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Temporal Changes in Beat-to-Beat
Variability of Repolarization Predict Imminent
Nonsustained Ventricular Tachycardia in
Patients With Ischemic and Nonischemic
Dilated Cardiomyopathy

Matthew Amoni, MD; Sebastian Ingelaere "=/, MD; Jonathan Moeyersons, PhD; Bert Vandenberk “=', MD, PhD;
Piet Claus, PhD; Robin Lemmens (12}, MD, PhD; Sabine Van Huffel “=/, PhD; Karin Sipido “*/, MD, PhD;

Carolina Varon “*/, PhD; Rik Willems “, MD, PhD

BACKGROUND: An increase in beat-to-beat variability of repolarization (BVR) predicts arrhythmia onset in experimental models,
but its clinical translation is not well established. We investigated the temporal changes in BVR before nonsustained ventricular
tachycardia (nsVT) in patients with implantable cardioverter defibrillator (ICD).

METHODS AND RESULTS: Patients with nsVT on 24-hour Holter before ICD implantation for ischemic cardiomyopathy (ischemic
cardiomyopathy+nsVT, n=43) or dilated cardiomyopathy (dilated cardiomyopathy+nsVT, n=37), matched ICD candidates with-
out nsVT (ischemic cardiomyopathy-nsVT, n=29 and dilated cardiomyopathy-nsVT, n=26), and patients without ICD without
structural heart disease (n=50) were studied. Digital Holter recordings from these patients were analyzed using a modified
fiducial segment averaging technique to detect the QT interval. The nsVT episodes were semi-automatically identified and QT-
BVR was assessed 1-, 5-, and 30-minutes before nsVT, and at rest (at 3:00 am). Resting BVR was higher in ICD patients com-
pared with controls without structural heart disease. In ICD patients with nsVT, BVR increased significantly 1-minute pre-nsVT
in ischemic cardiomyopathy (2.21+0.59 ms, versus 5 minutes pre-nsVT: 1.78+0.50 ms, P<0.001) and dilated cardiomyopathy
(2.09+0.57 ms, versus 5-minutes pre-nsVT: 1.58+0.51 ms, P<0.001), but not in patients without nsVT. In multivariable Cox
regression analysis, pre-nsVT BVR was a significant predictor for appropriate therapy during follow-up.

CONCLUSIONS: Baseline BVR is elevated and temporal changes in BVR predict imminent nsVT events in patients with ICD inde-
pendent of underlying cause. Real-time BVR monitoring could be used to predict impending ventricular arrhythmia and allow
preventive therapy to be incorporated into ICDs.
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tricular tachycardia (VT) and ventricular fibrillation
(VF) remains a major mode of death. Patients with
advanced heart disease or cardiomyopathy are at a
high risk of SCD.! Implantable cardioverter defibrilla-
tors (ICD) are currently the most effective intervention

Sudden cardiac death (SCD) by sustained ven-

to prevent SCD in these high-risk patients.? ICDs con-
tinuously monitor the cardiac rhythm, detect sustained
VT or VF rapidly, and provide antitachycardia pacing or
shocks to restore sinus rhythm upon detection.
Identification of patients at increased risk remains
challenging because current guidelines utilize clinical
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Clinical Perspective

What Is New?

e Beat-to-beat variability of repolarization in-
crease predicts imminent arrhythmias in experi-
mental models; its usefulness in clinical practice
of impending arrhythmia risk prediction needs
to be established.

e Beat-to-beat variability of repolarization is in-
creased in patients with structural heart disease
selected for implantable cardioverter defibrilla-
tor implantation compared with patients without
structural heart disease.

e Beat-to-beat variability of repolarization repro-
ducibly increases in the minute preceding non-
sustained ventricular tachycardia in implantable
cardioverter defibrillator candidates regardless
of underlying cardiomyopathy (ischemic and
nonischemic).

What Are the Clinical Implications?

e The magnitude of beat-to-beat variability of re-
polarization in the minute preceding arrhythmia
is a predictor of future appropriate implantable
cardioverter defibrillator shocks as a surrogate
for sudden cardiac death risk.

Nonstandard Abbreviations and Acronyms

APT appropriate ICD therapy
BVR beat-to-beat variability of repolarization
DCM dilated cardiomyopathy

ICM ischemic cardiomyopathy

nsVT nonsustained ventricular tachycardia
SCD sudden cardiac death
SHD structural heart disease

assessment with left ventricular ejection fraction as
a main factor to identify high-risk patients.® However,
several other parameters have been shown to be pow-
erful tools in risk stratification. Further risk assessment
using noninvasive tools and parameters including
cardiac imaging (for underlying pathology including
fibrosis and infarction), ECG analysis (for conduction
abnormalities, fragmentation, and repolarization ab-
normalities, among other risk markers) and 24-hour
Holter monitoring (to capture rare events such as non-
sustained VT [nsVT] or VT/VF) can be used to improve
stratification.*

In high-risk patients, prediction of imminent arrhyth-
mia could have a cardinal role in the management of
patients with ICDs by triggering preventive device ther-
apy.® Device algorithms incorporating known risk fac-
tors for SCD are being implemented in early warning
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systems that can preventatively manage arrhythmias
by monitoring and analyzing cardiac electrical activ-
ity.® Electrical instability is a hallmark of the substrate
that sustains arrhythmia. Thus, measures of labile or
heterogeneous repolarization have been proposed for
identification of short-term arrhythmia vulnerability.*

Beat-to-beat variability of repolarization (BVR) or
short-term variability is a measure of temporal dis-
persion that first showed excellent predictive value in
predicting drug-induced torsades de pointes in exper-
iments using a dog model of chronic atrioventricular
block and cardiac hypertrophy.” BVR also has been
shown to be elevated in patients with cardiomyopathy,
suggesting its usefulness in identifying long-term high-
risk patients.8 However, evidence supporting its useful-
ness in predicting imminent events in the clinical setting
remains limited and it is unclear whether this depends
on the cause of the underlying cardiomyopathy.®

In this study, we compare the behavior of BVR in
patients with an underlying ischemic or nonischemic
cardiomyopathy with and without nsVT and a matched
control group of patients without overt cardiovascular
disease. We also assess the clinical value of BVR in
predicting appropriate ICD therapy (APT) during fol-
low-up in our cohort.

