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Abstract

Epilepsy is one of the most common chronic neurologic diseases, with a prevalence of 1% in the 

U.S. population. Many people with epilepsy live normal lives, but are at risk of sudden unexpected 

death in epilepsy (SUDEP). This mysterious co-morbidity of epilepsy causes premature death in 

17 to 50% of those with epilepsy. Most SUDEP occurs after a generalized seizure, and patients 

are typically found in bed in the prone position. Until recently it was thought that SUDEP was 

due to cardiovascular failure, but patients who died while being monitored in hospital epilepsy 

units revealed that most SUDEP is due to postictal central apnea. Some cases may occur when 

seizures invade the amygdala and activate projections to the brainstem. Evidence suggests that 

the pathophysiology is linked to defects in the serotonin system and central CO2 chemoreception, 

and that there is considerable overlap with mechanisms thought to be involved in sudden infant 

death syndrome (SIDS). Future work is needed to identify biomarkers for patients at highest risk, 

improve ascertainment, develop methods to alert caregivers when SUDEP is imminent, and find 

effective approaches to prevent these fatal events.
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1) Introduction

Seizures can have powerful inhibitory effects on breathing, and in some cases this can be 

fatal. Recent data from epilepsy patients and animal models suggest that seizure-induced 

central apnea may be a common cause of sudden unexpected death in epilepsy (SUDEP). In 

this chapter we will discuss data from SUDEP cases monitored at the time of death, from 

human peri-ictal respiratory physiology during non-fatal seizures, and from animal models. 

We will then focus on the mechanisms of respiratory dysfunction, including the role that 

§Correspondence to: Frida Teran, 200 Hawkins Drive, Department of Neurology, 8820-17 JPP, University of Iowa, Iowa City, IA 
52242. (319) 353-4456. frida-teran@uiowa.edu.
George Richerson, 200 Hawkins Drive, Department of Neurology, 8820-17 JPP, University of Iowa, Iowa City, IA 52242.
Eduardo Bravo, 200 Hawkins Drive, Department of Neurology, 8820-17 JPP, University of Iowa, Iowa City, IA 52242.

HHS Public Access
Author manuscript
Handb Clin Neurol. Author manuscript; available in PMC 2023 May 17.

Published in final edited form as:
Handb Clin Neurol. 2022 ; 189: 153–176. doi:10.1016/B978-0-323-91532-8.00012-4.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



impaired serotonin neuronal function and an abnormal response to hypercapnia may play in 

the pathophysiology of SUDEP.

2) Epidemiology of epilepsy and SUDEP

Epilepsy affects more than 65 million people worldwide, making it one of the most common 

chronic neurologic disorders (Thurman et al., 2011). In the United States alone, 3.4 million 

people have active epilepsy and 150,000 new cases are diagnosed every year (Sirven, 2015). 

Around 1 in 26 people in the United States will develop epilepsy at some point in their 

lifetime (England et al., 2012). Although many antiepileptic drugs (AEDs) are available, 

one third of people with epilepsy – or about 20 million people worldwide – fail to achieve 

seizure control with pharmacotherapy (Chen et al., 2018). Over time, convulsive seizures 

can progressively impair cognitive abilities and alter brain structure (Hermann et al., 2002). 

Moreover, patients with epilepsy, many of whom are young, have a risk of sudden death 

approximately 27-fold higher than control populations (Holst et al., 2013). The lifetime risk 

of SUDEP is estimated to be ~17% in patients with epilepsy (Thurman et al., 2014), a 

number that can drastically increase to 50% in patients with severe uncontrolled epilepsy, 

making it the leading cause of death in this patient population (Shorvon and Tomson, 2011).

SUDEP is defined as sudden, unexpected, non-traumatic and non-drowning death in a 

person with epilepsy in whom postmortem examination does not reveal another cause for 

death (Nashef et al., 2012). In terms of “potential years of life lost,” SUDEP is second 

only to stroke among neurologic diseases (Thurman et al., 2014), with the highest risk of 

SUDEP in persons aged 20–40 years. In Denmark during 2007–2009, persons with epilepsy 

younger than 50 years had a 34-fold increased risk of sudden death compared to the general 

population (Kløvgaard et al., 2021). In 2017, the American Academy of Neurology (AAN) 

estimated the overall global incidence of SUDEP to be 0.58/1000 patient-years, with a lower 

incidence in children compared to adults (0.22 and 1.2/1000 patient-years, respectively) 

(Harden et al., 2017). However, more recent data from discrete population-based studies 

suggest that the incidence is comparable across age groups, and in young individuals the 

incidence of SUDEP is much more common among males (Figure 1) (Sveinsson et al., 

2017, Keller et al., 2018). The reported incidence of SUDEP varies depending on the study 

population and the study setting, and can range from 0.9 – 2.3 per 1000 person-years in 

the general epilepsy population (Shorvon and Tomson, 2011). However, studies of SUDEP 

incidence are strongly influenced by ascertainment bias, since it is a diagnosis of exclusion 

and there is no definitive way to identify a SUDEP case. Many cases of sudden death in 

epilepsy patients are determined to be of unknown cause rather than being identified as 

SUDEP (Schraeder et al., 2009, Devinsky et al., 2016).

3) Clinical risk factors for SUDEP

The unpredictable and often unwitnessed occurrence of SUDEP, which is rarely captured 

during physiological monitoring, presents a challenge to research studies. Fortunately, 

case-control studies in recent decades have provided insight into circumstances leading 

to SUDEP (Hesdorffer et al., 2011, Tomson et al., 2016). This has helped physicians 

and family members identify high-risk situations. Most SUDEP cases are preceded by a 
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generalized tonic-clonic seizure (GTCS) (Nashef et al., 1998, Ryvlin et al., 2013), and more 

often occur unsupervised and during nighttime (Hajek and Buchanan, 2016). The presence 

and frequency of GTCSs is the strongest predictor of risk of SUDEP (Harden et al., 2017). 

Compared with epilepsy patients with no known GTCS, patients having three or more 

GTCS per month are 15 times more likely to die from SUDEP (Hesdorffer et al., 2012b). 

Other factors such as male sex, early age of seizure onset (<16 years), and duration of 

epilepsy have also been proposed as predictors of risk for SUDEP (Hesdorffer et al., 2012b, 

Hesdorffer et al., 2011), with male sex being a strong predictor in young patients (Sveinsson 

et al., 2017). Nocturnal GTCSs in patients sleeping alone represent both the primary risk 

factor and the most frequent triggering event of SUDEP (Sveinsson et al., 2020). Despite 

this, there is limited, low-certainty evidence that supervision at night reduces the risk of 

SUDEP (Maguire et al., 2020).

Genetics

Several genes have been associated with documented cases of SUDEP. Genetic conditions 

such as Dravet syndrome (DS) harbor mutations that lead to frequent seizures and a high 

risk of SUDEP. DS, also known as severe myoclonic epilepsy of infancy, typically manifests 

within the first year of life with febrile seizures that progress to polymorphous seizures that 

are drug-resistant (Kalume et al., 2013, Dravet, 2011). Within the second to fifth years of 

life, DS patients develop comorbidities such as cognitive impairment, hyperactivity, ataxia, 

and autistic-like behaviors. In patients with DS, the risk of SUDEP is estimated to be 15 

times higher than in other pediatric epilepsies (Skluzacek et al., 2011, Kearney, 2013). 

