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ARTICLE INFO ABSTRACT

Keywords: Epilepsy is an increasing global neurological health issue. Recently, epidemiological and mechanistic studies
Epilepsy have raised concern about cardiac involvement in individuals with epilepsy. This has resulted in the “epileptic
Heart heart” concept. Epidemiological data linking epilepsy to cardiovascular disease indicate an increased risk for
Echocardiography

ventricular and atrial arrhythmias, myocardial infarction, heart failure, and sudden death among individuals
with epilepsy. Pathways of this interaction comprise increased prevalence of traditional cardiac risk factors,
genetic abnormalities, altered brain circuitry with autonomic imbalance, and antiseizure medications with
enzyme-inducing and ionic channel-blocking proprieties. Pathophysiological findings in the atria and ventricles
of patients with epilepsy are discussed. Echocardiographic findings and future applications of this tool are
reviewed. A risk stratification model and future studies on cardiac risk assessment in individuals with epilepsy
are proposed.
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Introduction

Epilepsy is an increasing global neurological health issue affecting 50
to 70 million people worldwide, mainly in low- and middle-income
countries [1,2]. In the last few years, epidemiological and mechanistic
studies have raised concern about cardiac involvement in individuals
with epilepsy. This has resulted in the “epileptic heart” concept

proposed by Verrier and colleagues in 2020 [3]. In their original defi-
nition, the epileptic heart is defined as “a heart and coronary vasculature
damaged by chronic epilepsy as a result of repeated surges in cate-
cholamines and hypoxemia leading to electrical and mechanical
dysfunction”, and this has also been supported by other authors [3,4].
In this paper, we will review epidemiological data linking epilepsy to
cardiovascular disease, and we will discuss pathways of this interaction
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and pathophysiological findings in the atria and ventricles of patients
with epilepsy. Finally, we will propose risk stratification and provide
directions for future studies on this topic.

Epidemiological evidence of epilepsy-heart interactions

Individuals with epilepsy are at increased risk of premature death.
This occurs due to accidents, injuries, infections, suicide, and sudden
death, among others. The standardized mortality ratio, which is defined
as the ratio of the observed numbers of deaths in the study population
(epilepsy) to the expected number of deaths estimated by standardiza-
tion to the reference population (without epilepsy), in population-based
studies has ranged between 1.6 and 3.0 in adults with epilepsy and 6.4 to
7.5 in children with epilepsy [5]. Among patients with uncontrolled
seizures, the risk of premature death is even higher, reaching 9.3 to 13.4
times higher compared to seizure-free patients [5]. In a review pub-
lished in 2021, Surges et al concluded that sudden cardiac death and
acute myocardial infarction (MI) are responsible for nearly 15 % of
deaths in individuals with epilepsy [6]. Additionally, these patients have
a three- to sixfold higher risk of sudden cardiac death than the general
population and are 8 years younger at the time of cardiovascular death
[6-8].

In the Oregon Sudden Unexpected Death study, individuals with
epilepsy had a 4.4 % rate of death per year, which is approximately 4.5-
fold higher than sudden unexpected death in epilepsy (SUDEP). In two-
thirds of these cases, typical seizure manifestations occurring just prior
to the sudden death were not reported or observed [8].

Mounting evidence has indicated an increased risk of myocardial
infarction, arrhythmias, or sudden death days to months following sei-
zures or an epilepsy diagnosis. Rossi and colleagues studied 1,270,304
patients seeking medical attention for arrhythmias, including cardiac
arrest. They found that previous hospitalization or emergency visits for
seizure or status epilepticus were associated with increased risk for future
arrhythmic outcomes as soon as the first day to 180 days after the seizure
[9]. In another report, Cheng and colleagues found that hazard ratios for
MI, arrhythmia, or sudden death among 5411 individuals with epilepsy
were 1.71, 2.11, and 1.83, respectively, compared to controls, and these
ratios were significant as early as 1 to 2 years after epilepsy diagnosis
[10]. Recently, Wang and colleagues studied 2699 individuals with
epilepsy in the UK Biobank from 2006 to 2021 and found that 11 % of
these patients had cardiac arrhythmias, compared to 7.9 % in controls
(11). They had a 36 % increased risk of any cardiac arrhythmia, 26 % of
atrial fibrillation (AF), 87 % of bradyarrhythmias, and 80 % of ven-
tricular arrhythmias. Interestingly, these findings were associated with
carbamazepine and valproic acid prescriptions and were not altered by
polygenic risk scores [11].

