-ictal
intervention might be important in preventing SUDEP. Use
of SSRIs has been noted with reduced severity of oxygen
desaturation after focal seizures without secondary generali-
zation in comparison to patients who were not taking SSRIs;
however, additional data are needed to determine if SSRIs
can reduce SUDEP [93]. At this time, the data suggests that
close supervision during the post-ictal period and judicious
use of mild stimulation and maneuvers to aide respiration, if
needed, may be reasonable recommendations for caregivers.
Caregivers might also consider training in basic cardiopul-
monary resuscitation as a precaution; however, additional
data are needed to determine whether this would be benefi-
cial in preventing deaths in the outpatient setting.

Automated seizure detection systems
(ASDS)

Many automated seizure detection devices are now avail-
able in the market which may help facilitate early peri-ictal
intervention. A patient survey found that there is significant
interest in using ASDS and that patients would be willing
to use it regularly [94]. Most patients felt that an acceptable
ratio of false positive to false negative seizure alerts was 25%
and that alerting should be within 1 min. Patients expected
that these devices should be covered by insurance.
Video-EEG monitoring is the gold standard tool for sei-
zure detection. However, it is not practical for long-term
daily use for seizure detection. The ideal portable/weara-
ble device should have high sensitivity and specificity and
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be comfortable for daily use. Non- EEG based devices are
now available commercially, but these products primarily
detect convulsive seizures and have variable specificity,
limiting their use. One device utilizing a pressure sen-
sor mat which detects abnormal movement or absence of
movement was studied in an inpatient setting. A total of
51 patients were included, and a total of eighteen general-
ized tonic—clonic seizures were recorded with video EEG.
The pressure sensor mat detected 89% of tonic—clonic
seizures with a positive predictive value (PPV) of 43%
[95]. Accelerometer-based devices, which can be similar
to smartwatches, can have a high sensitivity up to 90%
[96, 97]. However, the data for specificity varies signifi-
cantly in the reported literature and positive predictive
value remains on the low side (57%) for these devices [97,
98]. One EMG-based detection system was studied in 33
patients who were admitted for video-EEG monitoring.
The device detected 95% of GTCs within 20 s of electro-
clinical onset with only one false positive detection [99]. A
device monitoring galvanic skin resistance and accelerom-
eters detected 94% of the generalized tonic—clonic seizures
in 80 study patients with a false positive rate of 0.74 per
24 h [100]. Another multimodal approach with monitor-
ing of heart rate, respiration, and EMG detected 100% of
GTCS and 94% of myoclonic seizures [101]. A wearable
device over the trachea reported 88% sensitivity of sleep
apnoea detection in ten subjects and a specificity of 99%
which may be of potential utility for SUDEP prevention
[102]. It is vital to note that all these studies were done
on limited patient populations and often done by the same
team developing the devices. Additional studies, particu-
larly in outpatient settings, are needed to further evaluate
the utility and practicality of these devices.

Conclusions

Both cardiac and respiratory dysfunction occur in epilepsy.
Convulsive seizures strongly correlate with SUDEP as well
as with PGES and autonomic dysregulation, particularly
during the peri-ictal period. Current data suggests that the
most common scenario for SUDEP is a sleep-onset convul-
sive seizure which triggers catastrophic cardiorespiratory
dysfunction. Additionally, there are rare cases of primary
cardiac tachyarrhythmias in epilepsy which may also play a
role in some cases of SUDEP. Most of the data to date are
from patients with epilepsy who are at uncertain risk for
SUDEP and animal data. There are still limited autonomic
data directly from patients who died due to SUDEP. Ongo-
ing prospective multicenter studies may yield additional
clues regarding possible biomarkers for SUDEP and effec-
tive preventative therapy.



Clinical Autonomic Research (2019) 29:151-160

157

Compliance with ethical standards

Conflict of interest On behalf of all authors, the corresponding author
states that there is no conflict of interest.

References

10.

12.

13.

Nashef L, So EL, Ryvlin P, Tomson T (2012) Unifying the
definitions of sudden unexpected death in epilepsy. Epilepsia
53(2):227-233. https://doi.org/10.1111/j.1528-1167.2011.03358
X

Walczak TS, Leppik IE, D’Amelio M, Rarick J, So E, Ahman P,
Ruggles K, Cascino GD, Annegers JF, Hauser WA (2001) Inci-
dence and risk factors in sudden unexpected death in epilepsy: a
prospective cohort study. Neurology 56(4):519-525

Sperling MR, Harris A, Nei M, Liporace JD, O’Connor MJ
(2005) Mortality after epilepsy surgery. Epilepsia 46(s11):49-53.
https://doi.org/10.1111/j.1528-1167.2005.00410.x

Nashef L, Fish DR, Sander JW, Shorvon SD (1995) Incidence of
sudden unexpected death in an adult outpatient cohort with epi-
lepsy at a tertiary referral centre. ] Neurol Neurosurg Psychiatry
58(4):462-464

Lamberts RJ, Thijs RD, Laffan A, Langan Y, Sander JW (2012)
Sudden unexpected death in epilepsy: people with nocturnal sei-
zures may be at highest risk. Epilepsia 53(2):253-257. https://
doi.org/10.1111/§.1528-1167.2011.03360.x

Liebenthal JA, Wu S, Rose S, Ebersole JS, Tao JX (2015) Associ-
ation of prone position with sudden unexpected death in epilepsy.
Neurology 84(7):703-709. https://doi.org/10.1212/WNL.00000
00000001260

