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Sudden unexpected death in epilepsy (SUDEP) is the most common cause of premature

mortality in individuals with epilepsy. Acute and adaptive changes in heart rhythm in

epilepsy implicate cardiac dysfunction as a potential pathogenic mechanism in SUDEP.

Furthermore, variants in genes associated with Long QT syndrome (LQTS) have been

identified in patients with SUDEP. LQTS is a cardiac arrhythmia condition that causes

sudden cardiac death with strong similarities to SUDEP. Here, we discuss the possibility

of an additive risk of death due to the functional consequences of a pathogenic variant in

an LQTS gene interacting with seizure-mediated changes in cardiac function. Extending

this general concept, we propose a hypothesis that common variants in LQTS genes,

which cause a subtle impact on channel function and would not normally be considered

risk factors for cardiac disease, may increase the risk of sudden death when combined

with epilepsy. A greater understanding of the interaction between epilepsy, cardiac

arrhythmia, and SUDEP will inform our understanding of SUDEP risk and subsequent

potential prophylactic treatment.

Keywords: sudden unexpected death in epilepsy, epilepsy, cardiac arrhythmia, genetics, ion channels,

common variants

INTRODUCTION

People with epilepsy have a two- to threefold increased risk of premature mortality,
with sudden unexpected death in epilepsy (SUDEP) the most common epilepsy-related
cause (1–5). SUDEP is defined as “a sudden, unexpected, witnessed or unwitnessed, non-
traumatic and non-drowning death, occurring in benign circumstances, in an individual
with epilepsy, with or without evidence for a seizure and excluding documented status
epilepticus, in which postmortem examination does not reveal a cause of death” (6). The
incidence of SUDEP varies widely depending upon the subpopulation of interest, from 0.2
per 1,000 persons per year in children, and 1.2 per 1,000 persons per year in adults (7),
to 2.46 or higher per 1,000 persons per year in people with refractory epilepsy (8, 9),
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and up to 10 per 1,000 persons per year in candidates for epilepsy
surgery (10). In addition, certain severe epilepsy syndromes, such
as the Developmental and Epileptic Encephalopathies (DEEs),
place individuals at a greater risk of sudden death (11). A well-
established example of this is Dravet syndrome, an intractable
infantile-onset DEE mainly caused by pathogenic variants in
SCN1A (12, 13). Dravet syndrome has a mortality rate of 16 per
1,000 persons per year, which translates to a 17% mortality risk
in the first two decades of life with 59% of these deaths due to
SUDEP (14). As expected, many rare variants in other genes that
are closely associated with DEE have been identified in studies
exploring the genetic architecture of SUDEP (11, 15).

Risk factors have been identified for SUDEP, with the most
important being that the individual experiences tonic–clonic
seizures, especially if they occur with high frequency (11, 16, 17).
Other risk factors include epilepsy duration, age of onset of
epilepsy, frequent changes in antiseizure medication doses, and,
in some studies, antiepileptic drug polytherapy (3, 11, 16, 18).
However, SUDEP can also occur in individuals with mild types
of epilepsy (19, 20), as well as those with well-controlled epilepsy
(3, 20), suggesting that other risk factors exist.

The pathophysiological mechanism(s) responsible for SUDEP
remain largely unclear, despite considerable interest and research
endeavor. A prevailing hypothesis is that SUDEP occurs
following centrally mediated autonomic failure, which is most
likely triggered by a tonic–clonic seizure (21). This hypothesis
is strongly supported by a seminal paper, which reported
findings from a systematic retrospective survey of SUDEP deaths
that occurred in epilepsy video-electroencephalogram (video-
EEG) monitoring units. This study found that SUDEP followed
a consistent pattern whereby individuals had a tonic–clonic
seizure (most were focal to bilateral tonic–clonic, and some
were generalized tonic–clonic), followed by a period of rapid
breathing, and then cardiorespiratory dysfunction leading to
terminal apnea and asystole (22). Of particular note is the finding
that terminal apnea always preceded terminal asystole (22).
However, while these results are compelling, they are unlikely to
be telling the whole story. The patient population in this study
was small and involved individuals who were undergoing long-
term monitoring, implying refractory epilepsy—a selected subset
of patients who we know are at greater risk of SUDEP. Such a
subset does not provide a representative sample of all individuals
with SUDEP, raising the possibility that other pathological
mechanisms can also cause SUDEP. One such mechanism, which
has been widely studied, is the presence of abnormal cardiac
rhythms (4, 15).

There are several lines of evidence supporting a role
for cardiac arrhythmia in SUDEP. First, there are clear
similarities between SUDEP and sudden cardiac death: in
both cases, death is unexpected, and no cause of death is
identified after comprehensive postmortem (23). Second, both
human and animal studies show that seizure-mediated changes
in cardiac electrophysiology occur, including seizure-driven

Abbreviations: DEE, developmental and epileptic encephalopathy; ECG,

electrocardiogram; EEG, electroencephalogram; LQTS, long QT syndrome;

SUDEP, sudden unexpected death in epilepsy.

cortical autonomic dysfunction and altered cardiac ion channel
expression (24). Finally, recent genetic studies have found
variants in genes associated with cardiac arrhythmia syndromes
in some individuals with SUDEP (15, 25–28). Here, we propose
that there may be an interaction between seizure activity and
increased risk of sudden death in epilepsy patients who harbor
variants (including common variants) in arrhythmogenic genes
(Figure 1).

ARRHYTHMOGENIC GENES IN SUDEP

A number of studies have explored the genetic architecture of
SUDEP (25, 26, 29, 30). These studies have identified variation in
several genes known to cause cardiac arrhythmia syndromes—
in particular, long QT syndrome (LQTS)—and sudden death.
LQTS is a cardiac arrhythmia syndrome resulting from delayed
myocardial repolarization that manifests as a prolonged QT
interval on the electrocardiogram (ECG) (31). This increases the
risk of “torsades de pointes,” a distinctive form of ventricular
tachycardia (32, 33) that can trigger sudden cardiac death in
otherwise healthy individuals with structurally normal hearts
(31). About 75% of familial LQTS is accounted for by three major
genes, KCNQ1, KCNH2, and SCN5A (31). Variants in these three
genes (25–28), and in several other cardiac and LQTS genes
(25, 34), have been identified in SUDEP cases (Table 1).

It is important to highlight that the presence alone of a rare
variant in a case of SUDEP does not confirm its pathogenicity
or contribution to SUDEP risk. Furthermore, in cases of
sudden death, where seizures have been diagnosed, but where
pathogenic variants in cardiac genes are present, other potential
explanations—such as misdiagnosis of convulsive syncope due
to a cardiac cause, a common occurrence in individuals with
LQTS—must be ruled out. This does not always occur (35, 36).
A recent systematic review has highlighted the issues in diagnosis
of SUDEP and the challenges in inferring causation in cases with
variants in cardiac genes (37). That being said, current genetic
findings that associate variants in cardiac arrhythmia genes with
SUDEP do allow for some discussion and hypothesis generation
about pathogenic mechanisms.

POTENTIAL IMPACT OF SEIZURES IN
PATIENTS HARBORING PATHOGENIC
VARIANTS IN ARRHYTHMOGENIC GENES

The LQTS pathogenic variants in KCNH2, p.Arg744∗, and
p.Gly924Ala, have each been identified in a SUDEP patient
(25). It is intuitive to think that an individual with epilepsy
who also harbors a pathogenic cardiac genetic variant will be at
higher risk of sudden unexpected death. The finding of validated
LQTS variants in SUDEP provides indirect evidence supporting
this premise (Table 1). It is also well-recognized that numerous
acute postictal arrhythmia patterns occur in epilepsy patients,
presumably through significant changes in autonomic function
(38). It is possible that these rhythm changes could interact with
the physiological consequences of harboring arrhythmogenic
variants to increase the risk of sudden death (Figure 1). Data
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FIGURE 1 | Proposed mechanism on how genetic variants associated with cardiac arrhythmia may increase risk of sudden unexpected death in epilepsy (SUDEP).

(A) Comparison of surface electrocardiogram (ECG) in various conditions. (1) A normal QT interval in a healthy individual without epilepsy or cardiac arrhythmia (blue).

(2) A small shift in the QT interval might occur in a patient with epilepsy during a seizure (purple). (3) A “subclinical” individual carrying a functional variant in a cardiac

arrhythmia gene, which only subtly shifts the QT interval (orange). (4) A combination of a “subclinical” variant and a seizure event results in a nonlinear increase in the

QT interval, thus increasing the risk of sudden death (red). (B) The increased risk of sudden death that is conferred by harboring a “subclinical” functional variant in a

cardiac gene presents itself in the acute context of a seizure, which causes disruption of normal cardiac function. Such cardiac disruption is more likely with longer

seizures, seizures with more intense autonomic discharges, and perhaps more violent seizures with more systemic metabolic changes, all effects encapsulated by the

term “seizure severity.” This risk is present on every occasion when an affected individual has a seizure.

from the Kcnq1 p.Thr311Ile mouse model of LQTS provides
more direct evidence that an interaction between acute seizures
and elongation of the QT interval may occur. This mouse has a
prolonged QT interval and frequent seizures relative to controls

(39, 40), and interestingly, over half of ECG-detected cardiac
abnormalities are associated with epileptiform discharges on the
EEG (40). Furthermore, we know that in many epilepsy patient
populations and animal models of epilepsy, basal ECG properties
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TABLE 1 | Nonsynonymous variants in cardiac arrhythmia genes that have been identified in sudden unexpected death in epilepsy (SUDEP).

Gene Variant gnomAD allele count Sorting intolerant from tolerant (SIFT) PolyPhen-2 References

AKAP9 Ile1749Thr 195 Deleterious Probably damaging (25)

Arg2607Gly 0 Deleterious Probably damaging (25)

ANK2 Ala1027Asp 0 Deleterious Probably damaging (25)

Ser2440Asn 0 Deleterious Probably damaging (25)

Ile3903Asn 1 Deleterious Probably damaging (25)

HCN1 Gly46Val 0 Deleterious Benign (34)

HCN2 Phe738Cys 0 Tolerated Probably damaging (34)

Pro802Ser 10 Tolerated low confidence Benign (34)

HCN3 Lys69Arg 3,014 Tolerated Benign (34)

Pro630Leu 6,780 Deleterious low confidence Benign (34)

HCN4 Gly36Glu 7,166 Deleterious low confidence Benign (34)

Val759Ile 870 Tolerated Benign (34)

Gly973Arg 19 Tolerated low confidence Possibly damaging (34)

Arg1044Trp 4 Deleterious low confidence Probably damaging (34)

Glu1193Gln 205 Tolerated low confidence Probably damaging (25)

KCNH2 Ile82Thr 0 Deleterious Benign (28)

Arg176Trp 44 Deleterious Possibly damaging (26)

Arg744* 0 (25)

Gly749Ala 0 Deleterious Possibly damaging (25)

Gly924Ala 8 Tolerated Possibly damaging (25)

Arg1047Leu 3,117 Tolerated Possibly damaging (26)

KCNQ1 Tyr662* 12 (25)

RYR2 Cys1489Arg 40 Tolerated Benign (25)

SCN5A Val223Gly 0 Deleterious Probably damaging (25)

Ile397Val 1 Deleterious Probably damaging (25)

Arg523Cys 2 Deleterious Benign (27)

His558Arg 62,556 Tolerated Benign (26)

Ala572Asp 1,451 Tolerated Benign (26)

Pro1090Leu 458 Tolerated Benign (26)

Pro2006Ala 252 Tolerated low confidence Benign (26)

*indicates a nonsense mutation resulting in a premature stop codon.

are changed (24). In patients who also harbor underlying
variants in arrhythmogenic genes, these long-term changes in
heart rhythm may increase the risk of sudden death. It will be
challenging to rigorously test whether seizures increase the risk
of sudden death in patients harboring pathogenic LQTS variants.

Designs could include cross-sectional analyses of families with
LQTS and determining if the death rate is higher in those with
known coexistent epilepsy or longitudinal follow-up of subjects
with epilepsy stratified into those with and without known
LQTS variants.

CAN “SUBCLINICAL” VARIANTS IN
ARRHYTHMOGENIC GENES CONTRIBUTE
TO SUDEP RISK?

Consider a potentially more broadly applicable situation, where
a patient with epilepsy harbors a common variant in a gene
associated with cardiac arrhythmia, but the variant is not
normally associated with clinical events. Such a “subclinical”
variant alters cardiac function but to a degree that is below the

threshold to cause clinically recognized LQTS; thus, it would not
normally be considered a risk factor for cardiac disease. Could
patients such as this be at an increased risk of death during
or immediately following seizures (Figure 1)? We propose that

small shifts in the QT interval, which are present in seizures
and independently in people harboring common variants in
arrhythmogenic genes that cause minor changes in channel

function, will only increase the risk of sudden death slightly.

However, when combined, seizures and a common variant in

an arrhythmogenic gene may interact to significantly increase
SUDEP risk.

There is a precedent for this idea in a recently published study

that investigated the relationship between KCNQ1 common
variants and sudden death during illegal drug use. The missense

variant KCNQ1 p.Gly643Ser (found 1,433 times in the gnomAD
database) was more common in patients who died of drug-
related causes than in the general population (41). Interestingly,
this common variant has been found to cause a mild loss-of-
function of the Kv7.1 voltage-gated potassium channel when
studied in a heterologous expression assay (42, 43). This finding
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provides evidence that a common variant, which is unlikely to
be pathogenic in isolation, could potentially increase the risk of
death under certain circumstances.

Numerous common variants in LQTS genes have been
identified in SUDEP patients (25–28) (Table 1). This is
exemplified by variation in KCNH2, a cardiac gene that encodes
the α subunit of the voltage-gated potassium channel Kv11.1
(44). The common KCNH2 p.Arg1047Leu variant (found>3,000
times in gnomAD) has been observed in four patients that have
suffered SUDEP (26). Functional testing of this variant suggests
that it causes mild loss of channel function (45). It is well-
established that loss-of-function KCNH2 variants cause LQTS
type 2, which does predispose individuals to greater risk of
sudden death (31, 44, 46, 47). As such, although the KCNH2
p.Arg1047Leu variant is not disease causing in its own right, the
mild loss-of-function that it causes positions it as a potential risk
factor for SUDEP. Owing to the prevalence of this variant in the
population, very large sample sizes would be needed to show a
statistical association with SUDEP, with a similar issue arising
with all common variants in LQTS genes that are identified
in patients.

CONCLUSION AND POTENTIAL CLINICAL
IMPLICATIONS

For patients with epilepsy and their families, SUDEP
is a frightening possibility, made even more so by its
unpredictability. SUDEP is undoubtedly a highly heterogeneous
condition, and a given individual’s risk is likely to be
determined by a complex interaction of many contributing
factors. These include both genetic and environmental
risk factors for mechanisms as diverse as seizures, cardiac
arrhythmias, respiratory dysfunction, and autonomic
dysfunction (15). Reducing seizure frequency and severity
is important in reducing SUDEP risk. However, in such
a multifactorial condition, the potential risk conferred
by other mechanisms—such as cardiac arrhythmias—also
warrants consideration. Variants in diverse cardiac arrhythmia
genes have been found in SUDEP patients (25–29, 34),
but we clearly need a much better understanding of the
impact of these variants in the context of an individual
with epilepsy.

Although it seems obvious, an increased risk of death
associated with an epilepsy patient having a validated LQTS
variant has not been shown. It is also not known whether SUDEP
risk increases in cases of epilepsy when a patient harbors one
or more variants of unknown significance in cardiac arrhythmia
genes, such as in the case of the patients with the KCNH2
p.Arg1047Leu common variant outlined above. We propose
that genetic studies in SUDEP should be extended to include
the characterization of common variants in cardiac arrhythmia
genes. Additionally, functional studies are required to identify
if these variants cause subclinical biophysical changes, which
could exacerbate the risk of sudden death during a seizure.
Currently, the prevalence of rare variants with functional impact
is unknown. Without such information, and indeed until such

time as the genetic architecture of SUDEP overall is understood,
we are unable to predict the relative contribution of genetic
cardiac dysfunction to SUDEP incidence and risk.

Identifying and confirming genetic risk factors that predispose
patients with epilepsy to cardiac arrhythmia would have
therapeutic implications. Patients identified to be at risk of
cardiac arrhythmia could be advised to avoid medications that
interact with cardiac ion channels; commence prophylactic
treatment with beta blockers, which are used effectively in
LQTS to reduce the risk of life-threatening arrhythmias (48);
or even consider the implantation of an internal defibrillator or
pacemaker to reduce risk of sudden death (49), although evidence
for the benefit of such an approach is currently limited (50).
Concurrent EEG and ECG monitoring may also be warranted
to gain greater insight into the interactions between seizures and
cardiac rhythm.

In summary, here we highlight that variants in cardiac genes,
both those known to be pathogenic and also those that are
currently thought of as “subclinical,” are potential contributors to
SUDEP risk. However, there is currently a lack of direct evidence
for cardiac variants increasing the risk of SUDEP, demonstrating
a need for further research. Given the sample-size challenges
of clinical research in this area, we suggest that exploring this
hypothesis in experimental animals is a useful next step.
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Respiratory dysfunction preceding death is fundamental in sudden unexpected death

in epilepsy (SUDEP) pathophysiology. Hypoxia occurs with one-third of seizures. In

temporal lobe epilepsy, there is volume loss in brainstem regions involved in autonomic

control and increasing neuropathological changes with duration of epilepsy suggesting

increasingly impaired regulation of ventilation. In animal models, recurrent hypoxic

episodes induce long-term facilitation (LTF) of ventilatory function, however, LTF is less

robust in older animals. LTF of ventilation may, to some degree, ameliorate the deleterious

effects of progressive brainstem atrophy. We investigated the possibility that the duration

of epilepsy, or age at epilepsy onset, may impact the severity of seizure-associated

respiratory dysfunction. Patients with focal epilepsy undergoing video-EEG telemetry

in the epilepsy monitoring unit (EMU) were studied. We found a significant relationship

between age at epilepsy onset and duration of peri-ictal oxygen desaturation for focal

seizures not progressing to bilateral tonic-clonic seizures, with longer duration of peri-ictal

oxygen desaturation in patients with epilepsy onset at an older age but no significant

relationships between duration of epilepsy or age at EMU admission and ventilatory

dysfunction. Our findings suggest an intriguing possibility that LTF of ventilation may be

protective when epilepsy starts at a younger age.

Keywords: SUDEP, seizure, epilepsy duration, respiration, apnea

INTRODUCTION

Sudden unexpected death in epilepsy (SUDEP) is a common cause of epilepsy related mortality
(1–5). Respiratory dysfunction preceding death is implicated as fundamental in SUDEP
pathophysiology (6). Ictal apnea, hypoxemia and hypercapnia frequently occur in the ictal and
postictal period (7, 8). It has not been established whether the duration of epilepsy or age at epilepsy
onset might influence the severity of seizure-related apnea or hypoxia. Imaging studies, in patients
who subsequently die of SUDEP, show alterations in brain regions essential for cardiorespiratory
recovery and respiratory patterning (9) that may negatively influence the severity of peri-ictal
respiratory dysfunction. Physiological studies in animals indicate that recurrent hypoxic episodes
result in long-term facilitation (LTF) of respiratory function (10, 11). The degree of LTF with
recurrent hypoxia is reduced in older animals (10, 11). In patients with epilepsy and recurrent ictal
hypoxic episodes, LTF may provide protection by reducing the severity of respiratory dysfunction
with uncontrolled seizures.
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We investigated ictal-related respiratory dysfunction in
patients admitted to the epilepsy monitoring unit (EMU). The
aim of this study was to investigate whether the duration
of epilepsy, age at epilepsy onset or age on admission to
the EMU were associated with the severity of ictal-associated
respiratory dysfunction.

MATERIALS AND METHODS

Patients with pharmacoresistant focal epilepsy undergoing
scalp electroencephalography (EEG) monitoring in the EMU
were studied. Details of video-EEG and respiratory function
monitoring in the EMU have been described previously (7). Focal
seizures without progression to bilateral tonic-clonic seizures
as well as focal seizures that progressed to bilateral tonic-
clonic seizures (FBTCS) were analyzed. We considered that there
may be a floor/ceiling effect on the depth and duration of
peri-ictal oxygen desaturation with FBTCS. Such effects might
mask any age-related changes, and therefore, we performed an
analysis of focal seizures that did not progress to bilateral tonic-
clonic seizures.

Patients in this EMU have synchronized recordings of nasal
airflow, abdominal excursions, and digital pulse oximetry during
video-EEG telemetry monitoring. Patients were selected for
analysis if a usable nasal airflow signal, respiration-related
abdominal excursion signal, or digital pulse oximetry, was
available during recorded seizures. Apnea was defined as
cessation of either the nasal airflow or respiratory abdominal
excursion signal for 5 s or longer during a recorded seizure. The
end of apnea was defined by the onset of regular respirations and
cessation of apneic events of 5 s or longer. Oxygen desaturation
nadir and duration of oxygen desaturation <90%, as determined
by pulse oximetry, were evaluated. In patients where more
than one seizure was recorded, the mean apnea duration,
mean oxygen desaturation nadir, and the mean desaturation
duration was determined for that individual and those values
used for subsequent analysis. Age at epilepsy onset, duration
of epilepsy, and age at EMU admission were recorded in
years. Seizure duration for all seizures and seizures without
progression to bilateral tonic-clonic seizures was recorded.
The retrospective study was approved by the University of
California, Davis Institutional Review Board. Statistical analysis
was performed using Sigmaplot. Linear regression analysis was
used to determine whether there was a relationship between
age at epilepsy onset, duration of epilepsy, or age at EMU
admission and the various measures of peri-ictal respiratory
dysfunction. Statistical significance was defined as a p <

0.05. For significant associations determined on simple linear
regressions analysis, a Pearson Product Moment Correlation was
performed. To account for multiple comparisons, a multivariable
linear regression analysis was performed for possible predictors
of respiratory dysfunction that included associations with
significance levels of p≤ 0.2 on simple linear regression. A Fisher
Exact Test was performed to compare the proportion of temporal
and extratemporal seizures in childhood (<21 years) vs. adult
onset epilepsy.

TABLE 1 | Clinical characteristics.

Patient gender 37 female

36 male

Seizure frequency at EMU evaluation

(seizures/month)

Mean 17.2

Median 7.5

Range 0.33–180

Number of antiseizure medications Mean 1.9

Median 2

Range 0–3

Focal seizure classification Number of patients

Focal aware seizures 43

Focal unaware seizures 177

Lobar location of epilepsy Number of patients

Temporal 54

Frontal 8

Parietal 1

Occipital 2

Multifocal 2

Undetermined 6

Etiology of epilepsy Number of patients

Mesial Temporal Sclerosis 21

Focal Cortical Dysplasia 3

Neuronal Migration Disorder 2

Neoplasm 7

Traumatic Brain Injury 5

Vascular Malformation 2

Infection 1

Other Structural 4

Unknown 28

Seizure Onset lateralization Number of Seizures

Bilateral 21

Left 196

Right 204

Unknown 75

TABLE 2 | Summary data including all focal and FBTC seizures.

Mean Median Range

Age at epilepsy onset (Years) 14.2 12 0–61

Age at EMU admission (Years) 35.9 34 16–66

Duration of epilepsy at EMU admission (Years) 22.3 18 1–52

Mean desaturation duration (Seconds) 74.6 62 7–347

Mean oxygen desaturation nadir (%) 84.8 87 58–99

Mean apnea duration (Seconds) 50.4 40 10–180

Mean seizure duration (focal seizures only) (Seconds) 89.6 72 7.4–360

Mean seizure duration (all seizures) (Seconds) 97.7 80 8.1–376

RESULTS

Data from 73 patients (37 female) were analyzed. Relevant
clinical information is shown in Table 1. Data on patient age, age
at epilepsy onset, and epilepsy duration and relevant analyses of
peri-ictal respiratory dysfunction are shown in Table 2.
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There was a significant relationship (p = 0.012) between age
at epilepsy onset and duration of peri-ictal oxygen desaturation
for focal seizures that did not progress to bilateral tonic-clonic
seizures (BTCS) (Figure 1) with greater duration of peri-ictal
oxygen desaturation in patients with older age at epilepsy onset
(Simple regression analysis: Mean O2 desaturation duration
(seconds) = 28.91 + (1.632 ∗ Age (years) at epilepsy onset).
Pearson correlation coefficient 0.399, p = 0.012. On multiple
linear regression analysis for age at epilepsy onset, duration of
epilepsy and age at EMU admission, only the age at epilepsy
onset was significantly associated with oxygen desaturation
duration (p= 0.045).

Seizure duration, for all seizures or focal only seizures,
was not associated (p > 0.1) with duration of epilepsy, age
on EMU admission or age at epilepsy onset. There were no
significant relationships (p= >0.1) between duration of epilepsy
or age at EMU admission and the various measures of peri-ictal
dysfunction (oxygen desaturation nadir, duration of desaturation
below 90% and apnea duration for focal seizures with or
without progression to BTCS. Oxygen desaturation nadir was
significantly associated with the duration of oxygen desaturation
(p < 0.001). Reported seizure frequency at EMU admission was
not associated with the duration of postictal oxygen desaturation.
There was no significant difference (p= 0.095) in the proportion
of temporal vs. extratemporal seizures comparing childhood
onset epilepsy (<21 years) vs. patients where seizures started in
adulthood (≥21 years).

Oxygen desaturation nadir data were available for 71 patients,
apnea duration data were available for 30 patients, and data

for duration of oxygen desaturation below 90% were available
for 57 patients.

DISCUSSION

We have shown that there is a significant relationship between
the age at epilepsy onset and the duration of peri-ictal oxygen
desaturation. An older age at epilepsy onset is related to a more
prolonged period of seizure-related oxygen desaturation. Our
data suggest that the age of the patient at epilepsy onset is
unrelated to the initial severity of peri-ictal oxygen desaturation
as indicated by the oxygen desaturation nadir. There is, however,
significantly delayed recovery of respiratory function in patients
with older age at epilepsy onset. The duration of epilepsy was not
related to the severity of respiratory dysfunction.

Our findings cannot be accounted for by the possibility that
seizure durations are longer when seizures start at an older age.
We had previously shown that the duration of individual seizures
was directly associated with the degree and duration of peri-
ictal oxygen desaturation (7, 8). In the present study we find
that seizure duration is not related to the age at epilepsy onset
or duration of epilepsy. These findings make it unlikely that the
longer duration of postictal respiratory dysfunction, at an older
age of epilepsy, onset is a consequence of longer seizure duration.

MRI studies in patients with temporal lobe epilepsy
demonstrate volume loss in the brainstem regions considered
important in autonomic control (12, 13). These alterations are
more pronounced in patients dying of SUDEP (12, 13). It has
been hypothesized that recurrent seizure-related hypoxic events

FIGURE 1 | Simple Linear Regression analysis graph demonstrating relationship between the age at epilepsy onset and duration of oxygen desaturation of <90% in

focal seizures without secondary generalization (p = 0.012). The abscissa indicates the mean duration of postictal oxygen desaturation below 90% in seconds. The

ordinate is the patient age at onset of epilepsy in years. The filled circles are data points for each patient. The solid line through the data points is the regression line.
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may cause increasing damage to these brainstem regions (12,
13). Immunohistochemical studies of the ventrolateral medulla
demonstrate reductions in neuromodulatory neuropeptides and
monoaminergic systems in patients dying of SUDEP relative to
control (14), and there was an association of neuropathological
alterations with duration of seizures (14). As such, one may
expect to find increasing seizure-related respiratory dysfunction
with longer duration of uncontrolled epilepsy, however, this was
not observed in the present study.

Hypoxic episodes with oxygen desaturation to <90% occur in
about one-third of focal onset seizures (7). There is convincing
evidence for persistent long-term facilitation (LTF) of respiratory
activity following recurrent hypoxic episodes (10, 15–19). It is
conceivable that LTF of respiratory function with uncontrolled
seizures and hypoxic events may, to some degree, counteract
the potentially deleterious effects of seizure-related brainstem
atrophy and reductions in neuromodulatory neuropeptides
considered important in respiratory control. These brainstem
LTF changes may account for the fact that no significant peri-ictal
respiratory disturbance with duration of epilepsy was detected in
our group of patients. In animal models, exposure to intermittent
hypoxia results in augmentation of respiratory activity that can
persist for, at least, many hours after hypoxic episodes are ended
(10). LTF has been demonstrated for phrenic nerve activity
in rodents under anesthesia and LTF of ventilation occurs in
awake animals (15, 16). LTF can be induced by hypoxic episode
durations similar to those that occur in obstructive sleep apnea
(17, 18). LTF appears dependent on changes in mitochondrial
ultrastructure and increased cytochrome oxidase activity in the
pre-Bötzinger nucleus, a structure in the ventrolateral medulla
essential for the generation of respiratory rhythms (19). The
mitochondrial alterations suggest that the effects of hypoxia are
robust and persistent.

In the absence of recurrent hypoxic events, however, any post-
ictal LTF of respiratory function would be expected to diminish
with time following a seizure-related hypoxic event with an
unknown decay rate. LTF, if present, may have a greater effect
on respiratory function in patients with frequent seizures than in
those with rare events.

Limitations of this retrospective study include the lack of
a reliable estimate of seizure frequency since epilepsy onset
and, perhaps more importantly, the frequency of seizure-
related hypoxic events prior to EMU admission. These are
potentially important factors that could, by cumulative damage

to respiratory networks, progressively influence the severity
of respiratory dysfunction over extended periods of time.
Investigation of these issues in future prospective studies
is warranted.