Cardiovascular disease (including coronary artery disease, myocar-
dial infarction, and angina pectoris, among others) was reported in 21 %
of individuals with epilepsy 18 years old or older, compared to 11.7 % of
individuals without epilepsy. That represents a 75 % higher prevalence
in that age group, and in individuals between 45 and 64 years, the
increased prevalence was even higher, ranging from 122 % [12].

Possible pathways mediating cardiovascular risk in individuals
with epilepsy

Cardiac comorbidities and risk factors, such as obesity, physical
inactivity, smoking status, psychological distress, and socioeconomic
factors, have a higher prevalence in individuals with epilepsy, being
reported in 62 to 82 % of those individuals [13-16].

In an age, sex, and body mass index-matched study, individuals with
epilepsy without cardiovascular disease were subjected to a maximal
treadmill test and compared to a control group. Individuals with epi-
lepsy had greater chronotropic incompetence, less exercise duration,
and less physical fitness [17]. They achieved 1.7 less metabolic equiv-
alent of task (MET), which is associated with cardiovascular and all-
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cause death in population studies. For each reduction in 1 MET there
isa 12 to 15 % increase in cardiovascular and all-cause death [18,19].

Besides the classical risk factors, epilepsy per se and acute seizures
also play a role in these heart-brain interactions, and chronic and acute
autonomic nervous system involvement have been shown [6,17,20].
The increased sympathetic tone in chronic epilepsy, and especially
during seizures, promotes catecholaminergic toxicity, myocardial
ischemia, and inflammation with subtle myocardial injury and cardiac
electrical disturbances, promoting acute or chronic heart conditions,
such as arrhythmias, ischemia, or heart failure [3,4,21]. Cardiac fibrosis
and an altered cardiac channel phenotype (an acquired form of cardiac
channelopathies) following seizures have also been shown in animal
models [22,23].

Genetics in epilepsy has demonstrated some conditions of inherited
“brain-cardiac” channelopathies. In these cases, both epilepsy and car-
diac arrhythmias (such as the long QT syndrome) are possible mani-
festations, being one additional mode of epilepsy-heart interaction
[24,25].

Brain circuitry involvement in epilepsy could also be related to
increased cardiovascular risk. Tawakol and colleagues reported that, in
a cohort of 293 patients submitted to an '®F-fluorodexoyglucose PET/CT
with a median follow-up of 3.7 years, amygdalar activity was related to
bone marrow activity, arterial wall inflammation, and a hazard ratio of
1.59 for cardiovascular events. In that study, perceived stress was
related to amygdalar activity [26]. The amygdalar function has also
been associated with decreased left ventricle ejection fraction, cardiac
perfusion abnormalities in women [27], and risk for takotsubo cardio-
myopathy [28,29]. The amygdala has pronounced projections to the
cardiovascular and respiratory areas of the parabrachial pons and the -
periaqueductal gray matter, and involvement of the amygdala and other
brain regions in epilepsy has been linked to altered heart rate variability
(HRV) and SUDEP risk [30-32]. Melo and colleagues showed that
HRV in patients with pharmacoresistant mesial temporal lobe epilep-
sy is independently associated with longer disease duration and changes
in the glutamate subunits of the a-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid (AMPA) receptors in the amygdala and anterior
hippocampus. In these patients, the same sites of AMPATr-
eceptor subunits are highly sensitive to glucocorticoids [30], suggesting
that in addition to the effects on the heart and the body, the stress-
related hormones released during seizures may also have a feedback
modulation of the amygdala and HRV [33].

