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Abstract

Background: Drugs belonging to diverse therapeutic classes can prolong myocardial
refractoriness or slow conduction. These drugs may be effective and well-tolerated, but the risk of
sudden cardiac death from torsades de pointes (TdP) remains a major concern. The corrected QT
interval has significant limitations when used for risk stratification. Measurement of GEH could
help identify the substrate vulnerable to drug-induced ventricular arrhythmias.

Objectives: To improve risk stratification for drug-induced TdP by measuring global electrical
heterogeneity (GEH) on the ECG.

Methods: We analyzed electrocardiographic data from a case-control study of patients with a
history of drug-induced TdP, as well as age- and sex-matched controls. Vectorcardiograms were
constructed from ECGs. GEH was measured via the spatial ventricular gradient (SVG) vector
(magnitude, azimuth, and elevation). Log odds coefficients for TdP were estimated using
multivariable logistic regression.

Results: Among 17 cases and 17 controls (47% and 29% male, age 58.9 + 12.5 and 61.0 + 12.2
years), 34 ECGs were analyzed. SVG azimuth was significantly different between cases and
controls (3.4 vs 22.0 deg, p = 0.02). After adjusting for gender and QTc interval, odds of TdP
increased by a factor of 3.2 for each 1 standard deviation change in SVG azimuth from the control
group mean (p= 0.04, 95% CI 1.07-9.14). QTc was not significant in the multivariable analysis (o
=0.20).

Conclusions: SVG azimuth is correlated with a history of drug-induced TdP independent of the
QTc. GEH measurement may help identify patients at high risk for drug induced arrhythmias.
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Introduction

Methods

Drugs belonging to diverse therapeutic classes can prolong myocardial refractoriness or slow
conduction, either as therapeutic effects for antiarrhythmic drugs (AADs), or as unintended
toxicities. One of the most severe cardiac toxicities related to drugs that affect myocardial
repolarization is torsades de pointes (TdP) which carries a risk of sudden cardiac death. The
risk of TdP is primarily assessed by the heart rate corrected QT-interval (QTc), but TdP can
still occur even among patients with baseline normal QTc [1]. Additionally, it can be
difficult to accurately measure the QT interval, and there is significant intraobserver
variation in measurement that can impact use of QTc for risk stratification [2]. New ways to
identify the vulnerable substrate for TdP beyond QTc are needed to facilitate safe use of
both AADs and other non-cardiac medications with off-target electrophysiologic effects.

Normal myocardium is not electrically homogeneous; there exists normal spatial and
temporal electrical heterogeneity which is required for normal cardiac function and which is
responsible for the genesis of the QRST complex [3-5]. Although some degree of
myocardial electrical heterogeneity likely protects from ventricular arrhythmias, excessive
electrical heterogeneity, measured in a variety of ways, has been associated with an
increased risk of ventricular arrhythmias in both experimental and clinical studies [6-8].
Disturbances in myocardial repolarization which are reflected in abnormal electrical
heterogeneity are known causes for TdP [9]. A noninvasive measurement of myocardial
electrical heterogeneity beyond the QTc therefore has the potential to improve
electrophysiologic risk stratification and patient selection for various drugs such as AADs
and antimicrobial and psychiatric agents.

Global electrical heterogeneity (GEH) is a set of noninvasive vectorcardiographic (VCG)
measurements constructed from standard 12-lead digital ECG waveforms which quantifies
abnormal myocardial electrical heterogeneity [10, 11]. GEH measurements have been
correlated in humans with adverse cardiovascular outcomes including sudden cardiac death
and adverse structural changes [12, 13]. Our group recently demonstrated that after AAD
administration there are acute, drug specific GEH changes which are correlated with plasma
drug levels [14]. In this study, we hypothesized that in patients with a history of drug
induced TdP, GEH measurements will differ from those obtained in controls without such
history.

