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Abstract
Objective
To characterize peri-ictal apnea and postictal asystole in generalized convulsive seizures (GCS)
of intractable epilepsy.

Methods
This was a prospective, multicenter epilepsy monitoring study of autonomic and breathing
biomarkers of sudden unexpected death in epilepsy (SUDEP) in patients ≥18 years old with
intractable epilepsy and monitored GCS. Video-EEG, thoracoabdominal excursions, nasal
airflow, capillary oxygen saturation, and ECG were analyzed.

Results
We studied 148 GCS in 87 patients. Nineteen patients had generalized epilepsy; 65 had focal
epilepsy; 1 had both; and the epileptogenic zone was unknown in 2. Ictal central apnea (ICA)
preceded GCS in 49 of 121 (40.4%) seizures in 23 patients, all with focal epilepsy. Post-
convulsive central apnea (PCCA) occurred in 31 of 140 (22.1%) seizures in 22 patients, with
generalized, focal, or unknown epileptogenic zones. In 2 patients, PCCA occurred concurrently
with asystole (near-SUDEP), with an incidence rate of 10.2 per 1,000 patient-years. One patient
with PCCA died of probable SUDEP during follow-up, suggesting a SUDEP incidence rate 5.1
per 1,000 patient-years. No cases of laryngospasm were detected. Rhythmic muscle artifact
synchronous with breathing was present in 75 of 147 seizures and related to stertorous
breathing (odds ratio 3.856, 95% confidence interval 1.395–10.663, p = 0.009).

Conclusions
PCCA occurred in both focal and generalized epilepsies, suggesting a different pathophysiology
from ICA, which occurred only in focal epilepsy. PCCA was seen in 2 near-SUDEP cases and 1
probable SUDEP case, suggesting that this phenomenon may serve as a clinical biomarker of
SUDEP. Larger studies are needed to validate this observation. Rhythmic postictal muscle
artifact is suggestive of post-GCS breathing effort rather than a specific biomarker of
laryngospasm.
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The landmark Mortality in Epilepsy Monitoring Units Study
(MORTEMUS) study1 found sudden unexpected death in
epilepsy (SUDEP) and near-SUDEP incidences to be 7.5 per
1,000 and 2.2 per 1,000 patient-years, respectively, in the
intractable epilepsy population undergoing epilepsy moni-
toring unit evaluation. Profound postictal cardiorespiratory
dysfunction was found in all monitored SUDEP cases, with
terminal central apnea preceding terminal asystole in all cases.
Six of 25 cases with SUDEP and near-SUDEP had previously
noted postictal central apnea, postictal cardiorespiratory ar-
rest, or ictal asystole,1 suggesting that these features may be
implicated in SUDEP pathophysiology. Ictal respiratory dys-
function during epileptic seizures is well described.2–6 Less is
known about postictal breathing, particularly after generalized
convulsive seizures (GCS). Apnea is a particular concern; ictal
central apnea (ICA) is usually transient and benign in partial
seizures but poses danger in a minority when prolonged and
associated with profound hypoxemia. In particular, postictal
apnea, whether obstructive7 or central,1,2,4,6,8 may be associ-
ated with SUDEP.8 Obstructive breathing dysfunction from
laryngospasm is rarely reported7 but may be more frequent.9

Recent studies have re-examined muscle artifact from termi-
nal breathing effort in theMORTEMUS study, as well as in an
animal model of laryngospasm, leading to speculation about
its potential as a SUDEP biomarker,10 although immediately
after GCS, there is increasedmuscle tone that may account for
this.11 There is general consensus that ictal asystole is likely
benign,12 although postictal asystole may not be.13 We set out
to characterize both central and obstructive breathing dys-
function and the occurrence of postictal asystole in GCS, the
seizure type most associated with SUDEP.14

Methods
Patient selection
All patients were 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) and its preliminary phase, the Prevention and
Risk Identification of SUDEP Mortality (PRISM) project
(P20NS076965). Patients with intractable epilepsy (failure of
adequate trials of ≥2 antiepileptic medications)15 who were
≥18 years of age and were undergoing video-EEG (VEEG)
evaluation in the adult epilepsy monitoring units of partici-
pating centers from September 2011 until December 2017
were studied. Follow-up was conducted until April 30, 2018,

with 6-month telephone calls or clinic visits. We included
patients with recorded GCS, including generalized tonic-
clonic seizures, focal to bilateral tonic-clonic seizures, and
focal-onset motor bilateral clonic seizures.16 Exclusion criteria
were status epilepticus and obscured or unavailable video.
Demographic and clinical data were collected, including
phenotypic epilepsy characteristics, epilepsy duration, seizure
type and frequency, semiologic seizure features, awake or
asleep states, and presence of major cardiac or respiratory
disease. Epileptogenic zone was classified as generalized
(genetic generalized epilepsy in all cases), focal, both, or un-
known.17 GCS duration was defined as time from onset of
bilateral motor signs of tonicity or clonicity to clinical seizure
end. Early nursing intervention was defined as oxygen ad-
ministration or suction applied during the seizure or within 5
seconds of seizure termination.18