By age 25 years, overall mortality in DS is about 21%, with nearly 50% of deaths due 

to SUDEP (Shmuely et al., 2016). More than 80% of DS cases are caused by de novo 
loss-of-function mutations in the SCN1A gene due to premature stop codons, deletions, or 

inactivating residue mutations (Claes et al., 2001, Dravet, 2011). SCN1A is expressed in 

both the brain and the heart, and encodes NaV1.1. In the heart, mutations of SCN1A are 

thought to predispose to fatal arrhythmias. In the cortex and hippocampus, NaV1.1 is more 

abundant in interneurons, so loss-of-function leads to hyperexcitability (Catterall, 2000).

Another channelopathy is early infantile epileptic encephalopathy type 13 (EIEE13), which 

is a recently recognized syndrome characterized by intractable seizures and significant 

developmental delay (Larsen et al., 2015). This severe form of epilepsy is caused by 

de novo gain-of-function mutations in the SCN8A gene, which encodes NaV1.6. Such 

mutations prevent complete channel inactivation, and cause a large increase in persistent 

sodium current, leaving neurons in a hyperexcitable state (Veeramah et al., 2012). NaV1.6 

is expressed at highest levels in excitatory neurons of the forebrain, hence a gain-of-

function mutation leads to brain hyperexcitability. There is an increased risk of SUDEP 

in patients with EIEE13 (Veeramah et al., 2012), and ictal cyanosis and respiratory 

dysfunction are common (Gardella et al., 2016, Johannesen et al., 2018), suggesting that 

seizure-induced respiratory failure is the underlying mechanism contributing to premature 

mortality. SCN8A epileptic encephalopathy displays many features seen in patients with 

DS: infantile-onset seizures that ultimately become refractory to pharmacotherapy and cause 

epileptic encephalopathy as a result of regression of developmental abilities. However, there 

are important distinctions: 1) SCN8A patients do not usually manifest prolonged GTCS, 
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myoclonic seizures or febrile seizures in the first year of life; and 2) SCN8A patients 

typically also present with muscle spasms and movement disorders (Gardella et al., 2018).

Mutations in a number of other genes are also linked to SUDEP in patients, including 

SCN5A, KCNQ1, KCNH2, NOS1AP, RYR2 and DEPDC5 (Goldman, 2015, Yuskaitis et al., 

2018). Although all of these genes are associated with cardiac arrhythmias, they are all also 

expressed in the brain. Nevertheless, the mechanisms of death in SUDEP in patients with 

mutations in such genes are unknown, and some are likely to be cardiac.

4) Pathophysiology

The underlying mechanisms of SUDEP remain elusive, but case reports of SUDEP and 

nearSUDEP in epilepsy monitoring units (EMUs) have refined our understanding of the 

final events occurring prior to death (Ryvlin et al., 2013). These data underscore the 

conclusion that in most cases GTCSs trigger the cascade of events leading to SUDEP. A 

variety of mechanisms may cause or contribute to SUDEP, including cardiac arrhythmias 

(Auerbach et al., 2013, Catterall et al., 2010, Anderson et al., 2014, Surges et al., 2009), 

autonomic dysfunction (Surges et al., 2009, Glasscock et al., 2010, Delogu et al., 2011), 

hypoventilation (Bateman et al., 2008, Massey et al., 2014, Kim et al., 2018, Dlouhy 

et al., 2015, Vilella et al., 2019b), airway obstruction (Lacuey et al., 2018, Stewart, 

2018), brainstem spreading depolarization (BSD) (Aiba and Noebels, 2015), and postictal 

generalized EEG suppression (PGES) (Lhatoo et al., 2010). However, a growing body 

of evidence now strongly indicates that a substantial subset of SUDEP is due to seizure-

induced respiratory arrest (Ryvlin et al., 2013, Massey et al., 2014).

Seizures and respiratory dysfunction

Until recently, it was widely believed that SUDEP was nearly always due to cardiac 

mechanisms (Lathers and Schraeder, 1990). This was probably because sudden cardiac death 

is very common in the general population, and it was assumed that cardiac death could be 

induced by the stress of a seizure. Despite the challenges of collecting real-time physiologic 

data from an event that occurs so unpredictably, cases of SUDEP that occurred while 

patients were being monitored in an EMU and data collected from animal models indicate 

that SUDEP is due to seizure-induced respiratory dysfunction more often than previously 

thought, and may represent the majority of cases.

Hughlings Jackson noted over a century ago that his human patients and monkeys turned 

blue during seizures (Jackson, 1899). Since then, others have reported apnea and oxygen 

desaturation during and after non-fatal seizures (Figure 2) (Bateman et al., 2008, Vilella et 

al., 2019a, Watanabe et al., 1982, Nashef et al., 1996). Although ictal and postictal apnea 

was known to commonly occur, there was no compelling evidence that it was ever fatal until 

publication of the Mortality in Epilepsy Monitoring Unit Study (MORTEMUS), the most 

extensive compilation of SUDEP cases that occurred during EMU surveillance (Ryvlin et 

al., 2013). In all nine patients with adequate cardiorespiratory monitoring, SUDEP occurred 

after a GTCS, and terminal central apnea preceded terminal asystole, implicating a primary 

respiratory mechanism of death (Figure 3). However, the mechanisms and triggering factors 

that lead from seizures to peri-ictal respiratory dysfunction to death remain largely unknown.
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Interest in forebrain effects on respiratory motor output and its implication in seizures has its 

origins in early reports (Smith, 1938, Kaada and Jasper, 1952). W. G. Spencer first showed 

that breathing can be slowed and arrested with electrical stimulation of specific brain regions 

in animals (Spencer and Horsley, 1894). Primary centers for automatic respiratory rhythm 

generation lie in the lower brainstem, including the pre-Bötzinger complex (pre-BötC) cells 

of the ventrolateral medulla (Smith et al., 1991) and parafacial nucleus (Onimaru et al., 

2009). However, a number of suprapontine regions commonly affected by epilepsy have also 

been implicated in respiratory control (Kaada and Jasper, 1952, Zelano et al., 2016, Nobis 

et al., 2018, Dlouhy et al., 2015, Lacuey et al., 2019). Apnea in temporal lobe seizures has 

been reported to be more common when seizures spread to the contralateral temporal pole 

(Seyal and Bateman, 2009), but others have not found this to be true (Nadkarni et al., 2012).

The view that many cases of SUDEP are due to respiratory dysfunction is a major shift 

from previous dogma, which held that cardiovascular dysfunction was the primary cause of 

SUDEP (Lathers and Schraeder, 1990). It is likely that cardiac mechanisms are the primary 

cause of death in a subset of SUDEP, but it is not clear how commonly that occurs, because 

there have been no cases of SUDEP in which breathing and EKG were both recorded 

and death was documented to be initiated by cardiovascular failure. In other cases, cardiac 

mechanisms may make death be more likely to occur even though respiratory arrest may be 

the initiating event.

5) Insights from animal models of SUDEP

Animal models have been instrumental in the study of SUDEP because they readily allow 

spontaneous death to be captured while recording cardiac and respiratory activity, and in 

some animal models SUDEP can be induced by various stimuli. Under these conditions the 

pathophysiological mechanisms of death have been defined for several models of epilepsy.

SCN1A-Related Epilepsy

The development of DS mouse models has proven to be a valuable research tool for 

understanding the pathophysiology of SUDEP, as they recapitulate many aspects of DS 

in patients: seizures occur spontaneously and can also be reliably provoked by elevating 

body temperature, and they have a high incidence of seizure-induced death (Kim et al., 

2018, Ogiwara et al., 2007, Kalume et al., 2013). Several studies in heterozygous Scn1a 
knockout (Scn1a−/+) mice have revealed reduced sodium currents and decreased excitability 

in GABAergic interneurons (Goff and Goldberg, 2019, Favero et al., 2018, Catterall et al., 

2010). These findings have led to the hypothesis that impaired excitability of GABAergic 

inhibitory neurons is the cause of epilepsy and premature death in DS. This is supported by 

findings in which selective deletion of NaV1.1 in GABAergic interneurons in the forebrain 

is sufficient to replicate the severe spontaneous convulsive seizures and premature death 

observed in DS (Cheah et al., 2012).

