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Summary
Purpose—Cardiac arrhythmias and respiratory disturbances have been proposed as likely causes
for sudden unexpected death in epilepsy. Oxygen desaturation occurs in one-third of patients with
localization-related epilepsy (LRE) undergoing inpatient video-EEG telemetry (VET) as part of
their pre-surgical workup. Ictal-related oxygen desaturation is accompanied by hypercapnia. Both
abnormal lengthening and shortening of the corrected QT interval (QTc) on the electrocardiogram
(EKG) have been reported with seizures. QTc abnormalities are associated with increased risk of
sudden cardiac death. We hypothesized that there may be an association between ictal hypoxemia
and cardiac repolarization abnormalities.

Methods—VET data from patients with refractory LRE were analyzed. Consecutive patients
having at least one seizure with accompanying oxygen desaturation below 90% and artifact free
EKG data were selected. EKG during the one minute prior to seizure onset (PRE) and during the
ictal/postictal period with accompanying oxygen desaturation below 90%(DESAT) was analyzed.
Consecutive QT and RR intervals were measured. In the same patients, DESAT seizures were
compared with seizures without accompanying oxygen desaturation below 90% (NODESAT). For
NODESAT seizures, QT and RR intervals for 2 minutes after seizure onset were measured.

Key findings—37 DESAT seizures were analyzed in 17 patients with localization-related
epilepsy. A total of 2448 QT and RR intervals were analyzed during PRE. During DESAT,
1554QT and RR intervals were analyzed. 12 of the 17patients had at least one NODESAT seizure.
A total of 19 NODESAT seizures were analyzed, including 1558 QT and RR intervals during PRE
and 3408 QT and RR intervals during NODESAT. The odds ratio for an abnormally prolonged
(>457 msec) QTcH (Hodges correction method) during DESAT relative to PRE was
10.64(p<0.0001). The odds ratio for an abnormally shortened (<372 msec) QTcH during DESAT
relative to PRE was 1.65 (p<0.0001). Seizure-related shortening and prolongation of QTc during
DESAT were also observed when Fridericia correction of the QT was applied. During DESAT
seizures, the mean range of QT values (QTr)(61.14 msec) was significantly different from that
during PRE (44.43 msec) (p=0.01). There was a significant association between DESAT QTr and
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oxygen saturation nadir (p=0.025) and between DESAT QTr and duration of oxygen desaturation
(p < 0.0001). Both QTcH prolongation and shortening also occurred with NODESAT seizures. A
seizure-associated prolonged QTcH was more likely during DESAT than NODESAT with an
odds-ratio of 4.30 (p<0.0001). A seizure-associated shortened QTcH was more likely during
DESAT than NODESAT with an odds-ratio of 2.13 (p<0.0001).

Significance—We have shown that the likelihood of abnormal QTcH prolongation is increased
4.3-fold with seizures that are associated with oxygen desaturation when compared with seizures
that are not accompanied with oxygen desaturation. The likelihood of abnormally shortened QTcH
increases with seizures that are accompanied by oxygen desaturation with an odds-ratio of 2.13
compared with that in seizures without desaturations. There is a significant association between
the depth and duration of oxygen desaturation and QTr increase. These findings may be related to
the pathophysiology of SUDEP.
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INTRODUCTION
Sudden unexpected death in epilepsy (SUDEP) occurs with an incidence as high as 6.3 –
9.5/1000 patient years in patients with refractory epilepsy (Tomson, et al., 2008). Cardiac
arrhythmias and respiratory disturbances have been proposed as likely causes (Surges, et al.,
2009).

We have previously demonstrated that oxygen desaturation occurs in one-third of patients
with localization-related epilepsy (LRE) undergoing inpatient video-EEG telemetry (VET)
as part of their pre-surgical workup (Bateman, et al., 2008). Ictal-related oxygen
desaturation is accompanied by hypercapnia (Seyal, et al., 2010) and in a subset of patients
seizures may be accompanied by severe oxygen desaturation (< 60%) and marked rise in
end-tidal CO2 (>70 mm Hg)(Seyal, et al., 2010).