Data collection

Cardiorespiratory monitoring and VEEG monitoring
All patients underwent prolonged surface VEEG monitoring
with the 10–20 international electrode system. EEG and ECG
were acquired with Nihon Kohden (Tokyo, Japan). Peripheral
capillary oxygen saturation (SpO2) and heart rate were moni-
tored with pulse oximetry and plethysmography (Nellcor
OxiMax N-600x, Covidien, MN). Chest wall and abdominal
excursions were recorded with inductance plethysmography
(Ambu, Ballerup, Denmark; and Sleepmate or Perfect Fit 2,
Dymedix, St. Paul,MN). In a subset of 21 seizures (14 patients),
oral and nasal airflow was also recorded with a nasal pressure
transducer (BiNAPS, Salter Labs, Lake Forest, IL) and an
oral/nasal thermistor (ThermiSense, Salter Labs), with si-
multaneous transcutaneous CO2 (tcCO2) recordings with
the Sen TecDigital Monitoring System (SenTec AG, Therwil,
Switzerland).

A board certified pulmonologist (K.S.) oversaw breathing
analysis. Breathing assessments (breathing rate, O2 saturation,
tcCO2) were made 2 minutes pre-ictally and 3 minutes after
clinical seizure end1 through careful composite analysis of
inductance plethysmography, EEG breathing artifact, visually
inspected thoracoabdominal excursions and synchrony with
airflow, auditory breathing information, and nasal pressure
signal when available. Postictal tcCO2 was analyzed up to 5
minutes. Baseline interictal SpO2 was defined as mean SpO2
over a 15-second nonapneic, artifact-free epoch. Hypoxemia
was defined as SpO2<95% (mild [SpO2 90%–94%], moderate
[SpO2 75%–89%], or severe [SpO2 <75%]). When baseline

Glossary
CI = confidence interval; CPR = cardiopulmonary resuscitation; GCS = generalized convulsive seizures; ICA = ictal central
apnea;MORTEMUS = Mortality in Epilepsy Monitoring Units Study; NINDS = National Institute of Neurological Disorders
and Stroke;OR = odds ratio; PAG = periaqueductal gray; PCCA = postconvulsive central apnea; PGES = postictal generalized
EEG suppression; PRISM = Prevention and Risk Identification of SUDEP Mortality; Spo2 = peripheral capillary oxygen
saturation; SUDEP = sudden unexpected death in epilepsy; tcCO2 = transcutaneous CO2; VEEG = video-EEG.
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SpO2 was already <95% (38 of 135 seizures), a >1% drop was
considered significant.

Postconvulsive breathing rate was measured and averaged in
15-second epochs. Because breathing rate after GCS is usually
significantly increased compared to baseline,5 we classified
abnormal postconvulsive breathing rate according to devia-
tions from the mean in our cohort. Thus, seizures were di-
vided into 3 groups: postconvulsive bradypnea (breathing rate
2 SD below the mean in any epoch), postconvulsive tachyp-
nea (breathing rate 2 SD above the mean in any epoch), and
eupnea (postconvulsive breathing rate within 2 SD of the
mean). Postconvulsive breathing was classified as stertorous
(audible, deep, snoring-like or snuffling-like sound in active
inspiration or active expiration) or quiet.19 Inspiratory stridor
for laryngospasm was stringently analyzed with auditory
analysis, tracheal/neck movements, and nasal airflow when
available.

Central apnea was defined as ≥1 missed breaths without any
other explanation (i.e., speech, movement, or intervention).
ICA referred to apnea that occurred before GCS. Post-
convulsive central apnea (PCCA) was considered immediate, if
no breath was taken for at least 5 seconds after seizure end, or
delayed, when apnea occurred after at least 1 breath was
detected after GCS end. Asystole was defined as an R-R interval
of >3 seconds. We defined near-SUDEP as simultaneous car-
diac (asystole) and breathing (central apnea) cessation, with or
without cardiopulmonary resuscitation (CPR).

Presence and duration of postictal generalized EEG suppres-
sion (PGES)20 were determined by a validated automated
EEG suppression detection tool21 and supplemented by visual
analysis by 2 epilepsy neurophysiologists when the tool gave
no solution. Presence and duration of postictal EEG burst
suppression were also determined. Combined PGES and burst
suppression made up the EEG recovery duration. Finally, we
analyzed the presence of postictal EEG muscle artifact in
a 3-minute postictal period using previously described meth-
odology10 (time constant 0.03–0.001) in 60-second epochs.

Statistical analysis
Statistical analysis was performed with SPSS (version 24, IBM
Corp, Armonk, NY). Summary statistics were reported as
mean ± SD (median, range). Statistical significance for in-
tergroup differences was assessed with Pearson χ2 test and
Fisher exact tests for dichotomous or nominal variables. The
Mann-Whitney U test was used for continuous variables be-
cause they did not follow a normal distribution (Kolmogorov-
Smirnov test). Binary logistic regressions were used to assess
associations between dichotomous variables and other varia-
bles and combinations. The Kruskal-Wallis H test was used to
determine differences in continuous variables. The Spearman
correlation was used to determine correlation between con-
tinuous variables. The level of significance was set at p < 0.05.
Central tendency and dispersion measures of breathing rate
were obtained in each 15-second interval after clinical seizure

end. Outliers for breathing rate were identified when values
were above or below 2 SD of the mean.