NaV1.1 is also expressed in pyramidal neurons, albeit at lower levels (Duflocq et al., 2008, 

Trimmer and Rhodes, 2004, Westenbroek et al., 1989). Glutamatergic neurons derived from 

induced pluripotent stem cells from DS patients have increased sodium currents (Jiao et 

al., 2013, Liu et al., 2013). This was also observed in acutely dissociated hippocampal 
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pyramidal neurons from Scn1a−/+ mice (Mistry et al., 2014). The increased sodium current 

and hyperexcitability seen in Scn1a−/+pyramidal neurons appear to be agedependent. 

Multiple studies have reported greater spontaneous firing frequencies and excitability to 

injected current in dissociated pyramidal neurons and in hippocampal and prefrontal cortex 

slices from postnatal day (P)21-P25 Scn1a−/+ mice (Mistry et al., 2014, Han et al., 2012), 

presumably due to compensation for loss of NaV1.1. This age correlates with the onset of 

seizures and accelerated mortality (Kalume et al., 2013). Increased sodium current density in 

pyramidal neurons combined with reduced sodium current in GABAergic interneurons likely 

results in a significant inhibitory-excitatory imbalance, promoting a hyperexcitable state and 

frequent convulsive seizures.

Another DS model is a knock-in mouse with a heterozygous (Scn1aR1407X/+) loss-of-

function mutation seen in some DS patients that results in a truncated NaV1.1 protein 

(Ogiwara et al., 2007). Similar to Scn1a−/− mice, homozygous (Scn1aR1407X/R1407X) mice 

show recurrent seizures in the second postnatal week and invariably die before P20, whereas 

heterozygotes (Scn1aR1407X/+) develop recurrent seizures at P18 and a high rate of sudden 

death between P21–25. Importantly, a study in Scn1aR1407X/+ mice demonstrated that 

seizure-induced respiratory arrest (S-IRA) invariably precedes terminal asystole and SUDEP 

(Figure 4), indicating that the primary cause of death is central apnea (Kim et al., 2018).

SCN8A-Related Epilepsy

Mutations in the SCN8A gene cause a spectrum of neurologic conditions, including 

epilepsy, developmental delay, autism spectrum disorder, intellectual disability and ataxia 

(Hammer et al., 1993). The severity of epilepsy in children with SCN8A mutations is 

highly variable. Some pathogenic mutations can result in developmental and epileptic 

encephalopathy (DEE), a severe form of epilepsy characterized both by seizures, which 

are often drug-resistant, as well as significant developmental delay or regression of 

developmental abilities (Larsen et al., 2015). Early infantile epileptic encephalopathy type 

13 (EIEE13) is one such syndrome that was recently recognized. This SCN8A epileptic 

encephalopathy is characterized by developmental delay, seizure onset within the first 18 

months of life (mean 4 months), and intractable epilepsy. The prevalence of SCN8A-related 

epilepsy with encephalopathy is not known. To date, approximately 50 cases have been 

documented in the literature, of which SUDEP has been reported in about 10–12% of 

published cases (Hammer et al., 1993).

SCN8A epileptic encephalopathy is caused by de novo, gain-of-function mutations in the 

gene that encodes the α subunit of the voltage-gated sodium channel NaV1.6, which is 

widely expressed in the brain. NaV1.6 is located at the axon initial segment and nodes 

of Ranvier of myelinated axons, and provides the molecular basis for initiation and 

propagation of neuronal action potentials in most neuronal populations (Tzoumaka et al., 

2000, Trudeau et al., 2006, Gardella et al., 2016). The first known mutation in humans was 

discovered in 2012, where the genome of a child demonstrating epileptic encephalopathy 

was sequenced and revealed a de novo missense mutation, p.Asn1768Asp. This mutation 

increases channel function by increasing the duration of the persistent sodium current 
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and preventing complete inactivation following hyperpolarization, leaving neurons in a 

hyperexcitable state (Veeramah et al., 2012).

Several mouse models harboring SCN8A mutations identified in patients with epileptic 

encephalopathy have been generated. Scn8aN1768D/+ (D/+) mice have a germline knock-in 

mutation that is expressed globally (Wagnon et al., 2016), whereas Scn8aR1872W/+ (W/

+Emx-Cre) mice have a conditional knock-in mutation expressed primarily in forebrain 

glutamatergic neurons (Bunton-Stasyshyn et al., 2019). Phenotypically, expression of 

either mutation recapitulates the clinical features seen in patients with SCN8A epileptic 

encephalopathy, including frequent spontaneous tonic-clonic seizures and seizure-induced 

death (Bunton-Stasyshyn et al., 2019, Ottolini et al., 2017, Wagnon et al., 2015). W/+Emx-Cre 

mice die from central apnea after spontaneous convulsive seizures (Wenker et al., 2021).

Other animal models

Several other mouse models have been proposed as tools to study the pathophysiology 

of SUDEP. One such model is DBA/2 mice, as these mice often die from respiratory 

arrest following audiogenic seizures (Venit et al., 2004, Marincovich et al., 2019, Tupal 

and Faingold, 2006). However, the usefulness of the DBA/2 mouse as a model of 

SUDEP is temporally limited, as consistent susceptibility to S-IRA in these animals lasts 

approximately one week. DBA/1 mice, another closely-related strain, are also susceptible to 

fatal audiogenic seizures, as first reported more than 50 years ago (Huff and Fuller, 1964). 

Faingold and colleagues later confirmed that audiogenic seizures in DBA/1 mice culminate 

in respiratory arrest (Faingold et al., 2010). Importantly, they showed that once DBA/1 

mice exhibit susceptibility to S-IRA when tested between P21–30, susceptibility lasts up 

to at least P100, which is the oldest age DBA/1 mice were tested. Although DBA/1 and 

DBA/2 mice do not meet the criteria for SUDEP, because they do not have spontaneous 

seizures, they are still useful models to study the disruptive effects of seizures on breathing, 

as death from S-IRA can be prevented with mechanical ventilation allowing multiple trials 

in individual mice.

Another model is homozygous knockout Kcna1-null (KV1.1−/−) mice, in which the α 
subunit of the delayed rectifier potassium channel is deleted. KV1.1 subunits are widely 

expressed in the brain, where they regulate action potential propagation and neurotransmitter 

release (Wang et al., 1994). Kcna1-null mice develop spontaneous seizures including 

myoclonic seizures and GTCS by their third week of life (Smart et al., 1998, Chun et 

al., 2018, Wenzel et al., 2007) and progress in frequency until seizure-induced death occurs 

between postnatal weeks 5 and 7 (Simeone et al., 2018, Simeone et al., 2016). Of note, 

mutations in KCNA1 are primarily associated with episodic ataxia in human patients, but 

partial epilepsy has also been reported in a few cases (Eunson et al., 2000, Zuberi et al., 

1999, Paulhus et al., 2020).