Of particular interest to the findings of our study is the
observation that, in animal models, old age results in loss of
LTF, whereas younger age is associated with greater LTF (11).
Recent population-based cohort studies indicate that SUDEP
incidence is similar in all age groups including patients < 16
years old and those older than 50 years (4). The weighting
of factors contributing to BTCS and SUDEP may vary across
the age spectrum. More profound respiratory dysfunction in
the peri-ictal period contributing to SUDEP may be of greater
concern when epilepsy starts at an older age. However, while
intriguing, the relevance of our findings with regards to SUDEP
pathophysiology remains speculative.
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Objectives: The risk of dying by alcohol-specific causes in people with epilepsy has

seldom been reported from population-based studies. We aimed to estimate the relative

risk of alcohol-specific mortality in people with epilepsy, and the extent to which

problematic alcohol use was previously identified in the patients’ medical records.

Method: We delineated cohort studies in two population-based datasets, the Clinical

Practice Research Datalink (CPRD GOLD) in England (January 01, 2001–December

31, 2014) and the Secure Anonymised Information Linkage (SAIL) Databank in Wales

(January 01, 2001–December 31, 2014), linked to hospitalization and mortality records.

People with epilepsy were matched to up to 20 persons without epilepsy on gender,

age (±2 years) and registered general practice. We identified alcohol-specific death from

Office for National Statistics (ONS) records using specified ICD-10 codes. We further

identified prescriptions, interventions and hospitalisations related to alcohol use.

Results: In the CPRD GOLD, we identified 9,871 individuals in the incident epilepsy

cohort and 185,800 in the comparison cohort and, in the SAIL Databank, these

numbers were 5,569 and 110,021, respectively. We identified a five-fold increased risk

of alcohol-specific mortality in people with epilepsy vs. those without the condition

in our pooled estimate across the two datasets (deprivation-adjusted HR 4.85,

95%CI 3.46–6.79).

Conclusions: People with epilepsy are at increased risk of dying by an alcohol-specific

cause than those without the disorder. It is plausible that serious alcohol misuse could

either contribute to the development of epilepsy or it could commence subsequent to

epilepsy being diagnosed. Regardless of the direction of the association, it is important
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that the risk of dying as a consequence of alcohol misuse is accurately quantified in

people affected by epilepsy. Systematically-applied, sensitive assessment of alcohol

consumption by healthcare professionals, at opportunistic, clinical contacts, with rapid

access to quality treatment services, should bemandatory and play a key role in reduction

of health harms and mortality.

Keywords: epilepsy, alcohol, alcohol-specific, cohort, observational

INTRODUCTION

People with epilepsy are known to die prematurely compared to
the rest of the general population (1, 2). However, the need for
improved identification of specific causes of death, and associated
risks of these deaths in people with epilepsy has been recognized.
Devinsky et al. suggest that the contribution of alcohol to death
in people with epilepsy may be underestimated (2). Recently, we
reported that people with epilepsy were three-times more likely
to die from unnatural causes than those without (3). Whilst we
did not study alcohol-specific mortality, we noted the greater
frequency of alcohol misuse in people with epilepsy (6.0%) vs. the
comparison cohort (1.4%). This warranted further investigation.

Death due to alcohol-dependence syndrome in people with
epilepsy was associated with a standardized mortality rate of
3.9 (95% CI 1.8–7.4) in a prevalent epilepsy cohort identified
from attendees at an Austrian epilepsy hospital clinic (4). In
2016, of the 137,000 epilepsy deaths and 14.7 million epilepsy
Disability-adjusted life years (DALYs) in the United Kingdom,
an estimated 17,000 epilepsy deaths and 1.5 million epilepsy
DALYs were attributed to alcohol, representing 12.7% of all
deaths and 10.2% of all DALYs due to epilepsy (5). Alcohol-
related death is a wide definition that may include end-
organ disease attributed to alcohol (6). To our knowledge,
the only published study that specifically examines alcohol-
related death in people with epilepsy is a Finnish register-
based cohort in which people with epilepsy were compared
to a population-based reference cohort. A three-fold elevation
in risk of death due to alcohol-related diseases and accidental
poisoning by alcohol was observed (HR 3.38, 95%CI 2.76–
4.16) (7). These deaths were identified by certain codes from
the International Classification of Diseases and Related Health
Problems, ninth and tenth editions (ICD-9, ICD-10). The specific
ICD-10 codes used have some parallels with, but are not
identical to those which the Office for National Statistics (ONS)
in the UK identified as alcohol-related deaths in the UK
until 2016 in official death statistics (6). In 2017, the ONS
replaced the definition for alcohol-related death with one for
alcohol-specific death, in response to an expert consultation.
To our knowledge, this is the first study to utilize this new
categorization to examine the risk of alcohol-specific death in
people with epilepsy.

The aims of this study were therefore to (i) estimate the
incidence and relative risk of alcohol-specific death in people
with epilepsy vs. persons without the condition; and (ii) estimate
the extent of alcohol-related consultation, treatment or referral in
relation to epilepsy status and alcohol-related death.

MATERIALS AND METHODS

Data Source
We examined the Clinical Practice Research Datalink (CPRD
GOLD), an electronic healthcare dataset which comprises general
practice data from 7% of the UK population (8). It includes
demographic, diagnostic, prescription, referral and test data
from individuals in registered practices; and is considered to
be broadly representative of the UK population as a whole
in terms of its age, gender and ethnicity distributions. We
defined our study populations from a subset of practices that
were linked to Hospital Episode Statistics (HES) and Office for
National Statistics (ONS) data; all of which were in England
and represented ∼58% of all practices in the CPRD. The HES
provides hospital discharge dates and diagnoses whilst ONS
provides date and causes of death (8). We extracted the incident
epilepsy and matched cohorts from the July 2015 release of the
CPRD which included 7,378,852 patients from 387 practices
in England with routine data linkage implemented. We also
estimated the incidence rates and relative risks of alcohol-
specific death in the Secure Anonymised Information Linkage
(SAIL) Databank, which enabled meta-analysis of relative risk
estimates across two independent datasets. The SAIL Databank
is comprised of 13 health and social care datasets. These include
the general practice dataset (GPD) which contains similar data
to the CPRD and includes 76% of all general practices in Wales
(practice n = 360, patients n = 4,052,388) (9). ONS death data
is detailed within the Annual District Death Extract (ADDE) and
hospital discharge dates and diagnoses are included in the Patient
Episode Database for Wales (PEDW) (10). As the CPRD cohort
only included practices in England, there was no overlap with
those individuals in the SAIL Databank. Approvals to conduct
these studies in the CPRD and the SAIL Databank were granted
by the Independent Scientific Advisory Committee (ISAC) of the
Medicine and Healthcare Regulatory Agency (MHRA) (protocol
15_046RA2R) and the Information Governance Review Panel
(approval 0728), respectively.

Delineation of the Matched-Cohort
Epilepsy diagnoses were identified from the general practice
data in the CPRD and the SAIL Databank using Read codes,
version 2 (11). Separately in each dataset, we identified people
as having incident epilepsy if they had the first evidence of a
code for epilepsy diagnosis and an associated prescription for an
antiepileptic drug (AED) in the month before or 6 months after
the diagnosis. The requirement for both an epilepsy diagnosis
and AED treatment is suggested to increase the reliability of
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TABLE 1 | Reproduced from Office for National Statistics.

ICD-10 Code Condition

E24.4 Alcohol-induced pseudo-Cushing’s syndrome

F10 Mental and behavioral disorders due to use of alcohol

G31.2 Degeneration of nervous system due to alcohol

G62.1 Alcoholic polyneuropathy

G72.1 Alcoholic myopath

I42.6 Alcoholic cardiomyopathy

K29.2 Alcoholic gastritis

K70 Alcoholic liver disease

K85.2 Alcohol-induced acute pancreatitis

K86.0 Alcohol induced chronic pancreatitis

Q86.0 Fetal alcohol syndrome (dysmorphic)

R78.0 Excess alcohol blood levels

X45 Accidental poisoning by and exposure to alcohol

X65 Intentional self-poisoning by and exposure to alcohol

Y15 Poisoning by and exposure to alcohol, undetermined intent

Alcohol-specific deaths in the UK: registered in 2016. Newport: Office for National

Statistics; 2016.

the ascertainment of epilepsy in observational studies, by the
International League Against Epilepsy (ILAE) (12) and is a
definition we have previously applied in epidemiological studies
of epilepsy (13). The use of primary care records in the SAIL
Databank to identify people with epilepsy has been validated
(14). The codes used to identify epilepsy diagnoses and AEDs,
and an explanation of the verification process, are available on
www.clinicalcodes.org (15). A minimum age of 18 years on study
entry was imposed to align with theminimum legal age of alcohol
purchase in the UK. Individuals were also required to have at least
1 year of prior registration in the practice, during which time they
could not have had a diagnosis of epilepsy. This increased our
confidence that we had delineated an incident epilepsy cohort.
We defined the study period as January 1, 2001–March 31, 2014
in the CPRD and January 1, 2001–December 31, 2014 in the SAIL
Databank, to correspond with linkage availability.

We matched each individual with epilepsy to up to 20
individuals without an epilepsy diagnosis on year of birth (±2
years), gender and general practice. Individuals were eligible for
inclusion in the comparison cohort if they had at least 1 year of
prior registration in the general practice and were alive on the
index epilepsy date of the matched individual with epilepsy, and
follow-up began on this date. Individuals were followed until the
earliest date of: death, patient left practice, end of data collection
in the practice, or the final observation date for the study cohort.

Identification of Alcohol-Specific Mortality
We used the ONS definition of alcohol-specific mortality,
which was introduced in 2017 to replace the previous
definition of alcohol-related mortality, following a UK
government consultation with leading experts in the field
(6). It includes underlying cause of death codes assigned from
the ICD-10 (Table 1).

Statistical Analysis
We used descriptive statistics to report baseline characteristics
of age, gender and area-level deprivation. We estimated alcohol-
specific mortality rate per 10,000 person-years and the risk
of alcohol-specific mortality as a hazard ratio (HR), using
stratified Cox-proportional hazards models to account for the
matched cohort design. We report estimates separately based
on the CPRD and the SAIL Databank data, and meta-analyzed
estimates using the DerSimonian-Laird Random Effects model
(16). To better understand whether alcohol consumption had
been acknowledged in primary or secondary care records prior
to death in those who died by alcohol-specific causes, we
estimated the proportion of individuals who were: (i) coded as
a heavy drinker; (ii) received a prescription for acamprosate,
disulfiram, nalmefene or naltrexone for alcohol dependence;
(iii) referred for psychological support for alcohol use and
(iv) hospital admission for alcohol-related causes; in relation
to their epilepsy status. We used codes and algorithms that
were previously published to define these variables (17), and
they are available on www.clinicalcodes.org.uk (15). Alcohol
consumption was defined in relation to the national guidance
on intake, which was in place during the study’s observation
period (18).

RESULTS

Baseline Characteristics
We matched 9,871 people with incident epilepsy with 185,800
individuals in the comparison cohort in the CPRD (Table 2).
The median age on entry was 57 (IQR 39–73) in the
epilepsy cohort and 58 (IQR 40–74) in the comparison cohort
and 51% of both cohorts were male. The epilepsy cohort
was followed-up for a median of 3.2 years (1.2–6.6) whilst
the comparison cohort was followed-up for a median of
4.3 years (1.9–7.7). 9.7% of people in the epilepsy cohort
and 6.4% in the comparison cohort were categorized as
being a “heavy drinker.” Death due to any cause was a
more common reason for end of follow-up in the epilepsy
cohort (23.1%) than in the comparison cohort (11%). The
distribution of covariates was similar in the analysis conducted
in the SAIL Databank, which included 5,569 people with
incident epilepsy and 110,021 people in the comparison
cohort (Table 2).

Risk of Alcohol-Specific Mortality in
People With Epilepsy
There were 29 alcohol-specific deaths in the incident epilepsy
cohort and 106 in the comparison cohort in the CPRD, and the
corresponding numbers were 18 and 96 in the SAIL Databank,
respectively. The deprivation-adjusted hazard ratios for alcohol-
specific mortality in people with epilepsy vs. those without were
5.47 (95%CI 3.52–8.48) in the CPRD and 4.08 (95%CI 2.42–6.90)
in the SAIL Databank, and the pooled estimate was 4.85 (95%CI
3.46–6.79) (Table 3).
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TABLE 2 | Baseline characteristics of epilepsy and comparison cohorts in the CPRD and SAIL databank.

CPRD SAIL

Baseline characteristic Epilepsy cohort

(n = 9,871)

Comparison cohort

(n = 185,800)

Epilepsy cohort

(n = 5,569)

Comparison cohort

(n = 110,021)

Male 5,062 (51·3%) 95,647 (51.5%) 2,874 (51.6%) 56,729 (51.6%)

Median age on entry (IQR) 57 (39–73) 58 (40–74) 54 (37–70) 54 (37–70)

Level of deprivationa

1 (least deprived) 1,908 (19.3%) 40,105 (21.5%) 905 (16.3%) 21,022 (19.1%)

2 2,190 (22.2%) 43,077 (23.2%) 928 (16.7%) 20,186 (18.4%)

3 1,870 (18.9%) 37,066 (20.0%) 1,248 (22.4%) 24,158 (22.0%)

4 1,959 (19.9%) 35,257 (19.0%) 1,204 (21.6%) 22,714 (20.7%)

5 (most deprived) 1,937 (19.6%) 30,111 (16.2%) 1,280 (23.0%) 21,776 (19.8%)

missing 7 (0.1%) 184 (0.1%) <5 (0.1%) 165 (0.2%)

Follow up

Median follow-up time (years) 3.2 (1.2–6.6) 4.3 (1.9–7.7) 4.7 (IQR 1.8–8.6) 5.9 (IQR 2.6–9.7)

Alcohol consumptionb,c

Non-drinker 1,774 (18.0%) 26,360 (14.2%)

Former drinker 315 (3.2%) 2,772 (1.5%)

Occasional drinker 1,248 (12.6%) 24,087 (13.0%)

Moderate drinker 3,359 (34.0%) 74,782 (40.3%)

Heavy drinker 958 (9.7%) 11,881 (6.4%)

Missing 2,217 (22.5%) 45,968 (24.6%)

Data on alcohol consumption could only be calculated in the CPRD. aBased-on quintiles of multiple deprivation where 1 is the most deprived and 5 is the least deprived. bAlcohol

consumption status estimated at index date based on algorithm by Parisi et al. (17). cP < 0.001. The black shaded portion represents that the descriptive analysis was not conducted

in the SAIL Databank.

TABLE 3 | Incidence and relative-risk of Alcohol-specific death in people with incident epilepsy vs. comparison cohort.

Alcohol-

related

death

Number Rate/10,000PY

(95%CI)

Number Rate/10,000 PY

(95%CI)

HR (95% CI) Deprivation-adjusted HR

(95%CI)

CPRD Epilepsy cohort

(n = 9,871; PY = 41,253)

Comparison cohort

(n = 185,800; PY = 916,572)

29 7.0 (4.7–10.1) 106 1.2 (0.9–1.4) 6.09 (3.96–9.37) 5.47 (3.52–8.48)

SAIL Epilepsy cohort

(n = 5,569; PY = 30,011)

Comparison cohort

(n = 110,021; PY = 685,575)

18 6.0 (3.6–9.5) 96 1.4 (1.1–1.7) 4.40 (2.62–7.37) 4.08 (2.42–6.90)

Meta-analyzed hazard ratios 5.33 (3.83–7.42) 4.85 (3.46–6.79)

Alcohol Consumption and Alcohol-Related
Diagnoses, Treatment, Psychological
Support and Hospitalization
Amongst those in the CPRD who died due to alcohol specific
causes, compared to the matched cohort, a greater proportion
of people with epilepsy had medication prescribed for alcohol
dependence (24.1 vs. 9.3%; p = 0.03). There were proportionally
more people in the epilepsy cohort than the comparison cohort
who were referred for psychological support for alcohol use,
but this was not statistically significant (20.7 vs. 11.3%; P =

0.19). There was no statistically significant difference between
coding as a “heavy drinker” at any time prior to death in the
epilepsy and comparison cohorts in the CPRD (79.3 vs. 67.0%;
p = 0.2). A similar proportion of each group had ever been

hospitalized for reasons related to alcohol use (84.9 vs. 86.2%).
A greater proportion of the epilepsy cohort than the comparison
cohort had a history of alcohol misuse, as determined by any
of these indicators, prior to index date (i.e., prior to epilepsy
diagnosis), but this difference was not statistically significant
(79.3 vs. 72.6%; p= 0.47).

DISCUSSION

Elevated Risk of Alcohol-Specific Death
Wehave shown across two, large population-based cohort studies
that people with epilepsy are approximately five times more
likely to die from alcohol-specific causes than persons without
the condition (deprivation-adjusted meta-analyzed HR: 4.85,
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95%CI 3.46–6.79). Of those people who died from alcohol-
specific causes, the majority had a hospital admission that was
attributed to alcoholism (epilepsy cohort: 86.2%; comparison
cohort: 84.9%). Many were coded as being a heavy drinker in
primary care records, but fewer were prescribed medication for
alcohol or received psychological support. Still, alcohol misuse
had not been coded in primary care records prior to death in 20
to 28% of people. For those individuals whose alcohol misuse has
been identified in primary care or due to previous hospitalization,
thought should be given as to how to maximize these contact
opportunities to try to prevent the sequel of events that culminate
in hospitalization and premature death.

Our estimate of relative risk of dying by an alcohol-specific
cause in people with epilepsy is of a greater magnitude than
that predicted by Nevalainen et al. (HR 4.85, 95%CI 3.46–6.79
compared to 3.44, 95%CI 3.11–3.71) from Finnish mortality
records. That study’s somewhat lower estimate could be a
reflection in differences in habits in population drinking habits
or access to healthcare in Finland, England and Wales. Estimates
of per capita alcohol consumption in 2016 were higher in the
UK (11.4 L/capita) than Finland (10.7 L/capita) (19). It may
also be a function of study design. We used a more recent
time period than the 2008 study-end in the Finnish study. We
both used ICD-10 codes to define the outcome, but the Finnish
study reported alcohol-related deaths whereas we report alcohol-
specific deaths. In some aspects we were broader; for example
inclusion of intentional poisoning with alcohol, whereas the
Finnish investigators included only accidental poisoning (7). In
other aspects, the previous study employed broader codes, for
example, “Special epilepsy syndromes” of which alcohol is one
potential cause. In a systematic review of systematic reviews,
alcohol involvement was identified as a high risk cause of alcohol-
related mortality (20).

Other studies have reported the proportion or likelihood of
alcohol involvement in death among persons with epilepsy. The
National Drug-Related Deaths Index of Ireland is a surveillance
system that records all causes of death in people who are
dependent on alcohol or drugs, or die due to poisoning (21).
Two percent of individuals in this register were known to have
epilepsy and 81% of these had a history of alcohol dependence
prior to death. In a nested case-control study conducted in
the General Practice Research Database (the predecessor to the
CPRD), Risdale et al. (22) identified that amongst people with
epilepsy, those who died during follow-up were more likely to
have a record of alcohol misuse (OR 2.96, 95%CI 2.25–3.89) than
those who did not die. Our study design does not permit us
to compare to these estimates. It does, however highlight that
alcohol misuse have been identified as a major contributor to
premature death in people with epilepsy. We have not found any
literature that maps primary care recording of alcohol misuse
prior to alcohol-specific death in people with epilepsy.

In the UK General Practice Survey, there was a three-fold
increased risk of death (HR 2.9, 95%CI 1.5–5.7) if alcohol was
a cause of epilepsy compared to if it was not (23). In a meta-
analysis of studies, a relative risk of 2.19 (95%CI 1.83–2.63)
was estimated for epilepsy or unprovoked seizures in relation
to alcohol consumption, and a dose-dependent relationship was

evident (24). Consuming 12, 48, 72, and 96 g/day of alcohol was
associated with relative risk increases, vs. non-drinkers, of 1.2
(95%CI; 1.1–1.2), 1.8 (95% CI 1.6–2.1), 2.4 (2.0, 3.0) and 3.3
(95%CI 2.5–4.3), respectively (25). One confounder in studies has
been the difficulty in distinguishing between alcohol-withdrawal
and non-withdrawal seizures.

A two-fold increased risk in Sudden Unexpected Death in
Epilepsy (SUDEP) has been associated with alcohol dependence
(26). This is not recorded in the datasets we used. Our findings
must be interpreted with the important caveat that pre-existing
alcohol dependence may have caused seizures or epilepsy in
some cases. Alcohol has been suggested to be responsible for
1/20–1/5 of Disability-adjusted Life Years in people with epilepsy
(27). The great majority of individuals in the epilepsy cohort
(∼80%) had codes for non-specific epilepsy. It was therefore
not possible to determine whether seizures were classified
as alcohol-induced. Our use of the incident epilepsy cohort
somewhat overcomes this limitation by allowing us to identify
the first epilepsy diagnosis and therefore understand whether
any history of alcohol misuse or dependence was identified
before or after this diagnosis. However, it is possible that alcohol
dependence occurs some time before diagnosis, treatment
or psychological intervention was recorded in the general
practice data.

Strengths and Limitations
To our knowledge, this is the first study to estimate the
relative risk of death specific to alcohol misuse in those with
epilepsy across two large population-based databases and to
pool the estimates to optimize statistical precision. We have
applied the most up-to-date definition of alcohol-specific death
that is now being used in routine mortality registration in
England & Wales (6). This will enable any recommendations
that we make to be implemented and measured against this
standard definition in future years. We report for the first time
estimates for primary care identification of alcohol misuse or
dependence prior to alcohol-specific death in a matched epilepsy
and comparison cohort.

We could not stratify by type of epilepsy or seizure frequency
due to limitations in recording, nor could we report relative
risk for each individual alcohol-specific cause. This is due to
the low numbers of death at this more granular analytical level,
which could not be reported without compromising anonymity,
and that would produce imprecise relative risk estimates. The
availability of self-reported alcohol consumption data in the
CPRD is likely to be incomplete, and may not be entirely
accurate, influenced by the individual’s willingness to accurately
report alcohol use and opportunity to record this information,
such as during primary care consultations. Given that alcohol
misuse and dependence can induce seizures, whether the primary
cause of epilepsy or not, it might be expected that people
with epilepsy would have their alcohol status recorded more
so than those people in our comparison cohort. This could
artificially widen the gap in reporting. There should be no
differential misclassification between the groups for prescription
or psychological referral recording.
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Implications for Clinicians
Regardless of the direction of the association between epilepsy
and alcohol misuse, clinicians should be mindful of the large
elevation in risk of alcohol-specific death among people with
epilepsy. Any progress toward stopping drinking alcohol can
have a beneficial effect on survival of people with alcohol-
related cirrhosis (28). Given the magnitude of the risk elevation
observed, it is important that clinicians who are treating people
with epilepsy are aware of alcohol misuse. This might enable
targeted intervention and person-centered holistic care, both of
which have been recommended to enhance the care for people
with alcohol-related diseases (29). Indeed, exploration of alcohol
use in people with epilepsy is recommended through use of the
“SUDEP and seizure safety” checklist in the UK (30). Additional,
candid discussions about level of alcohol use at the point of
epilepsy diagnosis and at regular reviews could be warranted. It
should be noted that, in the same study cohort, the incidence of
alcohol-specific death is lower than we previously observed for
other potentially preventable causes of mortality, such as accident
and suicide (3). However, the considerable morbidity related to
alcohol-induced seizures in epilepsy, whether this was the initial
cause or not, supports the need to discuss the impact of alcohol
misuse among epilepsy. Indeed, the observed difference in rate
might reflect the immediacy that may be related to accident
or suicide, whereas many of the alcohol-specific causes are a
culmination over time.

The historical, global stigmatization of people with epilepsy
(31) or alcohol problems, of particular concern when the two
co-exist, can lead to denied or delayed acceptance, presentation,
detection, treatment and health risks, including death, from the
two conditions. The commonality of concurrent mental illness
in people with epilepsy and the independent increased risk of
accident (32), suicide (33), and alcohol use related to mental
illness should not be ignored. Upstream identification, treatment
and management of mental illness in people with epilepsy has
the potential to mitigate preventable causes of death, a priority
described in the 2016 Call to Action on this issue (2).

CONCLUSION

We have observed a five-fold elevated risk of alcohol-specific
deaths in people with epilepsy compared to those without. Many
but not all of those who died had a hospitalization or primary
care event signifying excessive alcohol use. Hence, in people with
epilepsy, systematically-applied, sensitive assessment of alcohol
consumption (34) by healthcare professionals, at opportunistic,
clinical contacts, with rapid access to quality treatment services,
should be mandatory and play a key role in reduction of health
harms and mortality.
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Sudden Unexpected Death in Epilepsy (SUDEP) is the leading cause of death in

young adults with uncontrolled seizures. First aid guidance to prevent SUDEP, though,

has not been previously published because the rarity of monitored cases has made

the underlying mechanism difficult to define. This starkly contrasts with the first aid

guidelines for sudden cardiac arrest that have been developed based on retrospective

studies and expert consensus and the discussion of resuscitation challenges in various

American Heart Association certificate courses. However, an increasing amount of

evidence from documented SUDEP cases and near misses and from animal models

points to a consistent sequence of events that starts with sudden airway occlusion

and suggests a mechanistic basis for enhancing seizure first aid. In monitored cases,

this sudden airway occlusion associated with seizure activity can be accurately

inferred from inductance plethysmography or (depending on recording bandwidth) from

electromyographic (EMG) bursts that are associated with inspiratory attempts appearing

on the electroencephalogram (EEG) or the electrocardiogram (ECG). In an emergency

setting or outside a hospital, seizure first aid can be improved by (1) keeping a

lookout for sudden changes in airway status during a seizure, (2) distinguishing thoracic

and abdominal movements during attempts to inspire from effective breathing, (3)

applying a simple maneuver, the laryngospasm notch maneuver, that may help with

airway management when aggressive airway management is unavailable, (4) providing

oxygen early as a preventative step to reduce the risk of death, and (5) performing

cardiopulmonary resuscitation before the limited post-ictal window of opportunity closes.

We propose that these additions to first aid protocols can limit progression of any

potential SUDEP case and prevent death. Risk stratification can be improved by

recognition of airway occlusion, attendant hypoxia, and need for resuscitation.

Keywords: apnea, laryngospasm, SUDEP, airway obstruction, respiratory arrest
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INTRODUCTION

Sudden unexpected death in epilepsy (SUDEP) is a major cause
of death among children and adults with epilepsy, particularly
individuals whose seizures are poorly controlled [e.g., (1, 2)].
The prevalence of epilepsy in the US population is ∼1% and
between 2 and 17% of deaths in these patients are labeled
SUDEP [e.g., (3)], the single most common cause of death
among persons with epilepsy (4, 5). Mortality rates in adults
with epilepsy are 2–3 times greater than their non-epileptic
counterparts (6, 7). Fortunately, the incidence of sudden death
in epilepsy is low (8–11), but it is the rarity of the condition
that contributes to its unexpected presentation and paucity
of detailed physiological data. Given the elusive mechanism
of death and a diffuse risk profile that includes: (1) highest
SUDEP risk when seizure control is poor, (2) unpredictable,
often nocturnal timing of life-threatening or fatal events, and
(3) an apparent absence of significant pre-existing cardiovascular
pathology, SUDEP prevention has centered on prevention of
seizures [e.g., (12)].

The Mortality in Epilepsy Monitoring Unit Study
(MORTEMUS) identified a consistent sequence of events
in epilepsy patients beginning with a generalized tonic clonic
seizure and ending in death (10). Curated cases with detailed
records from multiple epilepsy centers were used to demonstrate
a sequence of events from the end of the seizure consisting
of “terminal” apnea, bradycardia, and asystole. Other work in
rats and mice showed that seizure-associated laryngospasm
could cause obstructive apnea that may persist to the point
of respiratory arrest (13–15). The linkage between preclinical
and clinical data was formed by EMG evidence of inspiratory
attempts and specific changes in cardiac rhythm (14, 16, 17) [see
also Supplemental Data in Ryvlin et al. (10)].

The goal of this review is to make first-responders look out
for abrupt changes in airway status during a seizure and to
offer preventative as well as interventional steps against the
life-threatening consequences of obstructive apnea. First, we
want to emphasize that a dangerous mechanism for the airway
status to abruptly change from open to closed is internal, i.e.,
laryngospasm, making airway obstruction unexpected and thus

potentially catching responders off guard. Second, we want to
highlight the value of oxygen as a step that, when available early,
protects against the consequences of obstructive apnea without
actually influencing whether obstructive apnea occurs or not.
Finally, we hope to raise awareness of the ictal and postictal
sequence of events and time points for intervention in relation to
the underlying mechanism so that efficacy of intervention steps
can be optimized.

BASIC FIRST AID

Seizure first aid generally takes a “wait for the seizure to
end” approach, emphasizing “care and comfort” first aid while
remaining vigilant for uncommon severe features that would
warrant a call for emergency help (18–21). According to one of
the most detailed sets of guidelines (21), “During a convulsive
or tonic-clonic seizure, it may look like the person has stopped

breathing. As this part of a seizure ends, the muscles will relax
and breathing will resume normally. Rescue breathing or CPR is
generally not needed during these seizure-induced changes in a
person’s breathing.”

All seizure first aid protocols emphasize the importance of
checking the airway and airway protection is emphasized in the
“turn the person onto their side” guidance (https://www.epilepsy.
com/learn/seizure-first-aid-and-safety/first-aid-seizures-stay-
safe-side). First aid flowcharts for emergency departments
are clear that cardiorespiratory compromise warrants oxygen
as part of an active treatment (e.g., https://www.rch.org.au/
clinicalguide/guideline_index/Afebrile_seizures/).

