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ABSTRACT

Objective: Generalized tonic-clonic seizures (GTCS) are a major risk factor for sudden unexpected
death in epilepsy (SUDEP). We investigated whether ictal/postictal cardiac features were depen-
dent on seizure type within individual patients.

Methods: ECG data from patients with medically refractory temporal lobe epilepsy (TLE) undergo-
ing presurgical investigation who had both complex partial seizures and secondarily GTCS during
video-EEG telemetry were retrospectively reviewed. Peri-ictal heart rate (HR), corrected QT inter-
val (QTc), HR variability, and cardiac rhythm were assessed.

Results: Twenty-five patients were included in this study. Secondarily GTCS led to higher ictal HR,
persistent postictal tachycardia, and decreased postictal HR variability. Moreover, abnormal
shortening of QTc occurred in 17 patients mainly during the early postictal phase and signifi-
cantly more often in secondarily GTCS. Abnormal QTc prolongation occurred in 3 patients with no
significant association with GTCS. Benign cardiac arrhythmias occurred in 14 patients and were
independent of seizure type.

Conclusions: Our data suggest a substantial disturbance of autonomic function following secondarily
generalized tonic-clonic seizures (GTCS) in patients with medically refractory temporal lobe epilepsy.
The observed alterations could potentially facilitate sudden cardiac death and might contribute to the
association of sudden unexpected death in epilepsy with GTCS. Neurology® 2010;74:421–426

GLOSSARY
CI � confidence interval; CPS � complex partial seizure; GTCS � generalized tonic-clonic seizures; HR � heart rate; HRV �
HR variability; QTc � corrected QT interval; SUDEP � sudden unexpected death in epilepsy; TLE � temporal lobe epilepsy.

Sudden unexpected death in epilepsy (SUDEP) is the most frequent epilepsy-related cause of
death and is particularly prevalent in patients with chronic epilepsy.1 In younger people with
epilepsy (age 20–40 years), the risk for sudden death is increased about 24-fold compared to
the general population.2 Peri-ictal cardiorespiratory alterations are likely to be involved in the
pathophysiology of SUDEP and include tachyarrhythmias and bradyarrhythmias as well as
central or obstructive hypoventilation and neurogenic pulmonary edema.1 Since generalized
tonic-clonic seizures (GTCS) are a major risk factor for SUDEP,3,4 then determining the
specific cardiac characteristics of GTCS may give us a considerable insight into the mechanisms
underlying SUDEP. Abnormalities in cardiac repolarization, persistent elevations of heart rate
(HR) after exercise, and a decreased HR variability (HRV) are established predictors for cardiac
mortality and sudden cardiac death in other medical conditions or in healthy populations.5-7

Previous studies have suggested a greater impact of GTCS on cardiac excitability than non-
generalized seizures with higher ictal heart rates in chronic epilepsy and SUDEP patients4,8-11

and possibly more cardiac arrhythmias following GTCS.8,10 These studies, however, are confounded
by the failure to compare the cardiac features in different seizure types within individual patients and
they therefore did not take into account individual differences in autonomic nervous system re-
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sponses; these can be altered to varying degrees
in chronic epilepsy patients.12 Here, we asked
whether the occurrence of ECG predictors for
cardiac mortality is dependent on seizure type in
individual patients.

METHODS We reviewed EEG and ECG data from patients
with medically refractory TLE who underwent standard presur-
gical assessment at the National Hospital for Neurology and
Neurosurgery between 1993 and 2007 and who had at least one
habitual complex partial seizure (CPS) and one secondarily
GTCS arising from the same hemisphere. In this time period, a
total of 1,033 patients with medically refractory focal epilepsy
underwent presurgical video EEG telemetry. To avoid potential
bias, one CPS and one secondarily GTCS were analyzed per
patient. If there were more than one CPS or secondarily GTCS,
we selected according to the following criteria: chronological or-
der of occurrence (first seizure of each seizure type was analyzed
in order of chronological occurrence during video-EEG teleme-

try); second, EEG pattern at onset of the seizure was similar
(same region, same pattern); third, ECG data were not compro-
mised throughout the recording due to muscle artifacts. The
latter was especially an issue during GTCS, in which ictal QT
and RR intervals were necessarily determined immediately be-
fore the generalized tonic-clonic phase and immediately after
seizure cessation. Following a GTCS patients were usually ad-
ministered oxygen via a face mask.