METHODS

The data presented in this article are available from the
corresponding author upon reasonable request.

Patient Population and Study Design

This retrospective study, in accordance with the
Declaration of Helsinki, was approved by the ethi-
cal committee of the University Hospitals of Leuven
(S56074). In view of the retrospective nature of the
study, the ethical committee waived the necessity
of informed consent. All patients who had a first ICD
implanted at the University Hospitals of Leuven are
included in an electronic registry as described previ-
ously.'® All patients in this registry from January 1, 2008
until December 31, 2018, who had a minimum follow-
up of 1 year were considered for this study. Patients
with ischemic (ICM) or dilated nonischemic (DCM)
cardiomyopathy and indication for an ICD in primary
or secondary prevention of SCD under current guide-
lines were screened for inclusion.” Only ICD candi-
dates with a preprocedural Holter monitor that was
digitally available were further considered in the study.
ICD candidates who experienced an episode of nsVT
(defined as 3 or more consecutive ventricular com-
plexes >100 beats per minute [bpm]) during the 24-
hour Holter monitoring were included as cases divided
into 2 groups according to their underlying cardiomy-
opathy: ICM+nsVT group 1 and DCM+nsVT group 2
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(Figure 1). ICD candidates without nsVT were matched
by age and sex into 2 control groups: ICM-nsVT group
3 and DCM-nsVT group 4 (Figure 1).
A control group of patients with cryptogenic stroke, in
whom no obvious structural heart disease (SHD) was
present based on medical history, ECG, echocardi-
ography, 24-hour Holter monitoring, and duplex ultra-
sound of the carotid arteries (meeting the criteria for
embolic stroke of unknown source) in the period be-
tween 2008 and 2018 were screened. From this group
with embolic stroke of unknown source, 50 patients,
matched individually by age and sex to 50 randomly
selected ICD candidates (from the 80 patients with
ICD with nsVT [28 ICM+nsVT and 22 DCM+nsVT]),
were studied (Figure S1). Given that acute stroke may
alter cardiac repolarization,'? the electrocardiographic
and Holter assessments were conducted after the
period of the acute stroke was resolved. For all pa-
tients, baseline demographic data including age, sex,
and body mass index; clinical data including medical
history, medications, left ventricular ejection fraction
and serum creatinine; as well as electrophysiological
parameters from baseline 12-lead ECG were collected
from hospital records (Table 1 and Table S1). The base-
line ECG QT interval was corrected using the Fridericia
or Rautaharju formula for narrow and broad QRS com-
plexes, respectively.'®

A 2-part study with a case—control followed by
cohort study design was used. In the first part, we
performed a case—control study investigating the pre-
dictive value of repolarization lability (BVR) in the min-
utes preceding nsVT. The ICD candidates with nsVT
(ICM+nsVT and DCM+nsVT) were cases while patients
without nsVT (ICM-nsVT and DCM-nsVT) were con-
trols. In the second part of the study, the cohort of ICD
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patients with nsVT (ICM+nsVT and DCM+nsVT) on
pre-implantation Holter monitor were investigated for
factors predicting APT during follow-up in patients with
nsVT.

Holter Analysis
Twenty-four-hour ambulatory 2- or 3-channel Holter
ECG recordings were performed using standard
200-Hz Spiderview recorders (Microport, France).
Holter recordings of all patients included in the study
were processed and exported as ISHNE-files using
Synescope Holter software (Microport, France). Holter
processing utilized a template-based algorithm to ana-
lyze the 24-hour Holter for baseline electrophysiological
parameters including the duration of time analyzed of
the total recorded time as a quality parameter, average
heart rate, number of bradycardia episodes defined
as heart rate <50 bpm, number of pauses >2000 ms,
number of atrial- and ventricular extrasystoles as well
as nonsustained (<30 seconds) and sustained VT epi-
sodes. The Holter recordings were semi-automatically
analyzed and manually corrected where necessary.
The ISHNE files were then imported and analyzed
using R-DECO, a custom-made signal analysis software
developed in MATLAB (Mathworks, Natick, MA, USA)."
The Holter recordings were filtered using a backward/
forward high-pass second-order Butterworth filter to
exclude low-frequency variation (specifically respiration
motion with a cut-off frequency of 0.5 Hz, and a notch
filter at 50 Hz to suppress electrical interference and high-
frequency noise). Then, a modified fiducial segment av-
eraging technique was used to analyze the QT duration
of complexes in the segment as described previously.'
Briefly, the QRS complex of each beat was detected using
an envelope-based algorithm combined with an adaptive

Experimental groups:
80 ICD Patients with
| nsVT/VT on Holter:
43 ICM group (1)
ICD implantations 319 Patients 272 Patients 37 DCM group (2)
2008-2018 with Holter before SR on Holter
739 Patients > 176 ICM » 158 ICM
408 ICM 143 DCM 114 DCM Matched 55 of 175 ICD
331 DCM Patients without:
» nsVT/VT on Holter
v 29 ICM group (3)
Excluded: Excluded: Excluded: 26 DCM group (4)
No Holter = 420 AF = 40 patients Digital Holter
Patients A-flutter = 2 unavailable = 17
PM = 5 patients patients
Figure 1. Experimental design.