Critically, Ryvlin et al. (10) report on the successful
resuscitation of potential SUDEP cases with cardiopulmonary
resuscitation (CPR) applied within a narrow timeframe around
the end of the seizure and terminal apnea. In the Ryvlin et al.
dataset, 7/7 patients receiving CPR within 3min of respiratory
arrest (i.e., after “terminal apnea” occurred) were successfully
resuscitated and 11/11 patients in whom CPR was initiated only
after 10min following respiratory arrest all died (10). It is the
particular, narrow timeframe for CPR, and the reasons CPR may
be necessary, that deserve discussion.

PATHOPHYSIOLOGY AND RISK
STRATIFICATION

Seizure-associated changes in cardiac rate and rhythm and
respiratory rate and rhythm indicate seizure spread to medullary
sympathetic premotor and parasympathetic motor neurons
[e.g., (22, 23)] and adjacent respiratory brainstem regions
[e.g., (24–27)]. Multiple pathways exist for the spread of
seizure activity from subiculum to paraventricular nucleus
(PVN) of the hypothalamus (28) and then from PVN to
medullary regions [e.g., (29)], where seizure activity can access
medullary autonomic nuclei, respiratory centers, and laryngeal
motor neurons.

Respiratory derangements during seizures can be serious
[reviewed in (2, 24, 30)]. Reports of ictal tachypnea, bradypnea,
and apnea [e.g., (10, 13, 31–38)] all point to an impact of seizure
activity on respiratory rhythm generation and thereby a role in
oxygen desaturation during seizures (32, 36).

The significance of seizure-associated hypoxemia as a
contributor to death has been shown in a number of animal
models, including rats (13, 23, 39), mice (25, 40–42), cats (43,
44), and sheep (45, 46). In rats, seizure-associated obstructive
apneic episodes were demonstrated with nerve recordings and
laryngoscopy to be due to seizure spread to the recurrent
laryngeal nerve (the principal motor nerve of the larynx), which
caused severe laryngospasm and complete airway closure (13).
Significant ST segment elevation indicative of hypoxia was also
present in ECG recordings. Seizure-associated central apneic
episodes, even when tens of seconds in duration, however, were
associated with an open airway as observed with continuous
laryngoscopy, modest decreases in heart rate, and no evidence
of hypoxia in ECG records (13, 27). Importantly, Rheims et al.
(47) used data from the REPO2MSE study to evaluate the
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occurrence and degree of post-ictal hypoxemia and found that
early administration of oxygen was associated with an early
recovery of oxygen saturation and less frequent post-ictal EEG
suppression. While they leave the issue of central vs. obstructive
apnea as “an open question,” they do demonstrate value for early
oxygen with completely independent metrics.

An important step in defining the mechanism of SUDEP
came from differentiation of first-order, seizure-induced
pathophysiological events from second-order consequences
of these first-order derangements (17). This review develops
the arguments in favor of obstructive apnea and discusses
potential alternative mechanisms for SUDEP in greater detail.
Obstructive apnea, which occurs in a subset of seizures that
include seizure-induced laryngospasm, was identified as the
major cause of desaturation and death, but neither obstructive
apnea nor laryngospasm has been specifically addressed in first
aid guidance.

Laryngospasm has been suspected during seizures in patients
or observed postictally, based on findings of stridor and a
narrowed airway when attempting to place an endotracheal
tube (48) or intensive inspiratory effort (16, 49), but ictal
laryngospasm is difficult to directly assess in patients or
animals [see e.g., (50–52)]. Pulmonary edema, a common
finding at autopsy in SUDEP cases, is also indirect evidence
of laryngospasm (53–55). Once obstructed, attempts to inspire
against the closed glottis contribute to a rapid desaturation
(13, 56). The hypoxemia and decreased cardiac output cause
the seizure to abort, but the laryngospasm can persist to the
point of respiratory arrest (defined as a cessation of attempts
to inspire), followed ultimately by cardiac arrest (13, 14). Based
on the clinical and animal data, respiratory arrest occurs very
close in time to the end of seizure activity or the end of a
motor convulsion [reviewed in (17)]. This work included a
demonstration that early oxygen could significantly delay the
time to respiratory arrest, even when available for a relatively
short period of time before the onset of obstructive apnea (56). In
mouse studies, early oxygen guaranteed survival in animals that
had an extremely high probability of mortality (40, 41).

In persons who are monitored, seizure-associated airway
occlusion can be accurately inferred from inductance
plethysmography or (depending on recording bandwidth)
electromyographic (EMG) bursts associated with inspiratory
attempts appearing on the electroencephalogram (EEG) or the
electrocardiogram (ECG). Evidence of significant hypoxia can
appear as ST changes in the ECG or as EEG evidence of hypoxic
seizure termination (decreasing amplitude with increasing
frequency). With such data, individuals can be placed in a
high-risk stratum that can be divided into three substrata when
a seizure occurs with (1) evidence of airway occlusion only, (2)
evidence of airway occlusion and significant hypoxia, or (3)
requiring resuscitation.

For clarification, some additional discussion of central vs.
obstructive apnea and the issue of stertor as a source of EMG
is warranted. Concepts such as post-convulsive central apnea
(PCCA) (57) have been put forth with mechanistic implications
in SUDEP. For example, a paper by Vilella et al. (58) offered
PCCA as a clinical biomarker for SUDEP. Their conclusions

derive from a study of 148 seizures in 87 patients, none of whom
diedwhile beingmonitored, and only 21 seizures included airflow
monitoring to distinguish central from obstructive apnea (59).
Two patients were labeled as near misses (neither of which had
airflow data) and a third patient died nearly 2 years after being
recorded for the dataset. Twenty other patients displayed PCCA
with no SUDEP concerns accounting for the lack of a statistical
association of PCCAwith SUDEP. This paper attempts to dismiss
both laryngospasm and EMG signals associated with respiratory
effort, in spite of the fact that the study data come from as early
as 2011 when laryngospasm and obstructive apnea were not on
most clinicians’ radar.

With regard to the EMG signal associated with respiratory
effort, Vilella et al. (58) imply that stertorous breathing is the
explanation for respiration-related EMG signals appearing on
EEG or ECG channels. Data on stertor in temporal relation to
the EMG signals are not available and their own figures show
the EMG signal in association with larger excursions on the
inductance plethysmograms. As we reviewed in Stewart et al.
(17), such respiratory effort-associated EMG signals were seen
in (1) the MORTEMUS results (where stertorous breathing was
either missed or not detected) (10), (2) in multiple animal
experiments where the airway is known to be completely closed
so that vocalizations are impossible [e.g., (14)], (3) in a published
case of laryngospasm (16) where “inspiratory effort became
increasingly prominent, accompanied by prominent tracheal
movements and inspiratory stridor, also evidenced by increasing
EMG artifact in EEG and EKG channels” (no mention of stertor),
(4) in obstructive sleep apnea where there is no mention of
stertor (60), and even (5) in breath holding divers where no
sounds are reported (61). Vilella et al. conclude “breathing related
rhythmic muscle artifact is more indicative of breathing effort
than obstructed breathing and thus may not be a particularly
useful biomarker for SUDEP,” but this is exactly the point—such
effort would occur during obstructive and not central apnea.
In our opinion, the arguments supporting obstructive apnea as
the link between seizure activity and events leading to SUDEP
are strong enough to warrant the first aid recommendations
presented here.

AIRWAY MANAGEMENT

Most healthcare facilities have emergency airway protocols
and even difficult airway rapid response teams (62–64) to
deal with non-routine airway management. Emergency airway
management, from repositioning, to relieving an obstruction, to
bag-valve mask ventilation (BVM), rapid sequence intubation
(RSI), and if necessary, establishing a surgical airway are all
part of the armamentarium of clinicians skilled in airway
management [e.g., (65, 66)]. Sedative hypnotics and paralytics
can often aid in positive pressure mask ventilation. Depending
on the situation, these agents are often used in the controlled
environment of rapid sequence intubation [e.g., (66, 67)]. The
absence of intravenous access and the immediate unavailability
of these medications compound the challenges of dealing with
a difficult airway (68, 69). Reestablishing ventilation and the
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success of a return of spontaneous ventilation depends critically
on the time spent without oxygen as cardiac failure, and long-
term neurologic deficits can result as possible consequences even
after resuscitation. Aggressive airway management is key, and
anticipation of airway difficulty can save critical minutes.

The vast majority of SUDEP cases occur outside a hospital
where airway management is even more challenging. One
option, not intended to substitute for the steps in an emergency
airway protocol, but rather as a tool in the absence of hospital
resources, is the laryngospasm notch maneuver (70). Often used
by anesthesiologists to relieve laryngospasm after extubation
and emergency medicine physicians, the laryngospasm notch
maneuver consists of applying strong pressure behind the angles
of the jaw in a supine individual together with a forward jaw
thrust (71). It is described by some as universally successful in
breaking laryngospasm. As reported by Larson, the middle finger
of each hand is placed in the notch below the pinna of the ear
between the mandible and the mastoid process of the temporal
bone. Very firm pressure toward the base of the skull combined
with forward pressure on the jaw (the jaw thrust) combine to
abolish laryngospasm (70). The maneuver, in addition to shifting
epiglottic structures for a better airway (71), is a painful stimulus
that may relax the vocal folds (70). The laryngospasm notch
maneuver requires no equipment, may break the laryngospasm
early, and is simple to learn and apply (e.g., https://www.youtube.
com/watch?v=eIdWRYOQenQ).

PROPOSED RESUSCITATION GUIDANCE

Based on the recent recognition of obstructive apnea as the
proximal cause of death during seizures, we propose three
additions to the standard first aid algorithm for seizures.
In contrast to the age-old emergency response teaching for
patients having a generalized tonic clonic seizure—allow the
seizure to terminate on its own prior to any airway-related
interventions—we posit that the life-threatening consequences
of obstructive apnea warrant immediate preventative and
interventional measures during and after a seizure. At the same
time, none of the proposed additions require manipulating
the oral cavity of a patient having a generalized seizure, in
keeping with the traditional rationale to protect both patient and
responder from injury (18–21).

The three proposed additions are illustrated in Figure 1,
together with potential outcomes following a generalized
seizure with mechanistic landmarks of obstructive apnea (OA),
respiratory arrest (RA), respiratory failure (RF), and cardiac
arrest (CA) (adapted from (17):

(1) Early oxygen protects against prolonged obstructive apnea

and limits desaturation. In a rat model, access to an
atmosphere enriched with oxygen approximately doubled
the time between the onset of obstructive apnea and
respiratory arrest (56). By delaying the time to respiratory
arrest, oxygen exposure prior to the onset of obstructive
apnea dramatically increases the probability that the seizure
ends spontaneously and safely. As desaturation is a major
factor in all SUDEP mechanisms (17), the prophylactic

benefit of oxygen is compelling. A number of epilepsy
monitoring units apply oxygen routinely at the first signs of
a seizure.

(2) Aggressive airway management may become suddenly and

unexpectedly necessary during or after a seizure. The emer

gency first aid protocols for airway management are
excellent, but we believe that emergency medical personnel
and care givers must be made more aware that airway status
can rapidly change without evidence of positional issues
or obvious aspiration danger. Obstructive apnea due to
laryngospasm will be accompanied by vigorous attempts to
inspire, which can look like clonic movements or successful
breaths, but the force of laryngospasm will diminish as the
seizure abates and will eventually permit lung inflation by
resuscitative effort. The time at which evidence indicates
laryngospasm abates is between the point at which the
seizure ends and the point of respiratory arrest. Lung
inflation may not be efficacious until the laryngospasm has
fully abated closer to the point of respiratory arrest. We
are not suggesting that large numbers of seizure patients
will need intubation. We are emphasizing that (a) an
understanding of what to expect will inform decisions about
intubation and, more importantly, that (b) the laryngospasm
will abate or can be broken with the laryngospasm notch
maneuver to permit ventilation in cases where obstructive
apnea is suspected.

(3) CPR alone, in or out of the hospital, can be sufficient. As
discussed above, CPR was effective in all cases reported
in the MORTEMUS study when applied within 3min of
respiratory arrest (10). Such resuscitation would only be
possible if the airway had spontaneously opened, reinforcing
the point that the airway will open when the seizure ends and
the stimulus for laryngospasm ends. Chest compressions are
important because, as described earlier, cardiac contractility
near the time of respiratory arrest is severely impaired. CPR
should be continued until the individual demonstrates a
return of spontaneous circulation, and ventilation assistance
should continue until the individual is clearly breathing on
their own.

LIMITATIONS

A number of critical research questions remain, including how to
help individuals at risk for SUDEP and their caregivers anticipate
life-threatening events, and approaches to resuscitation that can
be utilized anywhere. A greater understanding of themechanisms
by which seizures cause laryngospasm sufficient to completely
obstruct the airway will also enable potential preventative
strategies. One could argue, however, each two points: (1) that
the vast majority of SUDEP cases are unwitnessed, and thus
no first aid can be attempted, and (2) that the vast majority of
witnessed seizures, whether they occur in the hospital or out of
the hospital, are not fatal and thus do not require a change in
first aid recommendations. Neither of these arguments, in our
opinion, are arguments against simple, safe recommendations
(including increasing awareness) that can prevent death in the
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FIGURE 1 | Recommended additional first aid guidance and timing to reduce sudden death risk associated with seizure activity. The vast majority of seizures end

spontaneously (track a) with a rapid return of autonomic, cardiac, and respiratory function to baseline levels. The general first aid guidance of “(1) STAY with the person

and start timing the seizure, (2) keep the person SAFE, and (3) turn the person onto their SIDE if they are not awake and aware” (https://www.epilepsy.com/learn/

seizure-first-aid-and-safety/first-aid-seizures-stay-safe-side) is sufficient for these cases. Onset of generalized tonic clonic (GTC) seizure (left) can be followed by a

succession of physiological “landmarks” illustrated in tracks b–f that are defined by the set of landmarks included in the track. The onset of obstructive apnea (OA) can

occur suddenly and unexpectedly due to laryngospasm and is shown occurring on all (tracks b–f). OA can persist until the point of respiratory arrest (RA), defined as

the time at which attempts to inspire stop. RA is shown in (tracks c–e). If the seizure does not end on its own, hypoxemia from OA can cause the seizure to terminate

(yellow rectangle denotes duration of seizure, ending by either mechanism). The hypoxemia developed from OA can be severe enough that the point of respiratory

failure (RF) is reached. Within the period between RA and RF, a spontaneous return of respiration is possible if an airway becomes available; after the point of RF, the

spontaneous return of respiration is not possible, even if an airway becomes available; resuscitation by a care giver is essential. Continued hypoxemia will lead to

cardiac arrest (CA) and death (track e). In track f, the global hypoxemia triggers ventricular fibrillation and death by cardiac arrest. Early oxygen (intervention 1; blue

arrows), i.e., applied during the period between seizure onset and the onset of OA, will not prevent OA, but will shift all tracks b–f to track a where the seizure ends on

its own and the OA abates as the seizure abates. This is illustrated by the blue arrows from tracks b–f jumping to track a without eliminating OA. Airway management

(intervention 2; orange arrows) will ensure one of the recovery or near miss outcomes (tracks b–d), depending upon when the airway opens on its own or if the airway

is actively manipulated. CPR (intervention 3; red arrows) is useful even without active airway management, but depends on an airway (spontaneously open or

managed). As documented in the literature, this can be applied within several minutes after RA to successfully resuscitate an individual. In track f, the airway is

important, but not the critical issue for resuscitation. Ventricular fibrillation will rapidly terminate the seizure and thus release the airway, but necessitates defibrillation

for resuscitation. Each intervention has its own separate impact or can be combined. Adapted from Stewart et al. (17).

small number of cases whose lives depend on modified first aid
when it is available.

At this point in time, the best prevention is adequate
seizure control (11), but we believe early oxygen can help
reduce a number of other potential consequences. For example,
seizure-associated ventricular fibrillation (VF), which is a less

common cause of SUDEP, can be triggered by global cardiac
hypoxia (17, 72, 73). Additionally, it has long been thought that
in patients with epilepsy, sudden cardiac arrest usually occurs in
relationship to an acute seizure (9, 74, 75). Although epilepsy
is a risk factor for sudden cardiac arrest (76–78), Stecker et al.
(77) found that the majority of patients with epilepsy who
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sustained a sudden cardiac arrest, did not have a seizure just
prior to their arrest. In the Oregon Sudden Unexpected Death
Study, only about 1/3 of patients with history of epilepsy and
a witnessed arrest had evidence of seizure activity before the
arrest (11/32) (77). The epilepsy patient population also had >4-
fold poorer rate of survival to hospital discharge after attempted
resuscitation (77). Hypoxia from laryngospasm for example, can
both precipitate ventricular fibrillation and negatively impact
outcomes even after resuscitation.

CONCLUSIONS

We believe that research on SUDEP has converged to permit
an understanding of why early intervention with CPR has been

successful in epilepsy patients and that vigilance with regard
to assessing airflow and inspiratory effort can save lives, in
spite of the sudden, unexpected occurrence of life-threatening
airway obstruction.
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Uncontrolled repetitive generalized tonic-clonic seizures (GTCS) are the main risk factor

for sudden unexpected death in epilepsy (SUDEP). GTCS can be observed in models

such as Pentylenetetrazole kindling (PTZ-K) or pilocarpine-induced Status Epilepticus

(SE-P), which share similar alterations in cardiac function, with a high risk of SUDEP.

Terminal cardiac arrhythmia in SUDEP can develop as a result of a high rate of hypoxic

stress-induced by convulsions with excessive sympathetic overstimulation that triggers

a neurocardiogenic injury, recently defined as “Epileptic Heart” and characterized by

heart rhythm disturbances, such as bradycardia and lengthening of the QT interval.

Recently, an iron overload-dependent form of non-apoptotic cell death called ferroptosis

was described at the brain level in both the PTZ-K and SE-P experimental models.

However, seizure-related cardiac ferroptosis has not yet been reported. Iron overload

cardiomyopathy (IOC) results from the accumulation of iron in the myocardium, with high

production of reactive oxygen species (ROS), lipid peroxidation, and accumulation of

hemosiderin as the final biomarker related to cardiomyocyte ferroptosis. Iron overload

cardiomyopathy is the leading cause of death in patients with iron overload secondary to

chronic blood transfusion therapy; it is also described in hereditary hemochromatosis.

GTCS, through repeated hypoxic stress, can increase ROS production in the heart

and cause cardiomyocyte ferroptosis. We hypothesized that iron accumulation in the

“Epileptic Heart” could be associated with a terminal cardiac arrhythmia described in the

IOC and the development of state-potentially in the development of SUDEP. Using the

aforementioned PTZ-K and SE-P experimental models, after SUDEP-related repetitive

GTCS, we observed an increase in the cardiac expression of hypoxic inducible factor

1α, indicating hypoxic-ischemic damage, and both necrotic cells and hemorrhagic areas

were related to the possible hemosiderin production in the PTZ-K model. Furthermore,

we demonstrated for the first time an accumulation of hemosiderin in the heart in the

SE-P model. These results suggest that uncontrolled recurrent seizures, as described

in refractory epilepsy, can give rise to high hypoxic stress in the heart, thus inducing
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hemosiderin accumulation as in IOC, and can act as an underlying hidden mechanism

contributing to the development of a terminal cardiac arrhythmia in SUDEP. Because iron

accumulation in tissues can be detected by non-invasive imaging methods, cardiac iron

overload in refractory epilepsy patients could be treated with chelation therapy to reduce

the risk of SUDEP.

Keywords: SUDEP, epilepsy, heart failure, iron overload cardiomyopathy, ferroptosis

INTRODUCTION

Sudden unexpected death in epilepsy (SUDEP) is the single
leading cause of premature death in people with epilepsy,
affecting ∼1 in 1,000 patients (1). One of the most important
clinical risk factors related to SUDEP is a high frequency
of uncontrolled generalized tonic-clonic seizures (GTCS) that
result in an increased risk of death in patients with refractory
epilepsy (2–4).

Although the mechanism that triggers sudden death is
unknown, several lines of evidence suggest that SUDEP could
be due to a terminal cardiac arrhythmia as a consequence of
a highly frequent seizure-triggered hypoxic-stress plus excessive
sympathetic overstimulation that triggers neurocardiogenic
injury and affects electrical properties of the myocardium
resulting in a propensity for severe bradycardia, and fatal cardiac
arrhythmia (5). In this sense, the alteration in cardiomyocytes
such as vacuolization and nucleus displacement by vacuole was
described as a reversible pathological condition.

However, diffuse interstitial fibrosis with multiple areas of
cardiomyocyte replacement by connective tissue and perivascular
fibrosis were also observed and interpreted as irreversible
pathological changes (6). Although, cardiac fibrosis was reported
to be more frequently detected in SUDEP cases, a more
recent study demonstrated that this cardiac pathology was
less severe in SUDEP cases than sudden arrhythmic death
(7). The lower level of cardiac damage observed in SUDEP
suggests that sudden death is not primarily related to anatomical
abnormalities but to functional abnormalities secondary to
chronic and persistent hypoxic stress. In this way, exceeding a
cumulative stress threshold, a further seizure could trigger a fatal
cardiac arrhythmia.

In this regard, autonomic cardiac neural discharges have
been characterized after pentylenetetrazol (PTZ)-induced
epileptogenic activity (8). In this sense, cardiac hypertrophy
seems to be related to the autonomic changes that arise from
seizures, suggesting that the heart could be structurally affected,
as observed in a chronic epileptic rat model (9). Structural
cardiac pathologies can provide more insight into the SUDEP
heterogeneous mechanisms (10).

Experimental data obtained from a Dravet Syndrome model
showed that cardiomyocytes exhibited increased excitability,
prolonged action potential duration, and triggered activity. In
this model, continuous radiotelemetric electrocardiographic
(ECG) recordings showed QT-interval (QT) prolongation,

ventricular ectopic foci, idioventricular rhythms, beat-to-

beat variability, ventricular fibrillation, and focal bradycardia

that were associated with spontaneous deaths in mice (11).
Accordingly, QT prolongation and heart rate alteration were
reported after a single pilocarpine-induced status epilepticus (SE)
in rats, whereas subsequent SE was associated with an increased
SUDEP frequency and a worsening of electrophysiology
(12). Furthermore, upregulation of P-glycoprotien (P-gp)
and downregulation of inward-rectifier potassium channels
(Kir) have been proposed to alter the electrical properties
and contractibility of cardiomyocytes (13, 14). It has recently
been demonstrated that the expression of ubiquitin-specific
peptidase 15 (USP15) was upregulated in a PTZ-kindled (PTZ-
K) rat model of epilepsy. USP15 upregulation was associated
with increased levels of intracellular reactive oxygen species
(ROS) and enhanced superoxide dismutase (SOD) activity
(15). SOD, which converts superoxide (O−

2 ) into hydrogen
peroxide (H2O2) and dioxygen (O2), can act through a reaction
called disproportionation as the front line of defense against
ROS-mediated injuries (16).

Oxidative stress is assumed to be a major factor in IOC.
Reduced free iron ions (Fe2+) participate in the ROS formation
via Haber-Weiss and Fenton reactions. Because cardiac tissue
contains high levels of functional L-type voltage-gated Ca2+

channels, hypoxic conditions can turn cardiac tissue especially
susceptible to free iron overload (17, 18). Additionally, divalent
transporters such as the zinc transporter ZIP8 and ZIP14 provide
an active pathway for Fe2+ entry that can lead to multiple
deleterious effects (19, 20). In a hypoxia-inducible factor 1α
(HIF-1α)-dependent manner, hypoxia will also upregulate the
expression of transferrin receptor (Tfr-R) through which more
iron will enter the cell, resulting in various structural damage and
functional alterations, such as impaired excitation contraction
coupling. Furthermore, impaired relaxation and subsequent
contractility, lipid peroxidation, mitochondrial dysfunction with
reduced ATP production, and direct DNA damage can be
observed (17, 21). In this regard, a feedback mechanism has
been described between the participation of oxidative stress with
inflammation and excitotoxicity in refractory epilepsy (22, 23).
We suspect that those could also be present in the heart as a
consequence of repetitive and/or severe seizures.

These functional changes were also described in conditions
of cardiac hypoxia, where the oxidative environment promotes
iron deposition that is associated with a slow mechanism of cell
death called ferroptosis (24). We hypothesize that in refractory
epilepsy, recurrent episodes of hypoxia and oxidative stress will
induce a progressive accumulation of iron in cardiomyocytes as
a ferroptosis hallmark of Iron Overload Cardiomyopathy (IOC)
and propensity to terminal cardiac arrhythmia associated with
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SUDEP. The aim of this study was to evaluate the presence of
hemosiderin deposits in the heart in an experimental model of
SUDEP secondary to SE.

MATERIALS AND METHODS

Experimental Model
Pentylenetetrazole Kindling Model
The PTZ-K epilepsy model was induced using an established
protocol (25). The rats were injected intraperitoneally with a
subconvulsive dose of PTZ (35 mg/kg) three times a week
(Monday, Wednesday, and Friday) for 1 month until kindling
occurred. After each injection, the rats were placed alone in an
isolated transparent Plexiglas cage and their convulsive behavior
was independently monitored for 30min. Records were blindly
analyzed to determine seizure stage, onset latency, and duration.
Seizure severity was scored using Racine’s classification (25)
as follows: no response (Score 0); facial movements, ear, and
whisker twitching (Score 1); myoclonic convulsions without
rearing (Score 2); myoclonic jerks, upright position with clonic
forelimb convulsions (Score 3); clonic-tonic convulsions (Score
4); generalized clonic-tonic seizures with loss of postural control
(Score 5) and finally death (Score 6).

Lithium-Pilocarpine Paradigm
SE was induced weekly for 3 weeks as previously described (12).
Briefly, 200–250 g male Wistar rats were maintained at 20–25◦C,
60% humidity, 12/12 h light/dark cycle, and food ad libitum. Rats
were administered lithium chloride (33 mEq/kg i.p.) 18 h prior to
pilocarpine treatment (30 mg/kg i.p.). Convulsive behavior was
assessed using the Racine scale described above and only animals
that were kept for at least 5min with GTCS were included in this
study. SE was limited with diazepam (20 mg/kg i.p.) at 20min.
All rats were supplied with 1ml of H2O i.p. every 12 h. The rats
were allowed recovery periods of 48 h after SE in which vital signs
were closely monitored.

Tissue Preparation
Fixation and Cryostat Preservation
Animals exposed to the pilocarpine paradigm were routinely
fixed as previously described (12). Briefly, the rats were
anesthetized with ketamine/xylazine (k/x: 90/10 mg/kg, i.p.).
After thoracic surgery, the heart was exposed and the blood
was then flushed by perfusion from the left ventricle using a
21G butterfly needle. Reverse circulation was achieved by cutting
the right atrium and then applying 60ml of saline plus heparin
(50 UI/ml). A first fixation step was carried out applying 60ml
of 4% paraformaldehyde (PFA) in cold phosphate buffer saline
(PBS). The final fixation step was performed using 300ml of
4%PFA applied by gravity. After fixation, hearts were removed
and fixed after 12 h and then washed with PBS. Finally, the hearts
were snap-frozen and stored at −20◦C until cryostat processing.
Frozen hearts were serially cut into 30-micron coronal sections
and then placed into one of 20 slices each. In this way, each slice
contains a section separated by 600 microns.

Fixation and Paraffin Inclusion
Tissue samples obtained from rats exposed to the kindling model
were determined with a 10% formaldehyde solution for use in
histological examinations. After the detection process, routine
tissue follow-up steps were applied to the tissues and embedded
in paraffin to perform the paraffin blocks (10).

Cytochemistry
Perls Staining
Slices containing a 30µm thick frozen section at the coronal
incidence were used for iron deposition determination. One
out of 10 consecutive sections was stained and analyzed for
hemosiderin aggregates. Briefly, the slices were incubated with
a solution of 10 g/l potassium ferrocyanide in 0.1 mol/l HCl
for 10min at room temperature. Then the slices were washed
well under running tap water for at least 20min. The slices were
contrast-stained using a dilute safranin solution (1% v/v) for
1min. To prevent false-positive Perls staining, all materials used
in this technique were washed with 1M HCl for 24 h.

Hematoxylin-Eosin Staining
Tissue sections (5µm) were obtained from the paraffin blocks
and then placed on polylysine-coated slices for morphological
analysis. The prepared slides were left in the oven for a certain
period using standard histological methods as described in
Akyuz et al. (10). Xylene and paraffin were removed and passed
through a graded alcohol series and diluted. After being covered
with Entellan R© (107,960 Sigma-Aldrich), cardiac tissues were
examined with the Olympus BX53 microscope. With the ImageJ
program, 25 cell lengths from each group were measured.

Immunohistochemistry
The Avidin-Biotin-peroxidase method was used
immunohistochemically for the determination of cardiac
anti-HIF-1α ([H1alpha67] (ab1) Abcam) immunoreactivity.
The 5µm thick sections taken from paraffin blocks were kept
in an oven at 60◦C overnight and then passed through xylene
and decreasing graded alcohol series. Then, after washing with
distilled water, it was treated with citrate buffer for antigen
recovery. Hydrogen peroxide was applied after washing with PBS
and the Large Volume Detection System kit (NB100-479, Novus
Biologicals, USA) was used. After that, serum block application
was performed for 5min. After blocking the serum, HIF-1α was
applied at 4◦C overnight as the primary antibody. Secondary
streptavidin-HRP (TP-125-HL; Thermo Scientific) and DAB
chromogen with Biotin were applied, contrast staining with
Gill Hematoxylin. Finally, it was passed through the gradually
increasing alcohol-xylene series and closed with Entellan. Images
obtained with the DP71 digital camera under the Olympus BX53
brand light microscope were analyzed for image differences
using Image J 1.48v software.

