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ABSTRACT
Sudden unexpected death in epilepsy (SUDEP), an undesirable event with a relatively small prevalence, often 
unrecognized and underdiagnosed, is currently at the center of international medical and social events, with the 
specifi c purpose of awareness raising campaign. Although many general risk factors for SUDEP have been identi-
fi ed, the development of reliable patient-specifi c biomarkers is needed to provide more accurate risk prediction and 
personalized patient management strategies. The new different genes mutations described in animals and hu-
mans, make them valuable genomic biomarkers. In this paper the authors analyze aspects of SUDEP pathogen-
esis and diagnosis from the perspective of both the current molecular research and the new diagnostic criteria 
proposed by Nashef et al. in 2012. The authors conclude that in the genomic era we shall be able to optimize and 
individualize patient management, focusing in the same time on prevention.
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INTRODUCTION

Sudden Unexpected Death in Epilepsy (SUDEP) 
refers to death occurring in patients with epilepsy, 
without any known structural causes. The term un-
expected is preferred to unexplained because more 
molecular etiology may be discovered in the future. 
An increasing number of genes are linked to 
SUDEP in different studies, making them good 
candidates for the molecular diagnostic of this con-
dition and suggesting that the genomic biomarkers 

should be included in the new SUDEP diagnostic 
criteria.

Nashef et al. provided a unifi ed defi nition of 
SUDEP in 2012. When defi ning SUDEP, a series of 
specifi c conditions has been identifi ed, considering 
especially the circumstances of occurrence and di-
agnosis. The main features of the Defi nite SUDEP 
defi nition are: negative anatomopathologic exami-
nation, lack of underlying circumstances, with or 
without terminal seizures, excluding status epilep-
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ticus. However, because most SUDEP cases are un-
witnessed, it is diffi cult to determine the occurrence 
of seizures prior to death. The second category is 
referred to as Defi nite SUDEP plus, when comor-
bidity could infl uence death. The absence of post-
mortem examination would include this case in 
Probable SUDEP. Possible SUDEP describes vari-
ous circumstances, such as: a patient found dead in 
water – not submersed and not drowned – or a pa-
tient found dead with autopsy fi ndings of aspiration 
of gastric content. Near SUDEP characterizes sur-
vivors after cardiorespiratory arrest, or deaths with-
in days or weeks after resuscitation, without other 
causes of death identifi ed during the autopsy. The 
sixth category is Not SUDEP, which can be defi ned 
by: death after a fi rst assisted seizure, or with gas-
tric contents aspiration found at autopsy, death after 
5 days from resuscitation with extensive myocar-
dial infarction documented by autopsy, patient 
found with neck blocked between the bed rails with 
signs of strangulation or dead, submersed after 
swimming in water (1). The defi nition proposed by 
Nashef et al. requires good medical practice guide-
lines comprising concrete data on toxicological 
sampling and analysis, genetic and immunohisto-
chemical (IHC) tests and raising in the same time 
ethical and fi nancial issues. In the same time, this 
new defi nition and classifi cation does not mention 
the requirement of genetic analysis (1).

PREVALENCE

In a Danish study published in 2013, the authors 
found incidence prevalence of SUDEP of 41.1 per 
100,000 person-years. The study design (retrospec-
tive study, based on data collected from the patients’ 
records) suggests that the reported prevalence may 
have been underestimated (2). Despite these alarm-
ing epidemiological data, SUDEP is little known by 
physicians with patients suffering from epilepsy, as 
demonstrated by several studies. For example, only 
33% of Canadian pediatricians have some knowl-
edge of SUDEP and about half of those who care for 
children with epilepsy are familiar with the high risk 
of sudden death facing their patients. Most studies 
conclude that the risk factors for SUDEP are the fol-
lowing: generalized nocturnal seizures, early age of 
epilepsy onset, long evolution of the disease, alcohol 
and drugs consumption, combination of several 
AEDs, exposure to low temperature (3). 