Tomson T, Nashef L, Ryvlin P (2008) Sudden unexpected death
in epilepsy: current knowledge and future directions. Lan-
cet Neurol 7(11):1021-1031. https://doi.org/10.1016/S1474
-4422(08)70202-3

Shackleton DP, Westendorp RGJ, Kasteleijn-Nolst Trenité
DGA, De Craen AJM, Vandenbroucke JP (2002) Survival of
patients with epilepsy: an estimate of the mortality risk. Epilepsia
43(4):445-450. https://doi.org/10.1046/j.1528-1157.2002.10301
X

Forsgren L, Hauser WA, Olafsson E, Sander JWaS, Sillanpédd M,
Tomson T (2005) Mortality of epilepsy in developed countries:
a review. Epilepsia 46(Suppl 11):18-27. https://doi.org/10.111
1/§.1528-1167.2005.00403.x

Nei MBR (2007) Seizure-related injury and death. Curr Neurol
Neurosci Rep 7(4):6. https://doi.org/10.1007/s11910-007-0051-1

. Hughes JR (2009) A review of sudden unexpected death in epi-

lepsy: prediction of patients at risk. Epilepsy Behav 14(2):280—
287. https://doi.org/10.1016/j.yebeh.2008.12.004

Devinsky O, Hesdorffer DC, Thurman DJ, Lhatoo S, Richerson
G (2016) Sudden unexpected death in epilepsy: epidemiology,
mechanisms, and prevention. Lancet Neurol 15(10):1075-1088.
https://doi.org/10.1016/S1474-4422(16)30158-2

Sveinsson O, Andersson T, Carlsson S, Tomson T (2017) The
incidence of SUDEP: a nationwide population-based cohort
study. Neurology 89(2):170-177. https://doi.org/10.1212/
'WNL.0000000000004094

Nei M, Hays R (2010) Sudden unexpected death in epilepsy. Curr
Neurol Neurosci Rep 10(4):319-326. https://doi.org/10.1007/
s11910-010-0116-4

. Nilsson L, Farahmand BY, Persson PG, Thiblin I, Tom-

son T (1999) Risk factors for sudden unexpected death in
epilepsy: a case-control study. Lancet (London, England)
353(9156):888-893

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Aurlien D, Gjerstad L, Taubgll E (2016) The role of antiepileptic
drugs in sudden unexpected death in epilepsy. Seizure 43:56—60.
https://doi.org/10.1016/j.seizure.2016.11.005

Devinsky O, Friedman D, Duckrow RB, Fountain NB, Gwinn
RP, Leiphart JW, Murro AM, Van Ness PC (2018) Sudden unex-
pected death in epilepsy in patients treated with brain-respon-
sive neurostimulation. Epilepsia 59(3):555-561. https://doi.
org/10.1111/epi.13998

Ryvlin P, So EL, Gordon CM, Hesdorffer DC, Sperling MR,
Devinsky O, Bunker MT, Olin B, Friedman D (2018) Long-
term surveillance of SUDEP in drug-resistant epilepsy patients
treated with VNS therapy. Epilepsia 59(3):562-572. https://doi.
org/10.1111/epi.14002

Ryvlin P, Nashef L, Lhatoo SD, Bateman LM, Bird J, Bleasel
A, Boon P, Crespel A, Dworetzky BA, Hggenhaven H, Lerche
H, Maillard L, Malter MP, Marchal C, Murthy JMK, Nitsche M,
Pataraia E, Rabben T, Rheims S, Sadzot B, Schulze-Bonhage A,
Seyal M, So EL, Spitz M, Szucs A, Tan M, Tao JX, Tomson T
(2013) Incidence and mechanisms of cardiorespiratory arrests in
epilepsy monitoring units (MORTEMUYS): a retrospective study.
Lancet Neurol 12(10):966-977. https://doi.org/10.1016/S1474
-4422(13)70214-X

Langan Y, Nashef L, Sander JW (2000) Sudden unexpected death
in epilepsy: a series of witnessed deaths. J Neurol Neurosurg
Psychiatry 68(2):211-213

Lhatoo SD, Nei M, Raghavan M, Sperling M, Zonjy B, Lacuey
N, Devinsky O (2016) Nonseizure SUDEP: Sudden unexpected
death in epilepsy without preceding epileptic seizures. Epilepsia
57(7):1161-1168. https://doi.org/10.1111/epi.13419

Espinosa PS, Lee JW, Tedrow UB, Bromfield EB, Dworetzky
BA (2009) Sudden unexpected near death in epilepsy: malignant
arrhythmia from a partial seizure. Neurology 72(19):1702-1703.
https://doi.org/10.1212/WNL.0b013e3181a55f90

Ferlisi M, Tomei R, Carletti M, Moretto G, Zanoni T (2013)
Seizure induced ventricular fibrillation: a case of near-SUDEP.
Seizure-Eur J Epilepsy 22(3):249-251. https://doi.org/10.1016/j.
seizure.2012.12.008

Dasheift RM, Dickinson LJ (1986) Sudden unexpected death of
epileptic patient due to cardiac arrhythmia after seizure. Arch
Neurol 43(2):194-196

Nei M, Ho RT, Abou-Khalil BW, Drislane FW, Liporace J,
Romeo A, Sperling MR (2004) EEG and ECG in sudden unex-
plained death in epilepsy. Epilepsia 45(4):338-345. https://doi.
org/10.1111/5.0013-9580.2004.05503.x