Data Source and Study Population

We analyzed existing data from a case-control study of patients who had experienced TdP in
association with QT-prolonging drugs and a sample of age and sex matched controls. Data
used for this research was provided by the Telemetric and Holter ECG Warehouse (THEW)
of the University of Rochester, NY. These data may be obtained by registration at the
University of Rochester’s Telemetric and Holter ECG Warehouse (http://thew-project.org)
[15]. The study protocol has been previously described in detail [16, 17]. The case group of
patients each had a documented history of previous TdP while undergoing drug therapy with
QT prolonging potential: sotalol, sumatriptan, amiodarone, bisacodyl, cipramil, furosemide,
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clarithromycin, erythromycin. The control group consisted of age- and sex-matched patients,
most of whom who were planned to start sotalol for the treatment of atrial fibrillation. All
patients were enrolled after being admitted to the University Hospital of Munich, Germany,
for an evaluation of the individual level of repolarization reserve by QT-interval
measurement before and after sotalol infusion. All participants were genetically tested to
exclude known mutations of the major long QT syndrome genes. All patients gave informed
consent prior to enrollment. Of the sample of 40 patients described in the original paper, 34
were provided for analysis in the THEW dataset. This dataset has also been used for other
ECG analyses [17]. This study was approved by the Beth Israel Deaconess Medical Center
Institutional Review Board.

Electrocardiographic Data

Continuous 1.5 or 3.6 minute surface 12-lead ECG recordings sampled at 1 kHz acquired at
rest in the supine position at baseline were provided in the dataset. All of the ECGs were
recorded with the subjects in sinus rhythm. None of the subjects were reported to be taking
AADs when the baseline ECGs were acquired. We constructed median beat
vectorcardiograms from the ECGs by transformation into the Frank X, Y, and Z leads using
the Kors transformation matrix [18]. The X, Y, and Z leads were then baseline corrected so
that the flattest part of the TP segment was the zero reference point for both area calculations
and the origin of the VCG as this segment of the ECG is truly isolelectric. Fiducial points
(QRSgnset: QRSeng, and Tepq) Were annotated using digital calipers by an investigator
blinded to assignment to the case or control group. Further details of ECG processing,
annotation, and median beat construction can be found in the supplemental methods. We
followed previous conventions for orientation of axes with the positive X axis towards the
left, the positive Y axis towards the feet, and the positive Z axis posterior. QT interval was
corrected for heart rate using the Fridericia correction. The time of baseline ECG acquisition
relative to the TdP event for cases was not recorded.

GEH Calculations

We assessed GEH measurements on a baseline ECG without any AAD effect and focused on
the spatial ventricular gradient (SVG) which is a measurement of the electric dipole moment
of the heart averaged over the cardiac cycle. The SVG is defined as the vector sum of the
area QRS- and area T-vectors which are obtained by integrating the X- Y- and Z-
components of the QRST complex (see Supplemental Figure 1). The SVG has magnitude
and orientation in 3-dimensional space expressed as azimuth (angle in the XZ-transverse
plane) and elevation (angle in the XY-frontal plane). We transformed the circular variable
SVG azimuth into an adjusted azimuth (Az) defined as the absolute difference in azimuth
from the control group mean:

AdjustedSVGAz = |Az — < AZgopuol > | - o)
Further details regarding definitions and calculations of other GEH measurements may be

found in the Supplement. ECG and VCG processing and calculations were performed using
Matlab R2018a (Mathworks, Natick, MA).
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Statistical Analysis

Results

The mean values of continuous GEH measurements and QTc for cases and controls were
compared using two-sample #tests, except for SVG azimuth (a circular variable), for which
we used the two-sample Mardia-Watson-Wheeler test [19]. Categorical variables were
compared using Fisher’s exact test. The mean 3-dimensional SVG vector for cases and
controls was compared using the multivariate Modified Nel and Van der Merwe test [20].
Log odds coefficients for GEH measurements and QTc were estimated using multivariable
logistic regression. Spearman correlation coefficient (using circular ranks) between SVG
azimuth angle and QTc interval was calculated according to a previously published method
[19]. All statistical analyses were performed with Stata 15 (StataCorp LP, College Station,
TX). Two-sided P-values were computed without adjustment for multiple comparisons.

