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Abstract

Backerounb—Refractory epilepsy confers a considerable lifetime risk of sudden unexplained
death (SUDEP). Mechanisms may overlap with sudden cardiac death (SCD), particularly
regarding QTc prolongation. Guidelines in the US do not mandate the use of ECG in diagnostic
evaluation of seizures or epilepsy.

ADDRESS FOR CORRESPONDENCE: Virend K. Somers, Department of Cardiovascular Medicine, Mayo Clinic College of Medicine,
200 First Street Southwest, Rochester, Minnesota 55905, somers.virend@mayo.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review

of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

CONFLICT OF INTEREST STATEMENT

EKSL research support from the Mayo Clinic Center for Translational Science Activities (CCaTS), supported by the National

Center for Research Resources and the National Center for Advancing Translational Sciences, National Institutes of Health [1 UL1
RR024150-01].

MJA consultant for Audentes Therapeutics, Boston Scientific, Gilead Sciences, Invitae, Medtronic, MyoKardia, and St. Jude Medical.
MJA and Mayo Clinic have an equity/royalty relationship with AliveCor, Blue Ox Health Corporation, and StemoniX. However, none
of these entities were involved in this study in any way.

VK Somers consultant for Respicardia, Bayer, Baker Tilly, Sleep Number and Jazz Pharmaceuticals. He works with Mayo Health
Solutions and their industry partners on intellectual property related to sleep and to obesity.

The rest of the authors had no conflict to disclose.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chahal et al.

Page 2

OBJiecTive—We aimed to determine the frequency of ECG use, QT prolongation and whether it
predicts mortality in patients with seizures.

MetHops—We performed a retrospective cohort study including all patients seen at Mayo Clinic
in Rochester, MN from January 15t 2000 to July 315t 2015 with index evaluation for seizure or
epilepsy. Patients with an ECG were categorized by presence of a prolonged QT interval with a
primary endpoint of all-cause mortality after the 15-year observation period.

ResuLTs—Optimal cut-off QT intervals most predictive of mortality were identified. Median age
was 40.0 years. An ECG was obtained in 18,222 (57.4%) patients. After excluding patients

with confounding ECG findings, primary prolonged QT intervals were seen in 223 (1.4%)

cases, similar to general population. Kaplan-Meier analysis demonstrated a significant increase

in mortality (Cox HR 1.90; 95%CI: 1.76, 2.05) for prolonged optimal cut-off QT, maintained after
adjustments for age, Charlson Comorbidity Index and sex (HR 1.48; 95%Cl: 1.37, 1.59).

ConcLrusions—Use of ECG in diagnostic workup of patients with seizures is poor. A prolonged
optimal cut-off QTc interval predicts all-cause mortality in patients evaluated for seizure and those
diagnosed with epilepsy. We advocate the routine use of a 12-lead ECG at index evaluation in
patients with seizure or epilepsy.

Graphical Abstract
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INTRODUCTION

Epilepsy affects 1-2% (3-6 million) of Americans with significant morbidity and mortality
1-4_patients with refractory epilepsy have a 35% cumulative lifetime risk of sudden
unexpected death in epilepsy (SUDEP) likely due to an underlying (genetic or acquired)
ion channelopathy and/or altered neural circulatory and respiratory control. Sudden cardiac
arrest (SCA) claims over 350,000 lives in the US per annum;, while the majority of

cases in the general population are due to coronary artery disease, in those under the

age of 40 years and with structurally normal hearts, ion channelopathies, including long
QT syndrome (LQTS), Brugada syndrome (BrS), and catecholaminergic polymorphic
ventricular tachycardia are significant contributors >~7. LQTS can present with palpitations,
syncope, SCA, and seizures 8. Similarly, BrS and CPVT are also associated with familial
epilepsy, seizure-like episodes, as well as anoxic seizures secondary to arrhythmias 2 10,
European guidelines recommend a 12-lead electrocardiogram (ECG) at first presentation
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for all those with suspected or confirmed seizures or epilepsy 11+ 12. However, no such
guidelines exist in the US due in part to a lack of evidence, leading to clinician discretion
with a wide variation in practice reflective of the referral pathways for assessment (e.g.
patients can self-refer to a specialist without involving primary care). Furthermore, there are
no data on the routine use of the ECG or the types of ECG abnormalities seen in patients
with seizures from the US.