PHYSIOPATHOLOGY

At present, the trigger factor for SUDEP is un-
known. It can be represented by respiratory dys-

functions that lower the oxygen saturation, by car-
diac arrhythmias as tachycardia or, more rarely, 
bradycardia leading to asystole, heart rate variabil-
ity or postictal suppression.

Medical information about SUDEP is diffi cult 
to obtain. Most of it is provided by caregivers, wit-
nesses, or monitoring data available when the pa-
tient dies in hospital units. According to a study 
published by Nashef et al., out of 26 patients with 
SUDEP, only 2 were assisted through death, and 
the retrospective analysis of the death circumstanc-
es showed that the majority died during or immedi-
ately after the seizure (4). According to Massey et 
al., the conditions frequently involved in SUDEP 
are apnea, hypoxemia, hypoventilation, pulmonary 
edema, and cardiac arrhythmias (5).

It seems that SUDEP could also be triggered by 
respiratory depression by 5-hydroxytryptamine 
system dysfunction (5-HT), which is incriminated 
in the pathogenesis of other types of sudden death 
as well, for example, Sudden Adult Death Syn-
drome (SADS) and Sudden Infant Death Syndrome 
(SIDS). This could also explain the depressive be-
havior of patients with refractory epilepsy.

The MORTEMUS retrospective study (MOR-
Tality in Epilepsy Monitoring Units Study) brings 
new data about SUDEP pathogenesis, highlighting 
postictal neuro-vegetative dysfunction as a possi-
ble causal factor in the occurrence of death. During 
postictal generalized EEG suppression (PGES), the 
risk of SUDEP increases by 1.7% per second, pos-
sibly by affecting the cardiorespiratory centers in 
the brainstem. In the above mentioned study, it is 
also shown that cardiopulmonary resuscitation 
(CPR) was successful when initiated within 3 min-
utes from onset, but it was not helpful when initi-
ated after ten minutes (6).

On the other hand, epileptogenic discharge may 
affect anatomical structures that control the activity 
of the heart (brainstem, hypothalamus, insula, cin-
gulate gyrus, amygdala, and autonomic centers), 
causing an imbalance between sympathetic and 
parasympathetic response, with the former pre-
dominating in most cases. Studies on animal mod-
els have shown that neurons in the hippocampus, 
thalamus, cerebellum and cortex are affected dur-
ing long lasting seizures or status epilepticus.

Progressive neuronal loss at the level of strate-
gic structures such as the amygdaloid nucleus or 
the solitary tract nucleus because of seizures, was 
also described. A 2015 study by a team led by Kinney 
shows that hippocampus disruption – either innate 
or acquired – affects homeostasis of circuits in the 
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brainstem, including the limbic system, thus lead-
ing to cardiorespiratory instability and death (7).

Examination of a case of SUDEP requires the 
so-called prior verbal autopsy, whereby data can be 
obtained about the patient’s medical condition (dis-
ease duration, type and frequency of the seizures, 
the recommended regimen and treatment response, 
comorbidities). The details on the circumstances 
under which the death occurred are elicited directly 
from witnesses when they exist, or from other 
sources (photographs, offi cial police documents, 
medical records, etc.).

The medical examiner plays a key role in solv-
ing the cases of SUDEP, using data drawn from 
verbal autopsy, making the correct clinical patho-
logical correlations and excluding other causes of 
death. It must be emphasized that the diagnosis of 
SUDEP can only be establish postmortem, with the 
molecular autopsy having an increasing important 
role. All macroscopic and microscopic details are 
important for including a particular case in one of 
the six categories proposed by Nashef: SUDEP, 
SUDEP plus, probable SUDEP, possible SUDEP, 
near SUDEP, and not SUDEP. Various discrete 
pathological aspects may be revealed by sectioning 
the brain after prior fi xation. It is mandatory to ex-
amine both sides of the brain, particularly the fron-
tal cortex and hippocampus. Microscopic brain ex-
amination of the subjects with SUDEP revealed: 
neuronal clusters, increased number of perivascular 
oligodendrocytes, gliosis, cystic gliotic lesions, de-
creased myelin, cerebellar Bergmann gliosis and 
atrophy. Autopsy results must be correlated with 
the results of brain MRI and EEG, for detecting 
possible lesions of specifi c brain regions.