Table 1 shows the demographic characteristics and comorbidities of the 34 study
participants. Cases and controls were of similar age, 58.9 + 12.5 and 61.0 + 12.2 years (p =
0.63). There was a non-significant trend towards more males in cases compared to controls
(47% and 29% male (p = 0.48)), respectively. Prevalence of coronary artery disease, history
of myocardial infarction, and hypertension were similar among cases and controls (p> 0.5
for all). Atrial fibrillation trended towards being more prevalent among controls without
reaching significance (p = 0.09). Supplemental Table 1 lists which drugs triggered TdP for
each patient. Sotalol was the most common suspected cause of TdP, occurring in 7 out of 17
(41%) of cases. Two cases of amiodarone-induced TdP (a relatively rare cause of TdP [21,
22]) were reported.

Table 2 shows baseline ECG/GEH measurements of the study participants. The mean SVG
vector had similar magnitude and elevation (angle in the XY-frontal plane) in cases and
controls, but cases had more anterior azimuth than controls in the XZ-transverse plane (22.0
vs 3.4 deg (p = 0.02)), respectively. These differences are illustrated graphically in Figure 1.
The absolute difference from the mean azimuth of the control group (adjusted azimuth) was
also significantly different in cases and controls: 48.3 = 35.1 vs 22.0 + 16.9 deg (p = 0.01),
respectively. Table 3 shows how the difference in SVG azimuth is reflected in the
components of the population mean SVG vector. The Y-components are similar across both
groups, but the X- and Z-components both are smaller in cases relative to controls (joint p=
0.004). Other GEH measurements were similar between cases and controls and are shown in
in Supplemental Table 2. There was a trend towards QTc interval being slightly longer
among cases compared to controls at 455 vs 438 ms without reaching statistical significance
(0 =10.09). QRS duration was similar in cases and controls. Corresponding univariable odds
ratios for risk of having a history of drug induced TdP are shown in Supplemental Table 3:
adjusted azimuth (p= 0.02) was the only variable associated with TdP history.

The relationship between SVG azimuth and QTc is further illustrated in Figure 2. There was
a wide spectrum of QTc values for cases, but there was a narrower QTc distribution in
controls likely because the control group mostly excluded patients with prolonged QTc who
would not have been eligible for sotalol therapy. Regardless of QTc value, however, cases
had larger values of adjusted azimuth. There was no significant correlation between QTc and
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SVG azimuth (Spearman correlation coefficient 0.036, p = 0.56). Quantitative comparison
can be made using Table 4, which shows the results of multivariable logistic regression for
the odds of TdP as a function of adjusted SVG azimuth, including gender and QTc. Odds of
TdP increased by a factor of 3.2 (95% CI 1.07-9.14, p= 0.04) per 1 standard deviation (30.2
deg) difference from the mean azimuth of the control group. QTc and gender were not
significant in the multivariable analysis (p=0.20 and p = 0.89, respectively).

Discussion

Our results show that GEH measurements obtained from a standard 12-lead ECG are
correlated with a history of drug induced TdP. We found that the odds of TdP were
significantly higher in persons with an SVG vector that pointed in an abnormal direction
when compared to age- and sex-matched controls. For every 1 standard deviation (30 deg)
difference in SVG azimuth, odds of TdP having occurred increased by approximately 3.2,
and the risk of TdP associated with SVG azimuth was independent of QTc. We conjecture
that the correlation between incidence of TdP that we observed in persons with an abnormal
SVG azimuth is caused by an abnormally heterogeneous electrical substrate, and that GEH
measurements can identify patients at higher risk of drug-induced TdP.