There is lengthening of the corrected QT interval (QTc) of the electrocardiogram (EKG)
during epileptic seizures (Brotherstone, et al., 2010, Kandler, et al., 2005). QTc prolongation
is associated with torsade de pointes and sudden cardiac death whether the QTc prolongation
is genetically determined or acquired (Elming, et al., 2002, Kannankeril & Roden, 2007,
Morita, et al., 2008, Pater, 2005, Schouten, et al., 1991). Drug-induced torsade de pointes is
associated with QTc prolongation of at least 60 msec (Fenichel, et al., 2004). Abnormal
shortening of the QTc occurs postictally and is most commonly present with secondarily
generalized convulsive seizures (Surges, et al., 2010b). Genetically determined QTc
shortening may increase the risk of ventricular tachycardia and cardiac sudden death
(Schimpf, et al., 2008). QTc shortening may be acquired and some antiepileptic drugs have
been implicated in QTc shortening (Cheng-Hakimian, et al., 2006, DeSilvey & Moss, 1980).
There is lengthening of the corrected QT interval (QTc) of the electrocardiogram (EKG)
during epileptic seizures in children and adults who have died of SUDEP (Brotherstone, et
al., 2010, Kandler, et al., 2005, Surges, et al. 2010a).

Both hypoxemia and hypercapnia have been associated with QT prolongation (Kiely, etal.,
1996, Roche, et al., 2003). We hypothesized that there may be an association between ictal
hypoxemia and cardiac repolarization abnormalities. This study was done to determine
whether or not a linkage exists between ictal hypoxemia and alterations in cardiac
repolarization.
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METHODS
In the present study, details of the methodology for acquiring VET data in patients with
medically refractory LRE, including EKG and oxygen saturation, were the same as
published previously (Bateman, et al., 2008, Seyal, et al., 2010). Single channel EKG data
was used for EKG analysis. Prior approval for the study was obtained from the local
institutional review board. Consecutive patients with at least one seizure that had an
accompanying oxygen desaturation below 90% and artifact free EKG data were selected.
Patients were required to have segments of artifact free EKG during the one minute prior to
seizure onset (PRE) and during the ictal/postictal period with accompanying oxygen
desaturation below 90%. Seizures with accompanying oxygen desaturation below 90%
(DESAT) were compared with control seizures without accompanying oxygen desaturation
below 90% (NODESAT) in the same patients. For DESAT seizures, consecutive QT and RR
intervals were measured during the ictal/post ictal period of oxygen desaturation below 90%.
For NODESAT seizures, QT and RR intervals for 2 minutes after seizure onset were
measured. A two minute period of analysis for NODESAT was chosen to include
approximately equivalent periods after seizure onset for DESAT and NODESAT seizures as
hypoxemia onset and nadir are delayed after seizure start (Bateman, et al., 2008). If
NODESAT duration extended beyond 2 minutes, measurements were continued to the end
of the seizure. For each seizure, consecutive QT and RR intervals during PRE were
measured for one minute, starting one minute before seizure onset. QT and RR intervals
obscured by electromyographic activity or movement artifact were excluded. The QT was
measured from the start of the QRS complex to the intersection of the downward limb of the
T-wave with the isoelectric line. The U-wave, if present, was excluded from the
measurement. QT and RR intervals were measured using manually placed electronic cursors
on the computer screen. Such measurements have a precision of ± 5 msec (Fenichel, et al.,
2004). EKG measurements were not blinded or masked from the EEG data.

Primary QTc calculations were performed using the Hodges method (QTcH = QT + 105 (1/
RR – 1)) (Luo, et al., 2004). Of the several QT correction formulae available, the Hodges
correction is recommended as the default method and has the least heart rate dependence of
QT correction formulae (Chiladakis, et al., 2010, Luo, et al., 2004). We used 457 msec as
the upper normal limit for QTcH and 372 msec as the lower normal limit using published
combined male and female values for all heart rates (Luo, et al., 2004).

Additional QTc calculations were done using the Fridericia correction method, a commonly
used nonlinear formula for QT correction (QTcF=QT (RR)−1/3). QTcF upper and lower
limits of normal of 460 and 365 msec, respectively, were used (Luo et al., 2004) to assess
odds ratios for abnormally prolonged and shortened QTcF between DESAT, NODESAT
and their corresponding PRE.

In order to assess the range of QT values (QTr) during PRE, DESAT and NODESAT, we
computed the difference between the longest and shortest QT interval for the preictal period
and similarly for the ictal/postictal period.

The data are presented as mean ± standard deviation (median, range). The two-sided
Wilcoxon rank-sum test was used to compare QTcH and QTcF between DESAT and the
corresponding PRE and between NODESAT and the corresponding PRE. The two-sided
Wilcoxon signed-rank test was used to compare heartrate and QTr between DESAT and the
corresponding PRE and between NODESAT and the corresponding PRE. The chi-squared
exact test was used to compare the proportion of abnormally prolonged QTcH and QTcF
values (QTcH > 457 msec, QTcF >460) and the proportion of abnormally shortened QTcH
and QTcF values (QTcH < 372 msec, QTcF < 365) between DESAT and the corresponding
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PRE, between NODESAT and the corresponding PRE, and between the DESAT and
NODESAT. Outliers in data were detected, so robust linear regression was used to study the
association between the DESAT QTr and oxygen saturation nadir, between the DESAT QTr
and duration of desaturation between the DESAT QTr and duration of the seizure and
between DESAT and NODESAT QTcH values and duration of the seizure. All analyses
were performed with SAS (Version 9.2) software (SAS Institute, Cary NC). A two-sided p-
value < 0.05 was considered statistically significant.