Partemi S, Cestele S, Pezzella M, Campuzano O, Paravidino R,
Pascali VL, Zara F, Tassinari CA, Striano S, Oliva A, Brugada
R, Mantegazza M, Striano P (2013) Loss-of-function KCNH2
mutation in a family with long QT syndrome, epilepsy, and sud-
den death. Epilepsia 54(8):e112—e116. https://doi.org/10.1111/
epi.12259

Heron SE, Hernandez M, Edwards C, Edkins E, Jansen FE, Schef-
fer 1IE, Berkovic SF, Mulley JC (2010) Neonatal seizures and
long QT syndrome: a cardiocerebral channelopathy? Epilepsia
51(2):293-296. https://doi.org/10.1111/j.1528-1167.2009.02317
X

Goldman AM, Glasscock E, Yoo J, Chen TT, Klassen TL, Noe-
bels JL (2009) Arrhythmia in heart and brain: KCNQI muta-
tions link epilepsy and sudden unexplained death. Sci Transl
Med 1(2):2ra6. https://doi.org/10.1126/scitranslmed.3000289
Lamberts RJ, Blom MT, Wassenaar M, Bardai A, Leijten FS,
de Haan G-J, Sander JW, Thijs RD, Tan HL (2015) Sudden car-
diac arrest in people with epilepsy in the community: circum-
stances and risk factors. Neurology 85(3):212-218. https://doi.
org/10.1212/WNL.0000000000001755

Bardai A, Lamberts RJ, Blom MT, Spanjaart AM, Berdowski
J, van der Staal SR, Brouwer HJ, Koster RW, Sander JW, Thijs

@ Springer


https://doi.org/10.1111/j.1528-1167.2011.03358.x
https://doi.org/10.1111/j.1528-1167.2011.03358.x
https://doi.org/10.1111/j.1528-1167.2005.00410.x
https://doi.org/10.1111/j.1528-1167.2011.03360.x
https://doi.org/10.1111/j.1528-1167.2011.03360.x
https://doi.org/10.1212/WNL.0000000000001260
https://doi.org/10.1212/WNL.0000000000001260
https://doi.org/10.1016/S1474-4422(08)70202-3
https://doi.org/10.1016/S1474-4422(08)70202-3
https://doi.org/10.1046/j.1528-1157.2002.10301.x
https://doi.org/10.1046/j.1528-1157.2002.10301.x
https://doi.org/10.1111/j.1528-1167.2005.00403.x
https://doi.org/10.1111/j.1528-1167.2005.00403.x
https://doi.org/10.1007/s11910-007-0051-1
https://doi.org/10.1016/j.yebeh.2008.12.004
https://doi.org/10.1016/S1474-4422(16)30158-2
https://doi.org/10.1212/WNL.0000000000004094
https://doi.org/10.1212/WNL.0000000000004094
https://doi.org/10.1007/s11910-010-0116-4
https://doi.org/10.1007/s11910-010-0116-4
https://doi.org/10.1016/j.seizure.2016.11.005
https://doi.org/10.1111/epi.13998
https://doi.org/10.1111/epi.13998
https://doi.org/10.1111/epi.14002
https://doi.org/10.1111/epi.14002
https://doi.org/10.1016/S1474-4422(13)70214-X
https://doi.org/10.1016/S1474-4422(13)70214-X
https://doi.org/10.1111/epi.13419
https://doi.org/10.1212/WNL.0b013e3181a55f90
https://doi.org/10.1016/j.seizure.2012.12.008
https://doi.org/10.1016/j.seizure.2012.12.008
https://doi.org/10.1111/j.0013-9580.2004.05503.x
https://doi.org/10.1111/j.0013-9580.2004.05503.x
https://doi.org/10.1111/epi.12259
https://doi.org/10.1111/epi.12259
https://doi.org/10.1111/j.1528-1167.2009.02317.x
https://doi.org/10.1111/j.1528-1167.2009.02317.x
https://doi.org/10.1126/scitranslmed.3000289
https://doi.org/10.1212/WNL.0000000000001755
https://doi.org/10.1212/WNL.0000000000001755

158

Clinical Autonomic Research (2019) 29:151-160

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

RD, Tan HL (2012) Epilepsy is a risk factor for sudden cardiac
arrest in the general population. PLoS One 7(8):e42749. https://
doi.org/10.1371/journal.pone.0042749

Devinsky O, Friedman D, Cheng JY, Moffatt E, Kim A, Tseng
ZH (2017) Underestimation of sudden deaths among patients
with seizures and epilepsy. Neurology 89(9):886—-892. https://
doi.org/10.1212/WNL.0000000000004292

Nei M, Ho RT, Sperling MR (2000) EKG abnormalities during
partial seizures in refractory epilepsy. Epilepsia 41(5):542-548
Opherk C, Coromilas J, Hirsch LJ (2002) Heart rate and EKG
changes in 102 seizures: analysis of influencing factors. Epilepsy
Res 52(2):117-127

Rugg-Gunn FJ, Simister RJ, Squirrell M, Holdright DR, Dun-
can JS (2004) Cardiac arrhythmias in focal epilepsy: a prospec-
tive long-term study. Lancet 364(9452):2212-2219. https://doi.
org/10.1016/S0140-6736(04)17594-6

Schuele SU, Widdess-Walsh P, Bermeo A, Liiders HO (2007)
Sudden unexplained death in epilepsy: the role of the heart.
Clevel Clin J Med 74(Suppl 1):121