Data and Statistical Analysis
The free software of the National Institute of Health Image-J
was used to measure the immunoreactivity of 25 areas of the
images taken from the 5 preparations of each group. In the same
way, the length of 25 cardiomyocytes per group was analyzed.
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The positive Perls reactions of 15–30 non-consecutive coronal
sections were analyzed for each heart in the control and three SE
groups. The Graphpad Prism 8.0 program was used for statistical
analysis. Results are shown as the mean standard deviation. The
independent sample T-test was used for intergroup comparison.
A statistical value of p < 0.05 was considered significant.

RESULTS

Pentylenetetrazol Kindling Model
After the 13th PTZ injection, all rats developed chronic epilepsy-
like behavior with spontaneous generalized tonic-clonic seizures
(stage 5). The mean degree of phase of all injections was 5.31 ±

0.58 and the duration of the seizures was 308 ± 95 s. Moreover,
we did not observe a significant difference in body weight
between the corresponding experimental group. Cardiomyocytes
showed a clear difference in HIF-1α immunoreactivity between
the control group and the kindled group. The HIF-1α
immunoreactivity increased in the cardiomyocytes from 81.58
± 10.12 µm2 -control- to 117.39 ± 5.69 µm2 -kindling- (p =

0.0001) (Figure 1). This result is in the same way as our previous
report on HIF-1α immunoreactivity in cardiomyocytes under
SE (12).

Furthermore, we found morphological differences between
the cardiomyocytes of the controls and the kindled rats
(Figure 2). PTZ treatment increased cardiomyocyte length by
∼20% (26.60 ± 5.02µm -control- vs. 32.29 ± 6.35µm - kindled
- p = 0.003). Additionally, in the rat heart of the PTZ-K model,
large hemorrhagic areas (Figure 2 black arrows) and necrotic
cells (Figure 2 yellow arrows) were observed. Interestingly, both

morphological alterations are related to iron deposits such as
hemosiderin accumulation (26).

Status Epilepticus Induced by the
Pilocarpine Paradigm
Taking into account that the kindling model induces hypoxic
cardiac stress similar to that we previously reported under SE
(12), we analyzed the iron deposition in the heart after severe
convulsive stress produced by three consecutive weekly-induced
SE. We used Perls staining to visualize the iron deposit as a
blue precipitate (Figure 3) and found 2.5 folds that increased a
positive blue mark (18.33% ±9.28 -control- vs. 48.39% ±6.73−3
SE- p= 0.0427).

DISCUSSION

Sudden unexpected death in epilepsy is the most important
cause of death in people with epilepsy. Although different
conditions that predispose to SUDEP have been described,
clinical and experimental studies show that high frequency of
GTCS is the most important risk factor, which explains why
refractory epilepsies have a higher risk of SUDEP. Despite the
fact that SUDEP is assumed to be a neurocardiorespiratory
injury, the intrinsic mechanism that triggers sudden death
is still unknown. Additionally, obstructive apnea has also
been proposed as a key factor because of ictal involvement
of brainstem structures producing laryngospasm (27, 28). In

this sense, it has recently been reported that an oxygen-rich
atmosphere, as well as selective serotonergic reuptake inhibitors,
could prevent seizure-associated death and lead to a recovery of
respiratory function after the seizure in mice (29). In association
with these experimental data, a clinical study calledMORTEMUS
(Mortality Monitoring Unit Study in Epilepsy) suggests that
the potential SUDEP mechanism could be centrally mediated
and, therefore, alter respiratory and cardiac functions as a
consequence of GTCS (30). Furthermore, some controversial
concepts between SUDEP and sudden cardiac death during
epilepsy have yet to be resolved.

In a previous report we described for the first time, a
direct relationship between repetitive seizures with progressive
P-gp overexpression in the heart and brain parenchyma, which
is associated with SUDEP (14). Later we also described that
repetitive convulsive stress acts as a general hypoxic condition
that promotes P-gp overexpression associated with HIF-1α
nuclear translocation in both the heart and brain parenchyma
(12, 31). In the same way, in an independent experiment, we
also showed that epileptic/hypoxic stress reduces the expression
of the inward rectifier potassium channel 3.1 (kir3.1) (32),
and we speculated that the inverse relationship between the
expression of P-gp and Kir3.1 could be in part responsible for
the depolarization of the cardiomyocyte membrane, and the
aforementioned arrhythmia (13). Recent studies have shown
that the mTOR pathway can also play an important role in
SUDEP-associated cardiac disturbance in a HIF-1α-dependent
manner (33).

In the present research, we show evidence that subconvulsive
PTZ doses applied in a kindling model promoted cardiac
hypoxic stress by increasing the HIF-1α stabilization in a similar
way to that previously observed in SE (12). In addition, large
hemorrhagic areas were observed. Some experimental and
clinical studies have shown that intramyocardial hemorrhage
often occurs in acute myocardial ischemia-reperfusion or
infarction, resulting in iron accumulation and hemosiderin
deposits that can be detected by magnetic resonance imaging
with a long-lasting persistence (34–37). Likewise, we reported
cardiomyocyte hypertrophy that could indicate overstimulation
of the sympathetic system, as is also observed in chronic
arterial hypertension, acute myocardial infarction, genetic
cardiomyopathy, myocarditis, heart valve disease, thyroid
disorders, obesity, diabetes, aging, among others (38).
Interestingly, cardiomyocyte hypertrophy along with decreased
gap junction and mitochondrial dysfunction was described
as the most common cause of cardiac-related sudden death
(39). Furthermore, the imbalance of iron metabolism and
oxidative stress are also major factors for the evolution of
cardiac hypertrophy, cardiac arrhythmia, and aging-associated
pathological changes in the heart (40).

Additionally, convulsive/hypoxic stress will promote a tissue
oxidative environment with ROS formation associated with free
Fe+2, the Haber-Weiss and Fenton reactions, and iron overload
as the main mechanism of cell death, called ferroptosis, that
leads to tissue injury (24). This altered iron homeostasis allows
uncontrolled entry and deposition of iron into different organs,
including the heart, and leads to progressive damage with severe
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FIGURE 1 | Hif 1-α immunoreactivity staining images and graphics. Immunoreactive areas are shown with a black arrow. Compared with the control, ap < 0.05 was

considered significant. x400.

FIGURE 2 | Plots of Hematoxylin-eosin staining image and cardiomyocyte length. Necrotic cells are shown with a yellow arrow and hemorrhagic areas with a black

arrow. Compared with the control ap < 0.05 was considered significant.

FIGURE 3 | Iron deposition in cardiomyocytes. (A) Micrograph at x400 showing cardiomyocites (red) and iron deposition (blue). (B) Quantitation of positive iron

deposition in myocardial coronal sections of four rats after the third SE *p < 0.05.
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FIGURE 4 | Proposed mechanism for cardiac iron overload related to postconvulsive hypoxia-ischemia. Iron transported by holotransferrin is recognized by the

plasma membrane receptor (Trf-R). After endocytosis, Fe3+ is reduced to Fe2+ in endosomes by the metalloreductase six-transmembrane epithelial antigen of

prostate 3 (Steap3) and released from endosomes by divalent metal transporter 1 (DMT1). After the Fenton reaction, iron promotes lipid peroxidation via the activation

of lipoxygenases, resulting in hemosiderin accumulation. On the other hand, the axis composed of the cystine/glutamate antiporter system Xc, Glutation (GSH) and

Glutation peroxidase 4 (GPX4) is as a key regulator for tissue iron overload and ferroptosis. Other possible mechanisms of cardiomyocyte death are listed on the left

side of the picture.

failure of affected organs (41, 42). Moreover, heme metabolism
after tissue hemorrhage will produce hemosiderin accumulations
for prolonged periods (43). Based on the different mechanisms
described for cell death, ferroptosis is characterized by iron
accumulation with deleterious effects on the functions of cells
or organs.

In this scenario, the hemosiderin deposits could be interpreted
as an iron-scar indicating the site where a cell has died, after
severe ischemia-reperfusion and oxidative stress processes. This
complex mechanism could develop in the heart after repetitive
convulsive/hypoxic stress. The finding of hemosiderin in the
cardiomyocytes of our experimental SUDEP model suggests that
ferroptosis has been present as a potential intrinsic mechanism
that led to fatal cardiac arrhythmia (Figure 4) (44).

The accumulation of iron in the myocardium can result in
a heart dysfunction known as “Iron Overload Cardiomyopathy”
(IOC), which mainly described in certain inherited diseases
related to alterations of iron/hemoglobin metabolism
(hemochromatosis and thalassemia major, respectively), as
well as secondary to a high rate of red blood cell transfusions
(45). Furthermore, an adult patient with hereditary spherocytosis

died after atrial tachycardia and cardiogenic shock, and the
endomyocardial biopsy of the right ventricle revealed multiple
myocardial hemosiderin deposits (46). Currently, IOC is
assumed to be the most common cause of mortality in patients
with secondary iron overload and is a major comorbidity in
patients with genetic hemochromatosis (47, 48). IOC has been
characterized by remodeling of the left ventricle (LV) with
chamber dilation and reduced LV ejection fraction (LVEF) (49).

Recently, the concept of “Epileptic Heart” was defined as a
heart and coronary vasculature damaged by chronic epilepsy
as a result of repeated catecholamine surges and hypoxemia
leading to electrical and mechanical dysfunction (50). In the
“Epileptic Heart” syndrome several cardiological anomalies like
ventricular hypertrophy, dilated cardiomyopathy, myocardial
fibrosis, cardiomegaly, structural changes or dysfunction, higher
levels of left ventricular stiffness, left ventricular filling pressures
(by echocardiography), greater left atrial volume determined
(by echocardiography), increased left ventricular filling pressure,
end-systolic diameter, end-systolic volume, atrial fibrillation, and
abnormal cardiac conduction have been reported. Interestingly,
some of these same features were also described in the IOC.
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Based on these data, we wonder if a potential “Epileptic
Heart” might also exhibit iron overload in cardiomyocytes as
described in the IOC syndromes. To our knowledge, this is
the first experimental evidence showing increased iron overload
in rat heart after induced SE, suggesting that repetitive severe
seizures could lead to a fatal IOC-like syndrome.

POTENTIAL CLINICAL APPLICATIONS
RELATED TO THIS RESEARCH

In IOC, iron can be stored in myocytes in the form of ferritin,
hemosiderin, and labile cell iron (free iron), the latter being the
most active, but hemosiderin can be detected by imaging studies
such as the cardiovascular magnetic resonance T2∗ (CMR-
derived T2∗). The increase in heart iron burden is inversely
related to the relaxation time T2∗. Thus, T2∗ values <20ms,
indicative of myocardial siderosis, have an inverse correlation
with the LVEF, while T2∗ values <10ms, indicative of severe
iron overload, are associated with an increased annual risk
of developing arrhythmias (51, 52). This non-invasive imaging
method has revolutionized the clinical management of patients
with hemoglobinopathies and other iron overload conditions.

CMR-derived T2∗ enables accurate diagnosis and
quantification of myocardial and hepatic iron deposition,
and hence the tailoring and monitoring of iron chelation
therapy, thereby improving survival as in cases of thalassemia
major (45, 53). Similarly, the topical application of the biological
chelator lactoferrin to ulcerated legs of patients with ulcerative
hemosiderinic dyschromia of chronic venous insufficiency,
significantly reduced hemosiderin deposits, thus favoring
the clearance of the iron deposition in the ulcerated legs
as well as a complete ulcer scarring (54). Consistent with

the possible use of CMR-derived T2∗ determining the iron
heart, magnetic resonance imaging (MRI) with T1 mapping
can distinguish fibrosis, edema, lipid accumulation, and iron
and amyloid deposition (55). These changes included higher
sympathetic drive, myocardial catecholaminergic toxicity, and
cardiac fibrosis, and patients with refractory epilepsy may
therefore have an arrhythmogenic phenotype. Cardiac imaging
tools could help to identify cardiac injury as a biomarker of
SUDEP risk.
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Rationale: Seizure clusters may be related to Sudden Unexpected Death in Epilepsy

(SUDEP). Two or more generalized convulsive seizures (GCS) were captured during

video electroencephalography in 7/11 (64%) patients with monitored SUDEP in the

MORTEMUS study. It follows that seizure clusters may be associated with epilepsy

severity and possibly with SUDEP risk. We aimed to determine if electroclinical seizure

features worsen from seizure to seizure within a cluster and possible associations

between GCS clusters, markers of seizure severity, and SUDEP risk.

Methods: Patients were consecutive, prospectively consented participants with

drug-resistant epilepsy from a multi-center study. Seizure clusters were defined

as two or more GCS in a 24-h period during the recording of prolonged

video-electroencephalography in the Epilepsy monitoring unit (EMU). We measured

heart rate variability (HRV), pulse oximetry, plethysmography, postictal generalized

electroencephalographic suppression (PGES), and electroencephalography (EEG)

recovery duration. A linear mixed effects model was used to study the difference between

the first and subsequent seizures, with a level of significance set at p < 0.05.

Results: We identified 112 GCS clusters in 105 patients with 285 seizures. GCS lasted

on average 48.7± 19 s (mean 49, range 2–137). PGES emerged in 184 (64.6%) seizures

and postconvulsive central apnea (PCCA) was present in 38 (13.3%) seizures. Changes

in seizure features from seizure to seizure such as seizure and convulsive phase durations

appeared random. In grouped analysis, some seizure features underwent significant

deterioration, whereas others improved. Clonic phase and postconvulsive central apnea

(PCCA) were significantly shorter in the fourth seizure compared to the first. By contrast,

duration of decerebrate posturing and ictal central apnea were longer. Four SUDEP cases

in the cluster cohort were reported on follow-up.
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Conclusion: Seizure clusters show variable changes from seizure to seizure. Although

clusters may reflect epilepsy severity, they alone may be unrelated to SUDEP risk. We

suggest a stochastic nature to SUDEP occurrence, where seizure clusters may be more

likely to contribute to SUDEP if an underlying progressive tendency toward SUDEP has

matured toward a critical SUDEP threshold.

Keywords: SUDEP, seizure cluster, generalized convulsive seizure, epilepsy, video-EEG (VEEG) monitoring

INTRODUCTION

Seizure clusters occur frequently in patients with epilepsy (PWE).
Their frequency ranges from 22–43% in an outpatient setting
(1, 2) and occurs in up to 83% in inpatient settings (3). Frequency
also depends on the definition used and the population targeted
(4). Seizure clusters are usually defined as repetitive and closely
grouped seizures whose pattern of occurrence deviates from
an expected distribution (5, 6). However, a unified operational
definition has not been established (4, 6) Definitions vary from
study to study, including: ≥3 seizures in 24 h (1, 2, 4, 7–13),
≥2 in 24 h (14), and 2–4 seizures in <48 h (15). Seizure clusters
are associated with an increased risk of status epilepticus and
hospitalizations, and are deleterious for quality of life of PWE
(7, 16). In addition, seizure clusters are associated with increased
mortality and are seen as an adverse event in the epilepsy
monitoring unit (EMU) (2, 17, 18).

In the landmark mortality in epilepsy monitoring unit study
(MORTEMUS), two or more generalized convulsive seizures
(GCS) were captured during video electroencephalography
(VEEG) in 7/11 (64%) patients with VEEG monitored SUDEP,
and in 3/9 (33%) patients in near-SUDEP (19). Thus, the
occurrence of a cluster of GCS has been speculated to be a
risk factor for SUDEP. We hypothesized that if GCS clusters
are a SUDEP risk factor, electroclinical scrutiny of consecutive
GCS may indicate increasing seizure severity. We aimed
to determine if there is worsening of electroclinical seizure
features from seizure to seizure within a cluster and possible
associations between GCS clusters, markers of seizure severity,
and SUDEP risk.

METHODS

Patient Selection
Patients were consecutive, prospectively consented participants
in the National Institute of Neurological Disorders and Stroke
(NINDS) Center for SUDEP Research’s Autonomic and Imaging
Biomarkers of SUDEP multicenter project (U01- NS090407),
its preliminary phase, the Prevention and Risk Identification
of SUDEP Mortality (PRISM) project (P20NS076965) and,
prospectively consented participants from Memorial Hermann
Hospital Epilepsy Monitoring Unit (Houston, Texas). Patients
with drug-resistant epilepsy (failure of adequate trials of ≥2
antiepileptic medications) (20) undergoing VEEG evaluation
in the EMU of participating centers from September 2011
until April 2020 were studied. We included patients with
VEEG recorded GCS clusters, including generalized tonic clonic

seizures, focal to bilateral tonic-clonic seizures, and focal-onset
motor bilateral clonic seizures (21). Exclusion criteria were status
epilepticus and obscured or unavailable video.

Data Collection and Definitions
Demographic and clinical data were collected. A GCS cluster was
defined as two or more GCS in a 24 h period (14). Epileptogenic
zone was classified as generalized (genetic generalized epilepsy in

all cases), focal, both, or unknown (22). State of consciousness
was defined as either awake or asleep according to Tatum,
2014 (23). Clinical seizure duration was determined by the
time between first and last semiological ictal sign, and EEG
duration was determined by the time between EEG onset and
offset. GCS duration was defined as time from onset of bilateral
motor signs of tonicity or clonicity to clinical seizure end. The
duration of GCS was further divided into phases according to
ictal semiology as previously described (24): a tonic phase, a
jittery phase (also called vibratory period) and a clonic phase. In
addition, tonic phase semiology was classified into 4 categories,
based on a modified classification proposed by previous authors,
(25) in ictal decerebrate, decorticate, hemi-decerebrate and
absence of tonic phase. Early nursing intervention was defined
as oxygen administration or suction applied during the seizure
or within 5 s of seizure termination (25). The impact of anti-
seizure medication (ASM) changes on electroclinical features
was assessed. ASM changes were collected as tapering (gradual
decrease in medication), withdrawal (complete cessation of
medication), increase or resumption of medication, and no
change. Administration of rescue medication was determined
as the administration of IV benzodiazepines and/or IV bolus of
ASM during or after a seizure.

Patients underwent prolonged surface VEEG monitoring
with the 10–20 international electrode system or invasive
VEEG with subdural electrodes, depth electrodes or stereoEEG.
Peripheral capillary oxygen saturation (SpO2) and heart rate were
monitored. SpO2 <90% was considered hypoxemia. Breathing
rate was assessed between 2min pre-ictally and 3min after
clinical seizure end through careful composite analysis of
inductance plethysmography, EEG breathing artifact, visually
inspected thoracoabdominal excursions, and auditory breathing
information. Central apnea was defined as ≥1 missed breaths
without any other explanation (i.e., speech, movement, or
intervention). Ictal central apnea (ICA) was defined as apnea
during non-convulsive seizure or apnea occurring in the pre-
convulsive phase of GCS (26). Post-convulsive central apnea
(PCCA) referred to apnea after a GCS (26). Postictal generalized
EEG suppression (PGES) was defined according to Lhatoo
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et al. (27). Presence and duration of postictal generalized EEG
suppression (PGES) were determined by visual analysis. Presence
and duration of postictal EEG burst suppression were also
determined. Combined PGES and burst suppression, following
PGES, made up the EEG recovery duration. Heart rate variability
(HRV) was assessed using the LabChart HRV module (LabChart
Pro 8 software; ADInstruments, Sydney, Australia). For a detailed
description of the data collection and definitions please refer to
the Supplementary Material.

Statistical Analysis
Summary statistics were reported as mean ± standard deviation
(SD), median with range, and frequency with percentage. For
continuous outcomes, linear mixed effects models were used to
study the difference between the first and subsequent seizures
while accounting for the within-cluster correlation. Empirical
covariance estimators were used for robust inferences. For
binary outcomes, generalized linear mixed effects models were
used, with binary distribution and logit link. Each model was
adjusted for sex, age, epilepsy duration, epileptogenic zone, early
nursing intervention (early O2 administration and suction) and
administration of rescue medication. Because the percentage
of clusters composed of five and seven seizures was low, we
performed the mixed model until the 4th seizure and excluded
the 5th, 6th, and 7th seizures from the analysis. The level of
significance was set at p < 0.05. Statistical analysis was done with
SAS software version 9.4 (Cary, NC).

RESULTS

One hundred and twelve GCS clusters were identified in 105
patients with 285 seizures. Three patients had two clusters
and two patients had three clusters during different EMU
admissions. The remainder had one cluster only. Thirteen
(11.6%) clusters occurred during invasive EEG. Mean age was
35.9 ± 14 years (median 33, range 12–69), 47% were female,
and mean epilepsy duration was 16.3 ± 11.6 (14, 0.08–43)
years. Fifty-six (53.33%) patients had ≥3 GCS per year, and
35 (33.33%) had <3 GCS per year. Sixteen (15.2%) patients
had a history of seizure clusters. Fifty-nine percent of seizures
occurred during sleep. The mean inter-seizure interval was 6.52 h
± 6.12 (3.78, 0.05–23.62). The epileptogenic zone was most
frequently temporal lobe, followed by frontal lobe (Table 1).
Average clinical seizure duration was 93.6 ± 44.7 s (84.5,
28–393), average EEG seizure duration was 105.7 s ± 50.5 s
(94, 38–516) and the GCS phase lasted on average 48.7 ±

19 s (49, 2–137). PGES was present in 184 (64.6%) seizures,
lasting on average 36.84 s ± 20.98 (35, 2–135) and PCCA was
present in 38 (13.33%) seizures lasting 10.74 s ± 6.99 (8, 3–26).
Electroclinical seizure features and their respective durations are
shown in Table 2.

There were 70 clusters (66.67%) with two seizures, 30 (28.57%)
with three seizures, six clusters (5.71%) with four seizures, five
clusters (4.76%) with five seizures and one cluster (0.95%) with
seven seizures.

TABLE 1 | Epileptogenic zone.

Variable Patients, n = 105 (%) Cluster, n = 112 (%)

Epileptogenic zone

Generalized 10 (9.5) 10 (8.9)

Focal 93 (88.6) 100 (89.3)

Temporal 37 (39.8) 38 (38)

Bitemporal 13 (13.9) 13 (13)

Frontal 19 (20.4) 22 (22)

Parietal 1 (1) 1 (1)

Insula 1 (1) 1 (1)

Multifocal 13 (13.9) 13 (13)

Lateralized 9 (9.7) 12 (12)

Unknown 2 (1.9) 2 (1.8)

Lateralization of epilepsy

Left 40 (38.1) 43 (38.4)

Right 26 (24.8) 29 (25.9)

Generalized 10 (9.5) 10 (8.9)

Bilateral 27 (25.7) 28 (25)

Unknown 2 (1.9) 2 (1.8)

n, number.

TABLE 2 | Seizure features and their durations.

Seizure feature Seizures

n = 285 (%)

Average

duration (s)

SD (s) Range (s)

Tonic phase 181 (63.5) 7.66 3.96 (2, 22)

Jittery phase 230 (80.7) 10.30 7.50 (1, 41)

Clonic phase 284 (99.6) 37.08 17.09 (5, 130)

Decerebration 130 (45.6) 16.07 11.58 (1, 54)

Decortication 65 (22.8) 15.89 11.19 (2, 50)

PGES 183 (64.2) 36.84 21.04 (2, 135)

Hypoxemia postGCS 84 (29.5) 83.31 46.71 (4, 310)

EEG recovery 185 (64.9) 74.88 60.46 (2, 354)

PCCA 35 (12.3) 10.74 7.09 (3, 37)

ICA 72 (38.9) 17.54 12.95 (5, 74)

s, seconds; n, number; PGES, post-ictal generalized electroencephalographic

suppression; EEG, electroencephalographic; PCCA, post-convulsive central apnea; ICA,

ictal central apnea.

Electroclinical Characteristics
We did a group analysis to compare electroclinical features
of the first seizure with subsequent seizures, adjusting for
sex, age, epilepsy duration, epileptogenic zone, administration
of rescue medication, early administration of oxygen and
early suctioning (early nursing intervention). No significant
differences were found in clinical or EEG seizure duration,
tonic phase duration, GCS duration, PGES duration and EEG
recovery (Table 3). Concerning HRV, there were no statistically
significant differences between seizures. In addition, state of
consciousness (awake or asleep), SpO2 recovery, presence of
decerebrate posturing, total hypoxemia duration, and presence
of PGES did not show differences between seizures. Seizure-
to-seizure comparisons of clinical seizure durations and GCS
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TABLE 3 | Comparison of electroclinical features of first seizure with each

subsequent seizure in a cluster.

Seizure feature Seizure # Estimate Standard Error p-value

Clinical duration 1 0

2 1.91 5.39 0.725

3 −0.62 5.51 0.911

4 2.04 6.96 0.770

EEG duration 1 0

2 −1.57 7.05 0.824

3 0.48 7.24 0.948

4 −0.49 7.97 0.951

Decerebration duration 1 0

2 1.06 1.21 0.386

3 0.79 2.10 0.710

4 7.22 1.15 <0.0001

Tonic phase duration 1 0

2 0.75 0.60 0.219

3 1.87 1.07 0.087

4 5.96 3.15 0.064

Clonic phase duration 1 0

2 −2.19 2.54 0.390

3 −6.05 3.17 0.059

4 −11.87 3.63 0.002

GCS duration 1 0

2 −0.62 2.35 0.792

3 −2.68 2.97 0.369

4 −5.41 3.86 0.164

PGES duration 1 0

2 −2.35 3.77 0.535

3 −5.43 3.69 0.147

4 −10.98 17.26 0.527

EEG recovery 1 0

2 −18.63 10.81 0.091

3 −11.54 16.29 0.482

4 −49.71 26.09 0.062

PCCA duration 1 0

2 −2.13 4.30 0.654

3 0.94 1.63 0.606

4 −7.49 1.70 0.022

ICA duration 1 0

2 3.16 2.72 0.255

3 5.42 4.14 0.201

4 10.79 3.53 0.005

EEG, electroencephalographic; GCS, generalized convulsive seizure; PGES, post-ictal

generalized electroencephalographic suppression; PCCA, post-convulsive central apnea;

ICA, ictal central apnea. Bold values indicate p < 0.05.

durations showed apparently random variations representing
either improvement, deterioration or no change. We depicted
the variation in seizure duration for clinical seizure duration and
GCS duration as an example (Figure 1). As inferred from the
graphs in the figure, seizures tended to have the same or random
durations throughout the cluster.

Duration of clonic phase and PCCA duration were
significantly shorter in the 4th seizure as compared to the
first one (Table 3), p = 0.002 and p = 0.022, respectively. On
the other hand, duration of decerebrate posturing (p < 0.0001)
and ictal central apnea (ICA) (p = 0.005) were longer in the 4th
seizure. With both parameters we found a progressive increase
in duration with subsequent seizures.

Anti-seizure Medications
For 217 (76%) seizures we had information on changes in anti-
seizure medications (ASM) during the EMU admission. Of these,
80 (36.9%) seizures occurred during medication taper, 68 (31.3%)
during medication withdrawal, 66 (30.4%) during resumption or
increase of ASM and three (1.38%) seizures occurred with no
change in ASM. We grouped the changes in ASM into those
who had taper or withdrawal and those who had increase or
no change. We compared both groups and found no statistically
significant differences with regards to electroclinical features
(Supplementary Table 1). However, the group with taper or
withdrawal of ASM were less likely to have PGES. Rescue
medication, either a benzodiazepine, an intravenous bolus of
ASM or both, was given after 34 seizures in 25 clusters.

SUDEP Cases
Four cases of definite/probable SUDEP were established during
follow-up. They died between 9 months and 5.5 years after
admission. Two of them were found unresponsive in bedroom
and for the other two there is no current information about
the circumstances of death. Of these cases, only one had a
known history of seizure clusters before the EMU evaluation.
Average age was 49.25 ± 10.15 years (51.5, 33–61) with a
duration of epilepsy of 34.5 ± 7.5 years (35.5, 24–43). They
had between 12 and 24 GCS in the prior year. There were no
consistent electroclinical characteristics among them. However,
two had PGES >50 s. The mean intra-cluster inter-seizure
interval for SUDEP patients was 5.14± 5.02 h (3.24, 1.63–14.82).
In comparison with patients who did not die, there was no
difference in the inter-seizure interval (p= 0.59).

DISCUSSION

Our prospective study of GCS in the EMU suggest that the
markers of seizure severity in seizure clusters, in each consecutive
seizure, change randomly. Some markers show improvement
while others either stay the same or deteriorate with subsequent
seizures. This heterogeneity suggests that clusters alone may
not predispose to SUDEP, but that their timing in relation
to the overall course of a patient’s epilepsy may be more
important for mortality risk. Thus, the course of SUDEP may
be a stochastic, rather than probabilistic process, where an
underlying progressive increase in SUDEP risk accrues over time.
Seizure clusters early in this progression pose less risk than
clusters late in the process (Figure 2, model B). TheMORTEMUS
study suggested that seizure clusters were important premortem
phenomena (19), although this was not a controlled observation,
and no electroclinical characterization of seizure clusters was
carried out. Our study suggests that seizure clusters in themselves
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FIGURE 1 | Clinical seizure and convulsive phase durations in patients with at least four seizures in a cluster and for SUDEP cases. Durations for clinical seizure (A)

and for GCS (B) are depicted. Each line represents a cluster and each point represents the duration in seconds for a specific seizure in the cluster.

may not be risk factors for death. Known risk factors of

younger age of onset of epilepsy and longer duration of epilepsy
may indicate that the underlying tendency toward SUDEP is
a progressive phenomenon (28–30). We found no significant

effect of duration of epilepsy and age of onset of epilepsy

on tendency to worsening of electroclinical markers of seizure
severity. Supporting the notion that clusters may not be related
to SUDEP risk is the PCDH19-Related Epilepsy Syndrome. It
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FIGURE 2 | Models of seizure clusters and SUDEP risk. Each square, dot or triangle represents a seizure. A proposed SUDEP phenotype is represented in black,

where sporadic seizures occur over years, eventually culminating in SUDEP. Model A proposes that clusters are important for risk of SUDEP, regardless of underlying

tendency whereas Model B denotes that risk is only enhanced if the underlying risk has also progressed toward a hypothetical SUDEP “threshold.” Our data suggests

that model B may be more likely than model A.

is a childhood onset epilepsy syndrome characterized by seizure
clusters (31). To the best of our knowledge, no case of SUDEP
related to PCDH19 has been reported in the literature.