Data availability
The datasets used and analyzed during the current study are
available from the corresponding author on request.

Results
One hundred sixty-four GCS were identified in 94 patients.
Reliable VEEG recordings that met study criteria were available
in 148 seizures in 87 patients (47 female). Of the148, 108 were
tonic-clonic GCS; the remainder were clonic GCS. Mean
follow-up time was 27.7 ± 15.2 months (26.1; 5.1–84.9
months); total cohort follow-up was 195 person-years. Mean
age was 37.9 ± 13.7 years (36; 18–77 years). Mean body mass
index was 28.7 ± 6.6 kg/m2 (28.1; 15.1–45.8 kg/m2).Mean age
at epilepsy onset was 21.4 ± 16.8 years (17; 1–67 years), and
mean epilepsy duration was 16.4 ± 12.7 years (12 years; 1
month–45 years). Seventy-two seizures occurred during
wakefulness, 73 during sleep, and 3 (1 patient) during postictal
stupor due to a seizure cluster. PGES was present in 106 of 148
seizures (71.6%). Epilepsy phenotypic details are shown in
table 1, and seizure characteristics are given in table 2.

Peri-ictal apnea
In 27 of 148 seizures in 16 of 87 patients (3 with focal epilepsy,
13 with generalized epilepsy), movement or acquisition artifact
prevented accurate analysis of ictal apnea. In the remaining 121
seizures, ICA was detected in 49 of 121 (40.4%) seizures in 23
of 71 (32.4%) patients. All patients with ICA had focal epilepsy
(temporal 12 [23 seizures], frontal 4 [7 seizures], lateralized 4
[14 seizures], multifocal 3 [5 seizures]).

In 8 of 148 seizures in 6 patients (3 generalized epilepsy, 3
focal epilepsy), artifact contaminated the immediate postictal
period. PCCA (figure 1) was found in 31 of 140 (22.1%)
seizures in 22 of 81 (27.1%) patients and observed in gen-
eralized (5 of 16 patients [6 seizures], 31.2%) and focal (15 of
62 patients [22 seizures], 24.2%) epilepsies (frontal 6 [7
seizures], multifocal 4 [6 seizures], temporal 4 [6 seizures],
lateralized left hemisphere 1 [3 seizures]) and in unknown (2
[3 seizures]). PCCA duration was 12.0 ± 14.3 seconds (8;
5–85 seconds), longer in male patients (14.4 ± 4.8 vs 11.4 ±
16 seconds, p = 0.005) and in focal epilepsy (13.7 ± 16.5 vs 6.5
± 1.4 seconds, p = 0.020).

PCCA was immediate in 10 of 140 (7.1%) seizures in 8 of 81
(9.8%) patients and delayed in 18 of 140 (12.8%) seizures in 14
of 81 (17.2%) patients. In 3 of 140 seizures in 3 patients, both
types were found. Two of these 3 patients had subsequent
seizures, 1 with only delayed PCCA and the other patient with
immediate and delayed PCCA separately. In 11 of 31 (35.4%)
PCCA seizures (9 of 22 [40.9%] patients), PCCA was ac-
companied by an ongoing postconvulsive electrographic sei-
zure discharge. Of the 10 seizures with immediate PCCA, 9 had
continuation of EEG seizure compared to 2 of 18 seizures with
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delayed PCCA (p = 0.001). PGES duration was longer in
delayed PCCA (40.7 ± 15.1 seconds) than in immediate
PCCA (27.22 ± 15.3, p = 0.045). In 5 delayed PCCA seizures
(5 patients), apnea was recurrent in the same seizure. In the
22 patients with PCCA, 13 patients had 43 subsequent
seizures, 22 of them with PCCA. Five patients had PCCA in
all their seizures.

In the subset of 21 seizures with available tcCO2 recordings,
complete data were available in 10 seizures in 8 patients. In
9 of 10 seizures, there was an increase in tcCO2, with the peak
occurring after clinical seizure end. Four seizures had PCCA
(2 immediate and 2 delayed), with a mean change of tcCO2 of
15.5 ± 3.87 mm Hg (16.5, 10–19 mmHg) compared to 9.6 ±
7.2 mm Hg (7; 2–20 mm Hg) in patients without PCCA,
although those CO2 values did not reach statistical signifi-
cance (p = 0.238). Obstructive apnea/hypopnea was not
found in the small subset of patients who underwent airflow
monitoring.