Schuele SU, Bermeo AC, Alexopoulos AV, Burgess RC (2010)
Anoxia-ischemia: a mechanism of seizure termination in ictal
asystole. Epilepsia 51(1):170-173. https://doi.org/10.111
1/j.1528-1167.2009.02168.x

van der Lende M, Surges R, Sander JW, Thijs RD (2016) Cardiac
arrhythmias during or after epileptic seizures. J Neurol Neuro-
surg Psychiatry 87(1):69-74. https://doi.org/10.1136/jnnp-2015-
310559

Chyou JY, Friedman D, Cerrone M, Slater W, Guo Y, Taupin
D, O’Rourke S, Priori SG, Devinsky O (2016) Electrocardio-
graphic features of sudden unexpected death in epilepsy. Epi-
lepsia 57(7):135. https://doi.org/10.1111/epi.13411
Brotherstone R, Blackhall B, McLellan A (2010) Lengthening of
corrected QT during epileptic seizures. Epilepsia 51(2):221-232.
https://doi.org/10.1111/§.1528-1167.2009.02281.x

Surges R, Adjei P, Kallis C, Erhuero J, Scott CA, Bell GS,
Sander JW, Walker MC (2010) Pathologic cardiac repolariza-
tion in pharmacoresistant epilepsy and its potential role in sud-
den unexpected death in epilepsy: a case-control study. Epilepsia
51(2):233-242. https://doi.org/10.1111/j.1528-1167.2009.02330
X

Hayashi K, Kohno R, Akamatsu N, Benditt DG, Abe H (2018)
Abnormal repolarization: a common electrocardiographic finding
in patients with epilepsy. J Cardiovasc Electrophysiol. https://doi.
org/10.1111/jce.13746

Sevcencu C, Struijk JJ (2010) Autonomic alterations and cardiac
changes in epilepsy. Epilepsia 51(5):725-737. https://doi.org/10
1111/5.1528-1167.2009.02479.x

Ansakorpi H, Korpelainen JT, Suominen K, Tolonen U, Myl-
lyld VV, Isojarvi JIT (2000) Interictal cardiovascular autonomic
responses in patients with temporal lobe epilepsy. Epilepsia
41(1):42-47. https://doi.org/10.1111/j.1528-1157.2000.tb015
03.x

Ferri R, Curzi-Dascalova L, Arzimanoglou A, Bourgeois M,
Beaud C, MI Nunes, Elia M, Musumeci SA, Tripodi M (2002)
Heart rate variability during sleep in children with partial
epilepsy. J Sleep Res 11(2):153—-160. https://doi.org/10.104
6/j.1365-2869.2002.00283.x

Tomson T, Ericson M, Ihrman C, LE Lindblad (1998) Heart
rate variability in patients with epilepsy! Presented in part at the
2nd European Congress of Epileptology, The Hague, September,
1996.1. Epilepsy Res 30(1):77-83. https://doi.org/10.1016/S0920
-1211(97)00094-6

Devinsky O, Perrine K, Theodore WH (1994) Interictal auto-
nomic nervous system function in patients with epilepsy. Epi-
lepsia 35(1):199-204. https://doi.org/10.1111/j.1528-1157.1994.
tb02933.x

@ Springer

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Isojéarvi JIT, Ansakorpi H, Suominen K, Tolonen U, Repo
M, Myllyld VV (1998) Interictal cardiovascular autonomic
responses in patients with epilepsy. Epilepsia 39(4):420—426.
https://doi.org/10.1111/j.1528-1157.1998.tb01394.x

Mueller SG, Nei M, Bateman LM, Knowlton R, Laxer KD, Fried-
man D, Devinsky O, Goldman AM (2018) Brainstem network
disruption: a pathway to sudden unexplained death in epilepsy?
Human Brain Mapp. https://doi.org/10.1002/hbm.24325
Rovere MTL, Bigger JT, Marcus FI, Mortara A, Schwartz PJ
(1998) Baroreflex sensitivity and heart-rate variability in pre-
diction of total cardiac mortality after myocardial infarction.
Lancet 351(9101):478-484. https://doi.org/10.1016/S0140
-6736(97)11144-8

Surges R, Henneberger C, Adjei P, Scott CA, Sander JW, Walker
MC (2009) Do alterations in inter-ictal heart rate variability pre-
dict sudden unexpected death in epilepsy? Epilepsy Res 87(2—
3):277-280. https://doi.org/10.1016/j.eplepsyres.2009.08.008
Myers KA, Bello-Espinosa LE, Symonds JD, Zuberi SM, Clegg
R, Sadleir LG, Buchhalter J, Scheffer IE (2018) Heart rate vari-
ability in epilepsy: a potential biomarker of sudden unexpected
death in epilepsy risk. Epilepsia 59(7):1372-1380. https://doi.
org/10.1111/epi.14438

Delogu AB, Spinelli A, Battaglia D, Dravet C, De Nisco A,
Saracino A, Romagnoli C, Lanza GA, Crea F (2011) Electri-
cal and autonomic cardiac function in patients with Dravet
syndrome. Epilepsia 52(Suppl 2):55-58. https://doi.org/10.111
1/j.1528-1167.2011.03003.x

Ergul Y, Ekici B, Tatli B, Nisli K, Ozmen M (2013) QT and
P wave dispersion and heart rate variability in patients with
Dravet syndrome. Acta Neurol Belg 113(2):161-166. https://
doi.org/10.1007/s13760-012-0140-z

Jeppesen J, Fuglsang-Frederiksen A, Brugada R, Pedersen B,
Rubboli G, Johansen P, Beniczky S (2014) Heart rate variability
analysis indicates preictal parasympathetic overdrive preceding
seizure-induced cardiac dysrhythmias leading to sudden unex-
pected death in a patient with epilepsy. Epilepsia 55(7):67. https
://doi.org/10.1111/epi.12614