The four prospectively ascertained SUDEP patients in our
study had very long durations of epilepsy (24–43 years), and the
time from recorded clusters to SUDEP ranged from 9 months
to 5.5 years. None of the patients were reported to have seizure
clusters around the time of SUDEP. Two patients had a very high
frequency of GCS (up to 24 per year) and two had prolonged
PGES (>50 s); both have been proposed as risk factors for SUDEP
(27, 32). However, the clusters in our SUDEP cases behaved very
similarly to clusters in the rest of our study population.

GCS are the most important risk factor for SUDEP (32). A
recent study suggested that GCS become dramatically lethal when
they occur under circumstances such as in night time, sleeping
alone, living alone and prone position (33). In addition, if risk
factors such as living alone and the presence of GCS could be
modified, a great proportion (69%) of SUDEP cases could be
prevented (34). These observations suggest that GCS clusters
occurring in well-supervised environments such as the EMU, like
in this study, are unlikely to cause SUDEP.

On examination of electroclinical seizure features, we
found no progressive increase in clinical or electrographic
seizure duration. There was also no increase in various
seizure severity markers such as tonic phase and convulsive
phase durations, presence of decerebrate posturing, hypoxemia
duration, SpO2 recovery, and presence of PGES. Some patients
showed no significant changes in seizure features from seizure
to seizure, whereas others either improved or deteriorated.

Within individuals, each subsequent seizure could either show
improvement or deterioration in seizure severity, suggesting
random variations.

On the other hand, in grouped analysis, durations of clonic
phase and PCCA were significantly shorter in subsequent
seizures. These findings may indicate faster recovery with
subsequent seizures, from a clinical and respiratory standpoint,
and thus an adaptive process that is perhaps protective against
SUDEP risk. It is possible that seizure termination mechanisms
are enhanced with repetitive seizures (35, 36), and lead to faster
recovery of respiratory drive and to a shorter clonic phase.
However, in contrast to a previous study that found the last
seizure in a cluster to be longer, we failed to find significant
differences in terms of clinical and EEG seizure duration between
the first and the fourth seizure (3) (Figure 1). The difference
in these findings could reflect dissimilarities in seizure cluster
definition and the type of seizures explored. We only included
GCS in our study, while other studies have included non-
convulsive seizures within the cluster (3). We chose to include
only GCS since these events are directly related to SUDEP risk
(32, 37). In addition, a study found that in patients who later
developed SUDEP, heart rate tended to increase with subsequent
seizures in a clusters (38). We evaluated HRV and we did not find
any changes in these parameters with subsequent seizures within
a cluster.

Interestingly, in grouped analysis, we found some seizure
features to worsen, namely duration of decerebrate posturing
and ICA duration. Both decerebrate posturing duration and
ICA duration are putative markers of seizure severity (39,
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40). Decerebrate posturing has been associated with PGES, a
proposed SUDEP biomarker (40). Similarly, prolonged ICA
(>60 s) has been associated with severe hypoxemia (39).
Although, ICA was longer with each seizure, the average
duration of ICA was short (17.54 s). Thus, a much larger
number of seizure clusters and patients may be needed
for study to throw light on the apparently contradictory
improvements in some seizure features and deterioration
in others.

With regards to ASM, we found that tapering or withdrawal
did not influence electroclinical features of a seizure. PGES
was more likely to happen in the group with increase or no
change in medication. However, PGES duration did not show
any difference.

Limitations of our study include difficulty in using a
standardized definition of seizure clusters since no consensus
currently exists. We chose the definition of two or more
GCS in 24 h since the MORTEMUS study observed that
patients with SUDEP had two or more seizures before death
(19). Clusters in our sample were created by medication
discontinuation in the EMU and so they may not behave
as seizure clusters in ambulatory PWE. Thus, these may
be biologically distinct phenomena. In addition, we did
not include in the analysis non-convulsive seizures. Hence,
it is not possible to ascertain whether other seizure
types could potentially affect the severity of physiologic
changes seen in a cluster that also include GCS. We
acknowledge that there was a low number of SUDEP cases
in our sample.

CONCLUSIONS

If there is no evidence of convincing, progressive deterioration
of seizure severity parameters with subsequent seizures, then, is
there a role for clusters in SUDEP? The findings of this study
suggest that the occurrence of clusters alone does not set the stage
for SUDEP with each successive seizure, in quantifiable terms.
We therefore hypothesize that SUDEP may be the culmination
of underlying disease progression (41) that reaches a critical
SUDEP threshold; seizure clusters may only become important
for enhanced mortality risk if they occur around this threshold.

In conclusion, clustering failed to show evidence of clinical
or electroencephalographic deterioration with each seizure that
would explain why seizure clusters may lead to SUDEP, as

found by the MORTEMUS study (19). Although clusters may
reflect epilepsy severity, their occurrence by themselves may
be unrelated to SUDEP risk, and may require underlying
progression toward a SUDEP threshold before finally leading
to SUDEP.
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Seizure clusters, an intermediate between single seizure and status epilepticus, are

associated with morbidity, impaired quality of life, and premature mortality. The

relationship between seizure clusters and sudden unexplained death in epilepsy (SUDEP)

is poorly understood. Here, we define seizure clusters; review comorbid psychiatric

disorders and memory deficits associated with seizure clusters; and review cases of

witnessed SUDEP for which seizure frequency prior to death is available. Patients with

a history of seizure clusters have a 2.5 fold increased risk for SUDEP, and one third

of patients with monitored in hospital SUDEP experienced a cluster of generalized

tonic clonic seizures prior to death. Understanding the effects of seizure frequency and

duration on SUDEP risk could yield new insights in SUDEP pathophysiology and new

targets for intervention.

Keywords: seizure, seizure cluster, SUDEP (sudden unexplained death in epilepsy), morbidity, mortality

INTRODUCTION

Seizure duration forms a continuous range from brief single seizures to refractory status epilepticus
with seizure clusters as intermediate, whose durations, number of discrete events and severities
vary widely. The border between single seizure, seizure cluster and status epilepticus is obscured by
overlapping biological phenomena and the lack of a precise, readily quantified, or widely accepted
definition of a seizure cluster. Seizure clusters are typically defined by the number of seizures over
a specific interval or as an increased seizure frequency above baseline recognizable by patient or
family (1–5). For many patients, seizure clusters impair quality of life and increase morbidity
(hospitalization, status epilepticus, postictal psychosis), and mortality (6–11).

The relationship between seizure clusters and sudden unexplained death in epilepsy (SUDEP)
remains poorly defined. The borders between SUDEP, death following seizure clusters, and death
from status epilepticus are unclear. Terminologies vary widely among and between epileptologists
focused on clinical care and those focused on SUDEP research, and forensic pathologists/medical
examiners. Because >99% of SUDEPs occur out of hospital and ∼90% are unwitnessed, the
presence, types and durations of seizures preceding death are poorly characterized (12, 13). Current
SUDEP criteria exclude documented status epilepticus, although in individual cases, it is often
impossible to determine if status preceded death. Here, we examine the definitions of seizure
clusters, and relationships between premature death and seizure frequency and between seizure
clusters and SUDEP.

49

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2021.636045
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2021.636045&domain=pdf&date_stamp=2021-02-16
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:od4@nyu.edu
http://orcid.org/0000-0003-0044-4632
https://doi.org/10.3389/fneur.2021.636045
https://www.frontiersin.org/articles/10.3389/fneur.2021.636045/full


Bauman and Devinsky Seizures Clusters: Morbidity and Mortality

TABLE 1 | Clinical definitions of seizure clusters.

References Time Interval Seizure Number and Type

Di Gennaro et al. (1)

Noe and Drazkowski

(18)

Haut et al. (8)

Rose et al. (4)

Haut et al. (3)

Yen et al. (5)

Haut et al. (9)

24 h > 3 focal impaired

awareness seizures

Martinez et al. (17)

Sillanpää and

Schmidt (11)

24 h > 3 focal or generalized

seizures (excluding absence

and myoclonic seizures)

Penovich et al. (20)

Fisher et al. (19)

24 h > 2 seizures of any type

Detyniecki et al. (22)

Detyniecki et al. (21)

6 h > 2 seizures of any type

Di Gennaro et al. (1)

Noe and Drazkowski

(18)

Rose et al. (4)

4 h > 3 focal impaired

awareness seizures

WHAT ARE SEIZURE CLUSTERS?

Seizure clusters lack a uniformly accepted clinical (see Table 1) or
statistical definition (14, 15). Many studies have proposed clinical
definitions of seizure clusters as a number of seizures over a
unit of time. This is founded on the finding that seizures that
recur within 8 h are more likely to come from a concordant focus
and are therefore not independent of each other (7, 16). Thus,
many define seizure clusters as > 3 seizures over 24 h since the
average interictal period is ≤ 8 h (1, 3–5, 8, 9, 11, 17, 18). Others
have broadened the definition to 2 or more seizures in 24 h to
allow easier patient recall of seizure clusters (19, 20). More recent
studies have both shortened the time interval and decreased the
number of seizures required to define a cluster to > 2 seizures in
6 h (21, 22). This change encourages earlier recognition of seizure
clusters and earlier use of rescue medication but misses clusters
which occur over a longer period of time.

It is important to also consider which seizure types should
be counted when defining seizure clusters. Seizure severity is
one factor to consider as some seizure types may have a greater
effect on quality of life, morbidity, and mortality. Many studies in
presurgical patients have therefore included only focal impaired
awareness and focal to bilateral tonic clonic seizures in their
definitions of seizure clusters (1, 3–5, 8, 9, 18). While some
suggest including all seizure types for ease of patient recall and
reporting (19), this may overestimate the prevalence of clinically
relevant seizure clusters if seizures which typically occur at high
frequencies are included. Many therefore exclude absence and
myoclonic seizures (11, 17). Similarly, many excluded generalized
epilepsy syndromes which are associated with a high seizure
burden such asWest Syndrome and Lennox Gastaut since typical
seizure frequency in these patients often far exceeds the numeric
seizure threshold for clustering (11). However, these patients can

still have a clinically relevant increase in seizure frequency above
baseline which should also be considered seizure clusters.

Statistical definitions of seizure clusters may be more
applicable in some scenarios than definitions which focus on
seizure number and interval alone. Bauer and Burr (23) proposed
one of the most inclusive statistical definitions for clusters: “those
time periods during which seizure occurrence is significantly
increased compared to the rate expected from an individual
mean.” Others defined clusters as a threefold increase in the
patient’s typical seizure frequency over a three day period (24).

Both clinical and statistical definitions fail to capture clinically
relevant clusters in subsets of patients. A clinical definition >

2 seizures in 6 h encourages earlier use of rescue medication
and may decrease incidence of adverse events due to clustering,
but may miss patients whose clusters occur over longer periods
of time. A definition of 3 seizures in a 24 h period captures
these patients, but may overestimate seizure clusters in patients
with high seizure frequency. On the other end of the spectrum,
statistical definition of clusters such as a three fold increase
in seizure frequency overestimates clusters in patients with
low seizure frequency, such as a single breakthrough seizure
in a previously seizure free patient. These definitions have
the potential to overestimate seizure frequency due to the
failure to account for random variations in seizure frequency.
More recently, the algorithm ClusterCalc has been proposed
to improve sensitivity and specificity in identifying seizure
clusters by accounting for random variation (25). This algorithm
demonstrated that 37–59% of clusters identified by traditional
definitions may have occurred due to chance (25).

Seizure clusters also reflect an ongoing debate whether
“seizures beget seizures” (26). Although this maxim is often
considered from the perspective of seizures dispersed more
widely in time (e.g., a boy has convulsive seizures at age 8, 11,
12, and 12.5—the shortening interval possibly reflecting another
maxim), it is also consistent with recurrent seizures over a
brief interval (i.e., seizure cluster). Both interpretations are also
consistent with Hebb’s maxim that “neurons that fire together
wire together” (27).

The prevalence of seizure clusters varies by population.
Among inpatients with drug resistant epilepsy undergoing
anti-seizure medication (ASM) withdrawal for pre-surgical
evaluations, 39 to 61% experience seizure clusters over a 24 h
period during a study lasting 2–12 days (1, 3, 4, 9). Among
outpatients, seizure clusters are less frequent, occurring in 22
to 34% of patients over years (11, 21, 28, 29). However, after
excluding patients who are seizure free, the rates of clustering
among those with active epilepsy is higher at 52% and even higher
at 71% among those with > 4 seizures per year (21).

Seizure clusters are associated with significant morbidity.
Depending on the individual, the severity and frequency of
seizures within a cluster, and other factors, seizure clusters may
predispose to acute or more long-lasting psychiatric, cognitive
or physical disorders. Postictal psychosis is more common after
clustering. Case series and case- control cohort studies of patients
with postictal psychosis showed a trend toward high rates of
seizure clustering before postictal psychosis, though this did
not reach statistical significance in these underpowered studies
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(6, 10). Clusters may cause long term disability through the
development of interictal psychosis. In one case series, 13.4% of
patients with postictal psychosis developed interictal psychosis
(30). Seizure clusters may drive changes in neuronal networks
that lower the threshold for psychosis and depress normal
neuronal function over time (30). Despite their association with
psychosis, seizure clusters are not associated with higher rates of
anxiety or depression (8).

The effect of seizure clusters on memory is not well defined
as we lack well-powered prospective case-control studies. Our
data cannot distinguish the direct adverse effects of clusters
from progression of epileptogenesis or the underlying disorder,
medication effects and other factors (e.g., head injury from
seizures, depression). While postictal and interictal psychosis
are associated with memory and other cognitive impairments,
seizure clusters could theoretically have beneficial cognitive
effects by increasing the inter-seizure interval and allowing
longer periods of brain “rest” with seizure freedom.

Compared to those with weekly, or daily seizures (N = 32),
those with seizure clusters with seizure free intervals of at least
2 weeks (N = 8) had significantly higher IQ, arithmetic, and
reading comprehension scores (31). However, this study did not
quantify total seizure number and cannot distinguish the effect of
seizure frequency or seizure number on cognition.

Patients with seizure clusters have higher rates of several
adverse outcomes, including failure to achieve seizure remission
during treatment (i.e., treatment-resistant epilepsy) (11), high
seizure frequencies (8, 11) and more frequent hospitalizations
(8). Seizure clusters also affect many aspects of quality of life
with a majority of patients reporting negative effects on their
career, independence, ability to drive, extracurricular, and social
activities, and ability to travel (20). Evidence supports and refutes
an association between seizure clusters and status epilepticus
(3, 8, 9). The burden of prolonged seizures and status epilepticus
among seizure cluster patients is likely underestimated since
many patients live alone and have no recall for clusters or status.
Further, changing definitions of clusters and status epilepticus
(e.g., 10 vs. 30min) limits comparisons across studies. Seizure
clusters affect large portions of the epilepsy population and likely
contribute directly to some deaths.

SEIZURE CLUSTERS AND MORTALITY

In one population study, people with epilepsy had an 11 fold
higher odds of premature death compared to matched general
population controls (32). The risk of sudden unexplained death
is even higher. A Danish cohort of children and young adults
with epilepsy had a 27 fold higher risk of sudden unexplained
death, which remained elevated at 16 times higher risk even
after adjusting for comorbidities associated with epilepsy (33).
Although many deaths result from the underlying cause of
epilepsy (e.g., neoplasms, stroke, perinatal disorders), 15.8% were
caused by external causes. Individuals with epilepsy were more
likely to die from suicide, assault, motor vehicle accidents, and
non-vehicle accidents such as falls and drowning (32). This risk
accrues with increasing seizure frequency, seizure clustering, and

time since epilepsy diagnosis. In a Finnish cohort of childhood
onset epilepsy patients followed for ∼40 years found that
patients with seizure clusters had a 3.5-fold greater frequency of
premature death (42%) than those without seizure clusters (14%)
(11). This risk may be modifiable as patients with seizure clusters
who subsequently had better seizure control did not have an
increased risk of death (11). Seizure control strongly influenced
SUDEP risk. Adult patients with childhood onset epilepsy with
poor seizure control had a 5-fold increased risk of SUDEP (34).
However, the relationship between seizure clusters and SUDEP is
poorly understood.

SEIZURE CLUSTERS AND SUDEP

Nearly 90% of SUDEPs are unwitnessed. Our understanding
of the relationship between SUDEP and seizure duration and
frequency is limited to witnessed out of hospital SUDEPs
and SUDEPs which recorded by video EEG. While status
epilepticus cases are excluded from SUDEP, it is difficult and
often impossible to differentiate seizure clusters during sleep
from status epilepticus without video EEG since observers cannot
distinguish ongoing nonconvulsive seizures, postictal sedation,
and normal sleep. Here, we review the existing case series and
case reports of witnessed SUDEP and the seizure frequency prior
to death as available.

A series of 15 witnessed out-of-hospital SUDEP found that
12 were preceded by GTC, one by focal seizure, and two by
post-ictal state due to seizure of unknown semiology (35). While
status epilepticus cases (seizures >30min or multiple seizures
without return to baseline) were excluded, the identification of
seizure clusters or status epilepticus was severely limited in this
population since most patients were found in bed (35). Thus,
recognition of seizure could be delayed and family members or
caregivers may only observe the seizure after they awaken (e.g., at
6 a.m.) or when they hear noises associated with a seizure, which
again may correspond with lighter stages of sleep. Thus, even in
witnessed cases, the true seizure frequency or duration during the
hours before death is rarely known with certainty. While seizure
number in the 24 h before death could identify seizure cluster
cases, this data is limited by recall bias and memory lapses due
to delays in interviewing family members after SUDEP occurred.

Other studies used historical seizure frequency to characterize
seizure frequency before SUDEP. In the Finnish pediatric cohort
followed prospectively for ∼40 years, 22% of patients had >1
lifetime seizure cluster (11). SUDEPwas>2.5-fold more frequent
among those with seizure clusters than those without (8 vs. 3%),
but the small sample size limited statistical power (11). The effect
of seizure clusters on SUDEP risk in epileptic encephalopathies
is poorly understood. Seizure clusters are common in several
developmental epileptic encephalopathies, including Dravet and
PCDH19 syndromes, in which clusters are often provoked by
fever. Although seizure clusters occur in more than 90% of
PCDH19 patients (36), SUDEP is rarely reported. By contrast,
patients with Dravet syndrome often have nocturnal clusters
of tonic or tonic-clonic seizures, especially between ages 4–11
years of age (37). It is possible that a tendency to more severe
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seizure clusters in sleep contributes to SUDEP risk in Dravet
syndrome, although further study, ideally including a spectrum
of developmental epileptic encephalopathies would be helpful in
identifying relevant factors.

The MORTality in Epilepsy Monitoring Unit Study (38),
reviewed 29 cardiorespiratory arrests in patients observed
in epilepsy monitoring units. This landmark study provided
important insights into SUDEP pathophysiology. These cases
may differ in some ways from out of hospital SUDEP since most
had anti-seizure medication withdrawal before death, although
the majority of out-of-hospital SUDEPs were found to have
subtherapeutic or undetectable anti-seizure medication levels or
did not take their last dose of medication, suggesting many
underwent medication withdrawal (12, 13, 39). MORTEMUS
included 16 cases of definite or probable SUDEP, 2 fatal near
SUDEP, 7 non-fatal near SUDEP, and 4 deaths due to other causes
(38). Like other studies, nearly all SUDEPs occurred overnight,
limiting data in cases where the patient not being monitored
when death occurred. All 11 monitored SUDEP cases were
preceded by a GTC. Among these cases, 7 cases had only the
one terminal GTC in the 12 h preceding death. Of the remaining
four cases, two patients had 5 GTCs, one had 4 GTCs, and
one had 2 GTCs in the 12 h preceding death. Unfortunately,
seizure duration was not reported, and while no deaths resulted
from status epilepticus, the definition of status epilepticus was
not explicitly defined and series spanned a period in which
diagnostic criteria for status epilepticus changed. Further, most
SUDEPs occurred in sleep, making it uncertain if patients
returned to baseline between seizures, which makes it impossible
to distinguish a cluster from status epilepticus. Also, non-GTCs
were not quantified and the number of patients with clusters
of focal and generalized seizures before death is unknown. In
MORTEMUS, 36% of patients had clusters of 2 or more GTCs
in the 24 h prior to death, but the true prevalence of seizure
clusters with focal unaware and focal aware seizures is likely
higher (38).

CONCLUSION

Although epilepsy is associated with morbidity and mortality,
these risks appear to be higher in individuals with a seizure
cluster. People with epilepsy have an 11 times higher risk of
premature death (32), and patients with seizure clusters are at
even higher risk with one cohort finding a 3.5 fold higher risk of
premature death in those with seizure clusters compared to those
without (11).

Poor seizure control and seizure medication withdrawal are
risk factors for SUDEP (12, 13, 34, 39). This could suggest that
seizure clusters, which may be more frequent in these groups, are

also a risk factor for SUDEP. Patients with a history of seizure
clusters during their lifetime had a 2.5 fold increased risk of
SUDEP, though this study was underpowered due to small sample
size (11). Among cases of monitored in hospital SUDEP, 36% had
clusters of GTCs in the 24 h prior to death (38). The rates of focal
seizure clusters in this population is unknown, and the prevalence
of both focal and generalized seizure clusters prior to SUDEP is
likely higher.

The greatest limitation in our understanding of the
pathophysiology and effects of seizure clusters is the lack of
a consensus definition (14, 15). Existing definitions are often
tailored to the patient population being studied: > 2 seizures
in 24 h for outpatient seizure diary studies which require
patient recall (19, 20), > 2 seizures in 6 h for studies examining
efficacy of rescue medications (22), or statistical definitions for
those with high seizure frequency such as in Lennox Gastaut
Syndrome. While these definitions each have strengths within
specific patient populations, the variation limits comparisons of
studies and generalizability of findings. The consensus definition
for seizure clusters should aim to identify seizure clusters
as soon as possible to allow earlier intervention while also
striving to not over or underestimate clinically relevant seizure
clusters. Algorithms such as ClusterCalc identify clusters while
accounting for randomness in inter-seizure interval variation
and may improve our ability to study clinically significant seizure
clusters (25). Further research in this area may help determine
when clusters are more likely to self-terminate, continue, or
result in status epilepticus or SUDEP and allow targeted early
intervention to prevent adverse effects of seizure clusters.

The effect of seizure clusters on SUDEP risk remains poorly
understood. Research in this area has been limited by multiple
factors: (1) >99% of SUDEPs occur out of hospital, (2) ∼90% of
SUDEPs are unwitnessed, and (3) recall bias and memory lapses
due to delays in interviewing witnesses of SUDEP. While the
effect of the first two factors is difficult to overcome, the thirdmay
be a target for intervention in future studies. The rise of electronic
seizure diaries could offer new insights into seizure frequency
and duration in the hours to days prior to SUDEP. Similarly,
seizures captured through responsive neurostimulation may be
readily quantified, though this population is limited and remains
small at this time. Understanding the effects of seizure frequency
and duration on SUDEP risk could offer insights in the SUDEP
pathophysiology and new targets for intervention.
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There is a complex interrelation between epilepsy and cardiac pathology, with both

acute and long-term effects of seizures on the regulation of the cardiac rhythm and on

the heart functioning. A specific issue is the potential relation between these cardiac

manifestations and the risk of Sudden and Unexpected Death in Epilepsy (SUDEP),

with unclear respective role of centrally-control ictal changes, long-term epilepsy-related

dysregulation of the neurovegetative control and direct effects on the heart function.

In the present review, we detailed available data about ictal cardiac changes, along

with interictal cardiac manifestations associated with long-term functional and structural

alterations of the heart. Pathophysiological mechanisms of these cardiac changes are

discussed, with a specific focus on central mechanisms and the investigation of a

possible deregulation of the central control of autonomic functions in addition to the

role of catecholamine and hypoxemia on heart.

Keywords: epilepsy, sudden unexpected death in epilepsy, heart rate variability, ictal asystole, ictal tachycardia

and bradycardia

INTRODUCTION

Since the description of the first ictal asystole more than 100 years ago (1), a large number of
studies have investigated the complex inter-relationship between the brain and the heart in patients
with epilepsy (2). Epilepsy-related cardiac manifestations can occur during seizures, but also in
the inter-ictal period and can be associated with long-term functional and structural alterations of
the heart. Over the past years, the scientific interest in these complex heart-brain interactions in
patients with epilepsy have been reinforced by two main clinical reasons:
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- The first corresponds to the issue of sudden unexpected death
in patients with epilepsy (SUDEP). Among the causes of
premature deaths in patients with epilepsy, SUDEP represents
a major cause, especially in young adults with uncontrolled
seizures with an incidence of about 0.5%/year of uncontrolled
epilepsy (3). SUDEP is a non-traumatic and non-drowning
death in patients with epilepsy, unrelated to a documented
status epilepticus, in which postmortem examination does
not reveal a toxicological or anatomic cause of death (3, 4).
Although the exact pathophysiological mechanisms that
lead to SUDEP remain unknown (5, 6), experimental and
clinical data strongly suggest that most SUDEP result from
a postictal central respiratory dysfunction progressing to
terminal apnea, later followed by cardiac arrest (3). However,
additional evidence suggests occurrence of an overall seizure-
related failure of neuro-vegetative control (7), reinforcing the
need of better understanding of the impact of seizures on
cardiovascular function.

- The second aspect is the development of seizure detection
devices, especially in order to alert the patients’ caregivers and
improve their safety. Because of the close relationship between
seizures and changes in heart rate, cardiacmonitoring has been
proposed as a variable of choice for optimizing the detection
rate of these devices (8).

Several reviews of the literature have analyzed the relationship
between heart and epilepsy. Some have focused on ictal or
interictal cardiac changes (9–12). Recently, Verrier et al. (13)
proposed the concept of the “Epileptic Heart” as “a heart and
coronary vasculature damaged by chronic epilepsy as a result
of repeated surges in catecholamines and hypoxemia leading to
electrical and mechanical dysfunction.” Others focused on new
insights into possible pathways from epilepsy, catecholaminergic
toxicity, subtle cardiac changes and sudden death (14), or on the
implication of treatment (15).

In this review, the characteristics of ictal and interictal
cardiac manifestations will be successively detailed. We will
focus more particularly on their respective physiopathology,
especially on central mechanisms with the investigation of
a possible deregulation of the central control of autonomic
functions, studied in functional imaging and using intracranial
stimulations/recordings, in addition to the role of catecholamine
and hypoxemia on heart which have already been reviewed
elsewhere (13, 14). Their potential relations with SUDEP
pathophysiology and implications in clinical practice, including
for seizure detection, will be discussed.

CHARACTERISTICS OF
SEIZURE-RELATED CARDIAC
MANIFESTATIONS

Ictal Cardiac Manifestations
Heart Rate Changes
Tachycardia is the most common ictal cardiac manifestation.
It is reported in 82% of patients on average, with some intra-
individual variability, since not all seizures in a patient with ictal
tachycardia will necessarily lead to tachycardia (9).

In the literature, changes in heart rate during seizures
correspond on average to an increase of 30 bpm or more
than 50% compared to the interictal heart rate. They mainly
occur in the pre-ictal period or within 30 s after the beginning
of the seizure, the maximal heart rate being achieved for a
majority of seizures within the first 60 s (9, 16). However,
most studies suggesting modifications of the heart rate in the
pre-ictal period have been performed in patients investigated
with scalp EEG, raising the possibility that concomitant ictal
EEG discharge might have not been visible. In a study using
intracranial electrodes, ictal tachycardia was always concomitant
to an increase in unilateral ictal high frequency epileptic activity
restricted to anterior hippocampus and amygdala (17). In
addition, tachycardia is also frequently observed in the post-ictal
period, particularly after tonic-clonic seizures (9, 18).

The percentage of seizures associated with a change in
heart rate appears to be similar for generalized tonic-clonic
seizures (64%) and for focal seizures (71%), although it is likely
that the magnitude of the change is increased as the focal
seizure progresses to bilateral tonic-clonic seizure (9, 19). In
patients with focal epilepsies, tachycardia is more commonly
seen during temporal lobe seizures than extra-temporal seizures
(9, 20, 21). However, as most of studies have been performed
in patients with temporal lobe epilepsy, a selection bias cannot
be excluded. Although preferential right lateralization of seizures
with tachycardia has been suggested, most studies do not find an
association with the laterality of epileptic discharges (9, 20, 22).

Seizures with bradycardia or ictal asystole are much rarer.
Ictal asystole, defined as a sinusal pause of at least 3 s
occurring during a seizure, usually has a duration of <60 s,
and is spontaneously reversible (23–27). They are only reported
in focal seizures, and in 90% of cases they correspond to
drug-resistant seizures with altered consciousness of temporal
origin, without clear preferential lateralization. Incidence of ictal
asystole in drug-resistant focal epilepsy is estimated at 12 per
100 patient-years (23–27). Distinguishing syncope related to
ictal asystole from cardiac asystole might be difficult (28), and
use of implantable loop recorder can sometimes be required
in the diagnostic process. Older age at onset, occurrence
during wakefulness, and brief duration of the events have been
suggested to be in favor of cardiac asystole (29). Only rare
patients with ictal asystole have undergone cardiopulmonary
resuscitation (30), suggesting that the vast majority of seizures
with asystole resolve spontaneously, without the need for
resuscitation (18). However, the risk of recurrence is high
(28). Unlike ictal tachycardia, ictal bradycardia, or asystole
can be symptomatic with syncope and sometimes traumatic
falls. Importantly, ictal bradycardia or asystole should be
distinguished from post-ictal conduction or rhythm cardiac
disorders. These complications, in particular severe bradycardia,
asystole, or ventricular fibrillation, are closely related to post-
ictal hypoxemia following central peri-ictal respiratory disorders
(7, 31). After a generalized seizure, the risk of asystole is
therefore greater in patients with severe post-ictal apnea (32).
In the MORTEMUS study, which investigated respiratory
and electrocardiogram (EKG) data from patients who died
from SUDEP during long-term video-EEG, abnormal heart
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rhythms were observed after the onset of apnea in all deceased
patients (33).

