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Objectives

Abnormalities in sodium and potassium channel function are considered the basis of brain and cardiac channelopathy, and are responsible for brain and cardiac hyperexcitability in children with epilepsy and fatal ventricular arrhythmias. Although channelopathy is the common pathophysiologic basis of epilepsy and ventricular arrhythmias, the correlation between cardiac conduction in children with epilepsy and abnormal electroencephalogram (EEG) tracings, compared with those with normal EEG has not been investigated.
Methods
Children were assigned to two groups, the experimental and the control groups. The experimental group was further divided into two subgroups. Group A included 25 children with epilepsy and normal EEG. Group B included 25 children with epilepsy and abnormal EEG. The control group included 25 healthy children. We reviewed all electrocardiogram (ECG) tracings of the two groups using a Holter monitor. The repolarization parameters, including the QT interval, corrected QT (QTc), QT dispersion (QTd), and corrected QT dispersion (QTc-d) at maximal and minimal heart rate were all assessed.
Results
Children with epilepsy comprised two subgroups. Group A included 23
 children with epilepsy and normal EEG. Group B included 25 children with epilepsy and abnormal EEG
. Two children in group A and three children in group B did not meet the inclusion criteria. The mean age was 11.3 ± 0.6 years 
in the experimental group and 11.7 ± 0.4 years in the control group. The QTc at maximal heart rate was 0.453, 0.398, and 0.399, and the QTc-d was 0.102, 0.019, and 0.032 in children with epilepsy and abnormal EEG, those with epilepsy and normal EEG, and the control group, respectively.

Significance
Repolarization parameters were abnormal in children with epilepsy and abnormal EEG, but normal in children with epilepsy and normal EEG. Brain electrical activity on the EEG was significantly correlated with cardiac repolarization and conduction. 
Keywords: epilepsy, channelopathy, electroencephalogram, electrocardiogram, QT
Introduction
Changes in the electrocardiogram (ECG) during the ictal period have been reported in several studies
. In an extensive literature review, a significant increase in heart rate was associated with ictal events in a large proportion of patients with epilepsy, and this phenomenon was more prominent in temporal lobe epilepsy
. The percentage of seizures associated with significant heart rate changes was similar for both generalized (84%) and partial onset seizures (71%).1,2 
Abnormal electrical cerebral activity has been identified more frequently in patients with long QT syndrome. Repolarization abnormalities have been described in people with epilepsy, and abnormalities during the repolarization period have been proposed as likely causes for cardiac arrhythmias and sudden unexpected death in epilepsy (SUDEP). However, although seizures associated with ventricular tachyarrhythmias have been hypothesized to be involved in SUDEP, and corrected QT (QTc) abnormalities are associated with an increased risk of sudden cardiac death, compelling evidence to confirm these hypotheses, or determine the predispositions to such conditions, is lacking.5
 
Peri-ictal ventricular tachycardia and fibrillation in the absence of underlying heart disease have been reported in patients with epilepsy.3 Characteristic ECG changes are commonly observed in people with epilepsy, which makes ECG a promising candidate to monitor individuals at risk for seizures
. Such individuals are more likely to have abnormal QTc intervals; however, other parameters may include P wave dispersion, RR interval
, and early repolarization periods.7 
Serious cardiac arrhythmias have been observed in 10% of children with epilepsy
. These inter-ictal ECG changes could result in sudden cardiac death in epilepsy. A shorter mean QTc interval and longer corrected QT interval dispersion in patients with epilepsy have been observed.4 These alterations could potentially facilitate sudden cardiac death and might contribute to an association between sudden unexpected death and epilepsy.3 