Critchley HD (2002) Electrodermal responses: what hap-
pens in the brain. Neuroscientist 8(2):132—142. https://doi.
org/10.1177/107385840200800209

Poh MZ, Loddenkemper T, Reinsberger C, Swenson NC, Goyal
S, Madsen JR, Picard RW (2012) Autonomic changes with
seizures correlate with postictal EEG suppression. Neurology
78(23):1868-1876. https://doi.org/10.1212/WNL.0b013e3182
58f7f1

Picard RW, Migliorini M, Caborni C, Onorati F, Regalia G,
Friedman D, Devinsky O (2017) Wrist sensor reveals sympa-
thetic hyperactivity and hypoventilation before probable SUDEP.
Neurology 89(6):633-635. https://doi.org/10.1212/WNL.00000
00000004208

Sarkis RA, Thome-Souza S, Poh MZ, Llewellyn N, Klehm J,
Madsen JR, Picard R, Pennell PB, Dworetzky BA, Loddenkem-
per T, Reinsberger C (2015) Autonomic changes following gen-
eralized tonic clonic seizures: An analysis of adult and pediatric
patients with epilepsy. Epilepsy Res 115:113-118. https://doi.
org/10.1016/j.eplepsyres.2015.06.005

Kim AJ, Kuroda MM, Nordli DR Jr (2006) Abruptly attenuated
terminal ictal pattern in pediatrics. J Clin Neurophysiol 23:(6)
Semmelroch M, Elwes RDC, Lozsadi DA, Nashef L (2011)
Retrospective audit of postictal generalized EEG suppression
in telemetry. Epilepsia 53(2):e21—-e24. https://doi.org/10.111
1/.1528-1167.2011.03296.x

Nei M, Mintzer S, Skidmore C, Sperling MR, Ho RT (2016)
Heart rate and blood pressure in sudden unexpected death
in epilepsy (SUDEP). Epilepsy Res 122:44-46. https://doi.
org/10.1016/j.eplepsyres.2016.02.008


https://doi.org/10.1371/journal.pone.0042749
https://doi.org/10.1371/journal.pone.0042749
https://doi.org/10.1212/WNL.0000000000004292
https://doi.org/10.1212/WNL.0000000000004292
https://doi.org/10.1016/S0140-6736(04)17594-6
https://doi.org/10.1016/S0140-6736(04)17594-6
https://doi.org/10.1111/j.1528-1167.2009.02168.x
https://doi.org/10.1111/j.1528-1167.2009.02168.x
https://doi.org/10.1136/jnnp-2015-310559
https://doi.org/10.1136/jnnp-2015-310559
https://doi.org/10.1111/epi.13411
https://doi.org/10.1111/j.1528-1167.2009.02281.x
https://doi.org/10.1111/j.1528-1167.2009.02330.x
https://doi.org/10.1111/j.1528-1167.2009.02330.x
https://doi.org/10.1111/jce.13746
https://doi.org/10.1111/jce.13746
https://doi.org/10.1111/j.1528-1167.2009.02479.x
https://doi.org/10.1111/j.1528-1167.2009.02479.x
https://doi.org/10.1111/j.1528-1157.2000.tb01503.x
https://doi.org/10.1111/j.1528-1157.2000.tb01503.x
https://doi.org/10.1046/j.1365-2869.2002.00283.x
https://doi.org/10.1046/j.1365-2869.2002.00283.x
https://doi.org/10.1016/S0920-1211(97)00094-6
https://doi.org/10.1016/S0920-1211(97)00094-6
https://doi.org/10.1111/j.1528-1157.1994.tb02933.x
https://doi.org/10.1111/j.1528-1157.1994.tb02933.x
https://doi.org/10.1111/j.1528-1157.1998.tb01394.x
https://doi.org/10.1002/hbm.24325
https://doi.org/10.1016/S0140-6736(97)11144-8
https://doi.org/10.1016/S0140-6736(97)11144-8
https://doi.org/10.1016/j.eplepsyres.2009.08.008
https://doi.org/10.1111/epi.14438
https://doi.org/10.1111/epi.14438
https://doi.org/10.1111/j.1528-1167.2011.03003.x
https://doi.org/10.1111/j.1528-1167.2011.03003.x
https://doi.org/10.1007/s13760-012-0140-z
https://doi.org/10.1007/s13760-012-0140-z
https://doi.org/10.1111/epi.12614
https://doi.org/10.1111/epi.12614
https://doi.org/10.1177/107385840200800209
https://doi.org/10.1177/107385840200800209
https://doi.org/10.1212/WNL.0b013e318258f7f1
https://doi.org/10.1212/WNL.0b013e318258f7f1
https://doi.org/10.1212/WNL.0000000000004208
https://doi.org/10.1212/WNL.0000000000004208
https://doi.org/10.1016/j.eplepsyres.2015.06.005
https://doi.org/10.1016/j.eplepsyres.2015.06.005
https://doi.org/10.1111/j.1528-1167.2011.03296.x
https://doi.org/10.1111/j.1528-1167.2011.03296.x
https://doi.org/10.1016/j.eplepsyres.2016.02.008
https://doi.org/10.1016/j.eplepsyres.2016.02.008

Clinical Autonomic Research (2019) 29:151-160

159

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Jaychandran R, Chaitanya G, Satishchandra P, Bharath RD,
Thennarasu K, Sinha S (2016) Monitoring peri-ictal changes in
heart rate variability, oxygen saturation and blood pressure in
epilepsy monitoring unit. Epilepsy Res 125:10-18. https://doi.
org/10.1016/j.eplepsyres.2016.05.013

