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A B S T R A C T

Concurrent electrocardiogram (ECG) and electroencephalogram (EEG) recording both ictally and interictally has
significant value in the comprehensive management of epilepsy. This review highlights the diagnostic utility of
simultaneous ECG and EEG monitoring in differentiating between epileptic and cardiac events, detecting cardiac
abnormalities, and identifying autonomic dysfunction. The critical role of this combined approach to defining the
mechanisms underlying cardiac morbidity and sudden cardiac death in patients with epilepsy and in guiding
therapeutic interventions is underscored. The “Epileptic Heart Syndrome” is examined, illustrating how chronic
epilepsy can adversely affect cardiac structure and function, leading to increased risk for interictal cardiac ar-
rhythmias, morbidities, and mortality. The findings emphasize the need for standardized protocols for routine
concurrent ECG and EEG recording in epilepsy monitoring units both ictally and interictally to ensure
comprehensive patient care, improve diagnostic accuracy, and potentially reduce epilepsy-related morbidity and
mortality. Future research directions are proposed to address existing gaps and to advance the technology and
methodology for concurrent monitoring including wearable and computer-based monitoring systems.

1. Introduction

Epilepsy is a neurological disorder characterized by recurrent sei-
zures that significantly impact patients’ quality of life and overall
health. Traditional monitoring methods primarily focus on electroen-
cephalogram (EEG) recordings to track brain activity during seizures.
However, these methods often do not capture the full scope of physio-
logical changes associated with seizures, particularly those affecting
cardiac function.

Studies have shown that concurrent electrocardiographic (ECG) and
electroencephalographic (EEG) monitoring can detect significant car-
diac abnormalities during seizure, such as tachycardia, bradycardia, and
asystole, which might not be apparent through EEG alone. These find-
ings underscore the necessity of integrating ECG and EEG monitoring in

routine epilepsy management to improve diagnostic accuracy and
ensure comprehensive patient care.

Recent advances have highlighted the importance of incorporating
ECG recordings alongside the EEG to provide a more comprehensive
view of the interactions between the brain and heart during epileptic
events. Concurrent ECG and EEG recording allows for the simultaneous
monitoring of neurological and cardiac activities, offering critical in-
sights into the physiological changes that occur during seizures. This
combined approach is particularly valuable in identifying interictal
neurocardiac dysfunction and cardiac morbidity, which can lead to
sudden cardiac death (SCD).

This review aims to consolidate current knowledge on the value of
concurrent ECG and EEG recording, highlighting its significance in
clinical practice and proposing future research directions to improve
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patient outcomes. It addresses monitoring cardiac comorbidities and
risk for SCD in epilepsy rather than sudden unexpected death in epilepsy
(SUDEP), which by definition excludes cardiac death [1] and is gener-
ally considered to result from respiratory failure [2,3].

2. Brain-Heart Neurocircuitry

The heart is a wired organ, with critical neurocardiac connections
that occur at multiple levels from the brain to the intrinsic cardiac
nervous system. This intricate, multilevel integration scheme is illus-
trated in Fig. 1. In patients with chronic epilepsy, during seizure, hy-
peractive engagement of the neural networks in the brain and heart
leads to abnormalities of sinus and atrioventricular nodal function and
atrial and ventricular tissue. This intensely activated neuronal state has
the potential for triggering rapid cardiac rhythms including atrial
tachycardia and fibrillation and even life-threatening ventricular ar-
rhythmias. This tight brain/heart linkage provides a sound fundamental
basis for concurrent measurement of the EEG and ECG.

3. Diagnostic utility

The diagnostic utility of concurrent ECG and EEG recording lies in its
capacity to provide a comprehensive view of both neurological and
cardiac activities during and following epileptic events, significantly
enhancing the accuracy of diagnosis. This approach is particularly
valuable in distinguishing epileptic from cardiac events.

Almost every EEG recording has an accompanying single-lead ECG
recording, generally lead I, which typically lasts for the duration of the
EEG monitoring session, whether a routine 20- to 30-min session or an
extended session lasting one or more days. According to Herder [4],
“The traditional use of this ECG tracing is to differentiate ECG artifact
from abnormal brain activity.“While sufficient for the detection of many
cardiac abnormalities and identification of ECG artifact in the EEG, the
single lead is frequently obscured by movement and/or artifact or is lost
entirely.

The U.K.’s National Institute for Health and Care Excellence (NICE)
guidelines [5] recommend 12-lead resting and ambulatory ECGs in ep-
ilepsy patients in cases of transient loss of consciousness > 16 sec in
order to rule out vasovagal/cardiac syncope in the diagnosis of seizure
and epilepsy. To our knowledge, the NICE guidelines [5] are the sole
source of professional recommendations for ECG monitoring and anal-
ysis of patients with epilepsy. Petkar and colleagues [6] reported results
of the Reveal in the Investigation of Syncope and Epilepsy (REVISE)
study, which addressed the 13 %-42 % of misdiagnoses of epilepsy in
England. An insertable loop ECG recorder (ILR) was used to confirm
cardioinhibition during syncope and to provide evidence of the likely
alternative diagnosis of convulsive reflex syncope, which can mimic an
epileptic seizure. Patients with bradyarrhythmia or asystole were
offered cardiac pacemaker implantation, and antiseizure medication
(ASM) was withdrawn, with 60 % of patients responding. Other in-
vestigators provided further case studies of reliance on ambulatory ECG
recorder, one-lead ECG during video monitoring, or ILR to correctly
diagnose syncope vs. epilepsy [7–17].

3.1. Syncope and ictal cardiac asystole

Multiple case reports and case series attest to the potential of ECG
monitoring to lead to accurate diagnoses of syncope and ictal cardiac
asystole [7–33]. In particular, Agostini et al [25], Bestawros et al [27],
Kishk et al [29], and Sowden and colleagues [33] indicated the impor-
tance of concurrent EEG-ECG monitoring in diagnosis of ictal cardiac
asystole/syncope and consideration of permanent pacemaker implan-
tation, which was employed by a number of physicians to treat ictal
asystole and bradycardia [34–36].

Rocamora et al [20], Kouakam and colleagues [22], and Mehvari et
al [26] underscored the potential of ECG monitoring to contribute to
differential diagnosis of cardiac origin of asystole. Ficker et al [9]
illustrated the importance of concurrent monitoring through a case
study in which prolonged video-EEG monitoring revealed that a pa-
tient’s episodes, initially presumed to be due to temporal lobe epilepsy,
were cardiac asystole. This accurate diagnosis allowed for the discon-
tinuation of unnecessary antiepileptic drugs and the insertion of a car-
diac pacemaker. Venkataraman et al [12] reported on patients with
intractable seizure disorders, where simultaneous scalp video EEG and
ECG recordings led to the diagnosis of asystole rather than seizures. This
accurate diagnosis prompted the implantation of a cardiac pacemaker,
which successfully prevented further paroxysmal episodes. Mayor et al
[17] further supported the diagnostic value of concurrent ECG and EEG
recording in identifying cardiogenic syncope in patients previously
diagnosed with epilepsy. Their study used one-lead ECG during video-
EEG assessment, which allowed for detecting arrhythmias. Nandkeo-
lyar et al [30] reported cases in which ictal asystole was documented
through video-EEG-ECGmonitoring, leading to the decision to implant a
cardiac pacemaker.