Study flow chart illustrating patient inclusion and study groups. Patients with ischemic heart disease (IHD) and dilated cardiomyopathy
(DCM) admitted for implantable cardiac defibrillator (ICD) implantation were considered. All patients without a prior Holter recording or
where the Holter was unavailable, and patients with atrial fibrillation (AF) or permanent pacing (PM) were excluded. AF indicates atrial
fibrillation; A-flutter, atrial flutter; ICM, ischemic cardiomyopathy; nsVT, nonsustained ventricular tachycardia; PM, pacemaker device;
SHD, structural heart disease; SR, sinus rhythm; and VT, ventricular tachycardia.
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Table 1. Patient Baseline Characteristics

QT-BVR Predicts Imminent nsVT

ICD candidates with nsVT ICD candidates without nsVT

ICM DCM ICM DCM
n 43 37 29 26
Age, y 66 (57-70) 57 (44-67)" 66 (58-70) 59 (46-67)*
Sex

Male (%) 39 (90.6) 26 (70.3) 26 (89.6) 18 (69.2)

Female (%) 4 (9.3 1 (29.7) 3(10.9) 8(30.8)
BMI 27+4.0 25.4+4.6 25+4.6 26.7+5.0
NYHA (%)

1 15 (34.9) 8(21.6) 9 (31.0) 6 (23.1)

2 16 (34.9) 19 (51.4) 11 (37.9) 11 (42.3)

3 12 (27.9) 10 (27.0) 9 (31.0) 9 (34.6)

4 1(2.3) 0(0) 0 (0.0 0 (0.0
LVEF, % 28.6+8.8 27.3+10.5 28.1+9.2 29.7+11.5
Indication (%)

Primary 36 (83.7) 35 (94.6) 22 (78.5) 24 (88.9)

Secondary 7 (16.2) 2 (5.4) 6 (21.4) 3(11.1)
History (%)

Stroke/TIA 6 (14.0) 4(10.8) 5(17.2) 2(7.7)

Diabetes 19 (44.1) 9 (24.3) 5 (17.2)* 4(15.4)

AF 5 (11.6) 2(5.4) 8 (27.6) 5(19.2)

Hypertension 29 (67.4) 8 (21.6)! 20 (69.0) 9 (34.6)
Creatinine, mg/dL 1.10+0.39 1.10+£0.31 1.24+0.38 1.21+0.48
Medications (%)

B-Blocker 40 (93.0) 33(89.2) 26 (89.7) 24 (92.3)

Statin 42 (97.7) 16 (43.2) 25 (86.2) 20 (76.9)

ACE-I/ARB 42 (97.7) 31(83.2) 26 (89.7) 24 (92.9)

Loop diuretic 14 (32.0) 22 (59.4) 18 (62.1) 11 (42.3)

MRA 27 (62.2) 28 (75.7) 16 (65.2) 15 (57.7)

Aspirin 34 (79.9) 12 (32.4)F 22 (75.9) 18 (69.2)

VKA 11 (25.5) 7(18.1) 10 (34.5) 6 (23.1)

NOAC 0(0) 1(2.0) 2(6.9) 0(0)

Amiodarone 7 (16.6) 4 (10.7) 3(10.9) 1(8.8)

Other AAD 1(2.3) 2(5.4) 2(6.9) 2(7.7)
ECG

Heart rate, bpm 67.7£12.6 66.4+14.9 63.6+13.4 67.7£12.6

QRS, ms 123.5+£28.2 119.8+29.9 130.3+35.4 126.0+26.7

QT, ms 424 (412-444) 422 (397-449) 434 (418-486) 426 (408-445)

QTc, ms 448+41.8 439+37.1 432+42.9 443+33.9

LBBB (%) 11 (25.6) 11 (29.7) 5(17.2) 8(30.7)

RBBB (%) 4(9.9 1(27) 2(6.9) 1(3.8)

Data expressed as n (%) and mean+SD or median (interquartile range). 2-way ANOVA or Fisher exact with Bonferroni post hoc analysis. AAD indicates anti-
arrhythmia drug; ACE-I/ARB, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; AF, atrial fibrillation; BMI, body mass index; bpm, beats/
minute; DCM, dilated cardiomyopathy; ICD, implantable cardioverter defibrillator; ICM, ischemic cardiomyopathy; LBBB, left bundle branch block; LVEF, left
ventricular ejection fraction; MRA, mineralocorticoid receptor antagonist; NOAC, novel oral anticoagulant; nsVT, nonsustained ventricular tachycardia; NYHA,
New York Heart Association classification of heart failure; QTc, QT corrected by (Fridericia or Rautaharju formula for narrow and broad QRS complexes,
respectively);'® RBBB, right bundle branch block; TIA, transient ischemic attack; and VKA, vitamin K antagonist.

*P<0.05, P<0.001, vs ICM+nsVT; ¥P<0.05 and $P<0.01, vs ICM-nsVT.

well as the preceding (if the premature complex occurred
before the end of the T-wave) and the succeeding sinus
beats were excluded from the analysis.

thresholding. Correct detection and annotation of the
QRS complexes was manually checked and corrected
where necessary. All ventricular premature complexes as
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The annotated sinus QRS complexes were aligned
by the dominant R/Q wave and used to create template
complexes. The onset of the Q-wave and end of the
T-wave were detected by modified compression and
integration algorithms based on the template complex
as previously described.'”> Annotations were used to
determine the QT duration of each complex. Correct
Q-onset and T-end detection were checked and man-
ually adjusted using the tangent method where nec-
essary. Poincaré plots were then constructed from 30
consecutive sinus beats. QT-BVR was calculated usin
the established formula Y |QT,.—QT,|/Nx \/ég
where N is the number of beats.”

In all patients, we defined a 1-minute segment of
uninterrupted sinus rhythm at 3:00 am as baseline. If
there were any ventricular extrasystoles at 3:00 am, a
segment an hour later at 4:00 am was used. This time-
point was selected because it is in the middle of the
period when extrasystoles were lowest and least in-
fluenced by physical activity and sympathetic nervous
signaling during sleep.'®'” In ICD patients, the first
nsVT episode after the 3:00 am timepoint was semi-
automatically detected and annotated. To assess the
temporal changes in repolarization lability before the
arrhythmic event, 3 timepoints were defined based on
the nsVT episode as follows: 1-, 5-, and 30-minutes
before the nsVT event. Per definition, control patients
did not have nsVT on Holter; therefore, timepoints
matched to time of day to respective corresponding
ICD patients were selected and BVR was assessed at
1-, 5-, and 30-minutes before this time. At these time-
points, QT-BVR was measured from the lead equiva-
lent to ECG lead Il If this lead was noisy or had a flat
T-wave, the alternate lead was used.