Hampel KG, Jahanbekam A, Elger CE, Surges R (2016) Seizure-
related modulation of systemic arterial blood pressure in focal
epilepsy. Epilepsia 57(10):1709-1718. https://doi.org/10.1111/
epi.13504

Bozorgi A, Chung S, Kaffashi F, Loparo KA, Sahoo S, Zhang
GQ, Kaiboriboon K, Lhatoo SD (2013) Significant postic-
tal hypotension: expanding the spectrum of seizure-induced
autonomic dysregulation. Epilepsia 54(9):127. https://doi.
org/10.1111/epi.12251

Lacuey N, Hampson JP, Theeranaew W, Zonjy B, Vithala A,
Hupp NJ, Loparo KA, Miller JP, Lhatoo SD (2018) Cortical
structures associated with human blood pressure control. JAMA
Neurol 75(2):194-202. https://doi.org/10.1001/jamaneurol
.2017.3344

Kaada BR, Jasper H (1952) Respiratory responses to stimulation
of temporal pole, insula, and hippocampal and limbic gyri in
man. AMA Arch Neurol Psychiatry 68(5):609-619. https://doi.
org/10.1001/archneurpsyc.1952.02320230035004

Bateman LM, Li C-S, Seyal M (2008) Ictal hypoxemia in local-
ization-related epilepsy: analysis of incidence, severity and risk
factors. Brain 131(12):3239-3245. https://doi.org/10.1093/brain
Jawn277

Lacuey N, Zonjy B, Hampson JP, Rani MRS, Zaremba A, Sainju
RK, Gehlbach BK, Schuele S, Friedman D, Devinsky O, Nei M,
Harper RM, Allen L, Diehl B, Millichap JJ, Bateman L, Granner
MA, Dragon DN, Richerson GB, Lhatoo SD (2018) The inci-
dence and significance of periictal apnea in epileptic seizures.
Epilepsia 59(3):573-582. https://doi.org/10.1111/epi.14006
Dlouhy BJ, Gehlbach BK, Kreple CJ, Kawasaki H, Oya H, Buzza
C, Granner MA, Welsh MJ, Howard MA, Wemmie JA, Richerson
GB (2015) Breathing inhibited when seizures spread to the amyg-
dala and upon amygdala stimulation. J Neurosci 35(28):10281—
10289. https://doi.org/10.1523/jneurosci.0888-15.2015

Seyal M, Bateman LM, Albertson TE, Lin TC, Li CS (2010)
Respiratory changes with seizures in localization-related
epilepsy: analysis of periictal hypercapnia and airflow pat-
terns. Epilepsia 51(8):1359-1364. https://doi.org/10.111
1/§.1528-1167.2009.02518.x

Seyal M (2014) Frontal hemodynamic changes precede EEG
onset of temporal lobe seizures. Clin Neurophysiol 125(3):442—
448. https://doi.org/10.1016/j.clinph.2013.09.003

Moseley BD, Britton JW, Nelson C, Lee RW, So E (2012) Peri-
ictal cerebral tissue hypoxemia: a potential marker of SUDEP
risk. Epilepsia 53(12):e208—e211. https://doi.org/10.111
1/§.1528-1167.2012.03707.x

Venit EL, Shepard BD, Seyfried TN (2004) Oxygenation pre-
vents sudden death in seizure-prone mice. Epilepsia 45(8):993—
996. https://doi.org/10.1111/j.0013-9580.2004.02304.x
Uteshev VV, Tupal S, Mhaskar Y, Faingold CL (2010) Abnormal
serotonin receptor expression in DBA/2 mice associated with
susceptibility to sudden death due to respiratory arrest. Epilepsy
Res 88(2-3):183-188. https://doi.org/10.1016/j.eplepsyres
.2009.11.004

Tupal S, Faingold CL (2006) Evidence supporting a role of
serotonin in modulation of sudden death induced by seizures
in DBA/2 mice. Epilepsia 47(1):21-26. https://doi.org/10.111
1/§.1528-1167.2006.00365.x

Faingold CL, Randall M, Kommajosyula SP (2016) Susceptibil-
ity to seizure-induced sudden death in DBA/2 mice is altered by
adenosine. Epilepsy Res 124:49-54. https://doi.org/10.1016/j.
eplepsyres.2016.05.007

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Richerson GB, Buchanan GF (2011) The serotonin axis:
Shared mechanisms in seizures, depression, and SUDEP.
Epilepsia 52(Suppl 1):28-38. https://doi.org/10.111
1/§.1528-1167.2010.02908.x

Nakase K, Kollmar R, Lazar J, Arjomandi H, Sundaram K, Sil-
verman J, Orman R, Weedon J, Stefanov D, Savoca E, Tordjman
L, Stiles K, Ihsan M, Nunez A, Guzman L, Stewart M (2016)
Laryngospasm, central and obstructive apnea during seizures:
defining pathophysiology for sudden death in a rat model. Epi-
lepsy Res 128:126-139. https://doi.org/10.1016/j.eplepsyres
.2016.08.004