Fig. 1. Traditional concepts of neural control of cardiac electrical activity
focused on afferent tracts (dashed lines) arising from myocardial nerve termi-
nals and reflex receptors (e.g., baroreceptors) that are integrated centrally
within hypothalamic and medullary cardiostimulatory and cardioinhibitory
brain centers and on central modulation of sympathetic and parasympathetic
outflow (solid lines) with little intermediary processing at the level of the spinal
cord and within cervical and thoracic ganglia. More recent views incorporate
intricate processing within the extraspinal cervical and thoracic ganglia and
within the cardiac ganglionic plexus, where interneurons are envisioned to
provide new levels of noncentral integration. Release of neurotransmitters from
postganglionic sympathetic neurons is believed to enhance excitation in the
sino-atrial node and myocardial cells through norepinephrine binding to beta-1
receptors, which enhances adenyl cyclase (AC) activity through intermediary
stimulatory G proteins (Gs). Increased parasympathetic outflow enhances
postganglionic release and binding of acetylcholine to muscarinic (M2) re-
ceptors, and through coupled inhibitory G proteins (Gi), inhibits cyclic AMP
production (cAMP). The latter alters electrogenesis and pacemaking activity by
affecting the activity of specific membrane Na, K, and Ca channels. New levels
of integration are shown superimposed on previous views and are emphasized
here to highlight new possibilities for intervention. Reprinted with permission
from Lathrop and Spooner [158].
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3.2. Ictal cardiac arrhythmias

Concurrent ECG and EEG recording is instrumental in detecting and
diagnosing cardiac arrhythmias that frequently accompany epileptic
seizures, such as ventricular tachycardia (>100 beats/min) and brady-
cardia (<60 or < 50 beats/min) [34,37–47], and is crucial to under-
standing the full spectrum of physiological changes during seizures, with
significant implications for patient management and safety. Li et al [34]
reported that 39 % of seizures were associated with tachycardia and 5 %
with bradycardia. Monté and colleagues [48] discovered an association
between ictal bradycardia and brain ischemia.

Kendirli and colleagues [49] determined that 18 % of patients un-
dergoing EEG testing exhibited cardiac arrhythmias. Marshall et al [50]
noted that seizure-induced ventricular tachycardia could have serious
consequences in patients with cardiac disease. Tigaran et al [51,52] and
Nousiainen et al [40,41] proposed that seizure-induced ECG abnor-
malities could contribute to differential diagnosis of cardiac disease. ST-
segment depression during seizures has been noted in ~ 40 % of patients
and should alert physicians to myocardial ischemia [51,52]. Espinosa
and colleagues [53] provided a recording of concurrent measurement of
EEG and ECG in the epilepsy monitoring unit (EMU) (Fig. 2) illustrating
that seizure can lead to ventricular tachycardia requiring cardioversion.

Seizure increases the prevalence of atrial fibrillation (AF), which if
untreated can increase risk for stroke. Post-ictal atrial fibrillation has
been documented [44,54–63]. AF was reported in 9.7 % of 1.4 million
hospitalizations of U.S. epilepsy patients [64] compared to 2 % in the
general population, a 4.9-fold increase. Likewise, Wang and colleagues
[65] reported a 1.26-fold increase in atrial fibrillation incidence in pa-
tients with epilepsy enrolled in the U.K. Biobank compared to the gen-
eral population.

3.3. Long QT syndrome

Case reports and case series across > 35 years have reported mis-
diagnoses of the long QT syndrome, a cardiac pathology, as epilepsy
based on transient loss of consciousness; the accurate diagnosis can be
confirmed by genetic testing following ECG monitoring [19,66–86].

Ramos-Maqueda and colleagues [84] calculated that misdiagnosis of
long QT syndrome as epilepsy is associated with a 6.92-fold increased
risk of sudden cardiac arrest/SCD, with multi-year diagnostic delays.
More recently, genetic studies have disclosed common channelopathies

in patients with epilepsy and the long QT syndrome [81,87–94], a
subject that deserves further study.

4. Interictal autonomic dysfunction

Interictal ECG monitoring is crucial for detecting autonomic
dysfunction in patients with epilepsy based on heart rate variability
(HRV) analysis [95–101]. Both Massetani et al [96] and Hamdy et al
[101] highlighted the value of simultaneous ECG and EEG recording in
identifying autonomic dysfunction in patients with temporal lobe epi-
lepsy, reporting that HRV analysis revealed decreased low-frequency
(LF) and high-frequency (HF) components in patients with epilepsy
compared to control subjects. In addition, both Yildiz and colleagues
[97] and Hamdy et al [101] reported increases in LF/HF ratio among
refractory epileptic patients compared to nonepileptic control subjects.
These findings suggest impaired parasympathetic nerve tone and
increased sympathetic activity, an autonomic state that increases risk for
cardiac arrhythmias. Hamdy and coworkers [101] also reported that
root mean square of successive beat-to-beat interval differences
(rMSSD), an HRV marker of parasympathetic activity, was reduced in
epileptic patients.

Ponnusamy and colleagues [98] discovered significant differences
between ictal HRV measures during epileptic compared to nonepileptic
seizures that could aid seizure classification. Myers and coworkers [99]
determined that autonomic dysfunction based on HRV measurements
was particularly severe in patients with epilepsy and sodium channel
mutations and called for a minimum protocol for HRV evaluation to be
used in all studies involving epilepsy patients [100].

5. The “Epileptic Heart Syndrome”

Characterization of the “Epileptic Heart Syndrome“ has emerged
from evidence in the literature reporting that chronic epilepsy can
negatively impact cardiac structure and function, lead to myocardial
and vascular injury, and increase risk for peri-ictal and interictal cardiac
arrhythmias, including ventricular fibrillation [44,102–106], the
arrhythmia responsible for SCD [107]. Verrier et al [108,109] hypoth-
esized that repeated seizure-induced surges in catecholamines and
hypoxemia lead to myocardial and coronary vasculature damage and
result in cardiac electrical and mechanical dysfunction. Fialho and col-
leagues [110] surveyed the medical literature and presented evidence of
myocardial injury (including myocardial ischemia and fibrosis and left
ventricular stiffness) and premature cardiovascular mortality in patients
with epilepsy that could be attributed to seizure-induced catechol-
aminergic toxicity. Population studies indicate significant increases in
cardiac morbidities in patients with epilepsy, including myocardial
infarction to 4.92-fold [111], ischemic heart disease to 4.18-fold [112],
heart failure to 1.56-fold [113], SCD and cardiac arrest to 6.65-fold [63],
atrial fibrillation to 4.9-fold [64] and ventricular tachycardia and
fibrillation to 1.1-fold [114] compared to the general population [115].
Bardai and colleagues [104] reported a 2.9-fold increase in sudden
cardiac arrest incidence due to ventricular fibrillation documented by
automated external defibrillator ECG recordings in the Amsterdam
Resuscitation Studies (ARREST). Rezk and colleagues [116] calculated
the 2.25-fold increased odds of developing cardiac dysfunction in pa-
tients with epilepsy based on a systematic review and meta-analysis.