Other cardiac arrhythmias and conduction abnormalities,
during or after seizures, have been reported in patients
with drug-resistant focal epilepsy. Atrioventricular block, atrial
fibrillation, supraventricular tachycardia, atrial, or ventricular
premature depolarisations, ventricular fibrillation, and QT
interval shortening or prolongation can thus be observed (9, 18).

Direct Cardiac Effects
Myocardial ischemia can be caused by seizures, especially in
patients with cardiovascular risk factors. Up to 40% of seizures
could be associated with ST segment depression (34). However,
troponin remains normal in most patients (35, 36), suggesting
that this transient myocardial ischemia does not generally result
in severe acute ischemic myocardial injury. Seizures, especially
generalized tonic-clonic seizures and status epilepticus, are also
a well-known cause of Takotsubo syndrome, the clinical, EKG,
and laboratory presentation of which may mimic that of acute
ischemic heart disease (2). These complications have been linked
to the release of catecholamines induced by seizures (36).

Interictal Cardiac Manifestations
Changes in Myocardial Structure
It has been suggested both in experimental models and in
patients, that recurrence of seizures can progressively lead to
cardiac fibrosis, potentially through catecholaminergic toxicity
(14). Compared to healthy matched controls, patients with
temporal lobe epilepsy have higher left ventricular rigidity,
linked to cardiac fibrosis by deposits in the extracellular matrix,
which in turn promotes systolic and diastolic dysfunction and
arrhythmogenesis (37). Although the relationship between these
long-term structural changes and the risk of ictal arrhythmias
remains to be determined, several studies have reported an
association between cardiac fibrosis and the risk of SUDEP
(38, 39).

Channelopathies
More recently, it has also been shown that repetition of seizures
can alter the expression of cardiac ion channels. Epilepsy-related
alterations in the cardiac expression of sodium (Nav1.1/1.5),
potassium (Kv4.2/4.3), calcium (NCX1), and cationic (HCN2/4)
channels have thus been reported in animal models (40). It
remains to be determined whether or not this mechanism is
associated with impaired vegetative regulation in patients with
epilepsy and especially, with the risk of SUDEP.

Heart Rate Variability (HRV)
HRV is the change in the time interval between two heart
beats. HRV reflects the balance between sympathetic and
parasympathetic activity of the autonomic nervous system. HRV
is thus an index of activity of the neurovegetative system,
whose decrease is a strong predictor of sudden death in
patients with heart disease (41). Overall, increased heart rate
variability indicates a shift toward parasympathetic dominance,
while lower heart rate variability is seen in times of high
sympathetic output (42). In patients with epilepsy, HRV is usually

decreased, suggesting a shift toward sympathetic dominance (42).
This has been shown in various types of epilepsy, including
temporal lobe epilepsy (43, 44), frontal lobe epilepsy (45),
idiopathic generalized epilepsy (44), epileptic spasms (46), or
in Dravet Syndrome, where patients have extremely depressed
parasympathetic function (10, 47), even in comparison with
other types of epilepsy. In addition, it has been suggested that
alteration of HRV might be precipitated and/or aggravated by
insular resection in patients undergoing epilepsy surgery (48).
However, the exact relationship between these chronic alterations
of HRV and the risk of SUDEP remains unclear (7). Some
studies reported association between risk of SUDEP and severe
alteration of HRV (10, 49–51) whereas others did not confirm this
observation (52). Furthermore, the alterations of HRVmight also
be associated with other risk SUDEP factors, including post-ictal
generalized EEG suppression (53).

In addition, many studies have examined peri-ictal changes
in HRV (10, 54). The results are sometimes heterogeneous, but
overall seem to show an increase in sympathetic activity during
the seizure, regardless of the type of seizure, but more markedly
for temporal seizures and generalized seizures (7). Recovery
occurs gradually, as post-ictal changes that can be prolonged, up
to several hours. Changes in HRV can precede clinical onset of
seizure by several seconds and have therefore been studied for
the development of seizure detection tools.

PATHOPHYSIOLOGICAL MECHANISMS

The mechanisms underlying the emergence of these cardiac
alterations remain poorly understood and several hypotheses
need to be considered. These hypotheses may coexist in the same

patients, interacting with each other.

Deregulation of Central Control of
Vegetative Functions
Some of the most important integrative control centers
for autonomic nervous system functions are located in the
brainstem (55, 56). However, many animal and human studies
support that cortical regions are involved in autonomic function
andmodulation in response to environment changes (55, 57–60).
In 1993, Benarroch proposed the term of “Central Autonomic
Network” (CAN) to describe a group of forebrain, brainstem,
and limbic regions involved in the generation of an appropriate
autonomic functional state (55). In 2000, Thayer and Lane (61)
proposed a model of neurovisceral integration, permitting to
link cardiac regulation to emotional or cognitive tasks through
activation of the CAN. In addition to the autonomic nuclei of
the brainstem and limbic structures such as the amygdala and
the insula, their model also includes the cingulate and medial
prefrontal cortex. Cortical regions, particularly medial prefrontal
cortex, would exert a top-down control on cingulate, anterior
insula and amygdala, which form an interconnected network,
and modulate activity of subcortical and brainstem regions.
These later regions would in turn finalize the autonomic output
to the body by modulating the parasympathetic/sympathetic
balance. In accordance with this model, recent meta-analysis of
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FIGURE 1 | The Central Autonomic Network: most implicated brain regions according to functional neuro-imaging studies (57, 60, 62). Cortical structures are shown

on a white background while subcortical structures are on a gray background. White lines symbolize the functional connectivity between cortical regions.

human neuroimaging experiments evaluating central autonomic
cardiovascular processing identified several consistently
implicated brain regions, consisting of cortical areas, including
the anterior and mid-cingulate cortices, insula, amygdala,
hippocampus, medial prefrontal cortex; and subcortical
structures such as thalamus, hypothalamus, periaqueductal gray
matter (57, 60, 62) (see Figure 1). Orbitofrontal cortex is also
mentioned by some authors (60, 62). Analysis of functional
connectivity has revealed functional connectivity between the
medial prefrontal cortex and other structures of the CAN,
particularly the amygdala and the hippocampus (63, 64).
Parcellation of orbitofrontal cortex and hypothalamus has
shown specificity for functional connectivity between the medial
orbito-frontal cortex and the medial hypothalamus (65, 66).
In their meta-analysis, Thayer et al. (66), established a link
between mainly amygdala and ventromedial prefrontal cortex
activation, during several cognitive and affective tasks, and heart
rate variation. De la Cruz et al. (67) recently investigated the
relationship between heart rate and functional connectivity
of brain regions involved in autonomic control. Subjects with
slow heart rate exhibited significantly increased functional
connectivity between amygdala, insula, prefrontal cortex,
anterior cingulate, hippocampus, and hypothalamus compared
to subjects with medium or fast heart rate.

Some studies suggested the possibility of a lateralization of
insular cortex in terms of cardiac function, the right insula being
more involved in sympathetic regulation, and the left one in
parasympathetic cardiac regulation [see (60, 68) for a review]. On
the contrary, others did not conclude to any lateralization (57).

Very few studies have investigated the effects of cortical
stimulation on heart rate in humans. Electrical stimulation of
limbic structures, especially the amygdala and peri-amygdaloid
pyriform cortex, have been reported to produce autonomic

changes, including cardiovascular responses, mediated by either
sympathetic or parasympathetic pathways (69). Autonomic
responses (including heart rate changes) are also mentioned after
stimulation of the cingulate cortex (70, 71) and orbito-frontal
cortex (72). Several data support the pivotal role of the insula in
this central autonomic network, sometimes with contradictory
experimental results. In animals, stimulation of rat posterior
insula (58, 73) and primate antero-ventral insula (74, 75) have
induced heart rate changes. In humans, Oppenheimer et al. (59)
were the first to report heart rate changes after 70 intraoperative
stimulations of the insula in five patients. Bradycardia was
observed more frequently after stimulations of the left insula,
whereas tachycardia was more often elicited after stimulation
of the right insular cortex. More recently, Chouchou et al.
(76) confirmed the role of insula in regulation of cardiac
activity, based on responses to direct electrical stimulation
performed during stereo-electro-encephalography. Out of 100
insular stimulations, almost 50% induced a modification of heart
rate. Insular representation of tachycardia was more posterior
than that of bradycardia and both types of cardiac responses
were equally represented in right and left insula. Tachycardiac
responses were underpinned by sympathetic reactivity, and
bradycardia by parasympathetic control.

Likewise, Catenoix et al. (77) reported an insular seizure with
ictal asystole. The electrode implanted in the left posterior long
gyrus showed a high frequency discharge starting 2 s before
asystole, underlying the possibility of a proper role of insula
in some dysautonomic seizures. However, a recent SEEG study
exploring 37 temporal lobe seizures in 9 patients, showed that
tachycardia was concomitant to an increase in epileptic activity
in anterior hippocampus and amygdala, but was independent of
ictal insular activity (17), suggesting that insula implication is not
necessary to evoke cardiac changes.
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Sympathetic or parasympathetic ictal changes could so result
from direct activation by epileptic discharge of the central
autonomic network (78), whose activation by the discharge
would modify the activity of the autonomic nervous system
during the seizure. In addition, like the data which show a
progressive alteration of the brainstem structures involved in
respiratory control (79), it could be possible that the repetition
of the seizures could modify the subcortical nuclei in charge of
vegetative regulation. Thus, the repetitive stimulation of central
autonomic network by epileptic discharges may lead to chronic
dysfunction of the autonomic nervous system leading at least in
part to interictal disorders.

Genetic Background
Several ion channel genes whose mutations are involved in
cardiac arrhythmias are also expressed in the brain. For example,
the SCN5A gene, whose mutation is associated with long QT
syndrome, is also expressed in the brain and is associated with
epilepsy (80). Some cardiac events, including sudden deaths, may
therefore be linked to genetic risk factors common to epilepsy
and cardiac arrhythmias.

A growing body of evidence points to a genetic susceptibility
to cardiorespiratory and autonomic dysfunction in epilepsy. In
an analysis of the entire exome sequencing of 61 SUDEP cases,
mutations known to cause long QT syndrome were found in
7% of cases and an additional 15% had candidate variants in
potentially predisposing genes to malignant cardiac arrhythmias
(81). Similarly, the effect of the SCN1A mutation on heart
function may partly explain the increased risk of mortality in
Dravet syndrome (82–84).

Roles of Epilepsy Treatments
Several anti-seizure drugs have been associated with conduction
abnormalities or arrhythmias. This has been particularly
reported with sodium channel blockers (2), including risk of
atrioventricular block with carbamazepine (85), sinus pause
and hypotension with rapid administration of phenytoin (86)
or atrioventricular block or atrial fibrillation with lacosamide
(87–89). However, no formal relationship has been established
between these drug-related adverse events and ictal arrhythmias
(2). Importantly, a pooled analysis did not find a significant
association between the treatments and an increased risk of
SUDEP when adjusting the frequency of generalized tonic-clonic
seizures (90).

The effect of vagus nerve stimulation (VNS) on autonomic
function remains uncertain. Heart changes associated with VNS
are rare. Few cases of VNS-induced bradycardia have been
reported. In addition, data on the alterations in parasympathetic
tone of the cardiovascular system induced by VNS are
contradictory (91).

Finally, while the data concerning the relationship between
some antiepileptic treatments, in particular enzyme inducers, and
the destabilization of lipid metabolism are numerous (92), the
real impact of these modulations on the risk of atherosclerosis
and a fortiori on the risk of the occurrence of cardiovascular
events remain debated (93–95). In a study based on an insurance
registry from several states in the United States, the risk of

having a stroke with enzyme inducer antiepileptics compared
to other treatments was 1.22 (0.90–1.65) (94). A large British
study used the GPRD database and studied 252,407 patients
over the age of 18 who received antiepileptic therapy between
1990 and 2013 (95). Among them, 5,069 strokes (ischemic
or hemorrhagic) and 3,636 myocardial infarctions have been
reported. The use of enzyme-inducing therapy was not associated
with a significant increase in the risk of stroke, including ischemic
stroke. In contrast, the use of an inducer formore than 24months
was associated with a significantly increased risk of myocardial
infarction [1.46 (1.15–1.85)] (95). Nevertheless, translated into
annual risk, this difference remained very low, with a difference
in risk of occurrence of 1.39 / 1,000 patients per year (0.33–2.45).

POTENTIAL RELATIONS WITH
PATHOPHYSIOLOGY OF SUDEP

Epilepsy-related cardiac dysfunction may be associated with
increased risk of premature mortality, because of a relation either
with the risk of SUDEP or with the risk of heart diseases. As
discussed in details by Verrier et al. the issue of long-term risk
of heart diseases might be predominant in terms of incidence
and should deserve a specific attention (13). This risk might be
primarily related to the direct effects of seizures on the heart,
the genetic background and/or the long-term adverse events of
antiseizure drugs (13). In contrast, the exact relation between
these cardiac symptoms and the risk of SUDEP remains to
be clarified.

The data suggesting that the ictal cardiac dysfunction plays
a key leading role in the initiation of the cascade of events that
lead to SUDEP are limited. As discussed above, the possibility
that the main event is a serious heart rhythm disorder seems
unlikely or may represent a minority of SUDEP (5, 27). Although
severe bradycardia, transient asystole or an episode of ventricular
tachycardia was observed in all monitored SUDEP in the
MORTEMUS study, these events followed chronologically the
apnea (33). Even in Dravet syndrome, in which it is possible
that the channelopathy also has a cardiac effect, available data
are conflicting. In some rodent model of Dravet Syndrome,
altered cardiac electrical function contributed to susceptibility
to arrhythmogenesis and SUDEP (82). However, in others,
asystole was shown to be also triggered by postictal respiratory
dysfunction, possibly by a direct effect of hypoxemia on heart
muscle (96).

Accordingly, an important aspect might be the interrelations
between the central regulation of respiratory function and the
one of neurovegetative functions, including the central regulation
of cardiac rhythm. Brain areas involved in these regulations
are highly connected to each other, both at the cortical level
and in the brainstem, and each of them is partly regulated
by the other. Brain regions involved in the regulation of the
arterial pressure as well as in breathing control thus overlap with
the Central Autonomic Network involved in the regulation of
heart rhythm, both at the cortical level and in the brainstem.
Direct electrical cortical stimulation of the subcallosal neocortex
resulted in consistent decreases in systolic blood pressure (97).

Frontiers in Neurology | www.frontiersin.org 5 March 2021 | Volume 12 | Article 64264558

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Mazzola and Rheims Cardiac Manifestations in Epilepsy

The latter was interpreted as a reduction in sympathetic drive,
resulting in a reduction in cardiac output (97). Similarly, direct
electrical cortical stimulation of several areas of the Central
Autonomic Network reliably induces apnea. This has mostly
been reported in the amygdala or the hippocampus (98–100)
but also in the cingulate and orbitofrontal cortex (101). In
addition direct electrical stimulation of the perisylvian cortex
can result in significant decrease of SpO2 (102). In this context,
it might be speculated that acute disorganization of these
cortical regions by an epileptic discharge might precipitate
simultaneous alterations of the cortical drive of respiration,
cardiac rhythm, and arterial pressure. Some clues obtained
during seizures might be in favor of this hypothesis. It has thus
been shown that ictal autonomic dysfunction is correlated with
seizure-related respiratory dysfunction in temporal lobe seizures,
with prolonged impairment of parasympathetic tone associated
with postictal hypoxemia (54). In generalized convulsive
seizures, there is a close relationship between post-ictal severe
respiratory dysfunction and post-ictal conduction or rhythm
cardiac disorders (32, 33). In this seizure type, which is the
main risk factor of SUDEP (103), the cortical dysfunction
of neurovegetative regulation and breathing control, might be
reinforced by the dysfunction of brainstem control, resulting
from the spreading depolarization in the brainstem. In a
rodent model of SUDEP, pharmacological-induction in the
brainstem of electroencephalographic suppression resulted in
apnea, bradycardia, and asystole, similar to the events seen in
monitored SUDEP (104). Furthermore, respiratory regulation
following a seizure is modulated by norepinephrine pathway
(105). In patients, the occurrence and/or severity of post-
ictal EEG suppression is associated with post-ictal respiratory
dysfunction (106) as well as with both sympathetic activation and
parasympathetic suppression (53).

Despite these preliminary data, the hypothesis of a leading
role of post-ictal central neurovegetative breakdown in the
SUDEP requires additional evidence. In addition, the exact
relationship between these potential peri-ictal alterations of
the Central Autonomic Network, long-term alterations of
respiration and long-term alteration of cardiac regulation,
especially HRV, remains an open question. Whether or not
the risk of severe of post-ictal neurovegetative breakdown, and
eventually SUDEP, might be higher in patients with combined
alterations of respiratory and cardiac controls is unknown.
Better understanding how these issues interact with each other
and if they share pathophysiological mechanisms might be of
key importance for unraveling SUDEP biomarker with greater
predictive value than those currently available (7), a critical aspect
in the perspective of SUDEP prevention (107).

IMPLICATIONS IN CLINICAL PRACTICE

Diagnostic and Management of
Epilepsy-Related Cardiac Disorders
Identification of interictal cardiac changes should allow the
prevention, early detection, and possible treatment of cardiac
co-morbidities. It could also guide the choice of anti-seizures

drugs according to the patient profile, in order to avoid the
appearance or worsening of arrhythmia or cardiac conduction
disorders. An EKG should therefore be performed in all patient
with newly-diagnosed epilepsy, especially to exclude long-QT
syndrome, but it should then be reprocessed regularly in the
follow up. Some studies have suggested the interest of prolonged
routine EKG recordings (108).

Similarly, identification of patients with severe ictal heart rate
changes is important. Although ictal asystole are typically self-
limiting events, they can expose to severe injuries. Considering
the risk of seizure-related traumatisms and the risk of recurrence,
aggressive treatment, including pacemaker implantation, should
be discussed if seizure freedom cannot be achieved (28). Because
active management of antiseizure drugs might reduce the risk of
SUDEP (109), whether or not identification of post-ictal cardiac
arrythmias after generalized convulsive seizure (32) should be
taken into account in therapeutic decision is an open question.

Seizure Detection Devices
Over the past 10 years, there has been a growing interest in the
potential applications of mobile health technologies for seizure
detection, with the objective of faster caregivers’ intervention
and decreased risk of seizure-related injuries. Basically, three
physiological variables can be used for non-EEG based seizure
detection: detection of body movements, eye movements, and
seizure-related modification of vegetative functions, including
the cardiac rhythm (110). While detection of generalized tonic-
clonic seizures has shown promising results with utilization
either alone or in combination of accelerometers, automatic
video detection, surface EMG, and bed alarms (8, 111), these
approaches are much less sensitive for focal seizures. In contrast,
the main approach consists in detection of seizure-induced
autonomic changes, especially cardiac rhythm changes. While
first studies showed disappointing results with high rate of false-
alarm, recent data were more encouraging. In a recent study
using a wearable EKG device, the overall sensitivity was low at
54% but raised to 90.5% for non-convulsive seizures in the 53.5%
of patients in whom more than 66% of seizures were detected
(112). An ictal change in HR of more than 50 bpm (increase or
decrease) predicted responders with a predictive positive value of
87% (95% CI 69.9–95.4%) and a negative predictive value of 90%
(95% CI 70.4–97.2%) (112).

Beyond detecting ictal tachycardia to alert caregivers about
the occurrence of a seizure, an additional question will be how
these devices can be used to detect post-ictal arrythmia and/or
asystole. Such approach might be used to alert patients family
or the rescue services of a severe post-ictal arrythmia with high
risk of immediate SUDEP, especially in patients with frequent
nocturnal convulsive seizures and who sleep alone (113).

CONCLUSION

Much progress has been made in recent years in the
characterization of ictal and interictal cardiac manifestations
in epilepsy. Although their pathophysiology remains debated,
improving knowledge could lead us to improve the care of
our patients. Their identification should allow the prevention
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and possible treatment of cardiac co-morbidities, and also
guide the choice of anti-epileptic treatments, in order to
prevent the appearance or worsening of conduction or rhythm
cardiac disorders. In addition, monitoring EKG and HRV,
which are biomarkers easy to record and measure, could
allow the development of increasingly precise non-invasive
seizure detection tools for monitoring and possibly for the
early treatment of seizures. However, a key remains to
better understand the exact relation between these cardiac

manifestations and the risk of SUDEP. Further studies are
required to decipher the respective role of centrally-control
ictal changes, long-term dysregulation and direct effects on the
heart function.
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Purpose: Asymmetric cerebral representation of autonomic function could help to

stratify cardiac complications in people with epilepsy, as some seizures are associated

with potentially deleterious arrhythmias including bradycardia and atrioventricular (AV)

conduction block. We investigated seizure-related changes in AV conduction and

ascertained whether these alterations depend on the hemisphere in mesial temporal lobe

epilepsy (mTLE).

Methods: EEG and ECG data of people with pharmacoresistant mTLE undergoing

pre-surgical video-EEG telemetry with seizures independently arising from both

hippocampi, as determined by intracranial depths electrodes were reviewed. RR and PR

intervals were measured using one-lead ECG. Statistics were done with paired student’s

t-tests and linear regression analysis. Data are given as mean ± SD.

Results: Fifty-six seizures of 14 patients (5 men, age 34.7 ± 9.8 years) were

included (2 seizures per hemisphere and patient). There were no differences of absolute

PR intervals and HR before and during unilateral ictal activity between left- and

right-sided hippocampal seizures. Peri-ictal modulation of AV conduction, however,

appeared greater with left-sided seizures, as the slope of the PR/HR correlations was

significantly steeper with seizures originating in the left hippocampus. PR lengthening

>200ms or full block did not occur in any seizure.

Conclusions: Our data show that on average, PR intervals shortens with mesial

temporal lobe seizures with more prominent effects in seizures with left-sided onset,

supporting the notion of lateralized cerebral control of cardiac function. The clinical

relevance of this subtle finding is unclear but may indicate a lateralized susceptibility

to seizure-related AV node dysfunction in mTLE.

Keywords: atrioventricular conduction, mesial temporal lobe epilepsy, cardiac arrhythmia, pre-surgical evaluation,

video-EEG monitoring, intracranial depth electrodes

INTRODUCTION

Given the intricate overlap of regions involved in the central autonomic nervous system (CAN)
and networks that generate or maintain epileptic activity, seizures are frequently accompanied by
alterations of cardiac properties and heart activity (1, 2). These changes are mostly benign and may
be used to detect and count epileptic seizures using wearable devices (3). Potentially lethal cardiac
arrhythmias such as ventricular tachycardia or sustained asystole are rare and contribute to the
elevated risk of premature mortality and sudden cardiac death in people with epilepsy (2, 4).
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Previous studies have predominantly reported increases and
decreases of sinus node activity with subsequent changes in
heart rate (HR) as well as lengthening or shortening of cardiac
repolarization and QT intervals in association with seizures
(4, 5). Whilst ictal bradyarrhythmias and asystole occur rarely
and almost exclusively in temporal lobe seizures spreading
to the contralateral hemisphere, ictal increases of HR is a
frequent phenomenon in temporal and frontal lobe epilepsies of
both hemispheres (2). In focal seizures of patients with mesial
temporal lobe epilepsy (mTLE), however, QT intervals were
lengthened to a greater extent and more often beyond abnormal
limits during seizures originating in the left hippocampus,
indicating that cerebral control of cardiac repolarization may be
asymmetrically represented (6). Little is known about seizure-
related alterations of atrioventricular (AV) conduction. In all
twelve cases with ictal AV block reported so far, seizures
emanated from the left hemisphere (mostly from the temporal
lobe), suggesting that delay or inhibition AV conduction is
preferentially controlled by CAN networks of the left hemisphere
(2, 7). However, direct investigations of changes of PR-Intervals
related to seizure activity and hemisphere are lacking so far.

In view of these observations, we hypothesized that seizure-
related modulation of AV conduction depends on the side of
ictal activity. Such an asymmetric representation of AV node
control may serve as lateralizing hint during assessment of
seizure-onset zone, but may also help to identify people at an
elevated risk for ictal AV block and asystole. In the present study,
we investigated seizure-related changes in AV conduction in
patients withmedically refractory bilateral mTLEwho underwent
intracranial video-EEG telemetry for pre-surgical diagnostics.

MATERIALS AND METHODS

This study is a retrospective audit of EEG and ECG data recorded
during standard clinical procedures and was approved as such
by the local medical ethics committee (Ethikkommission an der
Medizinischen Fakultät der Rheinischen Friedrich-Wilhelms-
Universität Bonn, No. 352/12). Patient data of a 12-year period
(2000–2011) collected at our tertiary epilepsy center (Department
of Epileptology, University Hospital Bonn) were reviewed. All
patients suffered from pharmacoresistant mTLE and underwent
pre-surgical video-EEG telemetry, with seizures arising from
both hippocampi, as assessed by intracranial EEG recordings
with depth electrodes. Patients with known cardiac diseases
were excluded.

A total of 205 patients with bilateral hippocampal electrodes
was eligible. Of these, 32 patients displayed hippocampal
seizures with onsets from both hemispheres and 14 patients
showed at least two seizures from each hippocampus and
had EEG- and ECG-recordings of sufficient quality (especially
regarding readability of PR intervals) to be included in the final
analysis (Figure 1, Table 1). Two seizures originating from each
hippocampus per patient were visually analyzed. If more than
two seizures per hemisphere occurred, the two seizures with the
greatest HR changes were chosen. All analyzed seizures showed
a clear unilateral start. Twelve patients had one 10-contacts

FIGURE 1 | Implantation scheme and flowchart of patient selection.

Placement of intracranial depth electrodes for most patients (A). Selection and

inclusion of patients (B).

hippocampal depth electrode per side stereotactically implanted
via a posterior approach (Adtech R©, Racine, WI, USA), 1 patient
had four 5-contacts depth electrodes implanted from lateral
into each hemisphere, covering the amygdala, the hippocampus,
the entorhinal cortex and the parahippocampal gyrus. The
remaining patient had two 5-contacts electrodes on each side
(amygdala and hippocampus), implanted from a lateral approach
(Figure 2). Electrode position was confirmed via MRI after
implantation. The presurgical assessment included cerebral MRI
(1.5 or 3 Tesla), scalp EEG (10–20 system with additional
electrodes) and neuropsychological testing, prior to invasive
video-EEG telemetry. The EEG data were recorded with a video-
synchronized digital system (Stellate Harmonie, Version 5.4,
Schwarzer GmbH/Natus, Germany), using up to 128 channels,
a 200Hz sampling rate and a 16-bit digital converter. Band pass
filter was applied below 0.016 and above 70Hz. Seizure onset was
defined by the occurrence of ictal EEG pattern. The ECG tracing
was recorded simultaneously to the iEEG registration via I-lead
ECG, with one electrode placed below each clavicle.

RR and PR intervals were manually determined at different
timepoints (preictal: 1min before EEG seizure-onset, early ictal:
within the first seconds of seizure activity and late ictal: at the
end of the unilateral course of the seizure, before spread to the
contralateral side or seizure termination). The respective values
of RR and PR interval were calculated as a mean of 2–3 successive
ECG intervals. After calculating HR values from RR intervals,
statistical analyses were performed to compare preictal and ictal
data of seizures originating from the left and right hippocampus
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TABLE 1 | Clinical features of patients included in this study.

Patient no. Sex Agea/epilepsy

durationb/

handedness

MRI finding Surgery Intracranial electrodes FUc/OCd

1 M 32/32/R HS B No HC: 1 depth electrode (10 c.) on each side

ExHC: None

n.a.

2 M 28/23/L HS L SAHE L HC: 1 depth electrode (10 c.) on each side

ExHC: 1 temporo-lateral (16 c.) and 2 temporo-basal (4 c.)

strip electrodes on each side

48/I

3 F 24/4/R HS B No HC: 1 depth electrode (10 c.) on each side

ExHC: 1 temporo-lateral (4 c.) and 2 temporo-basal (4 c.) strip

electrodes on each side

n.a.

4 F 55/33/R HS B SAHE R HC: 1 depth electrode (10 c.) on each side

ExHC: 1 temporo-lateral (6 c.) and 2 temporo-basal (4 c.) strip

electrodes on each side

53/II

5 M 45/39/L None No HC: 1 depth electrode (10 c.) on each side

ExHC: 1 temporo-lateral (4 c.) and 2 temporo-basal (4 c.) strip

electrodes on each side

n.a.

6 F 47/7/R HS B No HC: 1 depth electrode (10 c.) on each side

ExHipp: None

n.a.

7 F 46/33/R HS R SAHE R HC: 1 depth electrode (10 c.) on each side

ExHC: 1 temporo-lateral (6 c.) and 2 temporo-basal (4 c.) strip

electrodes on each side

18/II

8 M 22/15/L None SAHE L HC: 1 depth electrode (10 c.) on each side

ExHC: 2 temporo-basal (4 c.) strip electrodes on each side, 1

temporo-lateral strip electrode (6 c.) on right side and 1 grid

electrode (32 c.) on left side covering Wernicke’s area

24/I

9 F 35/30/R HS B No HC: 1 depth electrode (10 c.) on each side

ExHC: None

n.a.