Stewart M, Kollmar R, Nakase K, Silverman J, Sundaram K,
Orman R, Lazar J (2017) Obstructive apnea due to laryngospasm
links ictal to postictal events in SUDEP cases and offers practical
biomarkers for review of past cases and prevention of new ones.
Epilepsia 58(6):€90. https://doi.org/10.1111/epi.13765
Latreille V, Abdennadher M, Dworetzky BA, Ramel J, White
D, Katz E, Zarowski M, Kothare S, Pavlova M (2017) Noctur-
nal seizures are associated with more severe hypoxemia and
increased risk of postictal generalized EEG suppression. Epi-
lepsia 58(9):e131. https://doi.org/10.1111/epi.13841

Kuo J, Zhao W, Li C-S, Kennedy JD, Seyal M (2016) Postictal
immobility and generalized EEG suppression are associated with
the severity of respiratory dysfunction. Epilepsia 57(3):412-417.
https://doi.org/10.1111/epi.13312

Park KJ, Sharma G, Kennedy JD, Seyal M (2017) Potentially
high-risk cardiac arrhythmias with focal to bilateral tonic-clonic
seizures and generalized tonic-clonic seizures are associated with
the duration of periictal hypoxemia. Epilepsia 58(12):2164-
2171. https://doi.org/10.1111/epi.13934

Terrence CF, Wisotzkey HM, Perper JA (1975) Unex-
pected, unexplained death in epileptic patients. Neurology
25(6):594-598

Earnest MP, Thomas GE, Eden RA, Hossack KF (1992) The
sudden unexplained death syndrome in epilepsy: demographic,
clinical, and postmortem features. Epilepsia 33(2):310-316
RamachandranNair R, Jack SM (2016) SUDEP: What do adult
patients want to know? Epilepsy Behav 64(Pt A):195-199. https
://doi.org/10.1016/j.yebeh.2016.09.022

Ramachandrannair R, Jack SM, Meaney BF, Ronen GM (2013)
SUDEP: what do parents want to know? Epilepsy Behav
29(3):560-564. https://doi.org/10.1016/j.yebeh.2013.09.040
Strzelczyk A, Zschebek G, Bauer S, Baumgartner C, Grond M,
Hermsen A, Kieslich M, Krdmer G, Kurlemann G, May TW,
Mayer T, Neubauer BA, Pfifflin M, Plecko B, Ryvlin P, Schu-
bert-Bast S, Stefan H, Trinka E, Knake S, Seifart C, Rosenow
F (2016) Predictors of and attitudes toward counseling about
SUDEP and other epilepsy risk factors among Austrian, Ger-
man, and Swiss neurologists and neuropediatricians. Epilepsia
57(4):612—-620. https://doi.org/10.1111/epi.13337

Brodtkorb E, Samsonsen C, Sund JK, Brithen G, Helde G,
Reimers A (2016) Treatment non-adherence in pseudo-refractory
epilepsy. Epilepsy Res 122:1-6. https://doi.org/10.1016/j.eplep
syres.2016.02.001

Ryvlin P, Cucherat M, Rheims S (2011) Risk of sudden unex-
pected death in epilepsy in patients given adjunctive antiepileptic
treatment for refractory seizures: a meta-analysis of placebo-con-
trolled randomised trials. Lancet Neurol 10(11):961-968. https
://doi.org/10.1016/S1474-4422(11)70193-4

Langan Y, Nashef L, Sander JW (2005) Case-control
study of SUDEP. Neurology 64(7):1131-1133. https://doi.
org/10.1212/01.WNL.0000156352.61328.CB

Seyal M, Bateman LM, Li CS (2013) Impact of periictal inter-
ventions on respiratory dysfunction, postictal EEG suppression,
and postictal immobility. Epilepsia 54(2):377-382. https://doi.
org/10.1111/5.1528-1167.2012.03691.x

@ Springer


https://doi.org/10.1016/j.eplepsyres.2016.05.013
https://doi.org/10.1016/j.eplepsyres.2016.05.013
https://doi.org/10.1111/epi.13504
https://doi.org/10.1111/epi.13504
https://doi.org/10.1111/epi.12251
https://doi.org/10.1111/epi.12251
https://doi.org/10.1001/jamaneurol.2017.3344
https://doi.org/10.1001/jamaneurol.2017.3344
https://doi.org/10.1001/archneurpsyc.1952.02320230035004
https://doi.org/10.1001/archneurpsyc.1952.02320230035004
https://doi.org/10.1093/brain/awn277
https://doi.org/10.1093/brain/awn277
https://doi.org/10.1111/epi.14006
https://doi.org/10.1523/jneurosci.0888-15.2015
https://doi.org/10.1111/j.1528-1167.2009.02518.x
https://doi.org/10.1111/j.1528-1167.2009.02518.x
https://doi.org/10.1016/j.clinph.2013.09.003
https://doi.org/10.1111/j.1528-1167.2012.03707.x
https://doi.org/10.1111/j.1528-1167.2012.03707.x
https://doi.org/10.1111/j.0013-9580.2004.02304.x
https://doi.org/10.1016/j.eplepsyres.2009.11.004
https://doi.org/10.1016/j.eplepsyres.2009.11.004
https://doi.org/10.1111/j.1528-1167.2006.00365.x
https://doi.org/10.1111/j.1528-1167.2006.00365.x
https://doi.org/10.1016/j.eplepsyres.2016.05.007
https://doi.org/10.1016/j.eplepsyres.2016.05.007
https://doi.org/10.1111/j.1528-1167.2010.02908.x
https://doi.org/10.1111/j.1528-1167.2010.02908.x
https://doi.org/10.1016/j.eplepsyres.2016.08.004
https://doi.org/10.1016/j.eplepsyres.2016.08.004
https://doi.org/10.1111/epi.13765
https://doi.org/10.1111/epi.13841
https://doi.org/10.1111/epi.13312
https://doi.org/10.1111/epi.13934
https://doi.org/10.1016/j.yebeh.2016.09.022
https://doi.org/10.1016/j.yebeh.2016.09.022
https://doi.org/10.1016/j.yebeh.2013.09.040
https://doi.org/10.1111/epi.13337
https://doi.org/10.1016/j.eplepsyres.2016.02.001
https://doi.org/10.1016/j.eplepsyres.2016.02.001
https://doi.org/10.1016/S1474-4422(11)70193-4
https://doi.org/10.1016/S1474-4422(11)70193-4
https://doi.org/10.1212/01.WNL.0000156352.61328.CB
https://doi.org/10.1212/01.WNL.0000156352.61328.CB
https://doi.org/10.1111/j.1528-1167.2012.03691.x
https://doi.org/10.1111/j.1528-1167.2012.03691.x