The potential for seizures and for some ASMs to accelerate athero-
sclerosis [117,118] requires assessment with ambulatory ECG moni-
toring or resting 12-lead ECG recordings. Determining toxic effects of
ASMs can be facilitated by ECG monitoring [119]. Both the American
Epilepsy Society and the International League Against Epilepsy have
recommended a standard 12-lead ECG in epilepsy patients > 60 years of
age before starting lamotrigine, an ASM with sodium channel blocking
properties, and in younger patients with known cardiac disease or risk
factors for cardiovascular mortality [120]. Patients with epilepsy may
require specialized care from a cardiologist to mitigate risk for

Fig. 2. Seizure-induced malignant arrhythmia in an epilepsy monitoring unit
patient. Electroencephalogram (EEG) showing the end of a right temporal lobe
seizure with electrocardiogram (ECG) revealing a rapid ventricular tachycardia
degenerating into pulseless ventricular fibrillation requiring countershock. Pa-
tient was a 51 year-old woman with a history of epilepsy since childhood.
Reprinted with permission from the American Academy of Neurology [53].
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premature mortality from ischemic heart disease conferred by active
epilepsy [121,122].

ECG monitoring also allows characterization of seizure-induced
myocardial stunning and/or Takotsubo cardiomyopathy, which has
been estimated to occur in ~ 1 of 1000 in-hospital seizures, resulting in
poor outcomes, including inpatient mortality (3.7 %), arrhythmia (22.7
%), and cardiac arrest (3.9 %), etc. [123].

Fialho and colleagues [124] applied echocardiography to identify
various structural and functional cardiac abnormalities in patients with
epilepsy. Their studies reveal that patients with chronic epilepsy exhibit
enhanced electrical dispersion and subtle echocardiographic patterns
that may be linked to heart failure with a preserved ejection fraction
(HFpEF) phenotype. They also found that epilepsy can accelerate car-
diovascular disease progression, as indicated by significant markers of
atrial depolarization heterogeneity, ventricular repolarization hetero-
geneity, and left ventricular geometry abnormalities in patients with
epilepsy [125,126].

The pediatric population is not spared. Bartlett-Lee et al [127]
investigated the prevalence of minor ECG abnormalities in children with
epilepsy and concluded that these abnormalities are associated with
longer epilepsy duration.

ECG parameters and ECG-based measures of autonomic tone for
diagnosing the “Epileptic Heart Syndrome” are summarized in Table 1
[109].

6. Prevention of sudden cardiac death in epilepsy

SCD risk is a significant concern in the management of patients with
epilepsy, particularly as it may or may not occur in association with
seizure [128] and is likely due to the constellation of seizure-induced
cardiac morbidities.

Enhanced QT prolongation, a widely used ECG marker of SCD risk, is
characteristic of patients with epilepsy [129–133]. QTc ≥ 448 ms was
demonstrated to predict 1.9-fold increased all-cause mortality in pa-
tients with seizure or epilepsy registered in the Mayo Clinic (Rochester
MN) hospital medical records database [134]. It is noteworthy that
ASMs [135] as well as seizures themselves [136] can prolong the QT
interval in patients with epilepsy. In particular, oxygen desaturation
during seizures increases QT prolongation by 4.3-fold [137]. Automated
measurement of QT and corrected QT intervals (QTc) on the 12-lead
ECG makes this index particularly accessible. Despite the availability
of this straightforward, low-cost option to monitor QT prolongation, 12-
lead ECG recordings upon admission to a hospital emergency depart-
ment have not been standard for patients with epilepsy. The Mayo Clinic
hospital medical records study found that only 57 % of > 18,000 pa-
tients diagnosed with epilepsy received a 12-lead ECG at emergency
department admission [134].

T-wave alternans (TWA) has been shown in general and cardiac
populations to be a marker of risk for lethal arrhythmias [138].
Strzelczyk and colleagues [139] reported post-ictal increases in TWA
and heart rate along with decreases in HRV. Verrier and coworkers
[140] discovered that interictal TWA levels in patients with epilepsy
were elevated to the same degree as in high-risk patients with ventric-
ular tachycardia following ST-segment elevation myocardial infarction.
The group later reported that vagus nerve stimulation, an approved
treatment to reduce seizure, also significantly reduces TWA [141]. More
recently, they found in newly diagnosed epilepsy patients that interictal
TWA levels are similar to normal individuals but in patients with drug-
resistant epilepsy, interictal TWA levels are significantly increased and
register a high degree of risk [142].

7. Seizure detection and forecasting

Investigators have reported that ECG monitoring enhances seizure
detection and forecasting. Significant progress has been made although
these goals remain elusive [143].

Greene et al [144] reported that the combination of EEG and ECG
improves the accuracy of seizure detection in neonates. Olmi et al [145]
described automatic detection systems that integrate EEG, ECG, and
video recordings in neonatal intensive care units (NICUs) for monitoring
epileptic seizures. Jeppesen et al [146,147] described a seizure detec-
tion algorithm based on changing HRV indicators using a standard
wearable device. Mporas et al [148] and Zhang and colleagues [149]
proposed advances in computer-based monitoring systems integrating
EEG and ECG signals for improved seizure detection based on artificial
intelligence.

Cousyn and colleagues [150] found that HRV features can identify a
preictal state with a median area under the receiver-operating charac-
teristic curve of 0.75. Ghaempour and coworkers [151] described a
wearable ECG monitoring system that can detect seizure with > 98 %
accuracy and predict seizure with 1–2 min lead time with > 94 % ac-
curacy based on artificial intelligence. In a pilot study, Pang et al [152]
provided evidence that the magnitude of T-wave heterogeneity (TWH)
exhibits a crescendo at 30 min prior to seizure without heart rate in-
creases > 2 beats/min until 10 min prior to seizure. Acute TWH eleva-
tions may predict impending generalized tonic-clonic seizures (GTCS)
and may discriminate patients with GTCS from those with behaviorally
similar psychogenic nonepileptic seizures.

8. Recommendations for routine clinical practice

The broader implications for clinical management include devel-
oping more holistic and practical treatment plans to address neurolog-
ical and cardiac issues. Simultaneous EEG monitoring with either a 3-

Table 1
Recommended ECG Parameters in Evaluating Brain/Heart Interactions in Chronic Epilepsy.