10 F 31/30/R HS B AHE, TL-resection L HC: 1 depth electrode (10 c.) on each side

ExHC: None

No FU

11 F 34/14/R HS B No HC: 1 depth electrode (10 c.) on each side

ExHC: None

n.a.

12 F 28/25/L HS R No HC: 2 depth electrodes (8 c.) on each side

ExHC: 2 temporo-basal (4 c.) strip electrodes on each side

n.a.

13 F 31/29/R HS B No HC: 1 depth electrode (10 c.) on each side

ExHC: 1 temporo-lateral (6 c.) and 2 temporo-basal (4 c.) strip

electrodes on each side

n.a.

14 M 28/15/R HS L No HC: 5 depths electrodes (10 c.) on each side (implanted from

lateral).

ExHC: 2 frontal strip electrodes (8 c.) on each side

n.a.

aAt telemetry [Y], b [Y], cFollow Up [m], dOutcome [Engel Classification]. B, bilateral; c, electrode contacts; ExHC, extrahippocampal; HC, hippocampal; HS, hippocampal sclerosis; L,

left; n.a., not applicable; R, right; SAHE, selective amygdala-hippocampectomy; TL, temporal lobe.

using paired student’s t-tests. Furthermore, a bivariate linear
regression of HR and PR intervals for right and left-sided seizures
was performed. Resulting correlations were considered as a
measure of peri-ictal modulation of AV conduction. Analyses and
graphs were generated using GraphPad Prism 4 (San Diego, CA
92108, USA). The data underlying the study are available from
the corresponding author on reasonable request.

RESULTS

Recordings of 56 seizures (2 seizures per hemisphere and patient)
in 14 patients with refractory mTLE (5 men, age 34.7± 9.8 years,
epilepsy duration 23.5± 10.7 years) were analyzed. Hippocampal
sclerosis was found in 12 patients (bilateral in 8 cases), 2 patients
had no apparent lesions (Table 1).

Changes of HR were observed during all seizures (Figure 2A).
In 64.3% of the seizures HR increases alone occurred, whereas
HR increase followed by HR decrease, HR decrease alone, or HR
decrease followed byHR increase were observed in 12.5, 12.5, and
10.7%, respectively. Overall, there were statistically significant
increases of HR in left (pre-ictal 84 ± 15 bpm, late ictal 107 ±

21 bpm, t =−7.34, df= 27, p < 0.001) and right-sided (pre-ictal
83 ± 13 bpm, late ictal 102 ± 18 bpm, t = −6.48, df = 27, p <

0.001) hippocampal seizures.
At the level of individual patients, PR intervals during seizures

were consistently shortened (in all 2 seizures per hemisphere
and patient) in right-hippocampal seizures of 4 patients and
left-hippocampal seizures of 3 patients. Consistent lengthening
of PR intervals was found in right-hippocampal seizures of 5
patients and left-hippocampal seizures of 4 patients. Consistent
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FIGURE 2 | Modulation of PR intervals is greater with left-hippocampal seizures. Heart rate before (left bars) and during (right bars) unilateral hippocampal seizures

(A). PR interval before (left bars) and during (right bars) unilateral hippocampal seizures (B). PR interval/HR correlations and slopes (inset) (C). A total of 56 seizures

(black bars, left-sided seizures; gray bars, right-sided seizures) of 14 patients was included. ***p < 0.001.

shortening of PR intervals of all seizures of both sides was not
observed in any patients, whereas consistent lengthening of PR
intervals in all 4 seizures was seen in 1 patient.

At the group level (pooled data), there were no significant
differences between left- and right-sided hippocampal seizures
regarding absolute PR intervals and HR before (PR intervals: left
146 ± 20ms, right 146 ± 24ms, t = −0.13, df = 54, p = 0.894;
HR: left 84 ± 15 bpm, right 83 ± 13 bpm, t = 0.07, df = 54, p
= 0.947) as well as during early (PR intervals: left 143 ± 24ms,
right 146± 25ms, t=−0.40, df= 54, p= 0.689; HR: left 93± 23

bpm, right 92± 14 bpm, t = 0.31, df= 54, p= 0.756) or late (PR
intervals: left 138± 27ms, right 141± 25ms, t =−0.43, df= 54,
p= 0.669; HR: left 107± 21 bpm, right 102± 18 bpm, t= 0.90, df
= 54, p= 0.373) unilateral seizure activity (Figure 2B). Peri-ictal
modulation of AV conduction, however, appeared greater during
left-sided seizures, as the negative correlation between HR and
PR intervals was significantly different than that of right-sided
seizures (left:−0.38 ± 0.11 ms/bpm, r2 = 0.14; right: −0.23 ±

0.17 bpm, r2 = 0.02; t = 6.98, df= 97, p < 0.0001; Figure 2C).

DISCUSSION

In this retrospective clinical study, peri-ictal PR intervals and
HR were assessed in patients with pharmacoresistant bilateral
mTLE. Importantly, these patients were bilaterally implanted
and at least two seizures per side were registered, allowing a
comparison between left-and right-hippocampal seizure-related
changes of PR intervals, and minimizing the effects of inter- and
intra-individual variability. Moreover, the simultaneous iEEG-
ECG recording provides optimal ECG resolution regarding time
and localization of seizure onsets. While this investigation of
seizure and hemisphere related changes of PR-Intervals follows
an original approach, it does not come without limitations.
Firstly, several other regions involved in the CAN such as the
insular cortex, hypothalamus, thalamus and cingulate gyrus were
not covered by intracranial EEG electrodes, so that spreading of
ictal activity could not be recorded and excluded (8). Secondly,

all patients had bilateral mTLE and mostly in association with
structurally altered hippocampal tissue, which may modify
the contribution of the affected hippocampi to the regulation
of autonomic function. Whether our findings apply also to
other patient groups remains thus to be elucidated. Thirdly, a
systematic electrical stimulation of the implanted electrodes and
analysis of ECG alterations was not done, which could have
complemented and strengthened our subtle findings.

As expected, all seizures were associated with alterations of
HR, mainly chronotropic changes with tachycardia, or mixed
patterns, supporting the notion of the hippocampus as an
important element within the CAN. Overall, the absolute changes
of HR and PR intervals were similar in seizures originating from
the left and right hippocampus. Previous studies in apparently
healthy subjects revealed an inverse correlation between PR
intervals and HR, i.e., PR intervals shorten with increasing HR
(9). Intriguingly, when considering the correlation between PR
intervals and HR in our patients, PR interval shortening was
significantly greater during left-hippocampal seizures, although
absolute PR intervals and PR interval changes were within
normal limits (4, 9). This subtle finding is unlikely to have a
clinical meaning, but may reflect a lateralized representation
of the CAN with the left hemisphere being more important
in the control of AV conduction. This assumption is also
underscored by the finding that AV blocks were exclusively
reported with left-sided seizures (although this effect is opposite
to the enhanced shortening of PR intervals per HR observed
in this study) (2, 7). In-vivo experiments in rodents and
neuroimaging studies in humans provide structural correlates
that link the left mesial temporal lobe to the control of cardiac
properties. At the brain stem level, the nucleus ambiguus and
raphe nuclei are involved in the modulation of AV conduction
(10–12) which, in turn, are connected to structures of the
medial temporal lobe (particularly to the subiculum, amygdala,
entorhinal cortex, and hippocampus) via the lateral forebrain
bundle (1). Ameta-analysis of neuroimaging data has highlighted
the contribution of the left amygdala to central processing of
autonomic function (13), which may explain our finding of a
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greater impact of left-sided mesial temporal lobe seizures on PR
interval shortening.

In conclusion, left-hippocampal seizures appear to be linked
to greater changes in cardiac repolarization and AV conduction
(6). These alterations are subtle, but underscore the notion of
asymmetric lateralization of cortical heart control, which in turn
may reflect an elevated risk of disturbed AV conduction in people
with left mTLE.
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Rationale: Currently, there is some ambiguity over the role of postictal generalized

electro-encephalographic suppression (PGES) as a biomarker in sudden unexpected

death in epilepsy (SUDEP). Visual analysis of PGES, known to be subjective, may

account for this. In this study, we set out to perform an analysis of PGES presence and

duration using a validated signal processing tool, specifically to examine the association

between PGES and seizure features previously reported to be associated with visually

analyzed PGES.

Methods: This is a prospective, multicenter epilepsy monitoring study of autonomic and

breathing biomarkers of SUDEP in adult patients with intractable epilepsy. We studied

videoelectroencephalogram (vEEG) recordings of generalized convulsive seizures (GCS)

in a cohort of patients in whom respiratory and vEEG recording were carried out during

the evaluation in the epilepsy monitoring unit. A validated automated EEG suppression

detection tool was used to determine presence and duration of PGES.

Results: We studied 148 GCS in 87 patients. PGES occurred in 106/148

(71.6%) seizures in 70/87 (80.5%) of patients. PGES mean duration was 38.7

± 23.7 (37; 1–169) seconds. Presence of tonic phase during GCS, including

decerebration, decortication and hemi-decerebration, were 8.29 (CI 2.6–26.39,

p = 0.0003), 7.17 (CI 1.29–39.76, p = 0.02), and 4.77 (CI 1.25–18.20,

p = 0.02) times more likely to have PGES, respectively. In addition, presence of

decerebration (p = 0.004) and decortication (p = 0.02), older age (p = 0.009),

and hypoxemia duration (p = 0.03) were associated with longer PGES durations.
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Conclusions: In this study, we confirmed observations made with visual analysis, that

presence of tonic phase during GCS, longer hypoxemia, and older age are reliably

associated with PGES. We found that of the different types of tonic phase posturing,

decerebration has the strongest association with PGES, followed by decortication,

followed by hemi-decerebration. This suggests that these factors are likely indicative of

seizure severity and may or may not be associated with SUDEP. An automated signal

processing tool enables objective metrics, and may resolve apparent ambiguities in the

role of PGES in SUDEP and seizure severity studies.

Keywords: PGES, generalized convulsive seizure, epilepsy, SUDEP, mortality, post-ictal generalized EEG

suppression, sudden unexpected death in epilepsy

INTRODUCTION

Sudden unexpected death in epilepsy (SUDEP) incidence ranges
from 1.1 to 5.9 per 1,000 patient-years in epilepsy clinic
populations to 6.3–9.3 per 1,000 patients with intractable
epilepsy, posing a significant public health problem (1). Risk
factors that increase risk include ≥3 generalized convulsive
seizure (GCS) per year, younger age of onset of epilepsy and
longer duration of epilepsy (2–4). In a case-control study
(5), duration of postictal generalized electroencephalographic
suppression (PGES) was significantly longer in patients who
later died of SUDEP; duration >50 s was significantly associated
with a higher risk of SUDEP (5). All patients in the Mortality
in Epilepsy Monitoring Units Study (MORTEMUS) had PGES
in the agonal seizure (6). However, a case control study of
patients who later died of SUDEP did not find PGES predictive
(7). Although several observations have been made on factors
associated with PGES, seizure severity, and potential SUDEP risk,
almost all of have been made with visual analysis of PGES, which
we now know to be subjective and perhaps unreliable. This may
explain apparent ambiguity over the role of PGES in SUDEP (8–
10). In this study, we set out to perform an analysis of PGES
presence and duration using a validated signal processing tool
(11), specifically to examine the association between PGES and
seizure features previously reported to be associated with visually
analyzed PGES.

METHODS

All patients were prospectively consented participants in the
National Institute of Neurological Disorders and Stroke (NINDS)
Center for SUDEP Research’s (CSR) Autonomic and Imaging
Biomarkers of SUDEP multicenter project (U01-NS090407) and
its preliminary phase, the Prevention and Risk Identification of
SUDEP Mortality (PRISM) project (P20NS076965). We studied
video-electroencephalogram (vEEG) recordings of GCS in a
cohort of patients who underwent long-term monitoring in
the epilepsy monitoring unit (EMU). Generalized convulsive
seizures (GCS) included generalized tonic-clonic seizures, focal
to bilateral tonic-clonic seizures, and focal-onset motor bilateral
clonic seizures (12).

The cohort included a total of 87 patients who had 148
GCS, in whom inductance plethysmography (abdominal and

thoracic belts) and vEEG recording were carried out during
the evaluation in EMU. EEGs were recorded on Nihon Kohden
EEG acquisition software with a 1,000Hz sampling rate using
conventional bipolar and common average referenced 10–
20 montages. Chest and abdominal excursions were recorded
using inductance plethysmography (Ambu, Ballerup, Denmark).
Peripheral capillary oxygen saturation (SpO2) and heart rate
(HR) were monitored using pulse oximetry (NellcorOxiMax N-
600x, Covidien, Minneapolis, MN, USA). The cardiopulmonary
data were time-synchronized with the EEG data.

A validated automated EEG suppression detection tool (11)
was used to determine presence and duration of PGES and
supplemented by two-experienced clinical epileptologists (SL and
NL) who reviewed the EEG records with differences resolved by
consensus when the tool gave no solution.

Collection of Variables
The following data were collected and analyzed: Age on
admission and at epilepsy onset, gender, body mass index (BMI),
duration of epilepsy, previous epilepsy surgery and number of
GCS in the preceding 12 months (classified as ≥3 and <3),
seizure semiological presentation and duration, body position
at seizure end before nursing intervention (supine, prone,
lateral, sitting, or undetermined), state prior to seizure onset
(awake/sleep and sleep state [N1, N2, N3, and R]).

Tonic phase was defined as tonicity in both arms,
further classified into decerebration (both upper limbs
straight symmetric), decortication (both upper limbs flexed
symmetrically) or hemi-decerebration (tonic extension of one
arm with flexion of contralateral arm without progression
to decortication or decerebration). Postictal generalized
electroencephalographic suppression (PGES), postictal burst
suppression and EEG recovery in the post-convulsive period
were identified. The EEG signal-processing algorithm was
trained to recognize PGES as in previous studies (5, 13): an
immediate postictal (within 30 s after GCS) generalized absence
of electroencephalographic activity >10 µV in amplitude, lasting
at minimum 1 s. Duration of PGES referred to the time interval
from PGES onset to the appearance of burst suppression or
continuous slowing. Burst Suppression (BS) was defined as
generalized, intermittent slowing during the post-convulsive
period, alternating with PGES. Combined PGES and burst
suppression made up the EEG recovery duration.
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TABLE 1 | Seizure-specific demographic, clinical characteristics and MRI

neuroimaging details.

Total

(n = 148)

PGES

(n = 106)

No PGES

(n = 42)

Demographics N N N

Gender Male 67 49 18

Female 81 57 24

Age at admission (mean),

years

37.37 38.12 36.02

Age at epilepsy onset

(mean), years

19.71 19.56 16.64

BMI 28.99 29.62 27.38

History

Duration of epilepsy (mean),

years

17.54 17.58 16.69

Previous epilepsy surgery 16 8 8

Frequency of GCS in the

previous year

<3 33 22 11

≥3 100 72 28

Epileptogenic zone

Temporal 37 34 3

Frontal 23 15 8

Parietal 1 1 0

Occipital 1 1 0

Multifocal 23 13 10

Generalized 28 23 5

Lateralized 20 11 9

Bitemporal 12 5 7

Unknown 3 3 0

Lateralization of seizure

onset

Left 49 36 13

Right 33 26 7

Generalized 28 23 5

Bilateral 35 18 17

State at seizure onset Awake 72 53 19

Sleep 73 53 20

Sleep stage at seizure

onset

R 1 1 0

N1 22 14 8

N2 49 38 11

N3 1 0 1

Neuroimaging findings

on MRI

Negative 90 59 13

Positive

Tumor 10 7 3

Encephalomalacia 8 7 1

Hippocampal asymmetry 6 5 1

Vascular malformation 4 3 2

Temporal horn asymmetry 4 2 2

Mesial temporal sclerosis 2 0 2

Malformation of cortical

development

6 6 0

Temporal horn asymmetry 4 2 2

(Continued)

TABLE 1 | Continued

Total

(n = 148)

PGES

(n = 106)

No PGES

(n = 42)

Unavailable 18 17 1

AED

Number of AED on

admission (mean)

2 1.88 2.31

No AED 1 1 0

One 38 33 5

Two 75 54 21

Three 28 14 14

Four 6 4 2

AED changes before GTCS

Tapering 69 40 29

Withdrawal 70 61 9

Increase 2 1 1

No change 7 4 3

Early nursing

interventions

O2

administration

84 59 25

Oral suction 62 49 13

EEG, electroencephalogram; PGES, postictal generalized EEG suppression; GCS,

generalized clonic seizure; BMI, body mass index; AED, antiepileptic drugs; R, REM.

Localization of the putative epileptogenic zone was defined
based on clinical history, seizure semiology, neuroimaging, and
EEG. High-resolution magnetic resonance imaging (MRI) or
computed tomography (CT) results were collected (Table 1).
The number of antiepileptic drugs (AED) on admission and
changes of AED before the recorded GCS (tapering, withdrawal,
increase or no change) were recorded. Early nursing intervention
was defined as oxygen administration or oral suctioning
applied during the seizure or within 5 s of seizure termination.
Respiratory data included peripheral arterial oxygen saturation
(SpO2) at preictal baseline, GCS onset, SpO2 nadir, duration
of hypoxemia (<90%, from GCS onset to 3min postictal),
and presence of central apnea (pre-GCS or post-GCS) were
collected using respiratory inductance plethysmography and
finger pulse oximetry. Central apnea was defined as ≥1 missed
breaths without any other explanation (i.e., speech, movement,
or intervention). In some cases whose respiratory data were
missing, review of the video to assess respiratory effort helped in
differentiating obstructive from central apnea.

Statistical Analysis
Descriptive statistics were provided for seizure-specific
demographic and clinical variables (Table 1). Generalized
estimating equation (GEE) method was used to model the
presence of PGES or PGES duration on different demographic
and clinical variables. Variables with a p < 0.1 were employed
in the multivariate models. For the binary variable presence of
PGES, a binary distribution and a logit link were specified in GEE
and odds ratios, 95% confidence intervals, and p-values were
reported (Table 3). For the continuous variable PGES duration,
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TABLE 2 | Seizure-specific electroclinical features and cardiorespiratory data of

the patients.

Total

(n = 148)

PGES

(n = 106)

No PGES

(n = 42)

Seizure semiology

Duration of generalized

seizure (mean), s

49.22 47.35 51.88

Duration of tonic phase

(mean), s

8.74 8.38 10.2

Duration of clonic phase

(mean), s

34.97 33.12 38.12

Tonic phase semiology

Hemi-

decerebration

13 13 0

Decerebration 66 59 7

Decortication 29 21 8

No tonic 40 13 27

Body position (at seizure

end)

Supine 98 73 25

Prone 4 1 3

Lateral 41 27 14

Sitting 1 1 0

Undermined 4 4 0

EEG

PGES duration (mean), s 38.73

Burst suppression 62 56 6

EEG recovery (mean), s 83.44 82.07 92.14

Respiratory data

SpO2 at baseline (mean), % 95.46 94.35 95.55

SpO2 at GCS onset

(mean),%

92.55 93.1 90.68

SpO2 nadir (mean), % 59.64 57.07 67.22

Duration of hypoxemia

(mean), s

130.82 132.34 126.33

Central apnea

Ictal 49 36 13

Postictal 31 27 4

Values are given as numbers of GCS unless otherwise indicated.

EEG, electroencephalogram; PGES, postictal generalized EEG suppression; GCS,

generalized clonic seizure; SpO2, peripheral capillary oxygen saturation.

covariate coefficient estimates, standard error, and corresponding
p-values from GEE method were provided (Table 4). P < 0.05 in
the final models were considered significant. All analyses were
performed in SAS 9.4 (Cary, NC).

RESULTS

Data from 148 GCS in 87 patients were collected. These
patients were previously reported in a paper studying breathing
changes as biomarkers of SUDEP (13). Details of seizure-specific
demographics, clinical characteristics and MRI neuroimaging
details are presented in Table 1. Seizure-specific electroclinical
seizure features and cardiorespiratory data are shown in Table 2.

TABLE 3 | Multivariate analysis of electroclinical seizure features and

cardiorespiratory data with PGES presence.

OR Confidence

interval

P-value

Tonic phase semiology Decerebration 8.29 2.60–26.39 0.0003

Decortication 4.77 1.25–18.20 0.02

Hemi-

decerebration

7.17 1.29–39.76 0.02

No tonic – – –

Lateralization of seizure

onset

Right 0.90 0.23–3.51 0.88

Generalized 0.93 0.17–5.21 0.93

Bilateral 0.40 0.12–1.32 0.13

Left – – –

Post-convulsive central

apnea (PCCA)

Yes 1.32 0.44-3.98 0.62

No – – –

BMI 1.04 0.97–1.11 0.24

Bold value indicates the statistically significant (p< 0.05).

TABLE 4 | Multivariate analysis of electroclinical seizure features and

cardiorespiratory data with PGES duration.

Estimate SE p-value

Tonic phase semiology Decerebration 34.97 12.15 0.004

Decortication 23.85 10.41 0.02

Hemi-

decerebration

17.29 12.70 0.17

No tonic – – –

Position at GCS end Supine/Sitting 12.21 5.92 0.039

Lateral – – –

Age 0.77 0.29 0.009

GCS Onset O2 −0.42 0.34 0.22

Hypoxemia duration 0.10 0.04 0.03

State Sleep −13.54 4.21 0.001

Awake – – –

BMI 0.07 0.25 0.77

GCS, generalized convulsive seizure; BMI, body mass index. Bold value indicates the

statistically significant (p< 0.05).

Mean age on admission was 37.4 ± 14.1 (34; 18–77) years
and at epilepsy onset was 19.7 ± 16.06 (16–67) years. Epilepsy
duration was 17.5 ± 12.2 (15; 0.08–45) years, with 65% more
than 10 years. Mean body mass index was 28.7± 6.6 kg/m2 (28.1;
15.1–45.8 kg/m2). Twenty-six patients had <3 GCS in the last
year and 52 had ≥3. Frequency of GCS was unknown in nine
patients. Sixteen (10.8%) had previous epilepsy surgery. Ninety
(60.8%) of the seizures were recorded from 50 patients who had
negative neuroimaging (details seen in Table 1).

Seizures were of temporal onset in 37(25%), generalized
in 28(18.9%), frontal in 23(15.5%), multifocal in 23(15.5%),
lateralized but not localized in 20 (13.5%), bitemporal in
12(8.1%), occipital in one (0.7%), and parietal in one (0.7%).
Seizure onset could not be localized or lateralized in the
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remaining three seizures. Seizure onset was left in 49 (33.1%),
right in 33 (22.3%), bilateral in 35 (23.6%), and generalized in
28 (18.9%). The remaining three were undetermined. At the time
of the recorded seizure, patients were on three or more AEDs in
23% seizures, on two in 50.7%, on one in 25.7%, and 0.7% on no
AEDs. Oral suctioning was used in 62/148 (41.89%) seizures and
oxygen administration on 84/148 (56.76%).

Tonic semiology was seen in 108/148 (72.9%) seizures, with
decerebration in 66/148 (44.6%), decortication in 29/148 (19.6%),
and hemi-decerebration in 13/148 (8.8%) (Table 2) The mean
duration of tonic phase was 8.7 (8.50, 1–23) seconds (s). The
mean duration of the clonic phase was 34.9 (32–110) seconds and
of the entire GCS, 49.22 (48, 5–126) seconds, Table 2.

Seventy-two seizures occurred during wakefulness, 73 during
sleep, and the remaining three (in one patient) during postictal
stupor due to a seizure cluster. Out of 72 seizures that occurred
during wakefulness, 53 had PGES. Out of 73 seizures that
occurred during sleep, 52 had PGES. The duration of PGES in
seizures arising from awake state was 41.52 (2–169) seconds, and
35.83 (1–119) seconds when asleep. Supine posture was seen after
98/148 (66%) seizures with mean PGES duration of 38.89 (2–
169). Lateral posture was seen after 41/148 (28%) seizures with
mean PGES duration of 31.25 (23–36) seconds. Prone posture
was seen in 4/148 (28%) with mean PGES duration of 38.00
(28–42) seconds. Sitting posture was grouped with supine due to
the small number (one patient), and undetermined was excluded
from analysis (Table 2).

Mean baseline SpO2 was 95.46 ± 2.35 (96; 89–100)%. The
SpO2 nadir mean was 59.64 ± 14.10 (60; 22–87)%. In 33%
(49/148) seizures, central apnea occurred before GCS (ictal
central apnea, ICA) and in 21% (31/148), apnea occurred
postictally (post-convulsive central apnea, PCCA) (Table 2).

PGES (Postictal Generalized EEG
Suppression)
PGES occurred in 106/148 (71.6%) seizures and 70/87 (80.5%)
patients (57 female). Mean duration was 38.7 ± 23.7 (37; 1–
169) seconds (s). PGES duration≥50 s occurred in 18% (19/106).
EEG recovery duration was 83.4 + 119.2 (54; 1–1,091) seconds.
In univariate analysis, we found that older age was associated
with longer PGES duration (p = 0.03) and higher BMI was
associated with the presence of PGES (p = 0.04). Gender, age
at epilepsy onset, epilepsy duration, previous epilepsy surgery,
and the number of GCS within 12 months prior to admission
were not associated with PGES. Epileptogenic zone and imaging
abnormalities were not associated with occurrence or duration
of PGES. During EMUmonitoring, most patients had changes in
AEDs (tapering: 46.6%, withdrawal: 47.3%).The number of AEDs
at admission or changes before recorded GCS were not correlated
with PGES presence or duration. Similarly, presence or duration
of PGES were not associated with early nursing intervention
(oxygen administration or oral suctioning).

In univariate analysis, presence of decerebration (p < 0.01),
decortication (p = 0.01), and hemidecerebration (p < 0.0001)
during tonic phase were all associated with PGES presence.
In addition, decerebration was associated with longer PGES

duration (p = 0.009). Duration of GCS, tonic or clonic phase
were not associated with PGES incidence (p = 0.39; p = 0.54;
p= 0.26, respectively) or PGES duration (p= 0.46; p= 0.37; p=
0.35). Sleep (p= 0.1) and lateral posture (p= 0.04) were inversely
correlated to duration of PGES. Severe hypoxemia (SpO2 <75%)
was associated with PGES presence (p = 0.007) and duration
(p = 0.003); hypoxemia duration in turn was associated with
PGES duration (p = 0.03). For central apnea, there was no
association with occurrence of ICA or PCCA and PGES.

In multivariate analysis, presence of decerebration,
decortication and hemi-decerebration during the tonic phase,
were 8.29 (CI 2.6–26.39, p < 0.001), 7.17 (CI 1.29–39.76, p =

0.02), and 4.77 (CI 1.25–18.20, p = 0.02) times more likely to
have PGES, respectively, compared to absence of tonic phase
(Table 3). In addition, decerebration presence (p = 0.004),
decortication presence (p = 0.02), older age (p = 0.009), and
hypoxemia duration (p = 0.03) were associated with longer
PGES durations. Sleep state (as opposed to awake) was associated
with shorter PGES duration (p= 0.001; Tables 3, 4).

DISCUSSIONS

We confirmed, using an objective method for analysis of
PGES, that several variables indicated by visual analysis were
indeed associated with this phenomenon. PGES is a common
phenomenon following GCS, with an incidence of 72%, and has
an average duration of 38.7 s. PGES occurrence is associated with
presence of a tonic phase during GCS and presence of severe
hypoxemia. In addition, longer durations of tonic phase and
hypoxemia, older age and postictal supine and sitting position
(compared to lateral) are associated with longer PGES duration.

Reports of PGES incidences are variable, ranging from 29
to 74% after GCS (5, 7–10, 14–17). Variability may be due to
observer subjectivity, heterogeneous patient populations, and
different criteria for diagnosis (7, 18). Differences in visual
analysis may be significant; we now know this to be subjective and
perhaps unreliable. Our results (72%) indicate PGES to be reliably
common. Average PGES duration in our study was 38.7 s. This is
roughly concordant with previous studies where PGES duration
ranged from 33 to 53 s (8, 10, 17), with a median of 28 s (8). Only
18% of GCS had PGES duration longer than >50 s, suggesting
prolonged obtundation is usually infrequent. Prolonged PGES
has been suggested as a SUDEP risk factor (5) and associated with
more severe postictal coma (17), although other studies have not
confirmed this relationship (7, 8). One study found that patients
who died of SUDEP had significantly shorter PGES duration
compared to living controls (19). In our prospective cohort, two
near SUDEP cases occurred (13), with PGES lasting 169 and 75 s,
respectively, although no conclusions can be drawn from this
observation alone. Analysis of the overall CSR study (of which
this report is a part) is currently under way.

We found that presence of tonic phase is associated with
both appearance and longer duration of PGES confirming studies
based on visual analysis on tonic phase presence (9, 10, 16,
17, 20) and tonic phase duration (9). Different types of tonic
phase posturing had varying impact, such that decerebration had
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the strongest association, followed by decortication, followed by
hemi-decerebration. We found that lateral posture (compared
to supine) at seizure end is inversely correlated with PGES
duration, suggesting briefer obtundation. Although SUDEP cases
are more likely to be found in a prone position (21, 22), we
could not assess possible associations due to the limited number
of prone individuals [4/148 (2.7%)] in our cohort. Sleep state at
seizure onset was inversely associated with PGES duration. This
is in contrast to other studies that have noted direct association
between sleep and increased PGES (8, 10, 23), although others
have not (19, 20, 24). Deep sleep before seizure onset, including
REM (R) and N3 sleep only occurred in one patient each,
and hence the relationship between sleep state and PGES is
unresolved here.