6) Hypotheses of postictal respiratory depression in SUDEP

There are no data available from patients that provide direct evidence for the mechanisms 

by which seizures cause fatal respiratory arrest. Therefore, current hypotheses for how 

this occurs derive from human data from nonfatal seizures, and from animal models. 
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These hypotheses must explain how seizures in the forebrain propagate to the brainstem, 

what part of the respiratory network forebrain projections target, and the mechanisms by 

which descending projections disrupt respiratory output. There are a variety of plausible 

explanations for these mechanisms. For example, it has been proposed that laryngospasm 

or the laryngeal chemoreflex can lead to airway obstruction after seizures (Mandal et al., 

2021, Stewart, 2018). This might explain a subset of SUDEP cases, although data from the 

MORTEMUS study and from mouse models indicate that most cases of postictal death are 

due to central rather than obstructive apnea (Kim et al., 2018, Ryvlin et al., 2013, Wenker 

et al., 2021). Similarly, during the tonic phase of convulsive seizures in Scn8a mutant mice, 

apnea may be worsened by the inability to contract the already fully contracted diaphragm 

(Wenker et al., 2021). This might contribute to some deaths, but would only partially explain 

apnea since central apnea occurs in some of these mice prior to tonic activation of the 

diaphragm, and they do not recover breathing after the end of relatively short episodes of 

tonic activity (Wenker et al., 2021). These observations suggest that the brainstem becomes 

incapable of generating normal respiratory activity during and/or after seizures.

There are other possible targets of descending activity that, if inhibited, could make the 

brainstem incapable of respiratory output. These include neurons that generate rhythmic 

respiratory output, such as those in the pre-Bötz (Smith et al., 1991), or neurons that 

provide modulatory input to the respiratory network such as in the parabrachial nucleus. 

Apnea might also result if seizures inactivated neurons that detect changes in hypoxia and/or 

hypercapnia (chemoreceptors), effectively shutting down chemoreceptor drive for breathing. 

The main chemoreceptors for hypoxia are in the carotid body and enter the brain in the 

nucleus tractus solitarius. Chemoreceptors for CO2 have been proposed to be located in the 

raphe nuclei (Richerson, 2004, Teran et al., 2014), retrotrapezoid nucleus (Guyenet et al., 

2019), locus coeruleus (Pineda and Aghajanian, 1997), nucleus tractus solitarius (Dean et 

al., 1990) and other brainstem sites. It is possible that seizures inhibit activity at one or more 

of these sites.

It is also not known how descending projections inhibit respiratory output. An obvious 

explanation is that GABAergic input inhibits the respiratory network. Alternatively, it has 

been proposed that adenosine is released locally in the medulla, causing the respiratory 

network to become unstable (Purnell et al., 2021). Finally, it has been found that spreading 

depolarization can occur after seizures in some mouse models, and it has been proposed that 

this prevents normal function of the respiratory network (Aiba and Noebels, 2015).

Each of the possibilities described above has its proponents, but none of them are uniformly 

supported. It is possible that more than one of them are involved in combination. In the 

remainder of this chapter, we will focus on a working hypothesis for which there is 

considerable evidence, but for which some components remain speculative, namely that 

seizures project to the medulla via the amygdala, and cause a defect in CO2 chemoreception 

by 5-HT neurons. The resulting loss of tonic chemoreceptor drive leads to central apnea. 

This hypothesis is not necessarily exclusive of other potential mechanisms, and in fact 

other mechanisms (release of adenosine, BSD and inhibition of the pre-Bötz) may act in 

combination.
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7) The 5-HT system and SUDEP

The existing clinical and experimental evidence indicates that S-IRA is the primary cause of 

death in most cases of SUDEP. The cellular and network basis of this dysfunction has not 

been defined, but serotonin dysfunction is a probable contributing factor in part due to its 

role in control of breathing.

The 5-HT system and respiratory control

Serotonin (5-hydroxytryptamine, 5-HT) is a monoamine neurotransmitter first identified in 

mammalian brains in 1953 (Twarog and Page, 1953) that plays a role in many physiologic 

processes. Although 5-HT neurons represent less than 1% of all neurons in the brain, they 

exhibit a wide array of effects mediated by seven classes of receptors. Cell bodies of 5-HT 

neurons are located in the brainstem raphe nuclei and can be divided into a caudal group 

in the medulla and a rostral group in the midbrain (Jacobs and Azmitia, 1992, Jensen 

et al., 2008). 5-HT neurons in the medulla are an important subset of central respiratory 

chemoreceptors that detect changes in blood CO2 via changes in pH (Richerson, 2004, Wu 

et al., 2019, Richerson, 1995, Wang et al., 2001, Teran et al., 2014). A subset of medullary 

5-HT neurons is located immediately adjacent to the basilar artery and its large midline 

branches, where they can reliably monitor arterial blood CO2 levels (Figure 5A) (Bradley 

et al., 2002). Studies in unanesthetized cats in vivo have shown that around 20% of 5-HT 

neurons in the raphe obscurus and dorsal raphe increase their firing rate in response to 

hypercapnia (Veasey et al., 1997, Veasey et al., 1995). Mature 5-HT neurons are highly 

responsive to acidosis, and when they are isolated from synaptic input they increase their 

firing rate by ~300% in response to a decrease in pH from 7.4 to 7.2 (Wang et al., 2002, 

Wang et al., 2001, Wang et al., 1998). Hypercapnia has been shown to result in release of 

5-HT using in vivo microdialysis in unanesthetized mice (Kanamaru and Homma, 2007). 

5-HT neurons in the medullary raphe project to all major respiratory nuclei, including the 

nucleus ambiguus, nucleus tractus solitarius (NTS), phrenic motor nucleus, hypoglossal 

motor nucleus (XII), pre-Bötz and retrotrapezoid nucleus (Figure 5B) (Jacobs and Azmitia, 

1992) where they enhance chemosensitivity of other chemoreceptor neurons (Wu et al., 

2019) and stimulate respiratory output (Teran et al., 2014, Ptak et al., 2009), increasing 

breathing to keep blood PCO2 within the normal physiologic range (Richerson, 2004, Teran 

et al., 2014). Optogenetic stimulation of medullary 5-HT neurons in vivo induces an increase 

in ventilation in rats (Depuy et al., 2011). A separate subset of 5-HT neurons in the midbrain 

are also chemosensitive to increased blood PCO2 and are located close to large arteries 

(Severson et al., 2003). These neurons stimulate cortical arousal (Buchanan and Richerson, 

2010, Smith et al., 2018), which is also a crucial component of the protective response to 

hypercapnia.

The generation of Lmx1bf/f/p mice, in which more than 99% of central 5-HT neurons are 

deleted embryonically, has facilitated the study of the serotonergic system (Zhao et al., 

2006). These mice exhibit prolonged apneas and high mortality in the neonatal period 

(Hodges et al., 2009), and those that survive display an attenuated ventilatory response to 

hypercapnia as adults (Figure 5C) (Hodges et al., 2008). Moreover, Lmx1bf/f/p mice fail 

to arouse from sleep in response to high levels of CO2 (Buchanan and Richerson, 2010). 
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Hypercapnic arousal is a critical response that assists resumption of breathing after a seizure, 

especially one that occurs during sleep.