Prolonged QT intervals on surface ECGs are associated with increased risk of all-cause
mortality in the general population and in those with established cardiovascular disease
13-15_ Given ECGs are readily available, easy to perform, established, robust, reproducible
and cost-effective, their use in persons with seizures and epilepsy may have benefit. Aside
from being useful in the evaluation of patients with seizures to identify conduction system
disease, cardiovascular disease, diagnosing LQTS and BrS, and monitoring toxic effects
of medications?8, the utility in predicting mortality in persons with seizures or epilepsy is
unknown. Specifically, QT prolongation may be a useful biomarker of increased mortality
in those evaluated for seizures and those with a diagnosis of epilepsy which may have
implications for SUDEP risk.

The aims of this study were to determine the frequency of ECG use in patients undergoing
index evaluation for first seizure or epilepsy seen at a tertiary care referral center, describe
abnormalities on the ECG, determine the frequency of QT prolongation, and determine
whether QT prolongation predicts mortality in patients with index evaluation for seizure or

epilepsy.

2. MeTHops

Study population

This study complies with the Declaration of Helsinki, the research protocol has been
approved by the Mayo Clinic Institutional Review Board and all patients have authorized the
use of the data presented in this paper for research purposes. The data will be made available
upon reasonable request to the corresponding author. The Mayo Clinic Epilepsy Registry
(MCER) which includes all cases evaluated for seizures and/or epilepsy seen from January
18, 1976 to present (n=59,499) was queried. In this retrospective analysis, we focused on all
cases seen at Mayo Clinic in Rochester, MN with index evaluation for seizure or epilepsy
between January 15t, 2000 and July 315, 2015.

International Classification of Diseases and International Classification for Diseases, version
9 (ICD-9) codes utilized to identify the appropriate patients Online Table 1. A new

incident case was defined as =2 included diagnostic codes (in any combination) =30 days
apart and within 1 year, as this strategy reduces false positives from ambiguous coding
issues. Our cohort was defined using diagnosis codes intended to identify a ‘sensitive
population worked-up for first seizures or suspected epilepsy (regardless of whether the final
diagnosis was epilepsy) as this assesses the utility of ECG in the diagnostic evaluation.

This group includes all those evaluated for possible seizures including those with atypical
spells, referred to as Cohort 1. Two subsets were created and analysed: a more specific
population with a final diagnosis of epilepsy confirmed by electroencephalographically
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(EEG) and meeting ILAE criteria, called Cohort 2; and a local population subset by Zip
Code (to minimize effects of referral bias) called Cohort 3. In brief, Cohort 1 was based

on ICD-9 criteria used in our area by the Rochester Epidemiology Project. Cohort 2, a
specific population was refined from Cohort 1 by one of the study staff (REA) masked to
codeset, and randomly checking 100 cases at a time to determine if they had epilepsy as
International League of Epilepsy criteria.l” The initial specificity was <70% and we wanted
a specificity of >90% to have epilepsy. The codeset was refined to remove unclear codes
until a specificity of 92% epilepsy achieved Online Table 2. Cohort 3, was taken from
Cohort 1, restricted to the local population by Zip code. See methods and results reported in
the online supplemental material for details.

Demographics and ECG use

Table 1 includes baseline characteristics for the study cohorts Online Table 3. Figure 1
illustrates the case selection process. A total of 31,732 patients were seen with index
evaluation for seizure or epilepsy during the specified timeframe (Jan. 15t, 2000-Jul. 315,
2015). Only 18,222 (57.4%) had a surface 12-lead ECG at index presentation. Median
(251, 75M) age was 40.0 (19.0, 57.9) years and was similar to those in the MCER. Patients
receiving an ECG were significantly older, with a difference in median age by 26.8 years
(p<0.0001). The median (251, 75M) age of patients receiving an ECG was 51.1 (33.5, 65.9)
years; 55.1% were female. The majority of participants were White. The median follow-up
period was 1.2 years with a total person-years of follow-up of 50,375.