One additional pathway of cardiac involvement in epilepsy is
through its treatment. Anti-seizure medication (ASM) is the most
important treatment option for epilepsy and has been associated with
increased cardiovascular risk, arrhythmias, dyslipidemia, and death
[7,11,34-38]. Enzyme-inducing ASM was associated with a 21 % in-
crease in ischemic heart disease or stroke among more than 30 thousand
patients with epilepsy with 25 years of follow-up. This relationship was
even more significant depending on the duration of exposure and
medication dose [37]. Enzyme-inducing ASMs are associated with
increased levels of C-reactive protein, lipoprotein (a), homocysteine,
and lipids [34,35]. Additionally, the ionic channel blockage properties
of some ASM have also been linked to increased cardiovascular risk
[7,11,36]. Sodium channel blockade is associated with an increased risk
of sudden cardiac death, total mortality, and non-fatal cardiac arrest, as
shown in two landmark trials in individuals with coronary artery disease
and heart failure, the CAST (Cardiac Arrhythmia Suppression) and CASH
(Cardiac Arrest Study Hamburg) trials [39,40].

Summing up these different pathways, we conclude that epilepsy has
a very peculiar influence on the heart (Fig. 1). It acts as a risk factor for
cardiac disease (through its chronic influence in the heart, with auto-
nomic imbalance, altered genetics and brain circuitry, and accumulation
of subtle myocardial injuries) and acts as a trigger for cardiovascular
events due to catecholaminergic toxicity, inflammation, and ischemia
secondary to seizures [41].
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Fig. 1. Pathways of brain-heart interactions in individuals with epilepsy. Epilepsy acts as a risk factor for cardiac disease and a trigger for acute cardiac outcomes.
Individuals with epilepsy have an increased prevalence of cardiac risk factors, autonomic imbalance, altered genetics, and brain circuitry, and are exposed to
antiseizure medication. These factors, through catecholaminergic toxicity, inflammation, accelerated atherosclerosis and ischemia, can lead to an increased risk of

arrhythmias, myocardial infarction and injury, heart failure, and sudden death.

Functional and structural findings in the heart of individuals
with epilepsy — Echocardiography studies

Whereas multiple reports focused on electrocardiographic changes in
individuals with chronic or uncontrolled seizures, we will focus on the
echocardiogram. Echocardiography is an established tool in cardiovas-
cular medicine and in general medical practice. It can, non-invasively,
analyze the anatomical structure and function of the heart. Variables
obtained with the echo analysis are important to classify the different
phenotypes of heart failure regarding its ejection fraction (reduced,
preserved, and mildly reduced ejection fraction), etiologies (hypertro-
phic, dilated, restrictive, non-compacted, and arrhythmogenic, for
example), analyze valvular and segmental contractile function, investi-
gate pericardial conditions, sudden cardiac risk, and cardiac damage
secondary to extracardiac disease [42].

In a recently published systematic review and meta-analysis, Liu and
colleagues selected 21 echocardiographic studies in individuals with
epilepsy (8 in adults, 11 in children, and 2 in both populations) from
more than 4,000 studies [43]. They performed a meta-analysis of 10
prospective case-control studies with 515 patients with epilepsy and 445
controls. They found that patients with epilepsy, compared to controls,
had decreased left ventricle ejection fraction (MD: —1.80; 95 % CI:
—3.56 to — 0.04; p = 0.045); greater mitral A-wave velocity, which is
related to atrial pump and late ventricular diastolic filling phase (MD:
4.73; 95 % CI: 1.87-7.60; p = 0.001); prolonged isovolumetric relaxa-
tion time (IVRT), which is related to the first phase of diastole (MD:
10.18; 95 % CI: 2.05-18.32; p = 0.014) and increased E/e’ ratio, which
is related to left ventricle filling pressure (MD: 0.39; 95 % CI: 0.06-0.71;
p = 0.019). They did not find differences in other echocardiographic
variables such as fractional shortening, mitral E wave velocity, mitral E/
A ratio, mitral E wave deceleration time, tissue Doppler e’ wave velocity,
left atrial diameter, or left ventricle mass, volumes, diameter, and
thickness between people with epilepsy and healthy controls [43].