5-HT and seizures

A relationship between 5-HT and seizure inhibition was first proposed in 1957 by 

Bonnycastle et al. (1957) based on the observation that many AEDs increase the 

concentration of brain 5-HT in rodents. For example, sodium valproate increases 5-HT 

levels in rats (Baf et al., 1994) and in audiogenic seizure-prone mice (Maciejak et al., 

2014, Vriend and Alexiuk, 1996). Similarly, lamotrigine, carbamazepine, phenytoin and 

zonisamide all elevate basal 5-HT levels and/or 5-HT release as part of their anticonvulsant 

action in rodents (Ahmad et al., 2005, Dailey et al., 1997, Dailey et al., 1996, Okada et al., 

1992). Subsequent studies have demonstrated that other agents that increase extracellular 

5-HT such as the precursor 5-hydroxytryptophan (5-HTP) (Truscott, 1975) or selective 

serotonin reuptake inhibitors (SSRIs) such as fluoxetine inhibit both focal and generalized 

seizures in rodents (Pasini et al., 1992, Hernandez et al., 2002, Wada et al., 1995) and 

in humans (Albano et al., 2006). In contrast, decreasing 5-HT appears to increase seizure 

susceptibility. Woolley first noted in 1954 that injecting a serotonin antagonist into mice 

‘calls forth convulsions much resembling those in human epilepsy’ (Shaw and Woolley, 

1954). Similarly, depletion of 5-HT following administration of parachlorophenylalanine 

(PCPA) to block tryptophan hydroxylase, the rate-limiting enzyme in 5-HT synthesis, 

increases seizure susceptibility in mice (Buchanan et al., 2014). Lmx1bf/f/p mice, which 

lack central 5-HT neurons, also have a lower seizure threshold and more convulsions than 

littermate controls when subjected to maximal electroshock or pilocarpine-induced seizures 

(Buchanan et al., 2014).

Seizures may also influence 5-HT metabolism. Lower levels of the 5-HT metabolite 5-

hydroxyindoleacetic acid (5-HIAA) have been reported in the cerebrospinal fluid (CSF) 

of pediatric epilepsy patients (Shaywitz et al., 1975, Giroud et al., 1990) and adults with 

progressive myoclonic epilepsy (Pranzatelli et al., 1995). Pediatric epilepsy patients also 

exhibit lower plasma and CSF concentrations of L-tryptophan, the amino acid precursor 

to 5-HT (Marion et al., 1985, Ko et al., 1993). Interestingly, increased serum 5-HT 

levels relative to baseline have been noted immediately after seizures in patients, and the 

magnitude of 5-HT increase negatively correlates with the duration of the tonic seizure 

phase, suggesting an association between more severe seizures and lower 5-HT in the 

postictal state (Murugesan et al., 2018).

Studying the link between epilepsy and certain comorbidities such as depression has the 

potential to inform our understanding of the underlying pathology. Depression and epilepsy 

are thought to be related based on the increased risk of occurrence and severity of one 

in the presence of the other (Kanner, 2011, Hesdorffer et al., 2012a, Gilliam et al., 

2004). A history of depression is associated with an increased risk for developing epilepsy 

(Hesdorffer et al., 2012a, Hesdorffer et al., 2000, Hesdorffer et al., 2007), which suggests 

that depression and epilepsy may share a common pathophysiology involving serotonergic 

dysfunction, rather than depression resulting from a reaction to carrying the diagnosis of 

epilepsy. Drevets and colleagues first identified consistent widespread reduction in 5-HT1A 
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receptor binding in the raphe and mesial temporal cortex of depressed patients (Drevets 

et al., 1999). Additional neuroimaging studies in epilepsy patients with depression have 

reported similar abnormalities in limbic regions, such as the hippocampus, insula, and 

cingulate gyrus (Savic et al., 2004, Merlet et al., 2004, Toczek et al., 2003, Theodore et 

al., 2007, Giovacchini et al., 2005, Lothe et al., 2008), further supporting involvement of 

5-HT system dysfunction. In placebo-controlled studies of psychopharmacologic drugs to 

treat depression, patients treated with a 5-HT-modulating agent had a 50% reduction in 

the occurrence of seizures, whereas those on placebo showed a 19-fold increased risk for 

developing seizures compared to the general population (Alper et al., 2007). Collectively, 

the existing clinical and experimental evidence supports that 5-HT helps maintain a higher 

seizure threshold and defects in the 5-HT system can increase susceptibility to seizures.

Evidence of 5-HT mechanisms in SUDEP

Although the definitive causes of SUDEP are not known, serotonergic dysfunction may be 

involved (Massey et al., 2014, Petrucci et al., 2020). The first evidence that 5-HT defects can 

increase the risk of SUDEP came from mice in which the 5-HT2C receptor was genetically 

deleted. These mice are prone to spontaneous GTCS that are followed by respiratory arrest 

and death (Tecott et al., 1995). Similarly, Lmx1bf/f/p mice show a higher incidence of death 

after seizures induced by maximal electroshock or pilocarpine. DBA/1 and DBA/2 mice 

have aberrant 5-HT receptor expression in some brainstem regions (Faingold et al., 2011a, 

Uteshev et al., 2010, Feng and Faingold, 2017). S-IRA in DBA/1 and DBA/2 mice can be 

prevented with immediate mechanical ventilation (Venit et al., 2004). Interestingly, 5-HT 

augmentation via pretreatment with an SSRI (Zeng et al., 2015, Faingold et al., 2011b, Tupal 

and Faingold, 2006), fenfluramine (Tupal and Faingold, 2019), or optogenetic activation 

of 5-HT neurons in the dorsal raphe (Zhang et al., 2018) can also prevent S-IRA. These 

findings are translatable to humans, as SSRIs have been reported to decrease the likelihood 

of ictal hypoxemia in patients with refractory epilepsy (Bateman et al., 2008). Several 

studies have evaluated the impact of SSRIs on seizure frequency in patients with epilepsy 

and found them to usually be effective (Richerson et al., 2016, Albano et al., 2006, Favale 

et al., 2003, Favale et al., 1995). Moreover, data from recent randomized-controlled trials 

investigating the effect of fenfluramine as an adjunctive therapy in children with DS showed 

a significant decrease in convulsive seizure frequency compared with placebo (Nabbout et 

al., 2020, Lagae et al., 2019). Nevertheless, it remains unknown whether SSRIs or other 

serotonergic agents can prevent seizure-induced respiratory depression in epilepsy patients, 

and if there is a decrease in the incidence of SUDEP in patients on these medications.

Activation by seizures of projections to brainstem regions responsible for respiratory output 

could explain breathing disruption and may underlie seizure-induced respiratory failure. 

For example, suppression of breathing during and after seizures in rats is associated 

with suppressed activity of medullary 5-HT neurons (Zhan et al., 2016) (Figure 6). It is 

possible that increasing 5-HT signaling could prevent respiratory dysfunction during and 

after seizures, as greater seizure-induced increases in serum 5-HT levels are associated with 

a lower incidence of ictal and postictal apnea in epilepsy patients (Murugesan et al., 2019) 

(Figure 7). Since peripheral (serum) 5-HT does not readily cross the blood-brain barrier 

(BBB), an increase in 5-HT levels in the serum does not normally cause an increase in 

Teran et al. Page 11

Handb Clin Neurol. Author manuscript; available in PMC 2023 May 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5-HT in the brain parenchyma. However, BBB permeability increases during intense seizure 

activity (van Vliet et al., 2015) and BBB dysfunction as a consequence of seizures has been 

reported (Ruber et al., 2018). The degree of this BBB breakdown and the extent to which 

it allows exchange of 5-HT between the peripheral circulation and the CNS remain unclear, 

but if breakdown does occur the increase in serum 5-HT would add to the stimulatory effects 

of synaptically-released 5-HT on respiration and arousal. Alternatively, if BBB breakdown 

does not occur, factors influencing brain 5-HT (metabolism, 5-HT transporter function, etc) 

may be paralleled by similar factors operative in the periphery, and blood levels may act as a 

biomarker of brain levels rather than directly altering them.