Our results are consistent with previous work which has shown that the SVG azimuth is
sensitive to drug induced electrophysiologic changes, and that it is associated with sudden
death risk in the general population [12]. Temporal changes in SVG azimuth, especially
rapid ones, have been associated with sudden death in human population studies [13].
Compared to ranolazine, the AADs dofetilide and quinidine, which are associated with
higher risk of TdP, have been observed to cause larger posterior rotations of the SVG
azimuth [14]. In the current study we found that large deviations in either direction of the
SVG azimuth were associated with TdP. Differences among studies likely reflect different
study populations and different mechanisms involved.

Abnormalities in ion channel function, caused by either hereditary or acquired changes in
potassium, calcium, or sodium channel function, are associated with higher rates of sudden
cardiac death from ventricular arrhythmia [23]. Many such ion channel perturbations,
especially those which affect myocardial repolarization, can cause TdP which can
degenerate into lethal ventricular fibrillation. The abnormal direction of the SVG vector that
we observed in patients with a history of TdP likely reflects changes in myocardial ion
channel function and/or expression in the myocardium which can predispose to TdP. The
genetics associated with abnormal GEH involve genes which affect cardiac conduction
system development and ion channel function [24]. The link between genetics and
environment in how GEH is phenotypically expressed requires further investigation.

The QTc interval serves as a marker of abnormal repolarization by measuring the total time
of myocardial depolarization and repolarization. When repolarization time is dramatically
prolonged, such as in persons with genetic abnormalities in potassium channel function or
after class 111 AAD exposure, the QTc can be a useful danger signal. However, other
changes in ion channel expression and activity, which may not prolong the QT interval, are
also known to be proarrhythmic and can dispose to TdP [25, 26]. Measurement of GEH
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using the SVG vector orientation in the transverse plane (azimuth) may help detect this risk
even when QTc is normal or only mildly abnormal. If personal proarrhythmic risk beyond
QTc can be noninvasively assessed with GEH, then it has the potential to improve our ability
to safely select patients for AADs and other drugs that are associated with a risk of TdP.
Such prospective studies are planned for the future.

Of related interest is how some drugs, such as amiodarone and ranolazine can significantly
prolong the QT interval but do not tend to predispose to an especially elevated risk of TdP.
This low rate of TdP is mediated in part by concomitant blockade of the late sodium current
Ina Which counteracts proarrhythmic effects of potassium channel blockade. In our recent
study, increasing plasma drug concentrations of ranolazine, which blocks the late sodium
current, were associated with smaller changes in GEH measurements than drugs such as
dofetilide and quinidine, which are known to cause TdP primarily via potassium channel
(Ikr) blockade [14]. Since mild to moderate baseline QTc prolongation, or an increase in
QTc after drug initiation, can exclude patients from treatment with otherwise useful
medications, GEH may in the future provide a more specific way to stratify patients
according to risk of arrhythmia.

Other approaches to risk stratification for drug-induced arrhythmia have predominantly
examined T-wave morphology. While it is known that females have longer average QTc
intervals than males, and are more prone to TdP [27], this signal was not seen in our study,
likely due to the small number of participants. Indices such as the interval from the T wave
peak to the end of the T-wave [28], early and late T-wave repolarization durations [29], and
microvolt T-wave alternans [30] have all been studied, but either have methodological issues
related to measurement difficulty or limited clinical utility. GEH is supported by a sound
physiologic and mathematical footing based on the dipole theory of the ECG and has
experimental evidence showing it is associated with electrical heterogeneity and hard
clinical outcomes such as sudden cardiac death.

Strengths of our study include age- and sex-matched populations with a documented history
of an important but rare clinical outcome. Our analysis is also reproducible: ECG and
clinical data and the annotated median beats used in this analysisis are available by request
from THEW. QT is also difficult to measure accurately, and there can even be significant
disagreement in QT measurements among experienced cardiologists. GEH measurements,
which are primarily based on QRST areas, are insensitive to small errors in QT interval
measurement. GEH measurements can be computed rapidly, used in real time, and are
reproducible and stable over time [14, 31].