ICA presence did not predict PCCA (p = 0.356). PCCA was
more common in female patients (p = 0.003), in shorter
seizure duration (p = 0.033), when PGES was present (87% in
patients with PCCA vs 67.8% in patients without PCCA, p =
0.041), and with nadir SpO2 in the postictal (rather than ictal)
phase (p = 0.031). Respiratory comorbid conditions were
present in 3 patients (3 seizures) with PCCA (all with un-
complicated obstructive sleep apnea) and in 3 patients (5
seizures) without PCCA (asthma 1, chronic sinusitis 1, ob-
structive sleep apnea 1). PCCA was not associated with GCS
frequency, epilepsy age at onset, or epilepsy duration data
(table e-1 available from Dryad, doi.org/10.5061/dryad.
1k7d35q). After binomial regression analysis, female sex
remained an independent predictor for PCCA (p = 0.007,
odds ratio [OR] 7.8, 95% confidence interval [CI] 1.7–34.8).

Patients with near-SUDEP and SUDEP
Two patients with PCCA each had a monitored near-SUDEP
seizure (incidence rate 10.2 per 1,000 patient-years), and
another with immediate PCCA had an out-of-hospital prob-
able SUDEP (incidence rate 5.1 per 1,000 patient-years).

Patient 1 (video 1 and figure 2) was a 58-year-old right-handed
woman with 3 years of intractable right mesial frontal lobe
epilepsy and 3 to 4 GCS per year due to a meningioma. Two
GCS arising were recorded; the first arose from wakefulness
and lasted 47 seconds, ending with PCCA and asystole. After
clinical seizure end, the EEG seizure continued for 14 seconds.
During this postconvulsive period, immediate PCCA occurred
for 10 seconds, followed by 1 breath and 3 delayed PCCA
periods of 12, 32, and 31 seconds (total PCCA 85 seconds).
Concurrent with immediate PCCA, she had bradytachycardia
preceding an initial asystole of 40-second duration, followed by
2 more asystole periods of 12 and 7 seconds (total asystole
period 59 seconds). Oxygen administration, alerting stimuli,
and repositioning of the patient were performed. PGES lasted
169 seconds, and EEG recovery duration was 1,091 seconds

Table 1 Epilepsy phenotypic and MRI neuroimaging
details

Variable Patients, n Seizures, n

Seizure frequency

<3 GCS in the last year 26

≥3 GCS in the last year 52

Unknown frequency 9

Respiratory comorbid conditions 7 9

Cardiac comorbid conditions 4 4

Epileptogenic zone

Generalized 19 27

Focal 65 116

Temporal 30 49

Frontal 15 23

Parietal 1 1

Multifocal 12 23

Lateralized 7 20

Both generalized and focal 1 2

Unknown 2 3

Lateralization of epilepsy

Left 22 48

Right 25 33

Generalized 19 27

Bilateral 8 35

Both generalized and focal 1 2

Unknown 2 3

Neuroimaging findings on MRI

Negative 50 90

Positive 27 40

Tumor 17 10

Encephalomalacia 7 8

Hippocampal asymmetry 4 6

Vascular malformation 3 4

Malformation of cortical
development

3 6

Temporal horn asymmetry 2 4

Mesial temporal sclerosis 1 2

Unavailable 10 18

Abbreviation: GCS = generalized convulsive seizures.
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(13 times the mean value of our study). The patient refused
both epilepsy surgery and pacemaker implantation and remains
under follow-up with sporadic seizures.

Patient 2 (video 2 and figure 3) was a 53-year-old right-
handed man with intractable epilepsy of unknown etiology of

45 years’ duration with 1 GCS per year. He had mild ob-
structive sleep apnea and coronary artery disease with stent-
ing. He had 1 GCS during admission, out of sleep, that lasted
78 seconds. After clinical seizure end, the EEG seizure con-
tinued for 5 seconds. During the clonic and postconvulsive
phase, the patient had progressive bradycardia. Asystole oc-
curred 3 seconds after EEG seizure end. Asystole durations
were 8 and 10 seconds. Cardiac rhythm was progressively re-
stored with bradytachycardia and then normal sinus rhythm.
Concurrently with asystole, the patient had delayed PCCA that
recurred, with durations of 5 and 16 seconds each (total apnea
duration 21 seconds). Oxygen was administered, and the pa-
tient was repositioned. PGES duration was 75 seconds. The
patient is currently seizure free.

Patient 3 was a 21-year-old woman with genetic generalized
epilepsy since 8 years of age with intractable absence seizures
and 3 to 4 GCS per year. She was admitted with a 4-seizure
cluster in 24 hours. One GCS of 58 seconds’ duration was
captured, arising from sleep. PGES duration was 42 seconds.
She had 8 seconds of immediate PCCA, during which EEG
seizure was evident. Breathing was restored spontaneously
after EEG seizure end. No bradycardia or asystole was noted.
Oxygen was administered. Seizures remained intractable.
Two years after admission, the patient was found in cardio-
respiratory arrest at home. CPR achieved recovery of pulse,
but she died several hours later in hospital. Autopsy was de-
clined, and death was classified as probable SUDEP.