Most patients who die of SUDEP are found prone in bed (Langan et al., 2000), and 

monitored cases have shown that patients remain motionless after a seizure and do not 

attempt to change position before death (Ryvlin et al., 2013). Postictal unconsciousness 

is due to impairment of many neural systems in the brain, but the lack of arousal 

after prolonged apnea suggests that there is loss of the normal arousal response to 

hypercapnia. Hypercapnia would be expected to occur as a result of seizure-induced 

hypoventilation (Buchanan and Richerson, 2010). In support of the hypothesis that there 

is loss of hypercapnic arousal, suppressed activity of midbrain 5-HT neurons, which are 

chemosensitive and are required for the arousal response to hypercapnia (Severson et 

al., 2003, Buchanan and Richerson, 2010), has been documented in mice during and 

after seizures (Zhan et al., 2016). It should be noted that other possibilities exist for the 

lack of arousal and impaired restoration of breathing, instead of or in addition to 5-HT 

neuron inhibition, such as dysfunction of chemosensitivity of nonserotonergic neurons, or 

impairment of effectors downstream of chemoreceptors. It is also possible that dysfunction 

of a subset of 5-HT neurons that are not chemosensitive plays a role. However, existing 

evidence suggests that postictal depression of chemosensitive serotonergic neurons in the 

medullary and midbrain raphe could help to explain the impaired respiratory function and 

decreased arousal after seizures.

Impaired chemoreception and the pathophysiology of SUDEP

Under awake, resting conditions, ventilation is primarily regulated by central CO2 

chemoreceptor drive (Teran et al., 2014, Richerson, 2004, Richerson and Boron, 2003) 

and wakefulness drive (Dubois et al., 2016, Fink, 1961). There is increasing evidence that 

defects in CO2 homeostasis may play a major role in SUDEP. Peri-ictal hypoventilation has 

been documented in both focal seizures and GTCS (Bateman et al., 2008, Vilella et al., 

2019a, Nashef et al., 1996), and in some DS patients long after a GTCS despite increased 

transcutaneous CO2 (tcCO2) readings (Kim et al., 2018). Video recordings from 7 patients 

with DS revealed peri-ictal respiratory abnormalities that can extend long into the postictal 

period, such as paradoxical breathing and apnea lasting longer than 5 seconds. These 

changes were transient in nonfatal episodes, but severe defects in breathing in a patient who 

later died of SUDEP suggest that respiratory changes may be biomarkers of patients at high 

risk. One of the patients was a 9-year-old girl with DS and an associated de novo mutation 

in the SCN1A gene. Her case was remarkable for hypoventilation and oxygen desaturation 

during and after seizures despite supplementary oxygen, suggesting impaired central CO2 

chemoreception (Figure 8). Unfortunately, three years after the patient was monitored, she 
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was found prone in bed, cyanotic and pulseless, and could not be resuscitated. The cause of 

death was determined to be SUDEP upon autopsy.

Recent data also suggest that epilepsy patients with blunted interictal respiratory 

chemoreception may be at greater risk of SUDEP. Central respiratory CO2 chemosensitivity 

can be quantified using the hypercapnic ventilatory response (HCVR), which is calculated 

by measuring the increase in minute ventilation (VE) induced by an increase in end-tidal 

CO2 (ETCO2) (Mohan and Duffin, 1997, Fan et al., 2010). A recent study found that 

epilepsy patients with a depressed HCVR exhibit more severe respiratory depression 

following GTCS (Figure 9A–B) (Sainju et al., 2019). One patient with a particularly 

low HCVR later died from SUDEP (Figure 9C–E), suggesting that the HCVR may be a 

biomarker for high risk for SUDEP.

Similarities between SUDEP and SIDS

Sudden infant death syndrome (SIDS) is the leading cause of postneonatal infant mortality 

in the United States and the third leading cause of infant mortality overall (Kinney 

and Thach, 2009). SUDEP shares many similarities with SIDS (Table 1) (Richerson 

and Buchanan, 2011). In both, there is an increased risk in males, and death is often 

unwitnessed, occurring more commonly at night, with the individual usually found dead 

in bed/crib and in the prone position (Kloster and Engelskjon, 1999). A shared hypothesis 

has also been proposed: a defect in response to CO2 and dysfunctional arousal responses 

create an intrinsic vulnerability that leads to death in response to a challenge to homeostasis 

(Richerson and Buchanan, 2011, Buchanan and Richerson, 2009, Sowers et al., 2013). 

Indeed, studies in monitored infants who subsequently died of SIDS have revealed 

cardiorespiratory abnormalities (Kahn and Blum, 1982, Kelly et al., 1986, Meny et al., 

1994, Poets et al., 1999, Southall et al., 1980) and arousal impairments (Horne et al., 2002).

Dysregulation of the 5-HT system has also been proposed to play a role in SIDS. 

Multiple defects in the medullary 5-HT system have been identified in several independent 

datasets of pathologic specimens from SIDS cases (Kinney et al., 2009). These include 

increased immature forms of 5-HT neurons (Paterson et al., 2006), reduced levels of the 

enzyme tryptophan hydroxylase (Duncan et al., 2010), reduced 5-HT1A receptor ligand and 

transporter binding in the raphe nuclei (Paterson et al., 2006), and reduced overall 5-HT 

content in the brainstem (Duncan et al., 2010, Kinney et al., 2003). The many similarities 

between the two entities reinforce the evidence that 5-HT dysfunction plays a role in 

SUDEP.

It has recently been proposed that some cases of SIDS may in fact be due to unrecognized 

seizures (Kinney et al., 2013, Rodriguez et al., 2012). There are case reports of witnessed 

seizures in infants who would have died if unattended (Kinney et al., 2013). The case for 

this hypothesis has gained momentum in the past decade, as recent studies reported multiple 

anatomic abnormalities in the hippocampus and temporal lobe classically associated with 

temporal lobe epilepsy in approximately 40% of SIDS cases (Brownstein et al., 2018, 

Kinney et al., 2016, Kinney et al., 2015). Genetic variants seen in SUDEP have also been 

identified in SIDS cases. A recent study identified loss-of-function mutations in the SCN1A 
gene, which is implicated in febrile seizures and DS, in 2 of 10 infants who died of SIDS 
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(Brownstein et al., 2018). Both of these cases also displayed hippocampal abnormalities, 

namely dentate gyrus bilamination. It is possible that these two infants were too young 

(<2 months of age) to have exhibited convulsive seizures and other features of DS, and 

were therefore not yet diagnosed. These cases and the many similarities between the two 

syndromes suggest that some cases of SIDS may in fact be SUDEP in infants who had 

epilepsy, but who had not yet been diagnosed.

Overall, 5-HT is an attractive candidate to be involved in the pathophysiology of SIDS and 

SUDEP because it plays a role in modulating many brain functions implicated in these 

diseases, including breathing, cardiovascular control, sleep and wakefulness, arousal, and 

seizures.

8) Forebrain inhibition of breathing: Role of the amygdala

Since respiratory motor output can be generated automatically by the pons and medulla, 

an important question is how a seizure arising from the forebrain influences neurons in the 

lower brainstem to inhibit respiratory motor output. Descending projections could inhibit 

brainstem neurons involved in generation and shaping of respiratory motor output or its 

modulation, including those in the preBötz (Smith et al., 1991), the NTS, the retrotrapezoid 

nucleus (Guyenet et al., 2019) or 5-HT neurons in the raphe nuclei (Zhan et al., 2016). 

Recent data indicate that the amygdala is a critical node in the pathway for seizures in the 

forebrain to project to and inhibit respiratory motor output.