• Myocardial Injury and Arrhythmia Risk on Electrocardiogram
o Clinical signs and symptoms such as exercise intolerance, chest pain, irregular pulse and palpitations
o Atrial and/or ventricular arrhythmias
o P waves >2.5 mm tall and/or >110 ms wide may indicate atrial enlargement
o P-wave heterogeneity
o Q waves—indicator of prior myocardial infarction
o QRS complex >150 ms wide may indicate conduction abnormalities and electrical dyssynchrony
o Severe QT interval prolongation (>450 ms in men, >470 ms in women) may indicate repolarization abnormalities or antiseizure medication use
o ST-segment depression or elevation
o T-wave alternans ≥47 µV
o T-wave heterogeneity

• Altered Autonomic Tone as Assessed by Heart Rate Variability Measures
o rMSSD <27±12 ms
o LF/HF ratio >1.5-2.0
o HF <975±203 ms2

Note: ECG = electrocardiogram; HF = high-frequency; LF/HF = low-frequency/high-frequency HRV; rMSSD = root mean square of successive differences.
Reprinted with permission from Verrier et al 2021 [109].
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lead wireless ECG patch or 6-lead wired ambulatory ECG recorder has
been recommended by numerous investigators, who emphasized the
need for standardized protocols to ensure consistent and effective use of
concurrent ECG and EEG monitoring [4,8,12,14,19,25,26,29,30,33,34,
40,41,49,74,76,144,153–155]. A survey of patient monitoring in Ca-
nadian EMUs disclosed that only 65 % employed continuous ECG
monitoring [156]. Sowden and colleagues [33] and Verrier et al [155] in
particular called for the development of guidelines for combined ECG-
EEG monitoring of patients with epilepsy. The latter stated: “Standard
12-lead ECGs should be obtained at baseline in patients with newly
diagnosed or suspected epilepsy and at regular intervals to provide
screening for cardiac pathologic conditions; full cardiac evaluations
should be considered in patients with chronic drug-resistant epilepsy
and concurrent cardiovascular risk factors.”

Overall, concurrent ECG and EEG recording has significant impli-
cations for the clinical management of epilepsy. It enables the detection
of both neurological and cardiac abnormalities and informs more ho-
listic treatment strategies.

9. Future directions

Future research directions should integrate ECG and EEG recording
for epilepsy management and focus on developing guidelines, address-
ing gaps in the literature, refining methodologies, and exploring tech-
nological advances.

Studies on the long-term effects of epilepsy on cardiac health and the
mechanisms underlying interictal cardiac dysfunction will be facilitated
by improving the quality of ECG monitoring. Wireless ECG patch re-
cordings are superior to conventional wired ambulatory or EMU system
monitoring (Figs. 3 and 4). Advances in wearable and computer-based
monitoring systems hold great potential for revolutionizing epilepsy
care, providing continuous, real-time monitoring that can enhance the
ability to detect seizures and cardiac abnormalities.

10. Conclusions

The integration of concurrent ECG and EEG recording in epilepsy
management offers significant benefits, providing a comprehensive
approach to monitoring this complex neurological disorder. This review
highlights the critical roles of combined monitoring in enhancing
diagnostic accuracy and detecting cardiac arrhythmias and comorbid-
ities and autonomic dysfunction. The “Epileptic Heart Syndrome” un-
derscores the need for routine cardiovascular evaluation in epilepsy
patients to identify and manage cardiac risk.

The concurrent use of ECG and EEG recordings is essential for
comprehensive epilepsy management. It can enhance diagnostic accu-
racy and inform therapeutic decisions. By continuing to advance
research and clinical practices in this area, we can better understand and
manage the complex interactions between the brain and heart in epi-
lepsy, ultimately reducing the burden of this disorder and improving the
lives of patients. Integrating these monitoring techniques elevates pa-
tient care and sets a new standard for the holistic management of epi-
lepsy, paving the way for future innovations and improvements in the
field. Ultimately, improved cardiac risk assessment can lead to an

Fig. 3. Crescendo in T-wave alternans (TWA) level heralded onset of ventric-
ular tachycardia in a patient with chronic epilepsy. This event occurred on the
4th day of the ECG patch recording and thus the arrhythmia was not recorded
by the 24-hour Holter monitor. Reprinted with permission from the American
Academy of Neurology [142].

Fig. 4. Concurrent recordings of standard lead I wired electrocardiogram (ECG) in association with the electroencephalogram (EEG) recording and wireless ECG
patch in an epilepsy monitoring unit (EMU) patient experiencing ventricular premature beats (VPB). The upper tracing illustrates a relatively noisy reading typically
associated with the artifacts from body movements of lead wires. The lower tracing illustrates higher quality tracings free of artifacts. The presence and morphology
of ECG beats can be readily observed. TWA = T-wave alternans.
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effective strategy for management of patients with epilepsy, which will
be the subject of a review by Pang and coworkers in this special issue
[157].
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[84] Ramos-Maqueda J, Bermúdez-Jiménez F, Ruiz RM, Ramos MC, Lerma MM,
Millán PS, et al. Prognostic impact of misdiagnosis of cardiac channelopathies as
epilepsy. PLoS One 2020;15(4):e0231442.

[85] Kang H, Lan L, Jia Y, Li C, Fang Y, Zhu S, et al. Long QT syndrome with potassium
voltage-gated channel subfamily H member 2 gene mutation mimicking
refractory epilepsy: case report. BMC Neurol 2021 Sep 4;21(1):338. https://doi.
org/10.1186/s12883-021-02365-8.

[86] Witzenbichler B, Schulze-Bahr E, Haverkamp W, Breithardt G, Sticherling C,
Behrens S, et al. 18-year old patient with anti-epileptic therapy and sudden
cardiac death in LQT2-syndrome. Z Kardiol. 2003 Sep;92(9):747-53. German. doi:
10.1007/s00392-003-0961-0.

[87] Omichi C, Momose Y, Kitahara S. Congenital long QT syndrome presenting with a
history of epilepsy: misdiagnosis or relationship between channelopathies of the
heart and brain? Epilepsia 2010;51(2):289–92. https://doi.org/10.1111/j.1528-
1167.2009.02267.x.

[88] Haugaa KH, Vestervik TT, Andersson S, Amlie JP, Jørum E, Gjerstad L, et al.
Abnormal electroencephalograms in patients with long QT syndrome. Heart
Rhythm 2013 Dec;10(12):1877–83. https://doi.org/10.1016/j.
hrthm.2013.09.070.

[89] Takahashi K, Miyake A, Otsuka Y, Ohfu M, Ganaha H. Diagnosis of epilepsy using
an implantable loop recorder in a child with long-QT syndrome type 3. Pediatr Int
2013 Apr;55(2):251–3. https://doi.org/10.1111/j.1442-200X.2012.03686.x.

[90] Anderson JH, Bos JM, Cascino GD, Ackerman MJ. Prevalence and spectrum of
electroencephalogram-identified epileptiform activity among patients with long