Postictal breathing rate and hypoxemia
Breathing rate was available in 147 of 148 seizures (table 2).
Bradypneic seizures had longer epilepsy duration, usually oc-
curred in sleep, and were associated with severe hypoxemia and
the presence of PCCA (p < 0.05). There was no association with
age at study or at epilepsy onset or with seizure frequency and
other epilepsy phenotypic or seizure characteristics (table e-2
available from Dryad, doi.org/10.5061/dryad.1k7d35q). Com-
plete SpO2 data were available in 91 seizures. All had at least
moderate hypoxemia (moderate in 14 of 91 [15%] seizures,
severe in 77 of 91 [85%] seizures). Nadir SpO2 was detected
postictally in 63 of 91 (69%) seizures and ictally in the rest (table
2). Early oxygen administrationwas related to shorter hypoxemia
duration, with a mean in the early oxygen administration group
of 120.33 ± 60.1 seconds vs 146.6 ± 57.4 seconds (p = 0.018).

Postictal breathing effort and muscle artifact
Patients exhibited stertorous breathing in 109 of 147 (74.1%)
seizures in 69 of 87 (79.3%) patients. Breathing sounds were
expiratory in 60, both inspiratory and expiratory in 40, and
solely inspiratory in 9. None exhibited ictal or postictal in-
spiratory stridor suggestive of laryngospasm. In 1 patient
(smoker) with no known cardiorespiratory comorbidity,
stereotypic wheezing occurred after clinical seizure end in all 3
recorded GCS, suggesting distal airway obstruction.

Postictal muscle artifact was present in 131 of 147 (89%)
seizures (1 was excluded due to excessive electrode artifact),

Table 2 Electroclinical seizure features and durations

Variable
Seizures
(n = 148), n

Results (mean ± SD
[median, range])

Seizure phases duration, s

Tonic 108 8.7 ± 4.6 (8.5; 1–23)

Jittery 125 9.5 ± 9.2 (7; 1–78)

Clonic 148 34.9 ± 15.4 (32; 5–110)

PGES duration, s 106 38.7 ± 23.7 (37; 1–169)

EEG recovery duration, s 112 83.4 ± 119.2 (54; 1–1,091)

Muscle artifact duration, s

Total 131 70.9 ± 45.4 (56; 10–180)

Rhythmic 75 74.4 ± 42.3 (63; 18–180)

Continuous 51 58.1 ± 42.2 (45, 10–180)

Both rhythmic and
continuous

5 148.6 ± 43.5 (92–180)

Hypoxemia duration, s 95 130.5 ± 60.5 (119; 25–281)

SpO2, %

Nadir SpO2 91 59.6 ± 14.1 (60; 22–87)

Baseline minus
nadir in SpO2

91 35.8 ± 14.6 (34; 8–77)

tcCO2, mm Hg

Peak value tcCO2 10 50.7 ± 9.6 (50.5, 39–66)

Peak minus baseline
tcCO2

10 12 ± 6.5 (13; 2–20)

ICA duration, s 49 16.4 ± 9.0 (15, 5–39)

PCCA duration, s 31 12.0s ± 14.3 (8; 5–85)

Immediate PCCA 10 8.7 ± 2.4 (8.5; 5–12)

Delayed PCCA 18 9.2 ± 5 (7; 5–21)

Both immediate and
delayed PPCA

3 40.6 ± 38.4 (20; 17–85)

Postictal breathing
rate,a n

Bradypnea 13

Eupnea 113

Tachypnea 21

Abbreviations: ICA = ictal central apnea; PCCA = postconvulsive central ap-
nea; PGES = postictal generalized EEG suppression; SpO2 = peripheral cap-
illary oxygen saturation; tcCO2 = transcutaneous carbon dioxide.
a Mean values for postictal breathing rate are not depicted because each 15-
second epoch had a different mean.
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with a mean duration of 70.9 ± 45.4 seconds (56; 10–180
seconds). Muscle artifact was unrelated to epilepsy pheno-
typic features (p > 0.05), but longer hypoxemia duration (p =
0.005), lower mean SpO2 nadir values (p = 0.001), higher
decreases in SpO2 (p = 0.001), stertorous breathing (p = 0.005),
and presence of PGES (p < 0.001) were associated (table e-3
available from Dryad, doi.org/10.5061/dryad.1k7d35q). After
binominal regression analysis, the presence of PGES remained
an independent association (OR11.630, 95%CI 1.631–82.945,
p = 0.014). Duration of muscle artifact was longer in patients
in the sleep state, those with tonic phases in GCS, and
patients with stertorous breathing and correlated with PGES
duration (r = 0.286, p = 0.004) and EEG recovery duration
(r = 0.405, p = 0.001).

Two different muscle artifact patterns were noted: a rhythmic,
intermittent pattern, synchronous with breathing, in 75 of 147
(51%) seizures in 53 patients (figure 4A) and a continuous,
nonrhythmic pattern in 51 of 147 (34.6%) seizures in 35
patients (figure 4B). Five seizures (3.4%) in 5 patients suc-
cessively exhibited both types of patterns.