Forebrain effects on breathing in patients

Under most conditions, breathing is automatic, and is stimulated by tonic drive from CO2 

chemoreceptors (Richerson and Boron, 2003) and wakefulness drive (Dubois et al., 2016, 

Fink, 1961). Voluntary control of breathing is required for activities such as eating, singing, 

voluntary breath holding, meditation, laughing, and other situations using the respiratory 

apparatus for non-ventilatory functions (Butler et al., 2014, Provine, 2016). Changes in 

breathing during these voluntary behaviors is mediated by projections from the forebrain. 

Neuronal activity observed with depth electrode recordings in some forebrain nuclei has 

been associated with changes in breathing in epilepsy patients. Such structures include 

the piriform cortex, hippocampus, amygdala, and other regions (Zelano et al., 2016), 

indicating a possible role in voluntary breathing modulation. Pathways from these forebrain 

regions to the brainstem might also be activated by seizures, inducing peri-ictal breathing 

abnormalities.

Seizure spread into the limbic system is known to induce apnea. This phenomenon was first 

described by John Hughlings Jackson in 1899 (Jackson, 1899). In his work, he described 

seizure discharges in the uncinate gyrus that occurred coincident with asphyxia. In the last 

decade, it has been shown that seizure spread to different nuclei of the limbic system, 

such as the hippocampus (Nobis et al., 2018, Lacuey et al., 2017) and amygdala complex 

(Rhone et al., 2020, Park et al., 2020, Nobis et al., 2018, Lacuey et al., 2017, Dlouhy et al., 

2015) can also occur coincident with breathing abnormalities, including oxygen desaturation 

and central apnea (Figure 10A). Of these recent studies, the amygdala has been identified 

as having a particularly powerful effect in causing ictal apnea in adult (Dlouhy et al., 
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2015, Lacuey et al., 2017, Nobis et al., 2019) and pediatric epilepsy patients (Rhone et al., 

2020). These and other findings suggest a functional connection between the amygdala and 

medullary respiratory networks in humans.

Electrical stimulation of the amygdala and breathing abnormalities

Electric stimulation of the lateral amygdala in adolescent (Nelson and Ray, 1968) and 

basolateral (BLA) or basomedial (BMA) amygdala in pediatric patients (Rhone et al., 2020) 

can induce apnea. Central apnea and oxygen desaturation also occur in adult epilepsy 

patients when the amygdala is stimulated (Figure 10B–D) (Nobis et al., 2018, Dlouhy et al., 

2015, Lacuey et al., 2017). Interestingly, patients were unaware that they were apneic for 

as long as 48 seconds, and did not develop any dyspnea despite having significant oxygen 

desaturation. Patients were able to voluntarily resume breathing during stimulation when 

prompted, or during talking, suggesting apnea was due to loss of involuntary ventilatory 

drive rather than dysfunction of respiratory motor output pathways or musculature (Dlouhy 

et al., 2015). The effect of amygdala stimulation was strong enough to induce breath holding 

for longer than patients could hold their breath voluntarily.

There have been contradictory results obtained with stimulation of limbic regions other than 

the amygdala in patients, with some investigators able to induce apnea with stimulation of 

the hippocampus (Lacuey et al., 2017), and others unable to induce this response (Dlouhy 

et al., 2015). There are a variety of possible reasons for this difference, including the 

use of different stimulation parameters and electrode configurations. Dlouhy et al (2015) 

reported that they were only able to induce apnea with stimulation of a discrete region of the 

amygdala. This may have been due to their use of low levels of current injection to restrict 

the region stimulated, and high-resolution imaging to verify the anatomic localization. This 

approach is important because injection of too much current can activate neuronal cell 

bodies or axonal tracts in neighboring regions, or can induce seizures that spread widely to 

distant brain regions. It is of most interest to only activate local neurons to identify those 

with oligosynaptic projections to the brainstem.

Seizure propagation and ventilatory arrest in animal models

The amygdala is a structure that is frequently involved early during spread of seizures 

(Baram et al., 1997, Sharma et al., 2007), likely facilitated by hippocampal commissural 

fibers (Toyoda et al., 2013). The amygdala has been described as critical for propagation 

of seizures from the brainstem to the forebrain in rat and mouse audiogenic seizure models 

(Hirsch et al., 1997, Klein et al., 2004), but its role in propagation of seizures from the cortex 

to the brainstem is still unknown.

Experiments in DBA/1 mice have shown that the amygdala is a required node in the pathway 

from the forebrain to the respiratory network. Seizures induce apnea in DBA/1 mice that 

is normally fatal (Faingold et al., 2010). However, these apneas and death are prevented 

in DBA/1 mice if the amygdala is ablated (Marincovich et al., 2019), indicating that the 

amygdala is key in propagation of the seizure from the forebrain to the brainstem. It 

remains to be determined which specific neurons in the amygdala form this pathway, what 

neurotransmitter(s) they contain, and to what neurons they project in the brainstem. One 
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possible candidate is serotonin neurons, which are inhibited during seizures (Zhan et al., 

2016).

9) Summary and future directions

Figure 11 illustrates a model for our working hypothesis of the mechanisms of 

SUDEP. Under normal conditions hypercapnia stimulates breathing to maintain blood gas 

homeostasis. During a seizure, projections from the amygdala inhibit 5-HT neurons in the 

medulla and midbrain leading to loss of the ventilatory and arousal response to hypercapnia. 

Patients are obtunded postictally, unaware they are not breathing, and do not experience the 

dyspnea that would normally lead to protective reflexes to restore homeostasis. The resulting 

rise in CO2 and decrease in O2 would be fatal if severe and prolonged.

As follows from the preceding discussion, there are other mechanisms that may be involved, 

either in addition to or instead of those illustrated here. The serotonin neurons involved 

may not be those that are chemosensitive. Non-serotonergic chemoreceptors or portions 

of the respiratory network downstream of the chemoreceptors, including the respiratory 

rhythm generator may be involved. Adenosine appears to play a role (Purnell et al., 2021) 

but it is not known how that fits into this model. Thus, future work will be needed to 

test the proposed hypothesis for the pathophysiology of SUDEP, to identify biomarkers of 

high-risk patients, to improve ascertainment of SUDEP cases, to develop devices that can 

warn caregivers of impending SUDEP, and to find approaches for prevention of death. Based 

on the rapid growth of research in this field (Figure 12), it is likely that many of these issues 

will be addressed in the coming years.
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Figure 1. 
Age and sex distribution of definite and probable sudden unexpected death occurring in 

epilepsy cases in Sweden in 2008. Reproduced with permission from Sveinsson et al (2017).
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Figure 2. 
Pronounced oxygen desaturation with a complex partial left temporal onset seizure without 

secondary generalization. Patient was a 19-year-old male with a body mass index of 19.9. 

Seizure onset occurred with the patient awake and sitting in bed. He became unresponsive 

with lip smacking, a slight head turn to the left followed by forceful head turning to the 

right. He remained sitting for the duration of the seizure. The heart rate (beats per minute.) 

at various times is shown. Two other complex partial seizures in this patient (one left and 

one right temporal onset) were accompanied by oxygen desaturations below 50%. Oxygen 

saturation percent is shown on the ordinate. Reproduced with permission from Bateman et al 

(2008).
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Figure 3. 
SUDEP cases monitored in epilepsy units at the time of death always occurred after a 

generalized tonic-clonic seizure and had terminal apnea that preceded terminal asystole. 

A) Shown are data from nine separate patients with bar graphs colored to show time of 

breathing patterns plotted above those of cardiac patterns. Time = 0 marks the end of each 

electrographic seizure. B) Pattern of postictal cardiorespiratory function from an individual 

patient (Patient 10) with near-simultaneous cessation of respiratory and cardiac activity. 