Recordings were performed using conventional scalp EEG
recordings (10–20 system) or intracranial recordings (2 patients)
at a sampling rate of 200 Hz. A modified lead-I ECG (adhesive
electrodes placed below the clavicles of either side) was recorded
simultaneously with EEG. HR was determined at different time
points (1 minute before, during the seizure at variable time
points when HR was highest, immediately after seizure cessa-
tion, 1 minute, 3, 5, 10, 15, and 30 minutes after seizure cessa-
tion) by averaging 3 to 5 consecutive RR intervals (figure 1A).
HRV was assessed by analysis of consecutive RR intervals during
30-s epochs in the 1 minute before seizure onset and 5 minutes
after seizure cessation and expressed as SD (SDNN, in ms) of all
RR intervals.13 QT intervals were manually measured from the
start of the QRS complex to the end of the T wave (defined by
the intersection with the isoelectric line) at the same time points
as RR intervals before, during, and immediately after seizure, 1,
3, and 5 minutes after seizure cessation. QT intervals and pre-
ceding RR intervals were determined from 3 to 5 successive
ECG complexes and the resulting corrected QT intervals (QTc)
were averaged. Four different formulas (Bazett, Fridericia,
Hodges, and Framingham) were used to calculate QTc.14 To
reduce a bias error of putatively pathologic QTc intervals (due to
higher HR during and after seizures), we used modified normal
limits for QTc intervals as determined by Luo et al.15 and, con-
servatively, considered only those QTc intervals to be pathologic
on which at least 2 correction formulas agreed.

Intraindividual comparison was performed using 2-sided
paired Student t test. Statistical dependence was tested using
2-sided Fisher exact test or 2-sided McNemar test where appro-
priate for categorical data, and linear regression for continuous
data. Dependence of short QTc on HR was tested using a mixed
linear regression model which allowed adjustment for individual
seizures and patients. p Values �0.05 were regarded as signifi-
cant. The primary null hypotheses of this study (ictal and postic-
tal HR, HRV, and QTc interval are the same in CPS and
secondarily GTCS) and respective p values were adjusted for
multiple comparisons using the Holm-Bonferroni stepwise cor-
rection. Data are given as mean � SEM.

Standard protocol approvals, registrations, and patient
consents. This study is part of a retrospective audit of the util-
ity of ECG in patients with epilepsy, approved as such by the
local ethics review board. Therefore, as a retrospective anony-
mized chart review, it did not require informed patient consent.

RESULTS Twenty-five patients were included in
this study (clinical information is summarized in the
table and table e-1 on the Neurology® Web site at
www.neurology.org). Routine 12-lead ECG analysis
(available in 21 patients) was normal.

HR was higher during secondarily GTCS (figure
1A) and persisted at levels above 100 bpm through-
out the postictal observation period. After 30 min-
utes, HR was still about 35% higher after secondarily
GCTS, whereas it substantially decreased within the

Figure 1 Secondarily generalized tonic-clonic seizures (SGTCS) last longer,
have higher ictal heart rate (HR), and display sustained
tachycardia and decreased HR variability (HRV) postictally