ECG characteristics/abnormalities

Table 2 describes the ECG characteristics and abnormalities identified with Online Table 4
for the rest of the cohorts. The mean heart rate, PR interval, and QRS duration were 76.3,
157, and 89.4 ms. Primary prolonged QT intervals were seen in 223 (1.4%) cases.

Prolonged QT interval at index evaluation

Table 3 describes the summative results of Kaplan-Meier analysis based on presence of

a prolonged QT interval with Online Table 5 for all cohorts. This analysis revealed a
significant difference in all-cause mortality with an unadjusted hazard ratio (HR) of 1.75
(95% CI 1.39, 2.21). Statistical analysis revealed the optimal QTc cutpoint to be =448 ms
with an associated all-cause mortality HR of 1.90 (95% CI 1.76, 2.05) (Table 3). Figure 2
depicts the Kaplan-Meier survival plot for both the primary prolonged QT definition (>500
ms) and the prolonged optimal cut-point QT analysis with Online Figure 1 and Online
Figure 2 for the other cohorts

Cox proportional hazards modelling and all-cause mortality

Univariable Cox regression modelling demonstrated age, male sex and CCI score were
strongly predictive. When adjusted for age, sex and CClI, a primary prolonged QT interval
maintained its predictive significance with an adjusted HR of 1.61 (95% CI 1.27, 2.03)
(Table 3, Online Table 6).
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Subset with final diagnosis epilepsy and a local population subset

The same methods of analysis were used for the subset with a final diagnosis of epilepsy
and the local population. Unadjusted HR for the “specific” cohort 2 and “local population”
cohort 3 were 1.2 (95% CI 0.70, 1.94) unsignificantand 2.06 (95% CI 1.47, 2.89) for the
primary prolonged QT. Statistical analysis revealed an optimal cutpoint at QTc 2445 ms for
the “specific” cohort 2 and “local population” cohort 3 in predicting all-cause mortality, with
HR of 1.99 (95% CI 1.71, 2.324) and 2.13 (95% CI 1.86, 2.44). (see online supplemental
section).

4. Discussion

To our knowledge, this is the first study to report the frequency and utility of 12-lead

ECG during index evaluation in persons with index evaluation for first seizure and/or
subsequently diagnosed epilepsy in a US population and has identified important findings.
First, only 57.4% of suspected seizure cases evaluated received a 12-lead ECG at index
evaluation. Second, in those who do obtain ECG the most frequent abnormality is AF with

a frequency of at least 2.7% similar to the local prevalence. Third, the frequency of primary
QT prolongation at index evaluation is 1.4%. Fourth, a prolonged optimal cut-off QTc
interval in this population is a powerful predictor of all-cause mortality, with a cut-off of
>448 ms being associated with a HR of 1.90 (p<0.0001). Considered together, these findings
have important clinical implications for all-cause mortality.

Our findings demonstrate a 12-lead ECG was performed on only 57.4% of patients most
likely reflective of a lack of guideline-mandated ECG acquisition and referral pathways in
the US. Patients who develop seizures may be evaluated directly by non-cardiologists. Most
patients with a suspected first seizure are not likely to see a cardiologist until neurologic
contributors have been ruled out. Similarly, atypical seizures, atonic drop attacks, and
absence seizures could have instead been evaluated by a cardiologist initially and would

be much more likely to receive a 12-lead ECG. Older patients were more likely to have

had an ECG, probably reflecting provider concern over cardiovascular pathology. However,
while age was an independent risk factor for subsequent mortality, those in younger age
groups also remain at higher risk for mortality and should be considered for ECG screening.

There are several good reasons to advise 12-lead ECG should be considered mandatory in all
cases of suspected first seizures at index evaluation. Cardiovascular diseases, of which the
most important are channelopathies of LQTS and BrS, can have dual seizure and arrhythmia
presentations, secondary arrhythmic seizures, or may be misdiagnosed due to seizure-like
episodes 18. These conditions should be considered as “no-miss” cases because they can lead
to sudden death; LQTS in particular is manageable lowering the risk of sudden death. Other
comorbid cardiovascular disorders may also be identified as well as cardiac conduction
system disease which can lead to brady-arrhythmia and SCD. Furthermore, ECGs can

be helpful in identifying and ameliorating secondary causes of QT prolongation, such as
electrolyte abnormalities and drug therapy, further supporting the case for initial and serial
ECG monitoring in patients with suspected seizures and epilepsy 1°.
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The frequency of AF observed is similar to the general population, and is consistent with
the age-dependent incidence and prevalence of AF 20. Comorbid AF is associated with
significant morbidity and mortality and has recently been shown to have an association
with SCD. This risk may be additive and directly applicable to understanding the causative
factors of SUDEP, particularly in cases with post-infarct epilepsy that are also subject to
significant SUDEP risk.3: 21