Annually, approximately 10% of deaths in patients with seizure disorders in the United States, and 20%–30% of epilepsy-related deaths could be attributed to SUDEP
. The underlying etiology remains uncertain; however, besides cardiac arrhythmias, possible etiologies include cardiogenic, pulmonary, and/or primary neurological pathophysiological mechanisms. Status epilepticus in children with epilepsy can adversely affect ventricular electrical properties and stability. Children with epilepsy may be particularly vulnerable to seizure-induced arrhythmias.
Seizure episodes have also been associated with QT abnormalities (QT prolongation and QT shortening). In QT prolongation, cardiac repolarization may be abnormally prolonged, which can lead to the potentially dangerous condition of polymorphic ventricular tachycardia or sudden cardiac death (SCD).5,6 The coexistence of an abnormal QT dispersion (QTd) and shortened QTc facilitates ventricular tachyarrhythmia in an animal model of short QT syndrome.7 Therefore, the occurrence of pathologic QTd and shortened QTc in seizures may promote life-threatening ventricular tachycardia and fibrillation, which can contribute to SUDEP. 
Genetically, ion channels co-expressed in the brain and heart are logical candidates for SUDEP, because defects in intrinsic membrane excitability could underlie both epilepsy and cardiac arrhythmias that precipitate death.8 The SCNIA gene is a “neuronal” sodium channel gene with potential effects on cardiac function, either directly or through activation of the autonomic nervous system. Experimental animal studies have shown that Nav1.1 (a SCNIA gene product) is present in various regions of the heart in animal models, and abnormal expression of this gene can result in various cardiac effects, including SUDEP. 
An extensive review of postmortem reports was performed to characterize a large cohort of SUDEP cases, and identify variants in the three most common long QT syndrome (LQTS)
 genes that may contribute to the development of cardiac arrhythmias in SUDEP. Genetic analysis revealed six (13%) non-synonymous variants in KCNH2 and SCN5A, all previously reported in patients with LQTS. Specifically, KCNH2, Arg176Trp, SCN5A, and Pro1090Leu were each identified once in SUDEP cases
, but were absent in the control alleles.9,10

Tachycardia and the development of tachyarrhythmia during seizures are among the possible causes of SUDEP. Ictal tachycardia may precede the onset of surface electroencephalography in as many as 87% of seizures
.10 Tachycardia reportedly precedes, coincides with, or follows ictal discharges.9,11 Furthermore, compared with controls, SUDEP has a higher frequency in patients with a higher ictal heart rate.12 
Ventricular tachyarrhythmias are facilitated by pathological cardiac repolarization. Importantly, peri-ictal ventricular tachycardia and fibrillation have also been reported in the absence of any underlying cardiac disease. Therefore, pathological cardiac repolarization could promote SCD in people with epilepsy and could be one cause of SUDEP. 
Data on seizure-related fatal ventricular tachyarrhythmia remain sparse. In a cat model of seizures, two out of nine animals died because of ventricular fibrillation.13,14 Ventricular fibrillation was also observed shortly after a convulsive seizure in a patient with epilepsy, who showed no signs of underlying cardiac disease. 
Therefore, abnormal cardiac repolarization may occur in seizures and could induce ventricular tachyarrhythmia, resulting in SUDEP.15 

Seizure-related asystole and bradycardia are much less common. Ictal bradycardia occurs in fewer than 2% of seizures in patients with epilepsy.16,17 Ictal bradycardia and bradyarrhythmia are probably caused by an increase in parasympathetic activity, or a disruption of sympathetic activity resulting from propagating ictal activity in the respective autonomic cortical or subcortical networks.18 The frequency and clinical significance of bradycardia and ictal asystole during seizures are unclear. Ictal asystole is a rare phenomenon, seen in just 0.27% of 6825 patients, who underwent video-EEG monitoring.19 Asystole or bradycardia of a short duration of a few seconds might be a benign condition. However, longer episodes of bradycardia or asystole that occur in conjunction with severe hypoxemia could lead to a fatal reduction in cerebral oxygen supply and sudden death.20 
Other rhythm abnormalities, including ictal cardiac rhythm and conduction abnormalities have been reported in 5%–42% of patients with partial seizures. These abnormalities include supraventricular tachycardia, bundle branch block, premature atrial depolarization, premature ventricular depolarization, atrial fibrillation, and junctional rhythm.21,22 
Children with epilepsy exhibit impaired dependence and adaptation of the QT interval on the heart rate.1 Furthermore, beat-to-beat QTc interval variability, and markers of ventricular repolarization instability were both increased in children with epilepsy.1 Prolongation or shortening of QT intervals, as well as increased QT dispersion, are established risk factors for life-threatening ventricular tachyarrhythmia and SCD, and are considered to be electrocardiographical indicators of pathologic cardiac repolarization.2 Furthermore, SUDEP is more prevalent in children with epilepsy and abnormal EEG. The present study aimed to investigate cardiac repolarization dynamics in children with epilepsy and normal EEG, compared with those with abnormal EEG. 