Rhythmic muscle artifact was associated with older age at study,
higher body mass index, longer seizure duration, and loud
breathing (p < 0.050), whereas PCCA was less frequent in this
group. After binominal regression analysis, presence of sterto-
rous breathing (OR 3.856, 95% CI 1.395–10.663, p = 0.009),
age at study (OR 1.032, 95% CI 1.001–1.064, p = 0.040), and
longer clinical seizure duration (OR 1.026, 95%CI 1.001–1.051,
p = 0.045) remained independently associated with rhythmic

muscle artifact. It was also correlated with EEG recovery du-
ration (r = 0.303, p = 0.020).

Discussion
Our study suggests that PCCA is a possible SUDEP biomarker,
occurring in only 22% of GCS. Consistent with MORTEMUS,
PCCA was associated with near-SUDEP phenomena as well as
SUDEP, the latter in a prospectively ascertained case. Its in-
cidence was approximately half that of ICA, which appears
more likely to be a benign semiologic feature of focal seizures
unless prolonged (>60 seconds) or associated with severe
hypoxemia (<75% SpO2).

6 PCCA lasted 5 to 85 seconds, and
1 patient with only 8 seconds of PCCA in 1 recordedGCSwent
on to have an at-home, unmonitored SUDEP, suggesting that
its presence may be a predictor of death. Prolonged PCCA
may be especially dangerous. Our data suggest a distinction
between the pathophenomenology of ICA and PCCA. The
former is a preconvulsive phenomenon in focal epilepsy,
likely driven by seizure discharges in cortical sites thatmodulate
breathing6,22,23; on multivariate analysis, we found no associa-
tion between ICA with PCCA. The latter, on the other hand,
occurs in either focal or generalized epilepsy regardless of
electrographic seizure discharge, suggesting that it is driven
by brainstem mechanisms akin to a pontomedullary, rather
than cortical, Todd paresis–like phenomenon. Whereas PCCA
may be immediate or delayed, either can occur without post-
convulsive electrographic seizure discharge, and the same pa-
tient may exhibit either or both types of PCCA. Thus, the 2
phenomena either are the same or share a common anatomic

Figure 1 Postconvulsive central apnea

Generalized convulsive seizure endand subsequentpostictal phaseare shown ina 20-secondpage: EEG sensitivity 7μV, time constant 0.1, high frequency filter 70
Hz. After seizure end, 2noticeablebreathsare followedbypostconvulsive central apneaof 6 seconds,withpulse artifact identifiable in theplethysmography signal
during this period. Oxygen desaturation and subsequent ongoing recovery are seen as the patient resumes breathing. ABD = abdominal; THOR = thoracic.
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substrate of a compromised brainstem. Thus, in our patients
with near-SUDEP/SUDEP, both immediate and delayed ap-
nea occurred in patient 1, delayed apnea was seen in patient 2,
and immediate apnea occurred in patient 3. Blunted CO2

chemoreceptor responses due to preexisting obstructive sleep
apnea in patient 2 may have played a role in his near-SUDEP,

although his sleep apnea was uncomplicated and unlikely to
have contributed.

ICA incidence (40.4%) was concordant with previous pub-
lications.6 No patients with generalized epilepsy had pre-
convulsive ICA, supporting the contention that preconvulsive

Figure 2 Sequence of EEG, ECG, and breathing changes in the near-SUDEP event of patient 1

(A–C) Clinical seizure end and onset of the postictal convulsive phase are shown in 3 consecutive 60-second pages. Two channels of the EEG recording are
displayed, along with 2 ECG channels and thoracic (THOR) and abdominal (ABD) belts. (A) After clinical seizure end, apnea is noted, accompanied by
bradytachycardia that progresses into asystole. Three apneic periods are seen. The first QRS complex is seen at the end of the page. (B) Apnea and asystole
continue from panel A until a second QRS complex and 2 breaths, followed by further apnea and asystole. Regular cardiac rhythm is progressively restored,
although apnea persists until several seconds later. (C) Cardiac rhythm is re-established, and breathing excursions become more regular and increase in
amplitude. Rhythmic muscle artifact becomes more evident on EEG. SUDEP = sudden unexpected death in epilepsy.
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ICA is a semiologic phenomenon unique to focal epilepsies.22

On the other hand, PCCA occurred in both generalized and
focal epilepsies, consistent with findings that SUDEP occurs
in both categories. PCCA was more frequent in women and
in the presence of PGES. However, PCCA duration was longer
in men. Confirmed in multivariate analysis, female predilection
is not easily explained because SUDEP is reported to more
likely afflict men14; longer PCCAduration inmenmay bemore
indicative of risk. Imaging studies in our cohort with intractable
epilepsy and GCS indicate sex-specific cortical changes in
autonomic and breathing control sites such as preferential,
lateralized orbitofrontal cortex thinning in women.24 Bra-
dypnea occurred more often in seizures arising from sleep,
when most SUDEP occurs. Postconvulsive bradypnea or
PCCA accompanied by asystole appears to be particularly
rare, occurring in only 1 seizure each in the 2 near-SUDEP

cases (<1% of all GCS), and thus may represent an especially
important biomarker.