160

Clinical Autonomic Research (2019) 29:151-160

92.

93.

94.

95.

96.

97.

Kang JY, Rabiei AH, Myint L, Nei M (2017) Equivocal signifi-
cance of post-ictal generalized EEG suppression as a marker of
SUDERP risk. Seizure 48:28-32. https://doi.org/10.1016/j.seizu
re.2017.03.017

Bateman LM, Li CS, Lin TC, Seyal M (2010) Serotonin reuptake
inhibitors are associated with reduced severity of ictal hypoxemia
in medically refractory partial epilepsy. Epilepsia 51(10):2211-
2214. https://doi.org/10.1111/§.1528-1167.2010.02594.x

Tovar Quiroga DF, Britton JW, Wirrell EC (2016) Patient and
caregiver view on seizure detection devices: a survey study. Sei-
zure 41:179-181. https://doi.org/10.1016/j.seizure.2016.08.004
Narechania AP, Garic II, Sen-Gupta I, Macken MP, Gerard EE,
Schuele SU (2013) Assessment of a quasi-piezoelectric mat-
tress monitor as a detection system for generalized convulsions.
Epilepsy Behav 28(2):172—176. https://doi.org/10.1016/j.yebeh
.2013.04.017

Beniczky S, Polster T, Kjaer TW, Hjalgrim H (2013) Detection
of generalized tonic—clonic seizures by a wireless wrist accel-
erometer: a prospective, multicenter study. Epilepsia 54(4):58.
https://doi.org/10.1111/epi.12120

Van de Vel A, Cuppens K, Bonroy B, Milosevic M, Van Huf-
fel S, Vanrumste B, Lagae L, Ceulemans B (2013) Long-term
home monitoring of hypermotor seizures by patient-worn

@ Springer

98.

99.

100.

101.

102.

accelerometers. Epilepsy Behav 26(1):118-125. https://doi.
org/10.1016/j.yebeh.2012.10.006

Lockman J, Fisher RS, Olson DM (2011) Detection of seizure-
like movements using a wrist accelerometer. Epilepsy Behav
20(4):638-641. https://doi.org/10.1016/j.yebeh.2011.01.019
Szabo CA, Morgan LC, Karkar KM, Leary LD, Lie OV, Girouard
M, Cavazos JE (2015) Electromyography-based seizure detec-
tor: preliminary results comparing a generalized tonic—clonic
seizure detection algorithm to video-EEG recordings. Epilepsia
56(9):1432-1437. https://doi.org/10.1111/epi.13083

Poh MZ, Loddenkemper T, Reinsberger C, Swenson NC, Goyal
S, Sabtala MC, Madsen JR, Picard RW (2012) Convulsive sei-
zure detection using a wrist-worn electrodermal activity and
accelerometry biosensor. Epilepsia 53(5):¢93—-e97. https://doi.
org/10.1111/j.1528-1167.2012.03444.x

Kroner B, Pitruzzello AM, Shorey J, Gaillard WD, Strube
D (2011) Physiologic sensor array to identify generalised
seizures in children in a residential setting. Epilepsy Curr
11(1):1535-7597

Rodriguez-Villegas E, Chen G, Radcliffe J, Duncan J (2014) A
pilot study of a wearable apnoea detection device. BMJ Open
4(10):005299. https://doi.org/10.1136/bmjopen-2014-005299


https://doi.org/10.1016/j.seizure.2017.03.017
https://doi.org/10.1016/j.seizure.2017.03.017
https://doi.org/10.1111/j.1528-1167.2010.02594.x
https://doi.org/10.1016/j.seizure.2016.08.004
https://doi.org/10.1016/j.yebeh.2013.04.017
https://doi.org/10.1016/j.yebeh.2013.04.017
https://doi.org/10.1111/epi.12120
https://doi.org/10.1016/j.yebeh.2012.10.006
https://doi.org/10.1016/j.yebeh.2012.10.006
https://doi.org/10.1016/j.yebeh.2011.01.019
https://doi.org/10.1111/epi.13083
https://doi.org/10.1111/j.1528-1167.2012.03444.x
https://doi.org/10.1111/j.1528-1167.2012.03444.x
https://doi.org/10.1136/bmjopen-2014-005299

	Autonomic aspects of sudden unexpected death in epilepsy (SUDEP)
	Abstract
	Introduction
	Human cardiorespiratory function in SUDEP and near-SUDEP
	Ictal and interictal cardiac function
	Heart rate variability and electrodermal activity
	Blood pressure and heart rate
	Respiratory system and SUDEP
	Prevention of SUDEP
	Automated seizure detection systems (ASDS)
	Conclusions
	References