Methods
We conducted a retrospective case control study at the Saint Vincent De Paul French Hospital, Nazareth, Israel. Patients with epilepsy were screened for the inclusion criteria. Those criteria and screening procedures included the following: EEG; brain imaging for structural brain abnormalities (brain magnetic resonance imaging or computed tomography
); 24 h Holter ECG to show rhythm disturbances; age between 1 and 17 years. Patients were excluded if they showed any of the following exclusion criteria: anoxic hypoxic encephalopathy; brain structural anomaly; previous brain surgery; history of cardiac arrhythmia; or patient or family history of channelopathy. 
Eligible study participants were further categorized into two groups: children with normal EEG and children with abnormal EEG. The control group comprised a convenient sample, which was matched to the epilepsy cohort by age, had a Holter ECG performed, and met none of the exclusion criteria. This retrospective review was approved by the Institutional Ethical Review Board at Saint Vincent De Paul French Hospital, Nazareth, Israel. 
A pediatric neurologist independently reviewed the medical records and assigned patients with epilepsy. A pediatric cardiologist, blinded to the group assignment, independently interpreted all ECG tracings at maximal and minimal heart rate, the RR interval, QT interval, QTc interval, and corrected QT dispersion (QTc-d) from lead II. The QTc interval was calculated using Bazett’s formula. We measured five consecutive QT and corresponding RR intervals from lead II. The mean QT and RR intervals were calculated. 
Statistical analysis

Participants were classified into three groups. Patients with epilepsy and normal EEG were included in group 1 (n = 21); patients with epilepsy and abnormal EEG were included in group 2 (n = 22); and the control patients were included in group 3 (n = 25). First, we performed one-way ANOVA comparing children with epilepsy and normal EEG with those with epilepsy and abnormal EEG for the following parameters: QT min, RR min, QTc min, QT max, RR max, QTc max, QTc-d, min HR, max HR, and min HR.

We examined the characteristics of the sample using descriptive statistics, such as the mean and standard deviation, and frequencies with percentages. Statistical analysis was performed using the SPSS statistics version 25 software. Significant differences were evaluated using one-way ANOVA, followed by the Tukey HSD multiple comparison test. P < 0.05 was considered significant.


Results
 Demographic characteristics of the experimental and control groups are summarized in Table I. The experimental group, children with epilepsy, consisted of two subgroups. Group A included 23 children with epilepsy and normal EEG. Group B included 25 children with epilepsy and abnormal EEG. In group A, two children did not meet the inclusion criteria of the research and were excluded. In group B, three children did not meet the inclusion criteria and were excluded
. In the experimental group, the mean age was 11.3 ± 0.4 years. That group included 23 female
 participants and 25 male participants. The control group comprised 25 unrelated healthy subjects without QT prolongation, and included 12 female participants and 13 male participants. The mean age in the control group was 11.7 ± 0.4 years. 
The QTc at maximal heart rate (tachycardia) was 0.453, 0.398, and 0.399 in children with epilepsy and abnormal EEG, children with epilepsy and normal EEG, and the control group, respectively. The QTc-d was 0.102, 0.019, and 0.032 in children with epilepsy and abnormal EEG, children with epilepsy and normal EEG, and the control group, respectively. 