The apnea/bradycardia combination after seizures leading to
death has been described in animal25,26 and human1,2 SUDEP,
although its mechanisms are unclear. Apnea and the conse-
quent hypoxemia and hypercapnia stimulate carotid body
chemoreceptors, which may trigger bradycardia through vagal
efferent activation.27 However, in a Dravet syndrome animal
model,26 selective peripheral muscarinic receptor blockade
did not prevent postictal apnea, bradycardia, and death.
On the other hand, selective central, medullary muscarinic
receptor blockade (intravenous methylatropine or intracerebro-
ventricular N-methylscopolamin) did, suggesting that pre-
vention of central apnea, rather than vagal output blockade,
is more relevant. Medullary muscarinic receptors can stimulate

Figure 3 Sequence of EEG, ECG, and breathing changes in the near-SUDEP event of patient 2

Seizure end and onset of the postconvulsive phase are shown in 2 consecutive 60-second pages. Two channels of the EEG recording are displayed, along with
2 ECG channels and thoracic (THOR) and abdominal (ABD) excursions. (A) After clinical end, progressive bradycardia is noted progressing to asystole after EEG
end. After the first QRS complex, a brief period of apnea is noted. There are some isolated breaths followed by a longer period of apnea, even as cardiac
activity is re-established, although in an arrhythmic fashion. Toward the end of the page, apnea ends and 2 breaths are noted. (B) A bradytachyarrhythmic
pattern on the ECG is still present at the beginning of the page. Breathing excursions increase and becomemore regular accompanied by prominent rhythmic
muscle artifact on EEG. SUDEP = sudden unexpected death in epilepsy.
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or inhibit breathing28,29 and are involved in central CO2 che-
moreception.30 Another critical brainstem component is the
periaqueductal gray (PAG), which is an integrative center for
breathing responses. Its afferents, including orbito-insular and
dorsomedial projections, amygdalo-hippocampal complex, and
thalamus, presumably participate in GCS seizure discharge.
PAG functional and structural segregation can determine deep
breathing, tachypnea, or apnea.31 PAG efferents project to
multiple nuclei, including medullary neurons involved in
respiratory rhythm and pattern generation, shaping final
breathing output. Stimulation of ventrolateral caudal PAG
in the cat decreases spontaneous activity and responsiveness to
surrounding stimuli and elicits irregular breathing, hypoten-
sion, and bradycardia.32 Whereas significant GCS-driven dis-
ruption of brainstem-mediated breathing functionmay result in

brief PCCA, severe and prolonged, fatal or near fatal PCCA
may involve structures such as the PAG,33 causing bradyar-
rhythmia, asystole, and hypotension.34–36 Possible ineffective
breathing during a seizure, along with a high metabolic load,
could set the hypoxic stage formore catastrophic PCCA effects.

Postictal spreading depolarization in dorsal medulla after seiz-
ures, shown to produce cardiorespiratory arrest, preceded by
EEG suppression and apnea, constitutes another potential
mechanism.37 Longer PGES duration was found in patients
with delayed compared to immediate PCCA, suggesting
a possible relationship between cerebral shutdown and brain-
stem dysfunction. Establishment of nonseizure SUDEP as an
entity38 suggests that brainstem dysfunction may initiate the
agonal event independently of cortical seizures.39,40 Whereas

Figure 4 Types of muscle artifact

(A) Rhythmic muscle artifact in a 60-second page. Note the one-to-one correspondence with thoraco (THOR)-abdominal (ABD) excursions and nasal flow
assessed by nasal pressure transducer (NPT) (sensitivity 7 μV, time constant 0.03, high frequency filter 70). (B) Continuous muscle artifact in a 60-second
page (sensitivity 7 μV, time constant 0.03, high frequency filter 70).
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spreading depression in cardiorespiratory suppression is un-
proven in humans, increasing evidence from imaging41,42 and
pathologic studies43 suggests that key cardiorespiratory control
structures are significantly damaged in patients with intractable
epilepsy who succumb to SUDEP. Imaging studies42 have
shown increased right hippocampal and parahippocampal gray
matter volume in patients experiencing SUDEP and high-
SUDEP-risk patients, setting the stage for possible autonomic
and respiratory output dysregulation.44 Gray matter volume
decline in the posterior thalamus and brainstem (superior
colliculi, PAG, mesencephalic reticular formation, and raphe
nuclei) in patients experiencing SUDEP and high-SUDEP-risk
patients suggests damage to structures essential for breathing
response modulation. Neuropathologic examination of brain-
stems of patients experiencing SUDEP43 has shown structural
injury in neuropeptidergic and monoaminergic systems, spe-
cifically somatostatin and neurokinin 1 receptor neurons in
medullary raphe and ventrolateral medulla, where the pre-
Botzinger complex45 nucleus is located. The pre-Botzinger
complex nucleus is an important site for inspiratory rhythm
generation and a key PAG efferent. These findings provide
crucial anatomic substrates for breathing and cardiac dysfunc-
tion seen in patients with PCCA and those experiencing near-
SUDEP/SUDEP.