C) Postictal cardiorespiratory activity from an individual patient (Patient 5) with severe 

disruption of respiratory activity 14 minutes before cessation of cardiac activity. Breathing 

was measured by observation of respiratory movements on video. Breathing could not be 

determined during seizures due to movement artifact. Reproduced with permission from 
Ryvlin et al, (2013).
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Figure 4. 
Death after spontaneous seizures in Scn1aR1407X/+ mice is initiated by respiratory arrest. A) 

Events leading to death in an Scn1aR1407X/+ mouse. Traces from top down are EEG, ECG, 

EMG, and whole-animal plethysmography (Pleth), in each case with paired power spectrum 

heatmaps shown below. A spontaneous seizure occurred at the time indicated, and this 

was followed by electrocerebral silence in the EEG. Shortly after the onset of the seizure, 

breathing became disrupted. Respiratory activity ceased halfway through the seizure. In 

contrast, the ECG did not change until near the end of the seizure, after which the frequency 

and amplitude slowly decreased over the next 4 minutes. B) Expanded traces of EEG, ECG, 

and plethysmography at the times labeled in (A) as 1–5. Reproduced with permission from 
Kim et al (2018).
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Figure 5. 
The 5-HT system is involved in the ventilatory response to hypercapnia. A) Medullary raphe 

neurons are located close to the basilar artery and its large penetrating branches. Shown 

is a transverse section of the midline rostral medulla (dorsal to the basilar artery). 5-HT 

neurons in the raphe are immunostained with an antibody against tryptophan hydroxylase 

(green). Blood vessels are filled with fluorescently-tagged albumin (red). Scale bar: 50 μm. 

Reproduced with permission from Fiske (2002). B). 5-HT neurons project to neurons in the 

major respiratory nuclei. Reconstruction of two biocytin-filled raphe obscurus 5-HT neurons 

(red, blue) and two pre-Bötzinger complex neurons (green, black) in a brain slice illustrating 

dendrites and axonal projections. Reproduced from Ptak et al (2009). C) Awake mice with 

genetic deletion of 5-HT neurons (Lmx1bf/f/p) have a smaller ventilatory response to an 

increase in ambient CO2 compared to WT littermates. Adapted from Hodges et al (2008).
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Figure 6. 
Decreased multiunit activity (MUA) in medullary raphe and reduced breathing during a 

seizure. A) Seizure induced by 2 s stimulation of hippocampus (HC). After the stimulus, fast 

polyspike activity is seen in the HC local field potential (LFP). MUA from the medullary 

raphe shows marked suppression of neuronal firing during the seizure with slow recovery 

in the post-ictal period. Respiratory trace shows airflow amplitude (proportional to volume) 

and respiratory rate both decreased markedly during the ictal and post-ictal periods. B) 

Expanded segments of data from baseline, seizure, post-ictal, and recovery periods from the 

boxed regions in (A). Reproduced from Zhan et al (2016).
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Figure 7. 
Serum 5-HT levels and postconvulsive central apnea (PCCA) after generalized convulsive 

seizures. Elevated levels of postictal 5-HT in generalized convulsive seizures (GCS). The 

mean serum interictal 5-HT levels are shown in light green bars and postictal 5-HT levels 

(ng/mL) are shown in dark green bars for the 2 seizure groups: PCCA (n = 8) and non-

PCCA (n = 19). The levels of postictal serum 5-HT in the absence of PCCA were higher 

when compared to interictal levels (p < 0.001), but not when PCCA occurred (p = 0.22), 

suggesting the elevated 5-HT may be protective against PCCA. Reproduced with permission 
from Murugesan et al (2019).
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Figure 8. 
Patients with DS have abnormal breathing after seizures. A) Schematic of events while 

recording cardiorespiratory activity during and after a seizure in a 9-year-old girl with DS. 

Arrows labeled “b-e” denote the time of recordings shown in parts B–E, respectively. Area 

within red bars denotes convulsive seizures. B–E) Respiratory impedance plethysmography 

(Pleth) and ECG during normal breathing when tcCO2 was 43 mmHg (B), between 

convulsive seizures when there was apnea (C), after the seizures when apnea continued 

(D), and 44 minutes after the seizures when tcCO2 had risen to 68 mmHg (E). At 2 hours, 

tcCO2 decreased when the patient was stimulated to arouse, but did not return to baseline 

until 4 hours. Reproduced with permission from Kim et al (2018).
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Figure 9. 
A low interictal HCVR slope is associated with more severe postictal apnea, and may 

increase the risk of SUDEP in epilepsy patients. A) Scatterplot depicting the correlation 

between HCVR slope and duration of postictal tcCO2 rise and, B) HCVR and magnitude 

of postictal tcCO2 rise (ΔtcCO2). C) Frequency distribution of HCVR slopes in epilepsy 

patients. The black arrow points to the median slope for all patients and the maroon arrow 

indicates a patient who later died of SUDEP plus. D) Linear regression of VE and ETCO2 

for a patient with the median response indicated in (C). E) Linear regression for the patient 

in (C) shown with the maroon arrow. Adapted with permission from Sainju et al (2019).

Teran et al. Page 35

Handb Clin Neurol. Author manuscript; available in PMC 2023 May 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. 
Central apnea occurs in patients when seizures spread to the left amygdala, and can be 

induced by electrical stimulation. A) EEG of complex partial seizure with onset in the 

right subfrontal cortex. Breathing pattern is normal before and after seizure initiation. 

Apnea occurred when the seizure spread to the left amygdala and before it spread to the 

right amygdala, right temporal pole, right medial frontal cortex, and right posterior frontal 

cortex. B) Apnea could be induced by electrical stimulation at the electrode contact in (A) 

coinciding with apnea. C) Apnea was severe enough to cause O2 desaturation below 90%. 

D) Apnea was induced by stimulation of either the left or right amygdala. Adapted from 
Dlouhy et al (2015).
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Figure 11. 
Working model for seizure-induced respiratory depression. A) There are two main sources 

of respiratory drive. While awake, breathing is maintained by drive from chemoreceptors 

(including medullary raphe neurons) and cortical “wakefulness drive.” When CO2 increases 

it causes arousal from sleep and stimulates chemoreceptor drive. B) When a seizure 

occurs and propagates from the cortex to the brainstem (including via the amygdala), both 

chemoreceptor and wakefulness drives are lost. This leads to decreased baseline ventilation 

and a blunted HCVR. This postictal HCVR depression and hypoventilation could increase 

the risk of respiratory arrest and SUDEP. MNs = motor neurons, CPG = central pattern 

generator.

Teran et al. Page 37

Handb Clin Neurol. Author manuscript; available in PMC 2023 May 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 12. 
The number of published studies on SUDEP has increased dramatically from 1971 to 2021. 

PubMed was used to search for articles using ‘sudden unexpected death in epilepsy’ or 

‘SUDEP’.
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Table 1.

There is considerable overlap in the features of SIDS and SUDEP, suggesting that there may be shared 

pathophysiologic mechanisms.

SIDS SUDEP

Diagnostic method Diagnosis of exclusion Diagnosis of exclusion

Baseline health Normal Normal, except seizures

Routine autopsy findings Normal Normal

Incidence 0.6 per 1000 live births 1.1–1.3 per 1000 persons with epilepsy

Proposed mechanism of death

Respiratory Respiratory

Cardiac Cardiac

Arousal impairment Arousal impairment

Thermoregulatory ?

Circumstance of death Often found prone in crib Often found prone in bed

Link to 5-HT Yes Yes

Sex dependence Male Male

Time of day Sleep period Night or sleep period

Hippocampal pathology Present in 40% of cases Common
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