For example, the grey matter volume in the right 
anterior hippocampus/amygdala and parahippo-
campus in sudden death cases and people at high 
risk, are increased when compared to controls. 
Also, posterior thalamic grey matter volume, in-
volved in oxygen regulation, was reduced in these 
cases (8). 

Other changes may also be noticed at autopsy: 
increased pulmonary weight, small or medium 
hemorrhagic pulmonary edema fi brosis of the atrio-
ventricular node, edema in the heart conduction 
system, perivascular and interstitial myocardial fi -
brosis, reversible myocyte vacuolization and he-
patic venous congestion.

It was also described postictal neurogenic 
stunned myocardium as a result of seizures and ir-
reversible pathological changes under the form of 
interstitial and perivascular fi brosis in the sub-en-
docardium in four out of seven cases of SUDEP. It 

is possible that such changes are responsible for the 
increased risk of arrhythmias.

Pathological changes in the cardiac sympathetic 
postganglionic innervation in patients with chronic 
temporal lobe epilepsy have been correlated with 
an increased risk of SUDEP.

Toxicological analysis is important in SUDEP 
as it allows to assess the serum levels of anticon-
vulsant drugs and check the patient’s adherence to 
treatment and, in the same time, to exclude deaths 
from poisoning.

Poor and non-specifi c autopsy results in SUDEP 
suggest that the molecular autopsy can provide the 
necessary elements to the correct diagnosis of this 
condition. Sodium and potassium channel dysfunc-
tions underlie many epileptic syndromes. In the 
case of sodium channels, it was proved that neural 
isoforms are expressed in the cardiac tissue and 
cardiac isoforms are expressed in the nerve tissue. 
In 2003, Thom et al. found an elevation in hippo-
campal heat shock protein 70, which is specifi c 
only to SUDEP (9).

NEW GENES FOR MOLECULAR DIAGNOSIS

The sequencing of the human genome provides 
us a huge benefi t, from molecular medicine to hu-
man evolution. Scientists consider that genetic tests 
are more powerful than most existing diagnostic 
tests. Many new genes have been causally linked to 
the epilepsy and the list of the genes having a role 
in SUDEP is rising (10). This genetic risk will be 
quantifi ed in future diagnostic and treatment guide-
lines and will allow for the so-called personalized 
medicine. Whole genome sequencing is an impor-
tant tool particularly for highly heterogeneous dis-
orders, discovering unexpected genetic mecha-
nisms (11). Genetic conditions such as QT 
syndrome (LQTS) type 1, 2, 3, catecholaminergic 
polymorphic ventricular tachycardia (CPVT), or 
Dravet and Brugada syndrome were identifi ed in 
several SUDEP cases. More mutations are de-
scribed to date in SCN1A, SCN5A, KCNA1, 
KCNH2, KCNQ1, KCNE2, HTR2C, RyR2, genes, 
leading to increased or decreased heart rhythm, 
conduction blocks, which predispose to syncope 
and sudden death. Tester et al. studied 173 cases of 
sudden death (SUD) with negative postmortem ex-
amination, and identifi ed 46 mutations of the genes 
mentioned above. Approximately 90-95% of sud-
den cardiac deaths correlate with structural changes 
in the heart. In addition, approximately half of the 
relatives of patients aged less than 50 years who 
died suddenly, present pathological changes of the 
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channels (12). The genes that are associated with 
long QT syndrome are expressed throughout the 
body, including the heart and brain. Therefore, they 
are involved in the proper functioning of neurons 
and cardiomyocytes. In this context, we can explain 
the existence of the syncope expressed clinically as 
seizures (convulsive syncope) and the altered EEG 
which is identifi ed in about 15% of patients with 
LQTS syndrome (13). In a study on 76 patients, 
Moseley found that the seizures produce the length-
ening of the QT interval in 4.8% of the cases and its 
shortening in 3.8% of the cases (14). More and 
more gene mutations are being incriminated in the 
development of refractory seizures, SCN8A gene 
being one of them. Wagon et al. introduced muta-
tion Scn8aN1768D in a knock-in mouse, obtaining 
an epileptic encephalopathy model resulting in 
SUDEP (15).