Recent studies9,10 describe potentially greater ictal and postictal
laryngospasm incidence in SUDEP phenomenology than pre-
viously reported in the literature.7,46 Rodent laryngospasm
models point to distinctive potential SUDEP biomarkers based
on breathing effort and cardiorespiratory coupling.10 One such
is postconvulsive rhythmic breathing EMG artifact evident in
ECG and EEG channels. Another is an abrupt increase in RR
interval variance, indicating increased breathing effort. Further
analysis of MORTEMUS SUDEP records has suggested the
presence of 1 ormore of these biomarkers, pointing to a role for
laryngospasm and obstructive apnea in death. However, despite
careful analysis of breathing in our study, aided by an expert
pulmonologist, no convincing laryngospasm or obstructive
apnea was seen despite the presence of rhythmic muscle artifact
in 51% of GCS. The absence of such breathing compromise
was further confirmed in the small subset of patients with air-
flow monitoring, in whom rhythmic muscle artifact occurred
without airflow impediment (figure 4A). This suggests that the
rarity of reported laryngospasm in the literature is deserved.
Thus, rhythmic muscle artifact is more likely to represent en-
hanced, nonobstructive breathing effort in the aftermath of the
physically vigorous seizure that is a GCS. Accordingly, its
presence was related to older age, longer seizure duration, and
stertorous breathing, reflecting strenuous seizure-related
physical impact. On the other hand, rhythmic muscle artifact
was not associated with objective markers of breathing drive
such as oxygen desaturation or hypercarbia. PGES correlated
with the presence of muscle artifact overall, although not with
rhythmic artifact alone or continuous artifact alone. This
finding suggests that PGES does not correlate with enhanced
breathing effort but may correlate with increased muscle tone
in the postictal state.11

PCCA, found in our cases of near-SUDEP/probable SUDEP
and reported in all MORTEMUS SUDEP, may help stratify
SUDEP risk. However, larger prospective studies are needed
to confirm this and to standardize procedures of response.
Whereas pacemaker implantation in ictal asystole may pre-
vent fall-related injuries,47,48 its role in postictal asystole with
PCCA is uncertain. The accompanying apnea and centrally
driven asystole may or may not render pacemakers futile.
Optimization of seizure control, prevention of GCS, and
potentially stimulation of ventilation remain critical.

Our study has limitations. Our near-SUDEP estimate (10.2 per
1,000 patient-years) may underestimate true incidence in the
severely intractable population (but likely overestimates it in
the general epilepsy population) because we could comment
only on monitored seizures in this preliminary report and
similar events at home may pass unnoticed. On the other hand,
our definition of near-SUDEP did not include the institution of
CPR49; the distinction between those with and those without
CPR may be artificial because there is overreliance on the
resuscitator’s judgment as to its necessity. There is strong ar-
gument that all patients who have combined asystole and
central apnea, regardless of CPR, be included in the definition.
Our apnea definition may overestimate incidence because
previous studies are based on sleep-study criteria. Our defini-
tion is more sensitive to brief disturbances of breathing that
would otherwise be missed. While there was combined use of
airflow and thoracoabdominal descriptions, precise distinction
between obstructive and nonobstructive apnea can be made
only by direct measures of chest wall/diaphragm EMG or
measures of esophageal pressure. However, we assumed that
even brief absences of ventilation in the postconvulsive phase,
when most patients have enhanced breathing rates, could have
important biological significance in the SUDEP context. Mul-
tiple apneic exposures may damage hypoxia-sensitive neural
systems such as the long axons in the hippocampus and
climbing fibers of the cerebellum; both structures serve sig-
nificant breathing and blood pressure control roles, and pro-
gressive damage has the potential to lead to system collapse.
Another limitation is that our study is based on surface EEG,
and persistence of intracranial seizure cannot be completely
ruled out in all patients with PCCA.50 Exquisitely focal post-
convulsive electrographic seizures in cortical sites that influence
breathing such as the amygdala and hippocampus may account
for sustained apnea, although it seems relatively unlikely to
account for intermittent PCCA periods that were collectively as
long as 85 seconds in our patients. Nasal outflow recordings
were available in only a small subset, which may underestimate
the true incidence of obstructive apnea/hypopnea. Limited
airflow and tcO2 datasets in this study reflect the clinical epi-
lepsy monitoring unit setting, where data acquisition can be
variable. However, it appears clear that clinically significant
laryngospasm is probably rare in GCS.

PCCA is a relatively uncommon phenomenon. Its occurrence,
regardless of epileptogenic zone or demonstrable seizure dis-
charge, and an association with asystole indicate a functional
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substrate in the brainstem akin to Todd paresis or even self-
limited spreading depolarization. PCCAmay serve as a SUDEP
biomarker, and further follow-up of this large prospective co-
hort may further clarify its potential role. This study further
highlights the role of polygraphic, multimodal recording in the
epilepsy monitoring unit in peri-ictal breathing dysfunction
diagnosis. We found that seizure-related laryngospasm is pro-
bably extremely rare, although it remains a potential mecha-
nism of death. Breathing related rhythmic muscle artifact is
more indicative of breathing effort than obstructed breathing
and thusmay not be a particularly useful biomarker for SUDEP.
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