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	



	
	
	

	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	



	

	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	



	
	

	
	
	
	

	
	
	
	

	
	
	
	



	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	


One-way analysis of variance (ANOVA) highlighted significant differences between groups for all parameters under investigation, and P values < 0.05 were considered significant. The Tukey honestly significant difference (HSD) test (multiple post-hoc analysis) showed significant differences 
between children with epilepsy and normal EEG and the control group for the following parameters: QT interval at minimal heart rate (QT min), minimal heart rate (min HR), and maximal heart rate (Max HR) (P < 0.05). The QT interval at maximal heart rate (QT max) in children with epilepsy and abnormal EEG differed significantly from 
that of the control group (P < 0.016)
.
The most important variables that confirmed our hypothesis showed statistical significance. In comparing children with epilepsy and normal EEG with those with abnormal EEG, the significant variables included the QTc at maximal heart rate (QTc max) and the QTc-d interval. Additionally, significant differences 
were found between the children with epilepsy and abnormal EEG and the control group (P < 0.001).
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Discussion
Epilepsy has a genetic component and affects more than 0.5% of the world’s population. It is caused by hyperexcitability in the central nervous system. Potassium channels are important regulators of electrical signaling. Furthermore, benign familial neonatal convulsions (BFNC)
, an autosomal dominant epilepsy of infancy, is caused by mutations in the KCNQ2 or KCNQ3b potassium channel genes.23,24
 
Ion channels that facilitate either the loss or gain of function are crucial in the generation and modulation of excitability in the nervous system and have been implicated in human epilepsy.25 Besides potassium channels, variants of the neuronal voltage-gated sodium channel subunits, SCN1A, SCN2A, and SCN8B are common in early onset epileptic encephalopathies and other autosomal dominant childhood epilepsy syndromes.26,27
Mutations in the SCN1A gene 
have been identified in 50% of patients with Dravet syndrome.28 Abnormal prolongation of the QTc was increased 4.3-fold in seizures that were associated with desaturation, compared with seizures without desaturation. During some epileptic seizures, significant lengthening of QTc cardiac repolarization time has been reported.29–31 Abnormal EEG has been identified in 71% of patients with long QT syndrome, related to potassium channel mutations
. Electrical cerebral activity is identified more frequently as an abnormal phenomenon in subjects with long QT syndrome secondary to potassium channel mutation, compared with healthy controls.
Concealed long QT syndrome with concomitant EEG-documented epilepsy has been reported.29,32 In the present study, 
we investigated the repolarization parameters in children with epilepsy and abnormal EEG, compared with children with epilepsy and normal EEG. We investigated the repolarization markers in children with epilepsy and normal and abnormal EEG activity tracings
. 
Impaired dependence in children with epilepsy, adaptation of the QT interval on the heart rate, and beat-to-beat QTc interval variability are considered markers of ventricular repolarization instability. In the present study, these repolarization markers demonstrated significant instability in children with epilepsy and abnormal EEG, as compared with children with epilepsy and normal EEG. These results support the theory of possible common pathophysiologic mechanisms, characteristic of brain and cardiac channelopathy in children with epilepsy. Further investigation is warranted. 
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Figure legends

Figure 1: Test of variance. No outliers were found in the data, as assessed by inspection of a boxplot for values greater than 1.5 box-lengths from the edge of the box.
Figure 2
: Test of variance. Outliers were observed in the data of patients with epilepsy and normal EEG, as assessed by inspection of a boxplot for values greater than 1.5 box-lengths from the edge of the box.
Table 1
. Demographic data and corrected QT intervals among various experimental groups
	Research Groups
	Experimental Group A
	Experimental Group B
	Control Group