RESULTS
37 DESAT seizures were analyzed in 17 patients with localization-related epilepsy. A total
of 2448 QT and RR intervals were analyzed during PRE. In the ictal/post-ictal period,
1554QT and RR intervals were analyzed during the time when oxygen desaturation was
below 90%.

12 of the 17 (70.6%) patients had at least one NODESAT seizure. In these 12 patients, 19
seizures with adequate EKG data were available for analysis. For these 19 seizures, 1558
QT and RR intervals were analyzed during PRE and 3408 QT and RR intervals during the 2
minutes or longer following seizure onset.

The mean age of all patients was 35.47 ± 12.93 years (35, 16–59). For the 37 DESAT
seizures, 25 (67.6%) seizures were of right temporal lobe onset, 5 (13.5%) were left
temporal seizures, 1 (2.7%) was of near simultaneous bitemporal onset, 4 (10.8%) were of
frontal onset, and the onset could not be determined in the remaining 2 (5.4%) seizures. Of
these seizures, 6 (16.2%) evolved to generalized convulsions, 22 (59.5%) were complex
partial seizures, 1 (2.7%) was a simple partial seizure, and 5 (13.5%) were electrographic
seizures without clear clinical correlates. Adequate testing to determine seizure type was not
performed in the remaining three (8.1%). For the 19 NODESAT seizures, 9 (47.3%) seizures
were of right temporal onset, 5 (26.3%) seizures were of left temporal onset, 4(21.1%)
seizures were of frontal onset, and in one (5.3%) the onset could not be determined. Of these
seizures, 2 (10.5%) progressed to generalized convulsions, 4 (21.1%) were complex partial
seizures, one (5.3%) was a simple partial seizure, and adequate testing was not performed in
the remaining seizures.

The mean oxygen saturation nadir during DESAT was 78.78 ± 9.56% (82, 53–89). The
mean duration of oxygen desaturation below 90% was 78.76 ± 74.65 sec (43, 6–254). The
mean PRE heart rate was 82.14 ± 14.17 beats per minute (78, 60–114). The peak DESAT
heart rate was 119.33 ±20.07 beats per minute (117, 84–168). The DESAT peak heart rate
was significantly different from the mean PRE heart rate (p<0.0001)(Table 1).

For NODESAT, the mean PRE heart rate was91.67 ±26.66 beats per minute (84, 54–144).
The peak ictal heart rate during NODESAT was 113.17 ±26.43 beats per minute (111, 60–
162). The peak ictal heart rate was significantly different from the PRE heart rate (p<0.001)
(Table 1).

QTcH and QTr changes with DESAT seizures
The results are summarized in Table 1. Forty six of 1554 (3%) QTcH values in the DESAT
period were abnormally prolonged (QTcH > 457 msec). Seven of 2448 (0.3%) QTcH values
in the corresponding PRE periods were abnormally prolonged (Figure 1). The odds ratio for
an abnormally prolonged QTcH during DESAT relative to PRE was 10.64(95% confidence
interval 4.75–27.98, p<0.0001). 456 of 1554 (29.3%) QTcH values during DESAT were
abnormally shortened (QTcH < 372 msec). 492 of 2448 (20.1%) QTcH values during PRE
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were abnormally shortened (Figure 1). The odds ratio for an abnormally shortened QTcH
during DESAT relative to PRE was 1.65(95% confidence interval 1.42–1.92, p<0.0001).

The mean QTcH duration during DESAT was 393.08 ± 36.94msec (392.77, 287.72–
528.43). The mean QTcH during PRE was 389.48 ± 25.3 msec (390.32, 272.2–490.5). The
difference was significant (p=0.003). The mean QTr during PRE was 44.43 ± 18msec (40,
15–95). The mean QTr during DESAT was 61.14 ±34.35 msec (57, 13–155). The difference
in DESAT and PRE QTr was significant (p=0.01). There was a significant association
between DESAT QTr and oxygen saturation nadir (p=0.025) and between DESAT QTr and
duration of desaturation (p< 0.0001)(Figure 2). There was no significant association between
DESAT QTr and duration of the seizure (p=0.079).