A prolonged optimal cut-off QTc has been shown to predict all-cause mortality in multiple
populations, reflecting potential utility as a biomarker 13-15.22-24 Thjs js the first study of
our knowledge to report utility in a population evaluated for seizures and a subset with a
final diagnosis of epilepsy. Interestingly, the optimal cutoff of 2448 ms our data identified

is similar to that reported by Schwartz et al 40 years ago?4. Similarly, a population-based
study of 5,888 individuals = 65-years-old who were participants in Cardiovascular Health
Study, were followed for a mean 6.7 +2.3 years.13 A QTc >450 ms on ECG at enrolment

in both males and females, whether with known CVD or negative for CVD, had all-cause
mortality relative risk of 2.3 (95%CI 1.6-3.3). This is analogous to troponin utilization as

a biomarker in predicting mortality in populations with or without cardiovascular disease.
Prolongation of the QT interval can be transient and most cases do not reflect genetic LQTS.
Our data show a prolonged optimal cutoff QTc on ECG in patients with initial evaluation for
seizure and/or epilepsy independently predicts risk of all-cause mortality. Among patients
who received an index ECG, prevalence of a primary prolonged QT interval is higher

than the expected frequency of 1% seen in the general population but lower than that in
cohorts studies: 7.4% as seen in the Cardiovascular Health Study!3 and 2% seen in the

third National Health and Nutrition Examination Survey (NHANES)4. This is similar to the
1.2% frequency observed in a study from our institution which focused on ECGs performed
in the Emergency Department 2. This high frequency of primary QT prolongation persisted
in those who were found to have a final diagnosis of epilepsy (see “specific” cohort in the
online supplement). Many AEDs and drugs used to treat depression, a frequent finding in
persons with epilepsy, may also act synergistically to prolong the QT interval.

One challenge with using our definition for prolonged QT interval is that while this
threshold is more specific to an underlying rhythm disorder, it may contribute to an elevated
false negative rate. The QT interval varies with age and sex as well as baseline neural
circulatory control. To be considered prolonged, the corrected values must be >99t" centile
for age and sex 26, When using time-dependent analysis, a QTc of 2448 ms yielded an
adjusted HR of 1.90, suggesting that even modest QTc prolongations are predictive of
mortality. Additionally, we excluded patients with known electrocardiographic abnormalities
and used a more stringent QT cutoff for patients with a prolonged QRS duration to

prevent the contribution of conduction delay on QT prolongation and to allow more direct
comparison to the aforementioned emergency department study. However, this strategy may
have underestimated the mortality risk associated with a prolonged QT interval.

Arrhythmias using Implantable Loop Recorders

A recent study by Serdyuk .et aP7 reported using implantable loop recorders to detect ictal
rhythm abnormalities and found no significant malignant arrhythmias in patients who died
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on follow up. Of note only 5 patients had SUDEP and only one of them had a borderline
prolonged QT interval of 453 ms, and borderline prolonged QT was noted in 16 patients
overall out of 193 patients with drug resistant epilepsy. A prolonged QT interval may be

a biomarker of advanced disease rather than directly leading to Torsade’s de pointes and
death. It is our belief this is analogous to cardiac troponins and mortality, irrespective of an
acute coronary syndrome. Even in genetic long QT syndrome, the event rate of forsades de
points and death from it is low.

Relevance to SUDEP

While speculative, this data may have implications for SUDEP. The MCER data only
contain survival status; therefore, specifics on the cause(s) of death are not available.