In patients who had >1 nsVT episode, a second ep-
isode >1 hour following the index was selected to per-
form the same analysis to assess reproducibility.

Retrospective Clinical End Points

The primary end point in patients with underlying car-
diomyopathy was considered the first APT. APT was
defined as either appropriate ICD shock or antitachy-
cardia pacing. The date and precipitating event (VT or
VF) of the appropriate ICD shock or antitachycardia
pacing was verified from source documents of ICD in-
terrogation by the treating cardiac electrophysiologist.
All clinical end points were collected until death, heart
transplantation, or the last available outpatient visit be-
fore December 31, 2021.

Statistical Analysis

Data are expressed as mean+SD, median (interquar-
tile range), or number and percentage as appropriate.
Two-tailed t test, x? test with Fisher exact or 2-way
ANOVA with Bonferroni post hoc analysis was used to
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compare clinical variables between groups. A mixed
effects model with Bonferroni post hoc correction
was used to compare temporal changes in BVR and
between groups. Cox hazard regression analysis was
used to compare the contribution of clinical param-
eters to the end point. Retrospective clinical analysis
of appropriate ICD therapy was performed by survival
analysis. Kaplan—Meier graphs with log-rank analysis
were plotted to assess this end point. Univariate Cox
regression analysis was performed for available clini-
cal parameters: underlying cardiomyopathy, age, sex,
and left ventricular ejection fraction; electrophysiological
parameters: heart rate, QRS duration, and QTc dura-
tion; number of nonsustained episodes on Holter; BVR
parameters: resting BVR, BVR in the minute preced-
ing nsVT (pre-nsVT BVR), and temporal change in BVR
from preceding timepoint. Multivariable Cox regression
analysis was performed using a backward elimination
strategy including all variables with a P<0.100 in uni-
variate analysis. Proportional hazard assumptions were
assessed using Schoenfeld residuals and visual inter-
pretation of the proportional hazard plots. Collinearity in
the final model was assessed using a covariance matrix
of the final model. The Harrell's C-index was calculated
for the final model. A P<0.05 was considered significant.
All statistical analysis was performed using GraphPad
Prism v8, SPSS IBM Statistics v27, and Stata v17.

RESULTS

Patient Characteristics

The demographic and clinical characteristics of the
patients are presented in Table 1. A total of 80 ICD
candidates with nsVT, 43 ICM+nsVT, aged 66 (57-70)
years and 90.6% male, and 37 DCM+nsVT, aged 57
(44-57) years and 70.3% male; 55 ICD candidates
without nsVT, 29 ICM-nsVT, aged 66 (58-70) years
and 89% male; and 26 DCM-nsVT, aged 54 (46-67)
years and 74% male were studied. Patients with DCM
were younger than patients with ICM (P=0.041 and
P=0.043, with and without nsVT, respectively). The pa-
tients in all groups were predominantly male, although
the ICM+nsVT group had a higher proportion than the
DCM+nsVT group (P=0.024).

More patients with ICM+nsVT had diabetes (44.1%
versus ICM-nsVT: 17.9%, P=0.037), and fewer patients
with DCM had hypertension (DCM+nsVT 21.6% ver-
sus ICM+nsVT: 67.4%, P<0.001; DCM-nsVT. 34.6%
versus ICM-nsVT: 71.4%, P=0.015). Medications were
not different between ICM and DCM, with the excep-
tion of more aspirin use in patients with DCM+nsVT
(DCM+nsVT. 32.4% versus ICM+nsVT: 79.9%,
P<0.001; DCM+nsVT. 32.4% versus DCM-nsVT:
69.2%, P=0.005). There were no differences in ECG
parameters between ICM and DCM groups.
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Holter Electrophysiological Parameters
The baseline parameters of the Holter recordings are
presented in Table 2 and Table S2. ICD candidates with
nsVT had more ventricular extrasystoles per hour than
ICD candidates without nsVT (ICM+nsVT: 80.8 [25.0-
273.2] versus ICM-nsVT: 3.1 [0.5-10.8], P<0.001 and
DCM+nsVT: 62.2 [10.3-190.7] versus DCM-nsVT: 7.3
[0.5-29.1], P<0.001). In addition, ICM+nsVT had more
ventricular extrasystoles than DCM+nsVT (P=0.004).
There were no other differences in electrophysiological
parameters.

The first nsVT episode of the day, used in subse-
quent analysis, occurred at all hours of the day without
distinguishable preferred time-of-day patterns in both
groups (Figure 2A). There tended to be more nsVT
episodes in ICM+nsVT than DCM+nsVT, but this was
not statistically significant (ICM+nsVT: 10.1+6.4 versus
DCM+nsVT: 7.9+4.7, P=0.094). The number of com-
plexes and rate of the nsVT episodes considered for
analysis were comparable (P=0.676 and P=0.582,
Figure 2B).

Resting BVR in ICD Patients

Figure 3A illustrates the fiducial point detection used
to determine the QT interval and an example of the
Poincaré plot constructed from 30 consecutive sinus
beats to assess the QT-BVR. At baseline, there was
no difference in heart rate between the ICD patient
groups (ICM+nsVT: 66.9+11.71 ms versus ICM-nsVT
61.2+9.19 ms, P=0.188; DCM+nsVT: 63.41+10.95 ms
versus DCM-nsVT: 67.29+12.39, P=0.527) (Figure 3B).
QT-BVR was also not significantly different between

Table 2. Holter Electrophysiological Parameters

QT-BVR Predicts Imminent nsVT

the groups (ICM+nsVT: 1.48+0.35 ms versus ICM-nsVT
1.44+0.20 ms, P=0.957; DCM+nsVT. 1.43+0.29 ms
versus DCM-nsVT: 1.41+0.27, P=0.983) (Figure 3B).
However, the resting BVR in ICD patients both with
ICM and DCM was more than that of the control group
of patients without SHD (control: 1.25+0.23 ms versus
ICM: 1.46+0.32 ms, P<0.001 and DCM: 1.43+0.28 ms,
P=0.003), although the resting heart rate was not dif-
ferent (Figure S2).