	
	Normal EEG
	Abnormal EEG
	

	Female participants 
	12
	13
	13

	Male participants
	11
	12
	12

	Average age 
	11.3
	11.1
	11.7

	QTc > 0.46 at minimal HR
	0.0
	0.0
	0.0

	QTc > 0.46 at maximal HR
	3
	11
	0.0

	Mean QTc at minimal HR
	0.359
	0.351
	0.368

	Mean QTc at maximal HR
	0.398
	0.453
	0.399

	Mean QTc dispersion
	0.023
	0.102
	0.032


EEG, electroencephalogram; QTc, corrected QT intervals; HR, heart rate

Table 2.
 Mean and standard deviation of all ECG tracings in each experimental group

	 
	Group
	

	
	Control group
	Epilepsy/abnormal EEG
	Epilepsy/normal EEG
	

	
	Mean
	SD
	Mean
	SD
	Mean
	SD
	P value

	QT (min)
	0.38
	0.04
	0.36
	0.04
	0.34
	0.05
	0.018

	RR (min)
	1.04
	0.21
	1.05
	0.2
	0.92
	0.2
	0.067

	QTc min
	0.37
	0.03
	0.36
	0.03
	0.36
	0.06
	0.655

	QT (max)
	0.25
	0.04
	0.28
	0.03
	0.25
	0.03
	0.014

	RR (max)
	0.38
	0.11
	0.37
	0.03
	0.4
	0.04
	0.463

	QTc max
	0.4
	0.03
	0.45
	0.05
	0.4
	0.05
	0.000

	QTC-d
	0.03
	0.04
	0.1
	0.06
	0.02
	0.05
	0.000

	Min HR
	53.08
	6.35
	58.86
	11.2
	63.95
	13.32
	0.004

	Max HR
	169.4
	12.67
	162.45
	17.38
	154.57
	15.89
	0.007

	Mean HR
	88.12
	10.87
	94.14
	15.45
	95.1
	12.88
	0.149


SD, standard deviation; min, minimum; max, maximum; QTc, corrected QT interval; QTC-d, corrected QT dispersion; HR, heart rate.


Table 3. Homogeneity of variances

	
	Levene’s statistic
	df1
	df2
	Sig.


	QTC-d
	Based on mean
	1.126
	2
	65
	0.330

	
	Based on median
	0.645
	2
	65
	0.528

	
	Based on median with adjusted df
	0.645
	2
	61.465
	0.528

	
	Based on trimmed mean
	1.101
	2
	65
	0.339


df, degrees of freedom; QTC-d, corrected QT dispersion.
Table 4: Percentages of exceptional values in each group

	
	Groups

	
	Epilepsy/normal EEG
	Epilepsy/abnormal EEG
	Control group

	1 = 
Exceptional 
	14.3%
	50%
	0%

	0 = Not exceptional 
	85.7%
	50%
	100%


EEG, electroencephalogram.
Table 5: Statistically significant values in experimental groups
	Variable
	 Group A
	Group B
	Std. error

	P value

	QT (min)
	Control
	Epilepsy/normal EEG
	0.01284
	0.014

	QT (max)
	Control
	Epilepsy/abnormal EEG
	0.00995
	0.016

	QTc (max)
	Control
	Epilepsy/abnormal EEG
	0.01235
	0.000

	
	Epilepsy/abnormal EEG
	Epilepsy/normal EEG
	0.01289
	0.000

	QTC-d
	Control
	Epilepsy/abnormal EEG
	0.01461
	0.000

	
	Epilepsy/abnormal EEG
	Epilepsy/normal EEG
	0.01525
	0.000

	Min HR
	Control
	Epilepsy/normal EEG
	3.1057
	0.002

	Max HR
	Control
	Epilepsy/normal EEG
	4.53256
	0.005


EEG, electroencephalogram; min, minimum; max, maximum; QTc, corrected QT interval; QTC-d, corrected QT dispersion; HR, heart rate.
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