QTcH and QTr changes with NODESAT seizures
The results are summarized in Table 1. The mean PRE QTcH was 388.32± 20.27msec
(386.86, 309.17–462.57). The mean QTcH during NODESAT was 397.06 ±24.5 msec
(396.43, 315.16–477.84). The difference in QTcH between PRE and during NODESAT was
significant (p<0.0001). 24 of 3408 QTcH (0.7%) intervals during NODESAT were
prolonged beyond 457 msec. One of 1558 QTcH (0.06%) intervals was prolonged in PRE
(Table 1). The odds ratio for an abnormally prolonged QTcH during NODESAT relative to
PRE was 11.04(95% confidence interval 1.80–454.39, p=0.004). The mean PRE QTr was
59.05 ± 20.91msec (57, 32–110). The mean QTr during NODESAT was 91.11±29.87msec
(89, 40–149). The difference in NODESAT and PRE QTr was significant (p=0.002). 557 of
3408 (16.3%) QTcH intervals were abnormally shortened during NODESAT and 331 of
1558 (21.3%) QTcH intervals were abnormally shortened in the corresponding PRE. The
odds ratio for an abnormally shortened QTcH during NODESAT relative to PRE was
0.72(95% confidence interval 0.62–0.85, p<0.0001).

QTcH comparisons of DESAT and NODESAT seizures
A seizure-associated prolonged QTcH (QTcH>457 msec) was more likely during DESAT
than NODESAT with an odds-ratio of 4.30 (95% confidence interval 2.56–7.39, p<0.0001).
A seizure-associated shortened QTcH (QTcH <372 msec) was more likely during DESAT
than NODESAT with an odds-ratio of 2.13(95% confidence interval 1.84–2.46, p<0.0001).

QTcH changes with generalized and non-generalized seizures
During DESAT the mean ictal QTcH values were 378.91 ± 29.03 msec (373.88, 287.72 –
528.43) and 396.33 ± 37.79 msec (397.90, 295.98–505.59), respectively, in the secondarily
generalized seizure and non-generalized seizure groups. The difference in ictal QTcH value
between the generalized seizure and non-generalized seizure groups was significant (p <
0.0001).

QTcH changes and seizure duration
The mean seizure duration during DESAT was 75.33 ± 34.32 sec (71, 12–204). For
NODESAT, the mean seizure duration was 91.72 ± 101.24 sec (49, 10–360). There was no
difference in seizure duration for DESAT and NODESAT seizures (p=0.340). For DESAT
seizures alone, there was no statistically significant association between QTcH and seizure
duration (p=0.208). For NODESAT seizures alone, there was no statistically significant
association between QTcH and seizure duration (p=0.335). For DESAT and NODESAT
seizures combined, there was no statistically significant association between QTcH and
seizure duration (p=0.748).
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Seizure-related QT changes applying Fridericia correction
The results are summarized in Table 2. For DESAT seizures, the results using QTcF were
similar to those found using QTcH. There was a significantly increased odds ratio for
abnormally prolonged as well as abnormally shortened QTcF during DESAT relative to
PRE. For NODESAT seizures, the odds ratio for prolonged QTcF was not significantly
different from PRE (p=0.0757), and the odds ratio for abnormally shortened QTcF was
significantly higher during the seizure relative to PRE.

DISCUSSION
We have shown that individual QTc intervals are both abnormally prolonged and
abnormally shortened with seizures of partial onset. Our data indicate that seizure-related
respiratory dysfunction is associated with prolongation of QTc. Other factors contributing to
seizure-related increase in QTc cannot be excluded as QTc increase also occurred with
seizures that were not accompanied by a drop in oxygen saturation below90%but with a
lower likelihood than in seizures with accompanying hypoxemia. We did not have sufficient
data for sub analysis of possible differential effects of age and gender on the QTc.

Seizures are associated with enhanced shortening of the QTc (Surges, et al.,2010b). We have
now shown that the likelihood of abnormally shortened QTc intervals increases with
seizures that had associated oxygen desaturation. Other seizure-associated factors may also
contribute to QTc changes. Increases in circulating catecholamines result in QT shortening
(Arrowood, et al., 1993). Prolonged rather than brief adrenergic stimulation appears
necessary for QT shortening (Arrowood, et al., 1993). Other metabolic derangements
including hyperkalemia, hypercalcemia, hyperthermia and acidosis also contribute to short
QT intervals (Lu, et al., 2008). With more than 20% of seizures, QT shortening was present
pre-ictally suggesting the possibility that this preictal shortening reflects a persistent effect
on the myocardium of recurrent seizures in the epilepsy monitoring unit. Nevertheless, the
likelihood of QT shortening increased during DESAT relative to the preictal period.
Susceptibility to malignant ventricular tachyarrhythmias in short QT syndromeis probably
related to the large dispersion of ventricular refractoriness caused by inhomogeneous
abbreviation of the action potential within the ventricle and within different layers of the
ventricular wall (Borggrefe, et al., 2005, Gaita, et al., 2003).