Temporal Changes in BVR Predict
Imminent Ventricular Arrhythmias

Figure 4A illustrates the temporal analysis of QT-BVR
before the occurrence of a nsVT event (top insert), or
matched timepoints in ICD candidates without nsVT,
and examples of the Poincaré plots at 30-, 5-, and
1-minute before the nsVT used for QT-BVR calculation
(bottom insert). The timepoints used for analysis in the
control groups were matched to nsVT-timepoints of the
respective ICD patients in Figure 2A. The time-of-day
profile matched timepoints are presented in Figure S3
and reflect the random distribution of nsVT in ICD pa-
tients (P=0.989).

In ICM ICD candidates with nsVT (ICM+nsVT), the
QT-BVR at baseline (1.48+0.35 ms at 3:00 avm) was
not different 30 minutes before nsVT (1.41+0.54 ms,
P=0.985), but thereafter, increased to 1.78+0.50 ms
at 5 minutes (P=0.011) and further increased to
2.21+0.59 ms at 1 minute before nsVT (P<0.001). In
contrast, there was no significant change in temporal
BVR at matched timepoints in ICM ICD candidates
without nsVT (ICM-nsVT) (P=0.975, Figure 4B). A

ICD candidates with nsVT ICD candidates without nsVT
ICM DCM ICM DCM
No. 43 37 29 26
Holter quality (hours analyzed) 22.7+3.5 22.5+3.9 23.0£0.22 23.0+0.26
Heart rate, bpm 70.9+11.5 69.4+12.2 66.1+12.7 68.3+10.6
Bradycardia episodes 0 (0-12.8) 8.5 (0-49.5) 15 (0-78.8) 0 (0-23.0)
Pauses 0(0) 0(0) 0 (0-1) 0(0-2)
Atrial extrasystoles per h 3.5(0.8-13.3) 1.3(0.3-8.9) 1.0 (0.2-5.6) 0.5 (0.1-5.0)
Ventricular extrasystoles per h 80.8 (25.0-273.2) 62.2 (10.3-190.7) 3.1 (0.5-10.8) 7.3 (0.5-29.1)f
NsVT
Number of episodes 10.1£6.4 7.9+4.7 0 0
Average rate, bpm 148.1£30.2 150+26.2
Average duration, s 2.4 (1.7-3.9) 2.4 (1.6-3.1)
Sustained VT
Number of patients 4 1 0 0
Average rate, bpm 123.5+18.4 130.4+0.6

Data expressed as n (%) and mean+SD or median (interquartile range). 1-way ANOVA, Fisher exact with Bonferroni post hoc analysis or 2-tailed t test. AV
block indicates atrioventricular block episodes; bpm, beats per minute; DCM, dilated cardiomyopathy; ICD, implantable cardioverter defibrillator; ICM, ischemic

cardiomyopathy; nsVT, nonsustained ventricular tachycardia; and VT, ventricular tachycardia.
‘P<0.001, vs ICM+nsVT; TP<0.01, vs DCM+nsVT.
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similar pattern was seen in the DCM ICD candidates
with nsVT (DCM+nsVT), at baseline (3:00 am); BVR was
1.43+0.29 ms, comparable to 1.38+0.33 ms at 30 min-
utes before nsVT (P=0.757), and tended to increase
to 1.58+0.51 ms at 5 minutes (P=0.133), then signifi-
cantly increased to 2.09+0.57 ms at 1 minute before
nsVT (P<0.001). In DCM ICD candidates without nsVT
(DCM-nsVT), no significant BVR differences were ob-
served at matched timepoints (P=0.945, Figure 4B).
Furthermore, in control patients without SHD, no dif-
ferences in BVR were observed at matched timepoints
(P=0.952, Figure S4).

There was no significant difference between the tem-
poral behavior of BVR of the ICM+nsVT compared with
DCM+nsVT groups (P=0.406), nor was there a signif-
icant difference between the change in BVR (P=1.000)

(Figure 4C). QT-BVR changes in time were similar be-
tween ICM+nsVT and DCM+nsVT, but the magnitude of
change at 5 minutes to 1 minute before the nsVT was
higher in ICM+nsVT than DCM+nsVT (ICM: 0.48+0.54 ms
versus DCM: 0.23+0.35, P<0.001) (Figure 4C).

These temporal changes in BVR occurred with-
out temporal changes in heart rate in ICM patients
with nsVT (3:00 am: 66.9+11.7 bpm, 30-minutes pre-
matched nsVT time: 70.5+15.0 bpm, 5-minutes pre-
matched nsVT time 68.2+14.5 bpm and 1-minute
prematched nsVT time 71.6+16.0 bpm, P=1.000) and
DCM patients with nsVT (3:00 am: 63.4+10.9 bpm,
30-minutes prematched nsVT time: 68.8+11.2 bpm,
5-minutes prematched nsVT time 72.2+11.0 bpm
and 1-minute prematched nsVT time 69.9+13.1 bpm,
P=0.985) (Figure S5H).
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a patient with ICM. B, Summary data of baseline heart rate (left) and QT-BVR (right) of ICM and DCM patients with and without nsVT,
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tachycardia.

A total of 17 patients (11 ICM and 6 DCM) had >1 nsVT
episode at least 1 hour later. This second event analyzed
also occurred at all hours of the day without distinguish-
able time-of-day patterns in both groups (Figure S6). In
these patients, temporal BVR showed a pattern similar to
the index event and increased from 1.34+0.60 ms (30 min-
utes before nsVT) to 1.84+0.76 ms (5 minutes before nsVT)
and 2.41+0.79 ms (1 minute before nsVT), P<0.001.