Mutations in SCN1A and KCNA1 are largely 
responsible for autonomic dysfunction and, in con-
junction with other mutations that lead to cardiac 
arrhythmias and structural defects of the heart, lead 
to death. Many pathological changes of the chan-
nels with a role in neuro-cardiac and neuro-respira-
tory modulation are expressed at the level of differ-
ent anatomical structures, as previously shown. 
Thus, the SCN1A gene is expressed in myocytes, 
sinoatrial node, but also in the brain. Another ex-
ample is KCNA gene expressed both in the brain 
and in the vagus nerve. Its inactivation using an 
animal model leads to epileptic seizures, cardiac ar-
rhythmias, vagal hyperexcitability and early death 
(16). Tu et al. conducted a screening of the most 
common genes involved in long QT syndrome 
(SCN5A KCNQ1, KCNH2) on a number of cases 
of SUDEP and identifi ed two variants with patho-
genic role: SCN5A Pro1090Leu and KCNH2Arg-
176Trp. Future research will have to clarify wheth-
er these variants are the cause or just a risk factor 
for SUDEP (17). Thorough analyses of the whole-
exome or whole-genome sequencing (WES, WGS) 
for some rare diseases bring important data for mo-
lecular diagnosis. Thus, within the WGS500 proj-
ect, in which cases of refractory epilepsy were 
studied, Martin et al. have discovered two new 
genes for Ohtahara Syndrome (a form of infantile 
encephalopathy with refractory seizures), namely 
KCNT1 and PIGQ (11). 

Given this new genetic tests, we can improve 
the prevention measures for patients with high risk 
of SUDEP. In addition, video EEG, ECG and oxy-
gen saturation monitoring, representing a good 

medical practice, supervision by night with bed sei-
zure monitors, breathing alarms and cardiopulmo-
nary resuscitation training for family members can 
improve survival rates (3). Another measure to pre-
vent SUDEP consists in implanting cardiac pace-
makers and even defi brillators especially for the 
patients with high risk of SUDEP. Full cardiologi-
cal evaluation of patients with epilepsy is manda-
tory from the onset of the disease in order to detect 
any rhythm and conduction abnormalities. If these 
are present, genotyping is necessary because gene 
mutations responsible for LQT interval may have 
different phenotypic expressions as already men-
tioned (epilepsy and cardiac arrhythmia)(18). For 
patients with sodium channelopathies, attacks treat-
ment with channel blockers may lead to an accept-
able control of the disease, which is an essential 
measure to prevent death. On the other hand, the 
physician has a duty to inform the patient of the 
risk of SUDEP, as well as of the preventive mea-
sures that can be established. Partemi et al. demon-
strates that molecular genetic tests needs to be in-
cluded for SUDEP examination and for family 
members screening too, because some of them 
could carry fatal cardiac disorders (19). The Mo-
lecular Diagnostic Core study conducted by Bel-
mont and Goldman plays an essential role for sud-
den unexpected death in epilepsy research, based 
on genetic analysis and bioinformatics, that could 
ultimately lead to risk prediction in epilepsy (20).

CONCLUSIONS

Currently there are many limitations to the study 
of SUDEP: under-diagnosis, in/accuracy of death 
certifi cates, SUDEP, SADS, SIDS intricacies, add-
ed comorbidities, legal barriers that may block ac-
cess to evidence, diffi culty in obtaining consent for 
autopsy for research purposes or collecting blood 
or tissue samples for further examination, ethical 
considerations, fi nancial and time constraints. Mo-
lecular autopsy is essential in SUDEP, which is a 
complex condition, with poor macroscopic expres-
sion, whose correct diagnosis requires corroborat-
ing data obtained through many methods. Thus, the 
medical guidelines should require the performance 
of genetic tests as a new standard of good practice 
in this fi eld. In addition, future research is neces-
sary to validate the new molecular tests for includ-
ing them as new SUDEP diagnostic criteria.
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