(A) HR at different time points (white bars: complex partial seizures [CPS]; green bars:
SGTCS; pi: postictal). Number of pairs from left to right: 25, 22, 25, 25, 22, 22, 21, 19, 19.
p Values from left to right: 1.0, 0.006, 0.002, 0.002, 0.002, 0.002, 0.001, 0.001, 0.001.
(B) HRV was similar before seizures (p � 1, 19 pairs), whereas postictal HRV was lower in
SGTCS (p � 0.007, n � 19 pairs). (C) Duration of seizures (green bar: SGTCS; p � 0.046, 24
pairs). For all panels: asterisks indicate significance.
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first 5 minutes after CPS. Furthermore, HRV was de-
creased after secondarily GTCS (figure 1B). Although
secondarily GTCS lasted longer (figure 1C), there was
no significant association between ictal (or immediately
postictal) HR and seizure duration (CPS: p � 0.7; sec-
ondarily GTCS: p � 0.06) or duration of the tonic-
clonic phase (p � 0.26; duration of tonic-clonic phase
78 � 11 s, n � 25). Benign arrhythmias were observed
in 9 CPS and 10 secondarily GTCS (in 14 patients) and
included ictal or postictal prominent sinus arrhythmia
and premature atrial/ventricular beats. Their occurrence
was not dependent on seizure type (p � 1.0, OR 1.25;
95% confidence interval [CI] 0.34–4.66) or side of sei-
zure onset (right vs left side: p � 0.42; OR 2.25; 95%
CI 0.41–12.44). Lengthening of QTc above normal
upper limits was found in 3 seizures (2 secondarily
GTCS, 1 CPS) and 3 patients. Shortening of QTc be-
low normal limits (figure 2A) was observed in 17 out of
25 patients mainly during the early postictal phase (fig-
ure 2C) and occurred significantly more often in sec-
ondarily GTCS (p � 0.047; figure 2B). Importantly,
occurrence of short QTc was not simply dependent on
HR (p � 0.156, 95% CI 0.01–0.06). Also, gender (fe-
male vs male: p � 1.0; OR 0.69; 95% CI 0.10–4.72)
or side of seizure onset (right vs left; p � 0.22; OR 0.13;
95% CI 0.01–2.85) had no clearcut influence on occur-
rence of short QTc in our study population.

DISCUSSION Our data indicate a persistent imbal-
ance in autonomic function with prevailing sympa-
thetic influence following secondarily GTCS. Postictal
HRV was reduced and HR recovery (return of HR to
baseline) was significantly slower following secondarily
GTCS compared to CPS. Impaired HR recovery after
exercise and reduced HRV both predict cardiac mortal-
ity and sudden cardiac death.6,7 Predominant cat-

echolaminergic activity can be arrhythmogenic
and,16 together with seizure-related metabolic,
hormonal (other than catecholamines), and respira-
tory alterations,17-19 could enhance the risk of fatal
arrhythmia. Also, repeated secondarily GTCS
(and the concurrent catecholaminergic activity)
may lead to structural modifications of cardiac tis-
sue which then in turn could facilitate the occur-
rence of cardiac arrhythmias.20

Alterations of cardiac repolarization are established
predictors of sudden cardiac death,5,21 and we and oth-
ers have shown abnormal QTc lengthening with sei-
zures.4,22 Abnormal QT prolongation was found in 6%
of the seizures and 12% of the patients, thus relatively
similar to the observed prevalence in our previous
study.4 Prolonged QTc interval is an established risk
factor for life-threatening “Torsade de Pointes” tachy-

Table Summary of basic clinical dataa

Side of MRI finding or seizure onset
(in cryptogenic epilepsy)

Right Left Bilateral

Men
(35.2 � 2.5 y)

5 3 2

Women
(33.2 � 2.0 y)

8 6 1

Etiology

Hippocampal
sclerosis

9 7 1

Other 3 (glioma,
postischemic,
dysembryoplastic
neuroepithelial
tumor)

2 (cavernoma,
atrophy)

0

Cryptogenic 1 0 2

aAge of all patients 34 � 1.6 y; epilepsy duration 25.1 � 2.3 y.
For more details, see table e-1.

Figure 2 Shortening of QT interval (QTc) is
more frequent in secondarily
generalized tonic-clonic seizures
(SGTCS) and predominantly occurs
in the early postictal phase

(A) QT values corrected with Fridericia formula at different
time points. Number of pairs from left to right: 25, 10, 17, 18,
18. p Values: 0.97, 1.0, 0.0011, 0.001, 0.23. (B) Number of
seizures with normal QTc (white) and short QTc (green) in com-
plex partial seizures and SGTCS. Twenty pairs with respec-
tive available QTc data were included. (C) Number of
observations with short QTc at the time of occurrence (pi: pos-
tictal). For all panels: asterisks indicate significance.
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cardia.5,21 Thus, peri-ictal QT prolongation could facil-
itate fatal ventricular tachyarrhythmia.

Unexpectedly, we also observed frequent shorten-
ing of QTc below normal limits particularly with sec-
ondarily GTCS.15 Importantly, 2 observations argue
against short QTc being simply a reflection of higher
HR in secondarily GTCS: short QTc predominantly
occurred in the early postictal phase, and not during
ictal HR peaks, and short QTc did not correlate with
absolute HR.