Multivariable Clinical Analysis

The second part of the study considered the predic-
tive value of BVR analyzed on the pre-ICD implantation
Holter, for predicting future events and ICD appropriate

J Am Heart Assoc. 2022;11:e024294. DOI: 10.1161/JAHA.121.024294

therapy in patients with preimplantation nsVT. Twenty
of the 80 ICD patients with nsVT (25%) received appro-
priate therapy during follow-up (ICM+nsVT-13 patients
[10 VT and 3 VF] and DCM+nsVT-7 patients [7 VT]).
There was no difference in event-free survival between
ICD and DCM (P=0.359, Figure 5). Table 3 presents the
regression analysis of clinical and electrophysiologi-
cal parameters that were assessed as contributors to
APT. Univariate analysis identified history of atrial fibril-
lation, number of nsVT episodes on Holter, and all BVR
measurements as significant predictors of appropriate
ICD therapy. In multivariable Cox regression analysis,
atrial fibrillation and pre-nsVT BVR are independent
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predictors of appropriate ICD therapy (Harrell's C-
index of the final model=0.834).

In this cohort of ICD patients with pre-ICD nsVT, we
further compared the clinical variables and BVR in the
patients who experienced appropriate therapy to those
who did not (Table S3). The number of nsVT episodes,
baseline BVR, max BVR, and ABVR were higher in pa-
tients who received appropriate therapy, with max BVR
having the most significant difference (2.59+0.47 ms,
versus 1.93+0.54 ms in patients without appropriate
therapy, P<0.001).

DISCUSSION

The main findings from this study are as follows: (1)
resting BVR is increased in ICD candidates with both
underlying ICM and DCM, (2) BVR increases signifi-
cantly in the minute preceding nsVT events in both ICM
and DCM, and (3) BVR is associated with appropri-
ate therapy during follow-up. These findings support
the further exploration of BVR in clinical risk stratifica-
tion and prediction of imminent arrhythmia risk in ICD
patients.

Labile Repolarization in ICD Patients and
Arrhythmia Vulnerability
Resting BVR, taken at a timepoint when the patient
is assumed to be asleep and physical activity is un-
likely, revealed that ICD patients, regardless of underly-
ing cardiomyopathy (ICM and DCM) and presence of
nsVT, had higher BVR compared with matched pa-
tients without SHD. These findings are consistent with
clinical reports of increased BVR in patients with car-
diomyopathy'®'® and heart failure.?

The relevance of BVR as a measure of temporal
dispersion of repolarization has been demonstrated

QT-BVR Predicts Imminent nsVT

in various animal models. Increased BVR is present in
the remodeled heart of dogs with chronic atrioventric-
ular block susceptible for torsades de pointes,” in pigs
after myocardial infarction,?® and in rabbits with long QT
syndrome.?" At a cellular level, BVR is a measure of re-
polarization reserve and an increased BVR represents
a reduced reserve.?? Thus, increased BVR is a con-
sequence of remodeling of cellular ion channels that
contribute to the cellular action potential, particularly
repolarizing potassium currents,® and calcium han-
dling.?%?* Such cellular remodeling has been observed in
human myocytes isolated from patients with cardiomy-
opathy and heart failure, which demonstrated reduced
repolarizing potassium currents and calcium handling
leading to the characteristic prolonged action potential.?®
This may contribute to altered ventricular repolarization
and to a prolongation of the QT interval observed in heart
failure models®®?” and patients.?® This is consistent with
our observations of longer QTc in patients with ICM and
DCM compared with controls without SHD in the current
study.

Our findings support the hypothesis that patients
with cardiomyopathy have reduced repolarization
reserve, which renders them at increased risk of ar-
rhythmia. They also reinforce the value of assessing re-
polarization heterogeneity in arrhythmogenesis and its
targeting in the prevention of SCD in high-risk patients.

Usefulness of BVR in Predicting Imminent
Arrhythmias

Our data suggest that BVR increases in the minutes
preceding nsVT. We observed a similar pattern of BVR
increase in patients with ICM and DCM before nsVT
but not at matched timepoints in patients with ICM
and DCM without nsVT or SHD. At 1 minute before
VT, BVR was increased compared with the preceding
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Figure 5. Kaplan-Meier graphs of freedom from appropriate therapy in ICD patients with nsVT.
N=43 (ICM+nsVT), 37 (DCM+nsVT). Log-rank test. DCM indicates dilated cardiomyopathy; ICD,
implantable cardioverter defibrillator; ICM, ischemic cardiomyopathy; and nsVT, nonsustained ventricular

tachycardia.
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Table 3. Cox Regression Analysis for Appropriate ICD Therapy in Patients With Pre-Implantation nsVT on Holter

Univariate regression Multivariate regression model
Clinical variable P value Hazard ratio (95% CI) P value Hazard ratio (95% Cl)
N=80
Male 0.879 1.090 (0.359-3.307)
Age, ly 0.161 1.029 (0.989-1.071)
ICM 0.363 1.538 (0.609-3.885)
LVEF (/%) 0.225 1.025 (0.985-1.066)
AF 0.018 3.831 (1.254-11.706) 0.004 6.247 (1.809-21.573)
ECG
Heart rate, /bpm 0.288 1.019 (0.984-1.055)
QRS, /ms 0.829 1.002 (0.986-1.018)
QTc, /ms 0.094 1.009 (0.998-1.020)
Holter
Ventricular extrasystoles (/unit 0.647 1.000 (1.000-1.000)
increase)
Number of nsVT episodes (/unit 0.003 1.787 (1.212-2.365)
increase)
BVR
Resting, /ms 0.009 5.508 (1.527-19.874)
Pre-nsVT BVR, /ms <0.001 8.026 (2.855-22.563) <0.001 7.848 (2.638-23.352)
A BVR, /ms 0.020 2.891 (1.186-7.047)

Variables for the multivariable analysis model were selected by backward elimination model and tested for collinearity. Resting BVR defined as BVR measured
at 3:00 am. AF indicates atrial fibrillation; bpm, beats per minute; BVR, beat-to-beat variability of repolarization; A BVR, BVR at 1-minute pre-nsVT minus BVR at
5-minutes pre-nsVT; ICD, implantable cardioverter defibrillator; ICM, ischemic cardiomyopathy; LVEF, left ventricular ejection fraction; and nsVT, nonsustained

ventricular tachycardia.

30-minute timepoint as well as compared with resting
BVR in the ICD groups.