Thus, we are unable to determine which patients died of SUDEP. However, our data do
support predicting all-cause mortality and it is highly likely that some of these deaths were
SUDEP given it is the leading cause of epilepsy-related death in persons with epilepsy.
Cohort 2 a specific cohort with confirmed epilepsy diagnosis accounted to 17% of our
study population. These findings may be directly applicable to investigating and preventing
SUDEP. Identifying potential risk stratification and prevention tools for SUDEP is a priority
in epilepsy management. Routine ECG at index presentation may be a cost-effective strategy
to identify those who may be at higher risk of death and enable interventions to reduce risk.
Our data support a change in guidelines in the US to align with those from Europe.

Generalizability

Mayo Clinic Rochester is a large tertiary care center. Our patient population may not
represent that of a typical community center. However, Mayo Clinic Rochester also serves
as the primary hospital and primary care center for a wide region. The “local population”
cohort included in the online supplement was analysed to help address generalizability.
This subset analysis showed our findings with this cohort persisted. The local population is
predominantly white and generalizability to the non-white US population may be limited.

Strengths and limitations

This is the first and largest series assessing ECG use, ECG abnormalities, and the prognostic
role of QT prolongation in those with index evaluation for seizure or epilepsy. Limitations
include inherent bias associated with a retrospective cohort study. None of the patients
received a formal diagnosis of genetic LQTS (none were referred for specialist). The age of
our population, particularly who had an ECG, is older than the prototypical population
presenting with first onset of seizures. This may represent a provider preference for

ECG in an older patient who likely has other cardiac comorbidities, a delay in diagnosis

of seizures or epilepsy, or other confounders contributing to selection bias skewing the
decision to obtain an ECG. While we performed adjusted analyses to minimize the effect
of confounders, variation in types of medications and serum electrolyte levels at the time

of ECG as well as unknown factors may have contributed to QT prolongation. Survival
status was based on the EMR and state-wide death information, which may underestimate
the number of deaths. Furthermore, we do not have details on the cause of death. Lastly,
misclassification of exposure may have occurred as the QTc was a single measure at index
evaluation measured before the event and may have changed over time.
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5. ConcLusions

Routine ECG use at first presentation in patients with seizures and/or epilepsy identifies
important co-existing ECG abnormalities. There is a distinct lack of ECG recordings in
our population, AF is the most frequent arrhythmia, a higher frequency of primary QT
prolongation (1.4% vs 1% in the general population), and a prolonged optimal cut-off QTc
interval predicts mortality in patients evaluated for seizure and those eventually diagnosed
with epilepsy. We advocate the routine use of a 12-lead ECG at index presentation in all
those with a suspected first seizure or epilepsy. This cost-effective strategy may identify
important abnormalities, provide impetus for corrective intervention, select those who
should be co-reviewed by a cardiologist, help personalize risk stratification of those at
greatest risk of subsequent mortality, and conceivably enable identification of a preventable
death. There may be implications for SUDEP in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Selection of the Study Cohorts
AFib = atrial fibrillation; Aflutter = atrial flutter; bifasc = bifascicular block; LBBB = left

bundle branch block; LVH = left ventricular hypertrophy; Paced = ventricular paced rhythm;
RBBB = complete right bundle branch block. Note: some patients had multiple exclusion

criteria.
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Figure 2. Kaplan-Meier Survival Plots of Mortality as Predicted by a Prolonged QT Interval for
Patients with index evaluation for seizure or epilepsy (Cohort 1; ‘sensitive’).

A. comparing QT=500 vs QT<500 ms. B. comparing patients based on the optimal cutpoint
assessment.
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Table 1:

Baseline Characteristics of Cases in the Mayo Clinic Epilepsy Registry and the Study Cohorts.