In our study, we found that older age at admission was
correlated with longer PGES. This is consistent with previous
studies (25, 26), but not with others (8–10). We did not
find any association between temporal lobe seizure onsets and
occurrence of PGES, concordant with some studies (8, 10), but
not with others (7, 17) Consistent with all previous studies,
we found no association between PGES and GCS frequency,
total duration of GCS, gender, epilepsy duration or presence
of MRI abnormalities (8–10, 15, 24, 27). AED reduction has
been said to increase risk of PGES five-fold (8). Our results
suggest that AED reduction did not influence PGES, consistent
with a previous study (16), although this lack or relationship
may reflect a very small number who did not have medications
decreased. Early periictal nursing intervention (14) and O2

administration (10) are reportedly been associated with reduced
PGES duration. Other studies found intervention, including early
O2 mask administration to have no effect (19, 20, 28), consistent
with our current findings. However, hypoxemia duration was
associated with PGES duration, reflecting the finding that O2

administration was local EMU protocol driven (regardless of
hypoxemia extent) rather than governed by the extent of
hypoxemia encountered. This interpretation is in line with ictally
triggered severe hypoxemia and hypercapnia previously observed
with PGES (14, 15, 29, 30).

One of the main limitations of our study is that the results are
largely confirmatory of prior results achieved by visual analysis,
and lacks of novel findings. However, the reproducibility of the
results may be an indicator that the automated PGES tool is
reliable for research studies in order to eliminate the inter-rater
variability in PGES assessment in a time-sparing manner.

CONCLUSIONS

In this study, with a custom signal-processing tool for PGES
analysis, we confirmed observations made with visual analysis,
that presence of a tonic phase during GCS, longer hypoxemia,

older age and postictal supine or sitting position (compared to
lateral) are reliably associated with PGES. The findings suggest
that these factors are likely indicative of seizure severity and
may or may not be associated with SUDEP. We found that of
the different types of tonic phase posturing, decerebration has
the strongest association with PGES, followed by decortication,
followed by hemi-decerebration. Part of the variability in the
literature could result from heterogeneous patient populations,
different research methodologies, anti-epileptic medications, or
seizure frequency. However, use of visual analysis of PGES
detection and quantification, likely plays a part. An automated
signal-processing tool enables objective metrics, and may resolve
apparent ambiguities in the role of PGES in SUDEP and seizure
severity studies.
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Objective: To characterize regional brain metabolic differences in patients at high risk

of sudden unexpected death in epilepsy (SUDEP), using fluorine-18-fluorodeoxyglucose

positron emission tomography (18FDG-PET).

Methods: We studied patients with refractory focal epilepsy at high (n = 56) and low

(n = 69) risk of SUDEP who underwent interictal 18FDG-PET as part of their pre-surgical

evaluation. Binary SUDEP risk was ascertained by thresholding frequency of focal to

bilateral tonic-clonic seizures (FBTCS). A whole brain analysis was employed to explore

regional differences in interictal metabolic patterns. We contrasted these findings with

regional brain metabolism more directly related to frequency of FBTCS.

Results: Regions associatedwith cardiorespiratory and somatomotor regulation differed

in interictal metabolism. In patients at relatively high risk of SUDEP, fluorodeoxyglucose

(FDG) uptake was increased in the basal ganglia, ventral diencephalon, midbrain, pons,

and deep cerebellar nuclei; uptake was decreased in the left planum temporale. These

patterns were distinct from the effect of FBTCS frequency, where increasing frequency

was associated with decreased uptake in bilateral medial superior frontal gyri, extending

into the left dorsal anterior cingulate cortex.

Significance: Regions critical to cardiorespiratory and somatomotor regulation and to

recovery from vital challenges show altered interictal metabolic activity in patients with

frequent FBTCS considered to be at relatively high-risk of SUDEP, and shed light on the

processes that may predispose patients to SUDEP.

Keywords: SUDEP, positron emission tomography, central autonomic regulation, cardiorespiratory regulation,

epilepsy, bilateral tonic-clonic seizure
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INTRODUCTION

Sudden unexpected death in epilepsy (SUDEP) is the most
common cause of premature death in people with epilepsy, and
is second only to stroke as a neurological cause of years of life lost
in the general population (1). Patients with medically-refractory
epilepsy and convulsive seizures are at particularly high risk (2).

The underlying mechanisms of SUDEP are unclear, but a
landmark study of physiological changes immediately prior
to SUDEP identified a consistent pattern of cardiorespiratory
collapse: a bilateral tonic-clonic seizure is followed by a
short, variable period of normal cardiovascular and respiratory
patterning, and then a combination of central apnoea and
bradycardia, ultimately evolving to asystole (3). The absence
of intrinsic cardiac pathology or lung disease in these patients
points to a failure of central regulatory processes controlling
these vital functions, and there is likely overlap with brain areas
implicated in other conditions associated with sudden death,
such as congenital central hypoventilation syndrome (CCHS) (4),
sudden infant death syndrome (5), and heart failure (6).

Biomarkers for SUDEP risk are urgently needed. Sudden
unexpected death in epilepsy is a tragic outcome in epilepsy,
but sudden death remains sufficiently rare that it is difficult to
conduct prospective mechanistic studies in this population. One
option is to use a surrogate marker of risk to stratify patients,
but no validated risk prediction tools exist. Several SUDEP risk
factors have been identified, with frequent convulsive seizures,
anti-seizure polytherapy, and increased duration of epilepsy
emerging as the strongest predictors (7). However, two risk
assessment inventories, the SUDEP-7 (8) and the International
League Against Epilepsy (ILAE) combined analysis score (9), fail
to distinguish between individuals dying with SUDEP and living
patient controls with epilepsy. A recently validated probabilistic
prediction score seems promising but is clinically-based and not
designed to provide mechanistic insight (10).

Patients who have died of SUDEP demonstrate changes
in brain volumes within regions that are key for regulating
breathing and cardiovascular functions (11, 12). In these patients,
loss of gray matter in both medial and lateral cerebellum,
periaqueductal gray (PAG), left medial and posterior thalamus,

left hippocampus, and posterior cingulate was demonstrated
using retrospective analysis of existent MRI scans. These volume
losses are significant, but less marked in patients at high risk
of SUDEP, as defined by three or more generalized tonic-clonic
seizures (GTCS) per year, and were absent in those patients
without GTCS. Gray matter volumes in limbic areas and a
subcallosal region (BA25) were increased in patients with high
risk and those who died of SUDEP (11, 12). Moreover, functional
connectivity between brain sites that regulate breathing and
cardiovascular control (including thalamus, brainstem, anterior
cingulate, putamen, amygdala, medial/orbitofrontal cortex,
insula, hippocampus, caudate, and subcallosal cortex) are affected
in patients at high risk of SUDEP (13, 14). We reasoned
that interictal metabolic changes within those regions would
provide distinct and complementary information about the
neurobiological processes mediating SUDEP risk. We therefore
analyzed fluorine-18-fluorodeoxyglucose (18FDG) uptake in

patients at high and low risk of SUDEP, and sought to
identify regions that demonstrate metabolic differences between
these groups.

METHODS

Study Design and Patient Selection
We enrolled 135 patients aged >18 years with medically
refractory focal epilepsy who were being evaluated in the video
telemetry unit at the National Hospital for Neurology and
Neurosurgery, London, UK, and who had undergone fluorine-
18-fluorodeoxyglucose positron emission tomography (18FDG-
PET) scans as part of their pre-surgical workup. Patients
were excluded if original PET data could not be retrieved, if
there were significant structural abnormalities seen on MRI,
or if there were missing demographic or clinical data critical
to the analyses. Patients enrolled between April 2015 and
December 2018 provided written informed consent to participate
in a prospective study evaluating autonomic, respiratory, and
imaging biomarkers of SUDEP. This study was approved by the
relevant ethics committees (14/SW/0021 and 19/SW/0071 South
West-Central Bristol Ethics Committee).

Frequency of GTCS has emerged as the single most-important
risk factor for SUDEP, and the largest increase in risk occurs
with three or more of these seizures per year (7). We therefore
chose to classify our patients using a binary SUDEP risk score,
according to focal to bilateral tonic-clonic seizures (FBTCS)
frequency in our group of patients with intractable focal epilepsy
undergoing PET for pre-surgical evaluation ≥3 FBTCS per year
“high risk,” n = 56) vs. zero FBTCS per year “low risk,” n
= 69)]. In our previous studies, this approach distinguished
>80% of SUDEP cases (11). The screening led to the exclusion
of 10 patients at intermediate risk. We used this cutoff as a
conservativemarker of SUDEP risk, as having≥3 FBTCS per year
confers the highest risk of SUDEP. Sudden Unexpected Death
in Epilepsy is a GTCS-related event (3, 15), and therefore the
low risk group was restricted to those with zero FBTCS in the
previous year.

All clinical data used for risk assessment and/or as
covariates were extracted from multidisciplinary team meeting
notes via chart review, and from a local database capturing
autonomic, respiratory, and imaging biomarkers of SUDEP.
Mann-Whitney-U and Chi-squared tests were used to compare
demographic, clinical, and PET signal characteristics across
the high- and low-risk groups, implemented in MATLAB
2018b (Mathworks).

PET Acquisition Parameters
Patients were asked to fast for a minimum of six hours prior
to scanning. All scans were acquired at the Institute of Nuclear
Medicine, University College London Hospitals, on either a
Discovery VCT (140 kV, 80mA, 0.8 s) or Discovery 710 PET/CT
(120 kV, 170mA, 0.8 s) (GE Healthcare). Patients were injected
with a target activity of 250 MBq and an uptake time of 30–
45min. Scans were acquired for 15min per bed (slice thickness:
3.27mm) and reconstructed (3 iterations, 20 subsets, post-
filtering: Hanning, 4mm). Time-of-flight imaging was used for
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those scans acquired on the GE Discovery 710. Reconstructed
images were exported as DICOM files, and converted to NifTi
format for further pre-processing.

Image Processing and
Statistics—Voxel-Wise Analysis
Images were processed and analyzed using SPM12 (Wellcome
Center for Human Neuroimaging) implemented in MATLAB
2018b (Mathworks). Details of our adapted voxel-based
morphometry methodology (16) have previously been published
(17). Individual PET scans were non-linearly normalized to an
FDG-PET template in ICBM/MNI space that has been validated
in a dementia cohort in the presence of brain atrophy (18, 19).
Image intensity was modulated during normalization to account
for non-linear spatial warping during modulation. Normalized
images were resliced to 3mm isotropic voxels.

We were primarily interested in the gray matter signal; thus,
a binary optimal-threshold mask was created to include only
consistently high-intensity voxels in the spatially-normalized
scans. Compared to the standard SPMmethod for creating binary
masks, this strategy minimizes the risk of excluding regions with
very low intensity that may bear some physiological relevance,
particularly in the context of brain atrophy (20). This mask was
then applied to all spatially-normalized 18FDG-PET images. As
the final step prior to statistical analysis, images were smoothed
with a 6mm FWHMGaussian filter.

Several scanning and patient factors can introduce between-
subject signal variation in 18FDG-PET images, many of which
have no physiological bearing. These factors include the
individual pharmacodynamics of the 18FDG levels, and the
timing and dosage of 18FDG relative to the imaging acquisition.
To account for these variations, we estimated the background
18FDG-PET signal per scan for later use in our statistical
models, using voxel intensities extracted from high-intensity
areas, ventricular compartment, and white matter compartment.
High-intensity activity was indexed as the summed intensities of
all raw 18FDG-PET counts within the optimal-threshold mask,
ventricular and white matter activity as the summed intensities
of the voxels falling within the CSF and white matter tissue
compartments, respectively (based on the Neuromorphometrics
atlas included with SPM).

Statistical parametric mapping was used to explore whole
brain differences in 18FDG uptake between the groups (21, 22).
Sudden Unexpected Death in Epilepsy risk (the binary covariate
of interest) was entered as an independent variable into a
general linear model, with additional covariates to control for
confounding including age, sex, and weight, and total high-
intensity activity, white matter activity and CSF intensity. A
planned t-test was used to estimate the effect of SUDEP risk,
the effect of interest. In keeping with standard methodology, the
resultant map of t-statistics was first thresholded at a cluster-
forming threshold of p < 0.001. Then, the cluster-level threshold
for statistical significance was set at p < 0.05 after family-wise
error correction for multiple comparisons across all brain voxels.
Figures were thresholded at p < 0.001 uncorrected, with a cluster
extent threshold of k= 110 voxels to aid visualization.

TABLE 1 | Group characteristics of patients with high and low SUDEP risk.

Low risk

(n = 69)

High risk

(n = 56)

p

Age, years, median, IQR 33.2, 23.5–41.1 31.1, 26.3–37.5 0.51a

Sex, M:F 35:34 33:23 0.36b

Weight, kg, median, IQR 75.0, 65.0–89.2 78.5, 67.5–95.5 0.27a

Height, m, median, IQR 1.70, 1.63–1.80 1.73, 1.64–1.81 0.36a

Epilepsy duration, years,

median, IQR

17.5, 12.0–26.6 16.9, 9.8–25.2 0.50a

Number of AEDs, median,

IQR

3, 2–3 3, 2–3 0.39a

Frequency of FBTCS (per

year), median, IQR

0, 0 24, 12–52 –

Frequency of all seizure

types (per year), median,

IQR

208.0,

78.0–527.8

243.0,

116.5–525.0

0.50a

MRI lesion, yes:no 16:53 14:42 0.81b

PET results

(normal/temporal/other)

21:39:9 10:30:16 0.06b

IQR, interquartile range.
a Mann-Whitney-U.
b Pearson chi-square.

Image Analysis—Role of FBTCS Frequency
Given that our binary SUDEP risk score was based on FBTCS
frequency threshold, we explored whether regional differences in
18FDGuptake weremore directly related to convulsion frequency
rather than our surrogate score for SUDEP risk. This analysis
was undertaken within the 63 participants who had at least
one FBTCS in the previous year. FBTCS frequency was log10-
transformed to obtain a normal distribution and entered into
a general linear model with similar additional confounding
covariates as the primary SUDEP risk analysis. The effect of
interest, FBTCS frequency, was estimated with a planned t-test,
and statistical thresholds were set as previously described.

RESULTS

Patient Characteristics
High- and low-risk SUDEP groups did not differ significantly for
age, sex, weight, height, duration of epilepsy, number of anti-
epileptic drugs, epilepsy duration, frequency of all seizure types,
presence of MRI lesions, or final nuclear medicine impression
of the PET scans (Table 1). Measures used to estimate the
background signal of the PET scans did not significantly differ
between the two risk groups (Table 2).

Altered Glucose Uptake in High vs. Low
SUDEP Risk Subjects
Whole-brain analysis demonstrated that high FBTCS burden—
and therefore high SUDEP risk—was associated with a large
cluster of increased FDG uptake that included the right
cerebellar deep nuclei, cerebellar vermis, pontine tegmentum,
dorsal midbrain/PAG, bilateral ventral diencephalon, bilateral
thalamus, bilateral pallidum, left putamen, and left claustrum
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TABLE 2 | Estimates of background PET signal.

Low risk

(n = 69)

High Risk

(n = 56)

p

Sum of high intensity voxel

intensities (median, IQR, × 108)

7.18, 5.72–8.63 6.95, 5.99–8.35 0.53a

Sum of ventricular compartment

voxel intensities (median, IQR,

× 106)

6.10, 4.93–7.93 5.99, 4.69–7.23 0.53a

Sum of white matter

compartment voxel intensities

(median, IQR, × 108)

1.89, 1.52–2.33 1.83, 1.57–2.18 0.49a

IQR, interquartile range.
a Mann-Whitney-U.

(Figure 1, depicted in orange). These high-risk subjects also
showed a cluster of decreased activity in the left planum
temporale (Figure 1, depicted in blue).

Effect of Frequency of FBTCS
A whole-brain regression analysis evaluating the effect of
frequency of FBTCS on 18FDG uptake found that increasing
frequency of FBTCS was associated with a cluster of decreased
FDG-uptake in the bilateral medial superior frontal gyrus, with
extension including dorsal aspects of the left anterior cingulate
gyrus (Figure 2, depicted in blue).

DISCUSSION

Overview
Our principal finding is that multiple brain regions known
to be involved in cardiovascular, breathing, and aspects of
somatomotor regulation show altered metabolism in patients
with a relatively high frequency of FBTCS. These patients are
known to be at relatively high risk of SUDEP. Increasedmetabolic
activity appeared in the basal ganglia, ventral diencephalon,
midbrain, pontine tegmentum, and deep cerebellar structures,
as detailed below. To be sure, these regions subserve a vast
array of functions. However, the functions that they have
in common are related to regulation of cardiorespiratory
function, including autonomic regulation, motor initiation and
coordination, respiratory timing, integration of hypoxia and
hypercarbia with breathing patterns, adrenergic regulation,
modulation of awareness, interactions of breathing with
blood pressure, and dampening of apnoea and blood
pressure extremes. Decreased metabolism appeared in the left
planum temporale.

To establish at the overlap between our results and known
autonomic regions, we queried the online Neurosynth database
(https://neurosynth.org/analyses/terms/autonomic, acquired
May 16, 2021). An automated meta-analysis of human functional
neuroimaging studies (23), yielded a map of activations
more likely to appear in publications referencing the term
“autonomic” than those not referencing this term. The
resulting map demonstrates activations in nine of the twelve
regions identified in the present study—including the right
cerebellum, cerebellar vermis, pontine tegmentum, dorsal

midbrain/PAG, bilateral ventral diencephalon, left thalamus,
left putamen, and left claustrum—and suggests that these
regions are consistently implicated in studies of autonomic
function. That these regions demonstrate altered metabolism
in patients with a high frequency of FBTCS represents
an important addition to our understanding of interictal
metabolism in patients at the highest risk of SUDEP, which
is likely a consequence of centrally-mediated autonomic and
cardiorespiratory collapse.

Volume vs. Metabolic Changes
In previous work, we demonstrated that patients who have died
of SUDEP demonstrate decreased gray matter volumes in the
posterior thalami, medial and lateral cerebellum, and PAG—
regions known to be critical for cardiorespiratory recovery (11,
12). Patients at high-risk of SUDEP—as ascertained by FBTCS
frequency—also showed volume loss in the cerebellum and
thalamic regions, although to a lesser degree. Disturbance or
loss of neuronal elements is typically associated with regional
hypometabolism, and in the presence of atrophy, there may
be an additional element of artifactual hypometabolism due
to partial volume effects (24, 25). At first glance, it may
appear surprising that these regions are associated with increased
FDG-uptake in patients at high risk of SUDEP assessed
in this study. However, hypermetabolism has been seen in
other conditions marked by loss or dysfunction of neurons.
A critical distinction is that glucose uptake does not reflect
only neuronal metabolism—under normal circumstances, half
of the glucose leaving capillaries is taken up by astrocytes
(26). Under neurodegenerative conditions, regional astrocyte
and neuroinflammatory cell metabolism may result in areas
of relative hypermetabolism (27, 28). In an FDG-PET study
of 32 patients with ALS, hypermetabolism appeared in the
midbrain and pons, regions in which neurodegeneration of
corticospinal neurons is present (29). Subcortical and cerebellar
regions of hypermetabolism in a patient with ALS were
shown to worsen over 20 months (30), changes that were
associated with either an increase, decrease, or no change
in cortical thickness, suggesting that atrophy and metabolism
need not be coupled. In the present study, areas of increased
metabolism may well co-localize with atrophy, and may
indicate underlying gliosis and neuronal loss or ongoing
inflammatory responses.

Alternatively, the co-occurrence of atrophy and
hypermetabolism may suggest an upregulation of neuronal
activity. In patients with Alzheimer’s disease, a mismatch
develops between atrophy and blood flow, with atrophy-
corrected cerebral blood flow increased to the hippocampus
compared to healthy controls (31). Whether such upregulation
may occur in the hypermetabolic regions identified here is not
known at this time.

Finally, normalizing PET data to the global mean can result
in an artifactual appearance of hypermetabolism in subcortical
structures (32). However, in this study, we have not used global
normalization, and while the sums of high intensity voxels were
included as a covariate, these sums do not differ between the high
and low risk groups (Table 2). Furthermore, there is no a priori
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FIGURE 1 | Whole brain SPM results, high vs. low SUDEP risk. Displayed at peak height threshold T > 3.2 (p < 0.001 uncorrected), with an extent threshold k = 110

voxels. Clusters smoothed for display purposes. Covariates included age, sex, weight, and summed intensities of high intensity voxels, ventricular voxels, and white

matter voxels. Regions of increased FDG-uptake in patients at high risk of SUDEP are depicted in orange, and regions of decreased FDG-uptake are depicted in blue.

reason to assume that patients at higher risk of SUDEP have lower
global mean glucose uptake.

Increased FDG Uptake in Regions Involved
in Autonomic Control
Increased FDG uptake within the left putamen, bilateral
pallidum, bilateral thalamus, bilateral ventral diencephalon,
and left claustrum may reflect a pathological disturbance that
contributes to disrupted autonomic functions, i.e., a profound
hypotension or altered sympathetic or parasympathetic drive to
the heart, placing patients at risk for SUDEP. The basal ganglia
patterns are of principal concern because of their significant
roles in autonomic control, and especially blood pressure
maintenance (33, 34). The posterior thalamus demonstrates
deficient responses to hypoxia in patients with CCHS (35), is

especially important for control of hypoxic responses during
early development (36, 37), and shows increased metabolic
activity up to 2 weeks following prolonged hypoxia (38). This
region exhibits decreased volume and diminished functional
connectivity with brain stem structures in patients at high risk
of SUDEP (12, 13), which raises the possibility that it may fail to
respond appropriately to hypoxia in this risk group.

The dorsal striatum helps to modulate blood pressure
changes (33) and motor program initiation, where “motor
program” includes coordination of the upper airwaymusculature
with the diaphragm. The putamen, in particular, participates
in initiation of motor action, and demonstrates profound
abnormalities in patients with obstructive sleep apnoea, which
may contribute to the failure to activate upper airway muscles
in a timely fashion before diaphragmatic descent, leading to
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FIGURE 2 | Whole brain SPM results, regression of frequency of FBTCS

against FDG-uptake. Displayed at peak height threshold T > 3.2 (p < 0.001

uncorrected), with an extent threshold k = 110 voxels. Clusters smoothed for

display purposes. Covariates included age, sex, weight, and summed

intensities of high intensity voxels, ventricular voxels, and white matter voxels.

Regions of where increasing frequency of FBTCS predicts decreased

FDG-uptake are depicted in blue.

airway obstruction in that syndrome (39). Decreased connectivity
occurs between the putamen and anterior cingulate cortex, i.e.,
motor control and autonomic areas in patients at high risk of
SUDEP (13), and central apnea respiratory muscle cessation
can be induced by blood pressure elevation (40). Changes in
putamen/cingulate cortex connectivity may contribute to failure
in those interactions.

The ventral diencephalon, which includes the hypothalamus,
ventral thalamus, subthalamus, and epithalamus, helps to govern
a range of autonomic functions including thermal regulation,
and both parasympathetic and sympathetic outflow. This region
is extensively damaged in CCHS, obstructive sleep apnoea, and
heart failure, all of which are associated with sudden death (41).
The ventral diencephalon receives direct inputs from limbic
cortical regions via the subiculum and may thus be modulated
by seizures (42). Whether the hypothalamus plays a direct
role in SUDEP is not yet known, but the structure exerts
profound influences on blood pressure; thus, baseline metabolic
or structural changes within that area are of concern.

The claustrum is an intriguing region with respect to epilepsy
and SUDEP. Situated between the insular cortices and the
putamen, the claustrum is involved in sensory integration and
consciousness. It has robust connections to almost all cortical
areas, as well as subcortical areas including the putamen, globus
pallidus, and lateral amygdala (43, 44). The claustrum integrates

and modulates widespread neuronal activity, and sustains very
focal damage in a subset of cases of refractory status epilepticus
(45). There is evidence that the claustrum is a common area
involved in ictal and interictal activity across focal epilepsies, and
patients with frequent seizures have reduced GABAa receptor
binding in this region, as measured by flumenazil-PET (46).With
respect to SUDEP risk, altered function of the claustrum may
modulate downstream regions involved in autonomic regulation.

A cluster of regions with increased metabolism in patients
with a high frequency of FBTCS extended from the midbrain,
caudally through the pontine tegmentum, and involved the
bilateral cerebellar vermis and right cerebellar deep nuclei.
These regions are heavily involved in autonomic and respiratory
regulation. Of great relevance for SUDEP, the cerebellar areas
serve a “last resort” role to dampen extremes of blood pressure
or recover from prolonged apnoea (47–49). Lesions within the
cerebellar deep nuclei, for example, will lead to an inability to
recover from profound hypotension (48), a significant concern
in SUDEP, with a loss of blood pressure in postictal periods
providing a circumstance for cardiovascular collapse. The PAG
serves critical roles in the control of breathing and the perception
of breathlessness (50), and demonstrates decreased volume in
patients who have died of SUDEP (11, 51). A recent study
demonstrated that when fluoxetine blocks respiratory arrest in an
animal model of SUDEP, significantly increased PAG activation
results (52), suggesting a potential role in recovery from apnoea.
The parabrachial nucleus of the pons, locus coeruleus, and dorsal
raphe nucleus are implicated in CO2-induced arousal (53), and
are damaged in CCHS, another condition with a high prevalence
of sudden death (41). These nuclei are also damaged in infants
who die of SIDS (5), again suggesting their potential importance
to the pathophysiology of SUDEP.

Cerebellar areas project heavily to vestibular and brainstem
areas which then integrate with autonomic and respiratory areas
of the brainstem. Cerebellar structures, and particularly the
vermis, provide essential integration for compensatory responses
to hypotension, and beat-to-beat maintenance of cardiovascular
homeostasis (54). The cerebellum also modulates breathing in
response to hypercapnia, particularly via the fastigial nuclei,
which project to pontomedullary nuclei and the posterior
thalamus, and cerebellar responses to hypercapnia are impaired
in patients with CCHS (35, 55). Cerebellar volume loss appears in
many patients with epilepsy, but is most marked in patients who
have died of SUDEP, even after controlling for anti-epileptic drug
exposure (11). Given this volume loss, the present results suggest
that, as noted above with respect to patients with ALS, patients at
increased risk of SUDEP may have active inflammation or gliosis
in these regions.

Decreased Interictal FDG Uptake in Left
Planum Temporale
A pronounced decline in FDG-uptake in the high FBTCS group
was present in the left planum temporale, a region that constitutes
part of Wernicke’s area, and is implicated in speech and language
processing (56). The relevance of these findings is unclear,
though regional interictal hypometabolism may reflect areas of
overlapping functional deficit zone in our patient group (57).
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FBTCS Frequency as a Proxy for SUDEP
Risk
Frequency of FBTCS is the strongest predictor of SUDEP.
However, the FDG-PET findings we have reported are directly
reflective of the interictal metabolic pattern associated with
a propensity to generate FBTCS, and represent an indirect
evaluation of SUDEP risk. In this study, two patients died of
SUDEP, and both were in the high risk group. As a tertiary
referral center engaged in epilepsy surgery evaluations, all of our
patients are likely at a higher risk than the general population
of people with epilepsy. There is likely a referral bias toward
patients with a higher seizure burden, greater number of anti-
seizure medications, and refractory epilepsy. Those undergoing
FDG-PET are more likely to have MRI-negative focal epilepsy.
However, with reference to Table 1, our groups do not differ in
terms of epilepsy duration, overall seizure frequency, or number
of anti-seizure medications. As such, we are confident that our
results reflect a difference between those patients with frequent
FBTCS vs. those with none.

It is difficult to disentangle the effects of FBTCS and SUDEP
risk. However, our additional regression analysis by FBTCS
frequency did not identify any overlapping significant clusters.
This finding suggests that the interictal metabolic patterns we
reported reflect a difference between patients with a propensity
to generate FBTCS and those without. If the effects were driven
entirely by the occurrence of FBTCS, we might expect to see the
same interictal patterns associated with a greater frequency of
FBTCS. This was not the case, which suggests that the metabolic
patterns for FBTCS frequency and SUDEP risk, as defined by
a propensity to produce FBTCS, may be distinct. This caveat,
however, can only be addressed fully if a well-calibrated risk score
were available.

We note that our high- and low-risk groups did not differ with
respect to number of AEDs or duration of epilepsy. These two
factors also emerged as important risk factors for SUDEP (7),
and might therefore be expected to differ between our groups.
However, this finding likely reflects the referral bias at our center
toward patients with drug-resistant epilepsy. Furthermore, the
adjusted OR for polytherapy (1.95) and duration of epilepsy
(1.95) are less marked than the adjusted OR for ≥3 FBTCS
(15.46) (7).

Risk classification could be improved by including
physiological data, such as presence of hypoxia, post-ictal
generalized EEG suppression, apnea, and/or heart rate variability.
It will also be important to attempt to replicate these findings in
patients who died of SUDEP relative to patients with epilepsy
deemed to be at low risk of SUDEP. These replications could be
done in a case-controlled retrospective manner, allowing for an
enriched sample.

CONCLUSIONS

High frequency of FBTCS is associated with hypermetabolism
in regions of the diencephalon, cerebellum, midbrain, and pons.
These findings suggest a possible association between SUDEP risk
and functional changes in brain regions that subserve a variety
of critical functions, including cardiorespiratory regulation.

Whether these alterations reflect compensatory changes or
damage is unknown. It is premature to speculate on the
processes underlying altered metabolism in these regions that
lead to increased SUDEP risk; it does appear, however, that
blood pressure regulation and breathing pattern sites, and
especially areas underlying recovery from vital challenges are
especially targeted.

There are precedents for using PET abnormalities as a
biomarker for future events (58). The remarkable metabolic
increases found in the basal ganglia, thalamus, brainstem,
and cerebellum raise the possibility that these alterations may
be useful to predict SUDEP. Considered within the context
of structural changes and functional connectivity alterations
determined by earlier MRI procedures, these findings shed light
on the processes that pre-dispose patients to SUDEP and suggest
targets for interventions to avoid neural conditions that lead to
fatal outcomes.
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