BVR has been extensively studied in a dog model
of torsades de pointes by the group of M. Vos (Utrecht,
The Netherlands), who first demonstrated that this mea-
sure of temporal dispersion of repolarization precedes
the onset of torsades de pointes.” Smoczynriska et al
from this group recently demonstrated similar findings
in the European Comparative Effectiveness Research
to Assess the Use of Primary Prophylactic Implantable
Cardioverter Defibrillators (EU-CERT) cohort of ICD
patients.® In this study, of the 2331 EU-CERT patients,
170 primary prophylactic ICD patients with either ICM
or DCM and nsVT on 24-hour Holter were included,
and 37 randomly selected ICD patients without nsVT
were selected as controls. They found that short-term
variability or BVR increased by ~50% in the minute be-
fore nsVT. These results are in line with our results, but
compared with our analysis Smoczyniska et al did not
report possible differences depending on the cause of
the underlying cardiomyopathy, and the results were
compared only with patients with similar underlying
heart disease and not to a control population.

These results, however, are in contrast to those of
Sachdev et al,?® who have not observed repolariza-
tion variability in monitoring of acutely ill patients ad-
mitted to the Coronary Care Unit who had ventricular
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arrhythmia during 24-hour ECG monitoring. The con-
founding effects of sustained autonomic activation in
these acutely ill patients, which is in contrast to our
cohort of patients with stable cardiomyopathy, likely
contribute to the lack of elevated BVR in this study.

Clinical Implications

In clinical practice, currently no parameters are avail-
able that accurately predict the onset of spontaneous
arrhythmia. The finding of an increased BVR imme-
diately before ventricular arrhythmia is important be-
cause it reinforces its value in prediction of imminent
arrhythmia events in high-risk patients and supports its
translation to clinical practice, especially for ICD moni-
toring. Predicting the onset of arrhythmias, particularly
in patients with cardiomyopathy, is of clinical impor-
tance, because it can open possibilities for preventive
strategies to avoid ICD shocks. Sustained arrhythmia
and the appropriate ICD shocks are associated with
negative cardiac and neurohormonal remodeling that
worsen function and may contribute to heart failure.®°
The psychological impact of the arrhythmia-shock se-
quence of events including anxiety and pain is impor-
tant to a patient’s holistic well-being and, together with
the physiological symptoms, is reflected in negative im-
pact on patient quality of life.3' Alternative approaches
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could be to use the prediction of imminent arrhythmia
to prevent ventricular arrhythmia by high-rate pacing or
over-drive suppression,® or to allow the possibility of
automated drug administration.®® Recent experimen-
tal studies have demonstrated that ICDs can be pro-
grammed to monitor BVR and initiate high-rate pacing
to prevent torsades de pointes in animal models.®?

BVR was also associated with appropriate therapy
during follow-up in our patient cohort. In the multivari-
able analysis, pre-nsVT BVR was the strongest predic-
tor of appropriate therapy, and was higher in patients
who received appropriated therapy. The pre-nsVT BVR
may reflect the degree of repolarization reserve and
thus patients with lowest reserve would be most likely
to develop sustained arrhythmia. Resting BVR is likely
to be less informative because it does not provide in-
sight into the repolarization under challenge.

Limitations

In our study, the digital Holter recordings were recorded
at a sampling frequency of 200 Hz, compared with ex-
perimental studies that were performed at 1000 Hz or
more. Thus, this difference may have influenced the
accuracy of BVR calculation, and should be consid-
ered when interpreting these data.

It is conceivable that BVR may increase without
the occurrence of arrhythmia. The current technical
challenges of automated fiducial point detection limit
us from assessing BVR over the complete 24 hours of
monitoring. We did, however, see stable values of BVR
in our control patients without peaks in BVR at time-
points spread over the day.

Mortality in the patient cohort was low and a majority
of these deaths occurred out-of-hospital and the cause
was not ascertained. Therefore, an analysis of mortality
was not performed. Future work could benefit from pro-
spective longitudinal follow-up of patients to assess the
long-term predictive value of BVR on arrhythmic death.

CONCLUSIONS

BVR is increased in high-risk patients with ICM and
DCM, suggesting a reduced repolarization reserve in
these patients. BVR increases further immediately be-
fore nsVT, predicting imminent arrhythmia in patients
with ICM as well as those with DCM. Real-time moni-
toring of BVR could possibly be used for predicting im-
pending ventricular arrhythmia in high-risk patients.
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SUPPLEMENTAL MATERIAL



Table S1. Patient baseline characteristics of control patients without structural

heart disease (ESUS group).

Control

n 50
Age (years) 60+125
Sex

Male (%) 41 (82)

Female (%) 9 (18)
BMI 25.3+4.3
NYHA (%)

1 31 (59.6)

2 17 (32.7)

3 3 (5.8)

4 1(1.9)
LVEF (%) 59.8+9.7

Indication (%)

Primary

Secondary



History (%)

Stroke/TIA 14 (28.8)

Diabetes 9 (17.3)

Atrial fibrillation 1(1.9

Hypertension 29 (55.8)

Creatinine (mg/dL) 0.98 £ 0.30

Medications (%)

Beta-blocker 12 (23.1)
Statin 26 (50.0)
ACE-I/ ARB 14 (26.9)
Loop diuretic 2 (3.8)
MRA 4(7.7)
Aspirin 24 (46.2)
VKA 2 (3.8)
NOAC 1 (1.9)
Amiodarone 2 (3.8)

Other AAD 7 (13.4)



ECG

Heart rate (opm) 71.1+16.1

QRS (ms) 113.3+25.1
QT (ms) 404 + 40.2
QTc (ms) 419 + 26.3
LBBB (%) 2(3.8)
RBBB (%) 8 (16)

Data expressed as n (%) or mean + SD. ICM — ischemic cardiomyopathy, DCM — dilated
cardiomyopathy, BMI — body mass index, NYHA — New York Heart Association
classification of heart failure, LVEF — left ventricular ejection fraction, ACE-I —
Angiotensin converting enzyme inhibitor / Angiotensin receptor blocker, MRA —
mineralocorticoid receptor antagonist, VKA — vitamin K antagonist, NOAC — novel oral
anticoagulant, AAD — anti-arrhythmia drug, bpm — beats/minute, LBBB — left bundle
branch block, RBBB — right bundle branch block. Stroke/TIA defined as history of

stroke/TIA prior to index admission.