Increased QT variability is associated with increased mortality in patients with heart failure
and with increased risk of ventricular tachycardia and ventricular fibrillation (Dobson, et al.,
2011, Haigney, et al., 2004). These studies analyzed temporal variability of repolarization
from single channel EKG data. Although we did not directly assess QT beat to beat
variability, we have shown that the range of QT intervals increases with seizures that have
accompanying oxygen desaturation. The seizure-associated increased range of QT intervals
may be related to increased QT variability.

Seizure-related abnormal shortening and prolongation of QTc are more likely with seizures
that result in oxygen desaturation. Increases in QTr are associated with the depth and
duration of hypoxemia. These findings suggest that seizure-associated respiratory
dysfunction may be a factor in cardiac repolarization abnormalities. Our study does not
exclude other possible ictal-related mechanisms causing cardiac dysfunction and, in fact, the
preictal QTc shortening suggests a persistent effect of seizures on the myocardium. Seizure-
related prolongation and shortening of QT interval as well as persistent interictal QT
abnormalities have also been shown in people with epilepsy who have died suddenly
(Surges, et al., 2010a). According to the aforementioned study, abnormalities of cardiac
repolarization do not seem to reliably distinguish those who have a higher risk of SUDEP
from those who have not. However, our findings may be related to the pathophysiology of
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SUDEP in a subset of patients and contribute to the understanding of underlying cardio-
respiratory interactions.
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Figure 1.
Individual QTcH intervals for all DESAT seizures during PRE (Top) and during DESAT
(Bottom). The upper and lower horizontal lines represent the limits of normal QTcH values
computed by Hodges method. The vertical lines at the top of the figures separate QTcH
values from individual seizures. The ordinate shows QTcH values (msec). Individual QTcH
values from secondary generalized seizures (yellow circles), right temporal partial seizures
(dark red circles) and left temporal partial seizures(triangles)are shown.
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Figure 2.
Figure 2 (Top). Plot of QTr values during DESAT (ordinate) versus oxygen desaturation
nadir (abscissa). The regression line is plotted and 95% confidence intervals are shaded.
Figure 2 (Bottom). Plot of QTr values during DESAT (ordinate) versus duration of oxygen
desaturation (abscissa).
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Table 1

Seizure-related QTcH change (Hodges correction method) and QTr

DESATSEIZURES

PRE DESAT Odds-ratio for seizure QTcH versus PRE p-value

Mean heart rate (beats per minute) 82.14 119.33 <0.0001*

Prolonged QTcH intervals (%) 0.3 3.0 10.64 <0.0001**

Shortened QTcH intervals (%) 20.1 29.3 1.65 <0.0001**

Mean QTcH (msec) 389.48 393.08 0.003***

QTr (msec) 44.43 61.14 0.01*

NODESAT SEIZURES

PRE NODESAT Odds-ratio for seizure QTcH versus PRE p-value

Mean heart rate (beats per minute) 91.67 113.17 <0.001*

Prolonged QTcH intervals (%) 0.06 0.7 11.04 0.004**

Shortened QTcH (%) 21.3 16.3 0.72 <0.0001**

Mean QTcH (msec) 388.32 397.06 <0.0001***

QTr (msec) 59.05 91.1 0.002*

*
Two-sided Wilcoxon signed-rank test;

**
chi-squared exact test;

***
two-sided Wilcoxon rank-sum test
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Table 2

Seizure-related QTcF changes (Fridericia correction formula)

DESAT SEIZURES

PRE DESAT Odds-ratio for DESAT QTcF versus PRE p-value

Prolonged QTcF intervals (%) 0.12 0.71 5.81 0.003**

Shortened QTcF intervals (%) 20.63 50.26 3.89 <0.0001**

Mean QTcF (msec) 385.5 369.4 <0.0001***

NODESAT SEIZURES

PRE NODESAT Odds ratio for seizure QTcF versus PRE p-value

Prolonged QTcF intervals (%) 0.06 0.35 5.5 0.0757**

Shortened QTcF intervals (%) 43.13 51.35 1.39 <0.0001**

Mean QTcF (msec) 370.85 367.27 <0.001***

*
Two-sided Wilcoxon signed-rank test;

**
chi-squared exact test;

***
two-sided Wilcoxon rank-sum test
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