J.D. Slater et al. Epilepsy & Behavior Reports 28 (2024) 100726 

7 

https://doi.org/10.1016/0013-4694(89)90245-9
https://doi.org/10.1007/BF00314403
https://doi.org/10.1007/BF00314403
https://doi.org/10.1001/archneur.1989.00520470025019
https://doi.org/10.1001/archneur.1989.00520470025019
https://doi.org/10.1212/WNL.0b013e3181ccc706
https://doi.org/10.1016/j.seizure.2014.02.012
https://doi.org/10.1136/jnnp-2015-310559
https://doi.org/10.1161/CIR.0000000000000310
https://doi.org/10.1111/epi.13934
https://doi.org/10.1016/j.hrthm.2018.10.037
https://doi.org/10.1016/j.yebeh.2018.10.027
https://doi.org/10.1177/1550059414551554
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0250
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0250
https://doi.org/10.1212/01.wnl.0000042090.13247.48
https://doi.org/10.1111/j.1600-0404.1997.tb00242.x
https://doi.org/10.1111/j.1600-0404.1997.tb00242.x
https://doi.org/10.1212/WNL.0b013e3181a55f90
https://doi.org/10.1212/WNL.0b013e3181a55f90
https://doi.org/10.1001/archneurol.2011.3647
https://doi.org/10.1001/archneurol.2011.3647
https://doi.org/10.1016/j.yebeh.2012.01.005
https://doi.org/10.1016/j.yebeh.2012.01.005
https://doi.org/10.1016/j.seizure.2012.05.012
https://doi.org/10.1001/jamaneurol.2013.1265
https://doi.org/10.1016/j.ebcr.2017.06.005
https://doi.org/10.1016/j.ebcr.2017.06.005
https://doi.org/10.1684/epd.2019.1070
https://doi.org/10.1016/j.ebr.2019.100343
https://doi.org/10.1016/j.ebr.2021.100481
https://doi.org/10.1016/j.seizure.2021.04.016
https://doi.org/10.1016/j.seizure.2021.04.016
https://doi.org/10.1016/j.cjca.2023.11.021
https://doi.org/10.1016/j.cjca.2023.11.021
https://doi.org/10.1093/eurheartj/ehad523
https://doi.org/10.1093/eurheartj/ehad523
https://doi.org/10.1055/s-2008-1059585
https://doi.org/10.1002/ana.410250518
https://doi.org/10.1161/01.cir.84.3.1136
https://doi.org/10.1016/0140-6736(93)90533-m
https://doi.org/10.1016/0140-6736(93)90533-m
https://doi.org/10.1212/wnl.44.8.1408
https://doi.org/10.1212/wnl.46.4.1188
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0365
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0365
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0365
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0370
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0370
https://doi.org/10.1016/j.hrthm.2007.02.023
https://doi.org/10.3122/jabfm.2009.03.080109
https://doi.org/10.3122/jabfm.2009.03.080109
https://doi.org/10.1016/s0828-282x(09)70052-2
https://doi.org/10.1016/s0828-282x(09)70052-2
https://doi.org/10.1016/j.annemergmed.2009.01.031
https://doi.org/10.1016/j.pediatrneurol.2013.03.017
https://doi.org/10.1016/j.seizure.2018.08.020
https://doi.org/10.1136/practneurol-2018-001959
https://doi.org/10.1136/practneurol-2018-001959
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0415
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0415
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0415
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0420
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0420
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0420
https://doi.org/10.1186/s12883-021-02365-8
https://doi.org/10.1186/s12883-021-02365-8
https://doi.org/10.1111/j.1528-1167.2009.02267.x
https://doi.org/10.1111/j.1528-1167.2009.02267.x
https://doi.org/10.1016/j.hrthm.2013.09.070
https://doi.org/10.1016/j.hrthm.2013.09.070
https://doi.org/10.1111/j.1442-200X.2012.03686.x


QT syndrome. Heart Rhythm 2014 Jan;11(1):53–7. https://doi.org/10.1016/j.
hrthm.2013.10.010.

[91] Auerbach DS, McNitt S, Gross RA, Zareba W, Dirksen RT, Moss AJ. Genetic
biomarkers for the risk of seizures in long QT syndrome. Neurology 2016 Oct 18;
87(16):1660–8. https://doi.org/10.1212/WNL.0000000000003056.

[92] Miyazaki A, Sakaguchi H, Aiba T, Kumakura A, Matsuoka M, Hayama Y, et al.
Comorbid epilepsy and developmental disorders in congenital long QT syndrome
with life-threatening perinatal arrhythmias. JACC Clin Electrophysiol 2016 Jun;2
(3):266–76. https://doi.org/10.1016/j.jacep.2015.10.010.

[93] Sun AY, Pitt GS. Long QT syndrome and seizures. JACC Clin Electrophysiol 2016;
2(3):277–8. https://doi.org/10.1016/j.jacep.2015.12.015.

[94] Chahal CAA, Salloum MN, Alahdab F, Gottwald JA, Tester DJ, Anwer LA, et al.
Systematic review of the genetics of sudden unexpected death in epilepsy:
potential overlap with sudden cardiac death and arrhythmia-related genes. J Am
Heart Assoc 2020;9(1):e012264.

[95] Heart rate variability: standards of measurement, physiological interpretation
and clinical use. Task Force of the European Society of Cardiology and the North
American Society of Pacing and Electrophysiology. Circulation. 1996 Mar 1;93
(5):1043-65. Also in: Eur Heart J. 1996 Mar;17(3):354-81.

[96] Massetani R, Strata G, Galli R, Gori S, Gneri C, Limbruno U, et al. Alteration of
cardiac function in patients with temporal lobe epilepsy: different roles of EEG-
ECG monitoring and spectral analysis of RR variability. Epilepsia 1997;38(3):
363–9. https://doi.org/10.1111/j.1528-1157.1997.tb01129.x.

[97] Yildiz GU, Dogan EA, Dogan U, Tokgoz OS, Ozdemir K, Genc BO, et al. Analysis of
24-hour heart rate variations in patients with epilepsy receiving antiepileptic
drugs. Epilepsy Behav 2011 Feb;20(2):349–54. https://doi.org/10.1016/j.
yebeh.2010.12.001.

[98] Ponnusamy A, Marques JL, Reuber M. Comparison of heart rate variability
parameters during complex partial seizures and psychogenic nonepileptic
seizures. Epilepsia 2012 Aug;53(8):1314–21. https://doi.org/10.1111/j.1528-
1167.2012.03518.x.

[99] Myers KA, Bello-Espinosa LE, Symonds JD, Zuberi SM, Clegg R, Sadleir LG, et al.
Heart rate variability in epilepsy: A potential biomarker of sudden unexpected
death in epilepsy risk. Epilepsia 2018 Jul;59(7):1372–80. https://doi.org/
10.1111/epi.14438.

[100] Myers KA, Sivathamboo S, Perucca P. Heart rate variability measurement in
epilepsy: How can we move from research to clinical practice? Epilepsia 2018
Dec;59(12):2169–78. https://doi.org/10.1111/epi.14587.

[101] Hamdy RM, Abdel-Tawab H, Abd Elaziz OH, Sobhy El Attar R, Kotb FM.
Evaluation of heart rate variability parameters during awake and sleep in
refractory and controlled epileptic patients. Int J Gen Med 2022;15:3865–77.
https://doi.org/10.2147/IJGM.S354895.

[102] Cunnington C, Garg S, Balachandran KP. Seizure-associated takotsubo
cardiomyopathy presenting with unheralded ventricular fibrillation. Int J Cardiol
2012 Dec 15;162(1):e21–3. https://doi.org/10.1016/j.ijcard.20.

[103] Ferlisi M, Tomei R, Carletti M, Moretto G, Zanoni T. Seizure induced ventricular
fibrillation: a case of near-SUDEP. Seizure 2013 Apr;22(3):249–51. https://doi.
org/10.1016/j.seizure.2012.12.008.12.05.118.

[104] Bardai A, Lamberts RJ, Blom MT, Spanjaart AM, Berdowski J, van der Staal SR,
et al. Epilepsy is a risk factor for sudden cardiac arrest in the general population.
PLoS One 2012;7(8):e42749.