ICD candidates had lower LVEF (ICM+nsVT: 28.6 + 8.8%, DCM+nsVT: 27.3 £ 10.5%,
ICM-nsVT: 28.1 £ 9.3%, DCM-nsVT: 29.7 £ 11.5% vs control: 59.8 £ 9.7%, P <0.01) and

higher New York Heart Association classification of heart failure (NYHA) with more



ICM+nsVT in class 1 than DCM+nsVT (34.9% vs DCM+nsVT: 21.6%, P<0.05). In
addition, ICD candidates had longer QTc intervals (ICM+nsVT: 448 + 41.8 ms,
DCM+nsVT: 439 + 37.1 ms, ICM-nsVT: 443 £ 33.9 and DCM-nsVT: 432 + 42.9 vs
control: 419 £ 26.3 ms) and more left bundle branch block (LBBB) compared to controls
(ICM+nsVT: 25.6%, DCM+nsVT: 29.7%, ICM-nsVT: 18.5% and DCM-nsVT: 44.4%, vs

3.8%, P<0.01).



Table S2. Holter electrophysiological parameters of control patients without

structural heart disease (ESUS group).

Control

n 50
Quality —
% of Holter analyzed 96.7+2.1
Heart rate (bpm) 71.8+11.9
Bradycardia episodes 2.5 (0-21.5)
Pauses 0 (0-2)
Atrial extrasystoles
per hr 4.8 (0.9-32.4)
Ventricular extrasystoles per hr 1.0 (0-4.5)
Non-sustained VT

number of episodes 0

average rate (bpm) N/D

average duration (s) N/D

Sustained VT

number of patients 0



average rate (bpm) N/D

Data expressed as n (%) or mean + SD. Bpm — beats per minute, hr — hour, AV block —

atrioventricular block episodes, VT — ventricular tachycardia.

ICD patients, both ICM and DCM patients had more extrasystoles than non-CVD

controls (P = 0.0035 and 0.0391 respectively).



Table S3. Characteristics of patients with and without appropriate ICD therapy.

Clinical variable APT+ve APT-ve P value
N 20 60
ICM
% 14 (73.6%) 31 (50.8%) 0.112
Primary prophylaxis % 15 (78.9%) 52 9 (85.5%) 0.496
Sex 16 (80.0%) 49 (81.7%) 0.998
Age 61.3+11.1 58.1+14.8 0.374
LVEF 30.7x7.7 27.1+99 0.152
Atrial fibrillation 2 (10.5%) 4 (6.6%) 0.613
ECG

Heart rate (bpm) 66.9+125 67.2 £13.97 0.935

QRS (ms) 123.4 + 30.2 121.3+28.4 0.778

QT (ms) 4442 + 60.8 426.0 + 37.3 0.103
Holter

Ventricular

extrasystoles 252.3 £ 327.8 190.6 £ 325.6 0.470



Number of nsVT

episodes 19+13 1.2+£0.7 0.008
BVR

Rest 1.7+0.3 1.4+0.3 0.019

Max BVR 26+04 19+05 <0.001

A BVR 09+04 05+04 0.003

ICM — ischemic cardiomyopathy, LVEF — left ventricular ejection fraction, ECG —
electrocardiogram, bpm — beats per minute, nsVT — non-sustained ventricular
tachycardia, BVR — beat-to-beat variability of repolarization, max — maximum. Chi-

squared test with Fisher’s exact or two-tailed t-test.



Figure S1. Experimental design.

No SHD: Normal Echo
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Study flow chart illustrating patient inclusion of matched control patients without
structural heart disease. Patients admitted for evaluation of embolic stroke of
undetermined source (ESUS) in 2006-2017 were considered. Patients with a Holter
recording were matched to ICM (28) and DCM (22) patients from the ICD candidates
with nsVT on Holter. SHD — structural heart disease, SR — sinus rhythm, nsVT — non-

sustained ventricular tachycardia.



Figure S2. Beat-to-beat variation of repolarization (BVR) at rest.
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Summary data of baseline heart rate (left) and QT-BVR (right) of control, ICM and DCM
patients taken at 3:00am. N = 72 ICM, 63 DCM and 50 Control.1-way ANOVA with

Bonferroni post hoc analysis. *P < 0.05, **P < 0.01 vs Control,



Figure S3. Distribution of matched nsVT timepoint in control patients.
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similar to the profile seen in Fig. 2.



Figure S4. Temporal changes in BVR at matched timepoints in control patients

without structural heart disease.
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A, Summary data of temporal changes in QT-BVR of control patients. Timepoints are

matched to nsVT timepoints of ICD patients in Figure 4.

B, Summary data of the change in BVR between timepoints presented in A.

N = 50 patients. Mixed effects model analysis with Bonferroni post hoc correction.



Figure S5. Temporal changes in heart rate in relation to nsVT.

A

~-&: |[CM-nsVT =#- DCM -nsVT

=== |[CM +nsVT === DCM +nsVT
— 100
w _
£ 80+ _
. .
© 60'_% T
+ 404
8 -
T 207

O I ” I 1 1
3am 30-min  5-min 1-min
Time prior to nsVT
B
I 100_‘ -&= Control _
7 J . o o
E 804 § %
% 60~ %* %o-
+ 40—
g -
T 207
0 1 ” 1 1 1

3am 30-min  5-min 1-min

Time prior to nsVT

A, Mean data of the temporal changes in heart rate at rest and prior to nsVT, comparing
the groups and timepoints. Mixed effects model with Bonferroni post hoc correction. N =

72 ICM, 63 DCM and 50 Control.

B, Summary of the temporal changes in heart rate at rest and prior to nsVT. Repeated

measures ANOVA with Bonferroni post hoc. N = 50 patients.



Figure S6. Occurrence of the second non-sustained ventricular tachycardia (nsVT)

episode.
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Time of occurrence during the day of the second nsVT considered for analysis that was

at least 1 hour after the index nsVT presented in fig. 2A
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