In a study with adult patients with convulsive status epilepticus, 56 %
(18 out of 32) had a 20 % or more decrease in left ventricular ejection
fraction in serial exams (0, 6, and 48 h after hospitalization) [44].

Further echocardiographic-derived data, however, is yet to be fully
explored. Subtle alterations in cardiac physiology evaluated by pres-
sure-volume curves can be non-invasively assessed by

echocardiography (Fig. 2). The end-diastolic pressure-volume rela-
tionship (EDPVR) is related to myocardial stiffness (p), and the end-
systolic pressure-volume relationship (ESPVR) represents a load-
independent measure of ventricle contractility, which differs from
ejection fraction, called end-systolic elastance (Ees) [45,46]. The cardiac
pressure-volume curves unmask preload, afterload, diastolic compli-
ance, and contractility, and the area inside the cardiac pressure-volume
curve is related to mechanical work [45]. A downward shift of the
ESPVR or an upward shift of the EDPVR can lead to different heart
failure phenotypes [45].

Our group has demonstrated increased left ventricle stiffness, left
ventricle filling pressure, and left atrial volume in 30 patients with

End-systolic
Effective pressure-volume
arterial relationship
elastance A

Vs

Aortic Valve Opening

N

by

External
Mechanical

7/ Work
//
%

120| Aortic Valve Closure

—>

60 Potencial

E Mechanical "
é Work 3 End-diastolic
T 30 pressure-volume
§ <+ relationship
¢
Q. T v T '\\ T
0 30 /// 60 120 \150 Volume (ml)

Mitral Valve Opening Mitral Valve Closure

Fig. 2. Cardiac pressure-volume curve. Left ventricle diastolic filling starts
with mitral valve opening. After mitral valve closure, isovolumetric contraction
(IVCT) begins. The aortic valve opening starts the ejection phase, which ends
with the aortic valve closure. Isovolumetric relaxation (IVRT) lowers left
ventricle pressure leading to mitral valve opening. The cardiac pressur-
e-volume curves unmask preload, afterload, diastolic compliance, and
contractility. The end-systolic and end-diastolic pressure-volume relationship
can be assessed and explain the different heart failure phenotypes.
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temporal lobe epilepsy (TLE) without cardiovascular diseases compared
to controls with similar age, sex, body mass index, and cardiac risk
factors. In multiple regressions, autonomic dysfunction explained 52 %
of stiffness, and carbamazepine treatment and polytherapy with ASM
additionally explained 6 % each [46]. In the Gutenberg Health Study, a
population study with nearly 15,000 individuals, myocardial stiffness
(B) was non-invasively assessed by echocardiography and showed an
exponential association with all-cause mortality [47]. Increased
myocardial stiffness is related to myocyte stiffness, extracellular matrix
deposition, and fibrosis (49). These findings, together with inflamma-
tion, abnormalities in the sarcomeric filament, titin, and its phosphor-
ylation, are related to heart failure with preserved ejection fraction
(HFpEF). Intracellular calcium handling is also important in the patho-
physiology of HFpEF and can, additionally, contribute to arrhythmias
with delayed afterdepolarizations [48]. At the other end of the cardiac
pressure-volume curve, end-systolic elastance, arterial-effective ela-
stance, and ventricle-arterial coupling were similar in individuals with
epilepsy and controls [45]. Increased awareness of cardiac conditions
and heart failure risk in individuals with epilepsy should be applied
[49,50]. Dodge and colleagues have shown that, among 9,646 in-
dividuals with epilepsy followed up from 2005 to 2018, the hazard ratio
for future heart failure was 1.56 compared to controls without epilepsy
[50]. In that sense, we must acknowledge the initial signs of heart failure
in individuals with epilepsy.