[105] Seo MH, Sung WY. A case of near-sudden unexpected death in epilepsy due to
ventricular fibrillation. Open Access Emerg Med 2019 Jul;11:161–6. https://doi.
org/10.2147/OAEM.S214619.

[106] Sethwala A, Sparks P, Perucca P. When the first seizure can be the last: ventricular
fibrillation following a new-onset seizure. Epileptic Disord 2020 Oct 1;22(5):
669–72. https://doi.org/10.1684/epd.2020.1207.

[107] Lown B, Verrier RL. Neural activity and ventricular fibrillation. N Engl J Med
1976 May 20;294(21):1165–70. https://doi.org/10.1056/
NEJM197605202942107.

[108] Verrier RL, Pang TD, Nearing BD, Schachter SC. The Epileptic Heart: Concept and
clinical evidence. Epilepsy Behav 2020;105:106946. https://doi.org/10.1016/j.
yebeh.2020.106946.

[109] Verrier RL, Pang TD, Nearing BD, Schachter SC. Epileptic Heart: A clinical
syndromic approach. Epilepsia 2021;62(8):1780–9. https://doi.org/10.1111/
epi.16966.

[110] Fialho GL, Wolf P, Walz R, Lin K. Epilepsy and ultra-structural heart changes: The
role of catecholaminergic toxicity and myocardial fibrosis. What can we learn
from cardiology? Seizure 2019 Oct;71:105–9. https://doi.org/10.1016/j.
seizure.2019.07.002.

[111] Janszky I, Hallqvist J, Tomson T, Ahlbom A, Mukamal KJ, Ahnve S. Increased risk
and worse prognosis of myocardial infarction in patients with prior
hospitalization for epilepsy—The Stockholm Heart Epidemiology Program. Brain
2009;132:2798–804.

[112] Chen Z, Liew D, Kwan P. Excess mortality and hospitalized morbidity in newly
treated epilepsy patients. Neurology 2016 Aug 16;87(7):718–25. https://doi.org/
10.1212/WNL.0000000000002984.

[113] Doege C, Luedde M, Kostev K. Epilepsy is associated with an increased incidence
of heart failure diagnoses. Epilepsy Behav 2021 Dec;125:108393. https://doi.org/
10.1016/j.yebeh.2021.108393.

[114] Mayer J, Fawzy AM, Bisson A, Pasi M, Bodin A, Vigny P, et al. Epilepsy and the
risk of adverse cardiovascular events: A nationwide cohort study. Eur J Neurol
2024 Mar;31(3):e16116.

[115] Verrier RL, Schachter SC. The Epileptic Heart Syndrome: Epidemiology,
pathophysiology, and clinical detection. Epilepsy & Behav Reports, this issue.

[116] Rezk A, Liu W, Nijs K, Lee JW, Rajaleelan W, Nakatani R, et al. Brain and heart
interactions delineating cardiac dysfunction in four common neurological
disorders: a systematic review and meta-analysis. J Neurosurg Anesthesiol 2024
Aug 22. https://doi.org/10.1097/ANA.0000000000000987.

[117] Hamed SA. Atherosclerosis in epilepsy: its causes and implications. Epilepsy
Behav 2014 Dec;41:290–6. https://doi.org/10.1016/j.yebeh.2014.07.003.

[118] Mintzer S, Yi M, Hegarty S, Maio V, Keith S. Hyperlipidemia in patients newly
treated with anticonvulsants: A population study. Epilepsia 2020 Feb;61(2):
259–66. https://doi.org/10.1111/epi.16420.

[119] Kramer DB, Mihatov N, Buch KA, Zafar SF, Ruskin JN. Case 4–2020: A 52-year-
old woman with seizure disorder and wide-complex tachycardia. N Engl J Med
2020 Jan 30;382(5):457–67. https://doi.org/10.1056/NEJMcpc1913471.

[120] French JA, Perucca E, Sander JW, Bergfeldt L, Baulac M, Auerbach DS, et al. FDA
safety warning on the cardiac effects of lamotrigine: an advisory from the Ad Hoc
ILAE/AES Task Force. Epilepsy Curr 2021 Feb 28;21(3). https://doi.org/
10.1177/1535759721996344.

[121] DeGiorgio CM, Curtis A, Carapetian A, Hovsepian D, Krishnadasan A, Markovic D.
Why are epilepsy mortality rates rising in the United States? A population-based
multiple cause-of-death study. BMJ Open 2020;10(8):e035767.

[122] DeGiorgio CM, Curtis AT, Hertling D, Kerr WT, Markovic D. Changes in epilepsy
causes of death: A US population study. Acta Neurol Scand 2021;144(5):478–85.
https://doi.org/10.1111/ane.13500.

[123] Desai R, Singh S, Patel U, Fong HK, Kaur VP, Varma Y, et al. Frequency of
Takotsubo cardiomyopathy in epilepsy-related hospitalizations among adults and
its impact on in-hospital outcomes: A national standpoint. Int J Cardiol 2020;299:
67–70. https://doi.org/10.1016/j.ijcard.2019.07.034.

[124] Fialho GL, Wolf P, Walz R, Lin K. Increased cardiac stiffness is associated with
autonomic dysfunction in patients with temporal lobe epilepsy. Epilepsia 2018;59
(6):e85–90. https://doi.org/10.1111/epi.14084.

[125] Fialho GL, Verrier RL, D’Avila A, Melo HM, Wolf P, Walz R, et al. Dual assessment
of abnormal cardiac electrical dispersion and diastolic dysfunction for early
detection of the epileptic heart condition. J Electrocardiol 2023;78:69–75.
https://doi.org/10.1016/j.jelectrocard.2023.02.

[126] Fialho GL, Pang TD, Kong WY, Tran AP, Yu CG, Rodriguez ID, et al. Individuals
with chronic epilepsy have elevated P-wave heterogeneity comparable to patients
with atrial fibrillation. Epilepsia 2023;64(9):2361–72. https://doi.org/10.1111/
epi.17686.

[127] Bartlett-Lee B, Dervan L, Miyake C, Watson RS, Chan SW, Anderson AE, et al.
Association of minor electrocardiographic (ECG) abnormalities with epilepsy
duration in children: A manifestation of the epileptic heart? Seizure 2024;118:
1–7. https://doi.org/10.1016/j.seizure.2024.04.006.

[128] Stecker EC, Reinier K, Uy-Evanado A, Teodorescu C, Chugh H, Gunson K, et al.
Relationship between seizure episode and sudden cardiac arrest in patients with
epilepsy: a community-based study. Circ Arrhythm Electrophysiol 2013;6(5):
912–6. https://doi.org/10.1161/CIRCEP.113.000544.

[129] Surges R, Adjei P, Kallis C, Erhuero J, Scott CA, Bell GS, et al. Pathologic cardiac
repolarization in pharmacoresistant epilepsy and its potential role in sudden
unexpected death in epilepsy: a case-control study. Epilepsia 2010 Feb;51(2):
233–42. https://doi.org/10.1111/j.1528-1167.2009.02330.x.

[130] Lamberts RJ, Blom MT, Novy J, Belluzzo M, Seldenrijk A, Penninx BW, et al.
Increased prevalence of ECG markers for sudden cardiac arrest in refractory
epilepsy. J Neurol Neurosurg Psychiatry 2015 Mar;86(3):309–13. https://doi.
org/10.1136/jnnp-2014-307772.