Page 13

Variable MCER Cohort 1 (Sensitive) Cohort 2 (Specific)
(1976-2017) (Jan. 1, 2000-Sep. 30, 2015) (Jan. 1, 2000-Sep. 30, 2015)
Al Without ECG  With ECG All Without ECG With
n=59.499 ithout it ithout ECG
! n=29,760 n=13,510 n=16,250 n=6,290 n=3,514 _
n=2,776
Age at index 40.4 (19.8, 40.0 (19.0, 24.3 (8.0, 51.1(33.5, 28.6 (10.7, 16.5 (5.8, 47.7 (27.7,
visit Median 60.1) 57.9) 43.4) 65.9) 50.2) 33.9) 63.3)
(25th’ 751h
centile) years
Male sex n (%) 28,463 (47.8) 13,684 (46 .0) 6,394 (47.3) 7,290 (44.9) 3,219 (51.2) 1,815 (51.7) 1,404 (50.6)
Height mean 160430 160+30 140440 170+20 150+40 140440 160+30
+SD cm
Weight mean 70.6+29.7 68.1+30.8 56.3+33.8 76.6+25.2 61.3+32.6 50.7433.1 73.6+27.2
+SD kg
BMI Median 26.4 (21.2, 25.82 (20.4, 22.3 (17.5, 26.6 (22.8, 23.8(18.5, 20.8 (16.8, 26.0 (22.0,
(25th, 75t 30.4) 30.0) 28.0) 31.1) 28.8) 26.8) 30.5)
centile) kg/m?
White ethnicity 45,045 (75.7) 24,693 (83.0) 10,827 (80.1) 13,866 (85.8) 5,258 (83.6) 2,901 (82.6) 2,357 (84.9)
n (%)
Smoking 30,177 (50.7) 17,866 (60.0) 6,627 (49.0) 11,239 (69.1) 4,146 (65.9) 1,979 (56.3) 2,167 (78.0)
history
available no.
(%)
Current smoker 7,896 (26.2) 4,889 (27.4) 1,660 (25.0) 3,229 (28.7) 1,011 (24.4) 390 (19.7) 621 (28.7)
no. (%)
Past smoker no. 6,088 (20.2) 3,420 (19.1) 869 (13.1) 2,551 (22.7) 649 (15.7) 179 (9.0) 470 (21.7)
(%)
Never smoker 16,193 (53.7) 9,557 (53.5) 4,098 (61.8) 5,459 (48.6) 2,486 (60.0) 1,410 (71.2) 1,076 (49.7)
no. (%)
CClmean+SD  1.0+2.0 (0.0-  0.9+1.9 (0.0- 0.4+1.1 (0.0- 1.4+2.3(0.0- 0.9+2.0(0.0-  0.4+1.0(0.0- 1.6+2.6 (0.0
(range) 19.0) 18.0) 15.0) 18.0) 18.0) 10.0) 18.0)

*
All data points were not available for the entire sample population

BMI, body mass index; CCI = Charlson Comorbidity Index; ECG, electrocardiogram; MCER, Mayo Clinic Epilepsy egistry; SD, standard

deviation
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ECG Findings

Variable

Cohort 1 (Sensitive) n=16,250

ECG Findings

Heart rate mean +SD bpm
PR interval mean £SD ms
QRS duration mean £SD ms
QTc mean +SD ms
Primary Prolonged QT, n (%)

ECG Abnormalities”
Paced rhythm, n (%)
LBBB, n (%)
Bifascicular block, n (%)
RBBB, n (%)
Atrial fibrillation, n (%)
Atrial flutter, n (%)
LVH, n (%)

76.3+19.6
157432
89.4+11.9

428.5+27.7
223 (1.4)

291 (1.6)
255 (1.4)
146 (0.8)
592 (3.2)
496 (2.7)
105 (0.6)
423 (2.3)

*
ECG Abnormalities were considered exclusion criteria; therefore, these patients were not included in QTc analysis.

LBBB, left bundle branch block; LVH, left ventricular hypertrophy; RBBB, complete right bundle branch block
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Table 3:
All-Cause Mortality Stratified by Prolonged QT Interval

Page 15

Median survival in

Adjusted HR (95%

n Deaths years Unadjusted HR (95% CI) p-value CI)* p-value
Primary Definition
Not Prolonged 16,027 3,115 117
Prolonged 223 73 7.9 1.75 (1.39, 2.21) <0.0001 1.61(1.27,2.03) <0.0001
Optimal Cutpoint
QTc<448ms 12,834 2,194 12.9
QTc=2448ms 3,416 994 7.6 1.90 (1.76, 2.05) <0.0001 1.48(1.37,1.59) <0.0001

*
Adjusted HR for age at index visit, sex and Charlson Comorbidity Index

HR, hazard ratio
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