A few studies in epilepsy have uncovered myocardial strain in
echocardiography. The word strain comes from physics and refers to the
deformation produced by a force. Myocardial strain is the deformation
(fiber shortening and elongation) of the heart myocytes during
contraction and relaxation, respectively, which occurs in longitudinal,
radial, and circumferential directions (Fig. 3) [51]. Myocardial strain
has gained interest since it has additional prognostic value over left
ventricle ejection fraction in many situations, such as heart failure with
preserved or reduced ejection fraction, valvular heart disease, car-
diotoxicity (as seen in oncologic patients), and even in asymptomatic
individuals [51].

Celik and colleagues were the first to report global longitudinal
strain in 60 children with epilepsy (without seizures in the preceding 6
months) compared to controls. Although left ventricle ejection fraction
and chamber volumes were similar between the two groups, individuals
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with epilepsy had lower global longitudinal strain and different vari-
ables related to diastolic function, such as mitral A wave, E/A ratio, E/e’
ratio, and IVRT [52]. Schreiber and colleagues, studying children with
pharmacoresistant epilepsy, found a decreased longitudinal and
circumferential left ventricle strain but a similar ejection fraction
compared to controls [53]. In that study, however, they used only the
apical four-chamber view to measure longitudinal strain and not the
apical two-, three-, and four-chamber view, and regarding circumfer-
ential strain, they measured the left ventricle short axis at the level of
papillary muscles, but not at the mitral and apical levels, as would be
more appropriate. A third study in children found, not only a reduced
left ventricle strain, but also a reduced right ventricle strain in children
with epilepsy with refractory (n = 30) or well-controlled seizures (n =
30) compared to controls (n = 30) [54]. One small study in adult pa-
tients with epilepsy (mean age of 28 years), analyzing only 5 among 21
patients with epilepsy, found no differences in left ventricle longitudinal
strain compared to controls [55].

Echocardiographic markers of increased risk of sudden cardiac death
have been reported from the Atherosclerosis Risk in Communities
(ARIC) study and the Cardiovascular Health Study (CHS), among 2383
and 5366 individuals, respectively [56]. Six echocardiographic markers
were identified: reduced left ventricular ejection fraction (hazard
ratio: 3.07 (2.29-4.11)); mitral annular calcification (hazard ratio:
1.85 (1.36-2.52)); mitral E/A > 1.5 (versus mitral E/A 0.7-1.5 —
hazard ratio: 1.64 (1.07-2.51)); mitral E/A < 0.7 (versus mitral E/A
0.7-1.5 — hazard ratio: 1.52 (1.14-2.02)); left ventricular mass (haz-
ard ratio: 1.30 (1.15-1.48) for each 1 standard deviation increase); and
left atrial diameter (hazard ratio: 1.15 (1.02-1.30) for each 1 standard
deviation increase) [56]. A small study with 30 individuals with tem-
poral lobe epilepsy and 30 controls found that seventeen (56.6 %) in-
dividuals with epilepsy had a total of 22 of these risk markers versus 11
(36.7 %) controls with 12 markers with a p-value of 0.12 and 0.07 for
the number of individuals with any echo risk marker and the total
number of altered risk markers among groups, respectively [57].

Gaps in knowledge and future directions

At this point, we have more questions than answers regarding heart-
brain interactions in epilepsy. It seems reasonable to use what we learn

Fig. 3. Applicability of myocardial strain. A — Left atrium longitudinal strain; B — Left ventricular circumferential strain; C — Right ventricular longitudinal strain; D —

Left ventricle longitudinal strain.
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from cardiology as a starting point from which we can select those in-
dividuals with epilepsy with increased cardiovascular risk for further
evaluation.