[131] Dogan EA, Dogan U, Yildiz GU, Akilli H, Genc E, Genc BO, et al. Evaluation of
cardiac repolarization indices in well-controlled partial epilepsy: 12-Lead ECG
findings. Epilepsy Res 2010 Jun;90(1–2):157–63. https://doi.org/10.1016/j.
eplepsyres.2010.04.008.

[132] Ramadan M, El-Shahat N, Omar A, Gomaa M, Belal T, Sakr A, et al. Interictal
electrocardiographic and echocardiographic changes in patients with generalized
tonic-clonic seizures. Int Heart J 2013;54(3):171–5. https://doi.org/10.1536/
ihj.54.171.

[133] Kishk NA, Sharaf Y, Ebraheim AM, Baghdady Y, Alieldin N, Afify A, et al.
Interictal cardiac repolarization abnormalities in people with epilepsy. Epilepsy
Behav 2018 Feb;79:106–11. https://doi.org/10.1016/j.yebeh.2017.10.028.

[134] Chahal CAA, Gottwald JA, St Louis EK, Xie J, Brady PA, Alhurani RE, et al. QT
prolongation in patients with index evaluation for seizure or epilepsy is predictive
of all-cause mortality. Heart Rhythm 2022;19(4):578–84. https://doi.org/
10.1016/j.hrthm.2021.11.013.

[135] Feldman AE, Gidal BE. QTc prolongation by antiepileptic drugs and the risk of
torsade de pointes in patients with epilepsy. Epilepsy Behav 2013;26(3):421–6.
https://doi.org/10.1016/j.yebeh.2012.09.021.

[136] Brotherstone R, Blackhall B, McLellan A. Lengthening of corrected QT during
epileptic seizures. Epilepsia 2010 Feb;51(2):221–32. https://doi.org/10.1111/
j.1528-1167.2009.02281.x.

[137] Seyal M, Pascual F, Lee CY, Li CS, Bateman LM. Seizure-related cardiac
repolarization abnormalities are associated with ictal hypoxemia. Epilepsia 2011
Nov;52(11):2105–11. https://doi.org/10.1111/j.1528-1167.2011.03262.x.

[138] Verrier RL, Klingenheben T, Malik M, El-Sherif N, Exner DV, Hohnloser SH, et al.
Microvolt T-wave alternans: Physiological basis, methods of measurement, and
clinical utility: Consensus guideline by International Society for Holter and
Noninvasive Electrocardiology. J Am Coll Cardiol 2011;58(13):1309–24. https://
doi.org/10.1016/j.jacc.2011.06.029.

[139] Strzelczyk A, Adjei P, Scott CA, Bauer S, Rosenow F, Walker MC, et al. Postictal
increase in T-wave alternans after generalized tonic-clonic seizures. Epilepsia
2011 Nov;52(11):2112–7. https://doi.org/10.1111/j.1528-1167.2011.03266.x.

J.D. Slater et al. Epilepsy & Behavior Reports 28 (2024) 100726 

8 

https://doi.org/10.1016/j.hrthm.2013.10.010
https://doi.org/10.1016/j.hrthm.2013.10.010
https://doi.org/10.1212/WNL.0000000000003056
https://doi.org/10.1016/j.jacep.2015.10.010
https://doi.org/10.1016/j.jacep.2015.12.015
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0470
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0470
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0470
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0470
https://doi.org/10.1111/j.1528-1157.1997.tb01129.x
https://doi.org/10.1016/j.yebeh.2010.12.001
https://doi.org/10.1016/j.yebeh.2010.12.001
https://doi.org/10.1111/j.1528-1167.2012.03518.x
https://doi.org/10.1111/j.1528-1167.2012.03518.x
https://doi.org/10.1111/epi.14438
https://doi.org/10.1111/epi.14438
https://doi.org/10.1111/epi.14587
https://doi.org/10.2147/IJGM.S354895
https://doi.org/10.1016/j.ijcard.20
https://doi.org/10.1016/j.seizure.2012.12.008.12.05.118
https://doi.org/10.1016/j.seizure.2012.12.008.12.05.118
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0520
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0520
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0520
https://doi.org/10.2147/OAEM.S214619
https://doi.org/10.2147/OAEM.S214619
https://doi.org/10.1684/epd.2020.1207
https://doi.org/10.1056/NEJM197605202942107
https://doi.org/10.1056/NEJM197605202942107
https://doi.org/10.1016/j.yebeh.2020.106946
https://doi.org/10.1016/j.yebeh.2020.106946
https://doi.org/10.1111/epi.16966
https://doi.org/10.1111/epi.16966
https://doi.org/10.1016/j.seizure.2019.07.002
https://doi.org/10.1016/j.seizure.2019.07.002
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0555
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0555
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0555
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0555
https://doi.org/10.1212/WNL.0000000000002984
https://doi.org/10.1212/WNL.0000000000002984
https://doi.org/10.1016/j.yebeh.2021.108393
https://doi.org/10.1016/j.yebeh.2021.108393
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0570
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0570
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0570
https://doi.org/10.1097/ANA.0000000000000987
https://doi.org/10.1016/j.yebeh.2014.07.003
https://doi.org/10.1111/epi.16420
https://doi.org/10.1056/NEJMcpc1913471
https://doi.org/10.1177/1535759721996344
https://doi.org/10.1177/1535759721996344
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0605
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0605
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0605
https://doi.org/10.1111/ane.13500
https://doi.org/10.1016/j.ijcard.2019.07.034
https://doi.org/10.1111/epi.14084
https://doi.org/10.1016/j.jelectrocard.2023.02
https://doi.org/10.1111/epi.17686
https://doi.org/10.1111/epi.17686
https://doi.org/10.1016/j.seizure.2024.04.006
https://doi.org/10.1161/CIRCEP.113.000544
https://doi.org/10.1111/j.1528-1167.2009.02330.x
https://doi.org/10.1136/jnnp-2014-307772
https://doi.org/10.1136/jnnp-2014-307772
https://doi.org/10.1016/j.eplepsyres.2010.04.008
https://doi.org/10.1016/j.eplepsyres.2010.04.008
https://doi.org/10.1536/ihj.54.171
https://doi.org/10.1536/ihj.54.171
https://doi.org/10.1016/j.yebeh.2017.10.028
https://doi.org/10.1016/j.hrthm.2021.11.013
https://doi.org/10.1016/j.hrthm.2021.11.013
https://doi.org/10.1016/j.yebeh.2012.09.021
https://doi.org/10.1111/j.1528-1167.2009.02281.x
https://doi.org/10.1111/j.1528-1167.2009.02281.x
https://doi.org/10.1111/j.1528-1167.2011.03262.x
https://doi.org/10.1016/j.jacc.2011.06.029
https://doi.org/10.1016/j.jacc.2011.06.029
https://doi.org/10.1111/j.1528-1167.2011.03266.x


[140] Schomer AC, Nearing BD, Schachter SC, Verrier RL. Vagus nerve stimulation
reduces cardiac electrical instability assessed by quantitative T-wave alternans
analysis in patients with drug-resistant focal epilepsy. Epilepsia 2014;55(12):
1996–2002. https://doi.org/10.1111/epi.12855.