We and others have undoubtedly underestimated
the prevalence of QT shortening.4 This is most likely
related to the fact that QT shortening seems to occur
predominantly immediately or 1 minute after seizure
cessation, a time period not usually assessed in other
studies.

The clinical relevance of enhanced occurrence of
short QTc with secondarily GTCS is unclear at present.
Short QTc syndrome with a genetic etiology has only
recently been described.23 Mutations in cardiac voltage-
gated potassium and calcium channels shorten QTc
and thereby reduce ventricular refractory period as a po-
tential cause for life-threatening re-entry ventricular
tachyarrhythmia. Clinical data on the predictive value
of short QT in otherwise healthy populations are, how-
ever, controversial.24-26 Likewise, little is known about
the significance of acquired, e.g., drug-induced shorten-
ing of QTc and therapeutic consequences are uncer-
tain.23,27,28 Primidone and rufinamide can both shorten
QTc,29,30 but these drugs were not used in our patients.
Although the use of carbamazepine could have influ-
enced our results, this drug is associated with brady-
arrhythmias and has only minor effects on QT
intervals.31,32 Further, QTc was normal during interictal
periods and also we compared the effects of different
seizure types within individual patients.

What could be mechanisms of a predominant oc-
currence of short QTc in the early phase after second-
arily GTCS and how could this potentially contribute
to the pathophysiology of SUDEP? Shortening of QT
is substantially mediated by circulating catecholamines
and can be enhanced by hyperkalemia and acido-
sis.23,27,28,33 All these conditions occur particularly dur-
ing or shortly after GTCS.18,19,34 Furthermore, chronic
epilepsy patients display altered autonomic function
with a presumably increased sympathetic tone and en-
hanced QT dispersion (spatial heterogeneity of cardiac
repolarization), which are both independent predictors
of cardiac mortality.4,7,35,36 The latter finding is of par-
ticular interest, as enhanced QT dispersion facilitates
ventricular tachyarrhythmia with short QT interval.37

Thus, one plausible explanation for SUDEP
would be peri-ictal occurrence of pathologic cardiac
repolarization resulting in sudden onset of ventricu-
lar tachyarrhythmia. Our findings also suggest that

assessment of QT dispersion and peri-ictal QTc
could be useful in epilepsy patients with frequent
GTCS in order to appreciate the potential risk of
fatal tachyarrhythmia.4 Indeed, ventricular tachyar-
rhythmia was recently reported to occur in a near-
SUDEP event with a secondarily GTCS in a patient
without underlying cardiac disease.38 This also raises
the question whether the use of anti-arrhythmic
treatment or implantation of cardiac defibrillator de-
vices might be potential preventive measures in epi-
lepsy patients at high risk for SUDEP. The
observation of peri-ictal cardiac repolarization as po-
tential underlying mechanisms for SUDEP may also
open up a new avenue for both genetic and therapeu-
tic research.39 Fatal tachyarrhythmia, however, are
only one possible etiology for SUDEP. Other poten-
tial etiologies include, e.g., peri-ictal central apnea
and bradyarrhythmias.1,40

We have retrospectively selected patients with
medically refractory TLE of either side who had at
least one CPS and one secondarily GTCS during
presurgical video-EEG telemetry. Therefore, our
study has exploratory character, and caution is war-
ranted in generalizing our results to other epilepsy
and seizure types. Potential confounders include dif-
fering day or night time of seizure onset, different
levels of antiepileptic drugs, and chronological order
of seizure occurrence. As these factors are very diffi-
cult to control for, we checked whether they might
have systematically influenced our data (table e-1).
CPS and GTCS occurred both at day or night time,
thereby excluding a systematic bias. Drug reduction
was instituted in 18 of the patients and reinstituted
after occurrence of secondarily GTCS. It is unlikely
that our results were influenced by this, because the
impact of seizure type on ECG was no different in
those patients with drug reduction and those without
(data not shown). Patients were usually administered
oxygen via a face mask following a GTCS, but not
following a CPS. This treatment is unlikely to in-
duce, e.g., sustained tachycardia, as it improves the
overall oxygen supply. Despite these limitations, ma-
jor confounders such as different properties of cardio-
vascular and autonomic nervous system in different
patients were controlled for by the intraindividual com-
parison, thereby strengthening our conclusions.
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