Echocardiography has many more tools to offer in this challenging
situation. We are now starting to have a closer look at the other cardiac
chambers, such as the right ventricle and the atria (Fig. 4). Atrial pa-
thologies in individuals with epilepsy deserve special attention. Desai
and colleagues showed that 23.9 % of 1.4 million hospitalized patients
with epilepsy had some form of cardiac arrhythmia, and, in that cohort,
atrial fibrillation (AF) was present in 9.7 %, making it the most common
arrhythmia in patients with epilepsy. Ventricular tachycardia and sud-
den cardiac arrest were present in 1 % and 1.4 %, respectively [58]. A
previous report on P-wave heterogeneity (PWH) measured in electro-
cardiography, a marker of atrial electrical dispersion, found that in-
dividuals with epilepsy have PWH levels similar to a more than 20 years
older population with AF. AF is the most prevalent sustained arrhythmia
in adults, and it is commonly associated with structural heart disease,
including heart failure [59]. Early signs of impaired atrial mechanics
and altered anatomy evaluated by echocardiography can predict heart
failure and future AF risk [60]. Simple measures such as atrial volume
and atrial strain are not yet properly and routinely assessed in in-
dividuals with epilepsy.

Other echocardiographic tools yet to be explored in individuals with
epilepsy are 3-d echo, with its increased precision in chamber volumes
and function quantification, stress echo, used to uncover initial left
ventricle filling abnormalities as seen in early heart failure with pre-
served ejection fraction (HFpEF), or to assess ischemic cardiomyopathy,
and myocardial work, which analyzes the strain-pressure curves and has
proven to be a less load-dependent variable to assess myocardial
contractility [61]. Cardiac mechanical dispersion and electromechanical
coupling in individuals with epilepsy is another promising approach. A
small study with 19 individuals with epilepsy and 21 controls showed
that electrocardiographic markers of diastolic electrical dispersion, such
as the QT interval and the T-peak-to-T-end (TpTe) interval, were related
to left ventricular mass, left atrial volume, and the mitral E/A ratio, all
echocardiographic markers associated with diastolic dysfunction [62].

There are, however, additional points that need further clarification.
Which patients with epilepsy would benefit the most from having an
electrocardiogram, echo, or a cardiology consult? Will these methods
change the clinical management of patients? Possibly, we should try to
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clinically identify those patients who are at increased cardiac risk and
those who need closer follow-up and/or aggressive cardiac risk factor
treatment. For example, patients with uncontrolled seizures, cardiac
complaints, or an altered risk factor profile should be submitted for a
detailed clinical, electrocardiographic, and echocardiographic evalua-
tion. In that sense, it is important to highlight that Verrier and colleagues
took the first step and proposed a clinical syndromic approach to ac-
count for the “epileptic heart” risk and diagnosis [63]. They proposed
that individuals with chronic epilepsy with or without drug resistance
should be evaluated for clinical symptoms such as effort intolerance,
chest pain, irregular pulse, and palpitations, and for electrical and
echocardiographic markers of autonomic, functional, or anatomical
cardiac compromise [63].

Repurposing of drugs well known for their safety and protective
profile in cardiology, such as beta-blockers or SLGT2 inhibitors, may
prove to be a future strategy for lowering the cardiovascular risk in in-
dividuals with epilepsy and increased cardiovascular risk. To accom-
plish this, we need longitudinal studies to understand disease
progression, prove the prognostic significance of electrocardiographic
and echocardiographic changes in epilepsy, and confirm if these changes
are modifiable or not with medical intervention [43].

Conclusion

In this article, we reviewed the epidemiological data linking epilepsy
and cardiovascular disease. We discussed its possible pathways, from
increased prevalence of traditional cardiac risk factors, chronic and
acute autonomic changes with catecholaminergic toxicity and ischemia,
altered brain circuitry, genetics, and use of drugs that may harm the
heart and vessels in that population. We summarized data from echo-
cardiographic studies in individuals with epilepsy, recognizing that
much is yet to be done, such as looking at the structure and function of
other heart chambers and using state-of-the-art measures to look further
and deeper at the epileptic heart. Finally, some immediate questions
must be addressed to optimize resources and gain knowledge on how to
improve outcomes in individuals with epilepsy.
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Fig. 4. Left atrium strain. Left atrium strain has been increasingly recognized as an important measure for the assessment of heart failure with preserved ejection
fraction (HFpEF) and arrhythmia risk. Atrium strain is evaluated in its three components: reservoir strain, related to atrial filling and stretching before mitral valve
opening, conduit strain, related to passive atrial emptying, and contractile strain, related to atrial systole.
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