[141] Verrier RL, Nearing BD, Olin B, Boon P, Schachter SC. Baseline elevation and
reduction in cardiac electrical instability assessed by quantitative T-wave
alternans in patients with drug-resistant epilepsy treated with vagus nerve
stimulation in the AspireSR E-36 trial. Epilepsy Behav 2016;62:85–9. https://doi.
org/10.1016/j.yebeh.2016.06.016.

[142] Pang TD, Nearing BD, Krishnamurthy KB, Olin B, Schachter SC, Verrier RL.
Cardiac electrical instability in newly diagnosed/chronic epilepsy tracked by
Holter and ECG patch. Neurology 2019;93(10):450–8. https://doi.org/10.1212/
WNL.0000000000008077.

[143] Bernini A, Dan J, Ryvlin P. Ambulatory seizure detection. Curr Opin Neurol 2024
Apr 1;37(2):99–104. https://doi.org/10.1097/WCO.0000000000001248.

[144] Greene BR, Boylan GB, Reilly RB, de Chazal P, Connolly S. Combination of EEG
and ECG for improved automatic neonatal seizure detection. Clin Neurophysiol
2007;118(6):1348–59. https://doi.org/10.1016/j.clinph.2007.02.015.

[145] Olmi B, Frassineti L, Lantata A, Manfredi C. Automatic detection of epileptic
seizures in neonatal intensive care units through EEG, ECG and video recordings:
a survey. IEEE Access 2021;9:138174–91.

[146] Jeppesen J, Fuglsang-Frederiksen A, Johansen P, Christensen J, Wüstenhagen S,
Tankisi H, et al. Seizure detection based on heart rate variability using a wearable
electrocardiography device. Epilepsia 2019;60(10):2105–13. https://doi.org/
10.1111/epi.16343.

[147] Jeppesen J, Lin K, Melo HM, Pavei J, Marques JLB, Beniczky S, et al. Detection of
seizures with ictal tachycardia, using heart rate variability and patient adaptive
logistic regression machine learning methods: A hospital-based validation study.
Epileptic Disord 2024 Apr;26(2):199–208. https://doi.org/10.1002/epd2.20196.

[148] Mporas I, Tsirka V, Zacharaki EI, Koutroumanidis M, Richardson M,
Megalooikonomou V. Seizure detection using EEG and ECG signals for computer-

based monitoring, analysis and management of epileptic patients. Expert Syst
Appl 2015;42(6):3227–33.

[149] Zhang Z, Xiao M, Ji T, Jiang Y, Lin T, Zhou X, et al. Efficient and generalizable
cross-patient epileptic seizure detection through a spiking neural network. Front
Neurosci 2024 Jan;17:1303564. https://doi.org/10.3389/fnins.2023.1303564.

[150] Cousyn L, Dono F, Navarro V, Chavez M. Can heart rate variability identify a high-
risk state of upcoming seizure? Epilepsy Res 2023;197:107232. https://doi.org/
10.1016/j.eplepsyres.2023.107232.

[151] Ghaempour M, Hassanli K, Abiri E. An approach to detect and predict epileptic
seizures with high accuracy using convolutional neural networks and single-lead-
ECG signal. Biomed Phys Eng Express. 2024 Feb 29;10(2). doi: 10.1088/2057-
1976/ad29a3.

[152] Pang TD, Nearing BD, Verrier RL, Schachter SC. T-wave heterogeneity crescendo
in the surface EKG is superior to heart rate acceleration for seizure prediction.
Epilepsy Behav 2022;130:108670. https://doi.org/10.1016/j.
yebeh.2022.108670.

[153] Iralde GR, Arazi HC, Waldman S, Abello M, Doiny D, Spampinatto R, et al. Should
every patient who presents with a seizure have an electrocardiogram? Am J
Emerg Med 2009;27(3):376.e3–7. https://doi.org/10.1016/j.ajem.2008.08.010.

[154] Allana SS, Ahmed HN, Shah K, Kelly AF. Ictal bradycardia and atrioventricular
block: a cardiac manifestation of epilepsy. Oxf Med Case Reports 2014 May 19;
2014(2):33–5. https://doi.org/10.1093/omcr/omu015.

[155] Verrier RL, Pang TD, Nearing BD, Schachter SC. The Epileptic Heart and the case
for routine use of the electrocardiogram in patients with chronic epilepsy. Neurol
Clin 2022;40(4):699–716. https://doi.org/10.1016/j.ncl.2022.03.003.

[156] Nguyen E, Li J, Nguyen DK, Bou AE. Patient safety in Canadian epilepsy
monitoring units: a survey of current practices. Can J Neurol Sci 2024 Mar;51(2):
238–45. https://doi.org/10.1017/cjn.2023.58.

[157] Pang TD, Verrier RL, Schachter SC. Management recommendations to reduce
cardiac risk in chronic epilepsy. Epilepsy Behav Reports. this issue.

[158] Lathrop DA, Spooner PM. On the neural connection. J Cardiovasc Electrophysiol
2001;12(7):841–4. https://doi.org/10.1046/j.1540-8167.2001.00841.x.

J.D. Slater et al. Epilepsy & Behavior Reports 28 (2024) 100726 

9 

https://doi.org/10.1111/epi.12855
https://doi.org/10.1016/j.yebeh.2016.06.016
https://doi.org/10.1016/j.yebeh.2016.06.016
https://doi.org/10.1212/WNL.0000000000008077
https://doi.org/10.1212/WNL.0000000000008077
https://doi.org/10.1097/WCO.0000000000001248
https://doi.org/10.1016/j.clinph.2007.02.015
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0725
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0725
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0725
https://doi.org/10.1111/epi.16343
https://doi.org/10.1111/epi.16343
https://doi.org/10.1002/epd2.20196
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0740
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0740
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0740
http://refhub.elsevier.com/S2589-9864(24)00083-2/h0740
https://doi.org/10.3389/fnins.2023.1303564
https://doi.org/10.1016/j.eplepsyres.2023.107232
https://doi.org/10.1016/j.eplepsyres.2023.107232
https://doi.org/10.1016/j.yebeh.2022.108670
https://doi.org/10.1016/j.yebeh.2022.108670
https://doi.org/10.1016/j.ajem.2008.08.010
https://doi.org/10.1093/omcr/omu015
https://doi.org/10.1016/j.ncl.2022.03.003
https://doi.org/10.1017/cjn.2023.58
https://doi.org/10.1046/j.1540-8167.2001.00841.x

	The brain-heart connection: Value of concurrent ECG and EEG recordings in epilepsy management
	1 Introduction
	2 Brain-Heart Neurocircuitry
	3 Diagnostic utility
	3.1 Syncope and ictal cardiac asystole
	3.2 Ictal cardiac arrhythmias
	3.3 Long QT syndrome

	4 Interictal autonomic dysfunction
	5 The “Epileptic Heart Syndrome”
	6 Prevention of sudden cardiac death in epilepsy
	7 Seizure detection and forecasting
	8 Recommendations for routine clinical practice
	9 Future directions
	10 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Author contributions
	Funding
	References