Limitations of our study include the small sample size because TdP is a rare event. While
the study populations were matched by age and sex, the prevalence of atrial fibrillation was
slightly but non-statistically higher in the control group. While atrial fibrillation itself should
not confound our result, other unmeasured factors associated with the presence of atrial
fibrillation, or other unaccounted factors that could affect GEH measurements cannot be
excluded. Because almost all members of the control group were scheduled to start sotalol,
this might also create some unknown bias in the control group. The time between the
episode of TdP and the ECG used for this study is also unknown, but given the
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reproducibility of GEH measurements over time, [14, 31] we would expect the ECG used
for this study (which would be free of QT prolonging medication effect) to approximate the
ECG which would have been acquired prior to the drug that precipitated TdP. We also do not
know if patients in the control group would potentially have experienced TdP in the future,
and the risk of TdP may be dynamic where evaluation at a single time point may not be
associated with long-term risk. The clinical relevance of our results remains unknown
without a prospective study which will be needed before measurement of GEH can be
adopted into clinical practice.

Conclusion

SVG azimuth is correlated with a history of drug-induced TdP independent of the QTc.
GEH measurement may help identify patients at high risk for drug induced arrhythmias.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ECG electrocardiogram

AAD anti-arrhythmic drug

TdP Torsades de Pointes

QTc corrected QT interval
GEH global electrical heterogeneity
VCG vectorcardiogram

SVG spatial ventricular gradient
MI myocardial infarction
HTN hypertension

AFib atrial fibrillation

CAD coronary artery disease

Az azimuth
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Figure 1.
SVG azimuth in cases and controls — The arrow represents the mean direction in the

transverse plane.
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Figure2.
SVG azimuth vs QTc interval — Patients with (cases) and without (controls) a history of

torsades de pointes. The SVG azimuth is plotted as the absolute difference from the control
group mean (22 deg). See Methods for details.
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Table 1:
Demographics
Cases Controls
N/Mean %/e N/Mean %/o p
Age (yrs) 589 125 610 122 0.63
Male 8 47.1 5 294 0.48
History of Coronary Artery Disease 3 17.6 3 176 1.00
History of Myocardial Infarction 3 17.6 1 59 0.60
History of Atrial Fibrillation 11 64.7 16 941 0.09
History of Hypertension 7 41.2 9 529 0.73

Page 12

Mean values and standard deviation (o) or number and % of total for demographics of cases and controls. p-values computed using two-sample #

test or Fisher’s exact test.
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Table 2:
ECG and GEH Measurements
Cases Controls
Mean g Mean g p
SVG Magnitude (mV - ms) 40.65 2393 46.67 24.18 047
SVG Azimuth (deg) 220 275 34 582 0.02
Adjusted SVG Azimuth (deg)  48.3 35.1 22.0 169 0.01
SVG Elevation (deg) 715 28.3 72.2 145 093
QTc (ms) 455 31 438 24 0.09
QRS Duration (ms) 98 12 95 12 0.50
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Mean values and standard deviation (o) of ECG and GEH measurements for cases and controls. p-values computed using two-sample #test or
Fisher’s exact test, except for SVG azimuth, which is computed using the two-sample Mardia-Watson-Wheeler test (due to the circular distribution
of data). Adjusted SVG azimuth is SVG azimuth adjusted for the mean azimuth of the control group, that is, Adjusted Azimuth = |Azimuth - 22.0|

deg. See Methods for details. Abbreviations: SVG=spatial ventricular gradient. QTc is computed via Fridericia’s formula.
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Mean SVG Vector

Table 3:

Cases

SVG X (mV - ms) 23.86
SVGY (mV:-ms) 16.25
SVGZ(mV: -ms) -3.73

Controls  P-Value
38.44 0.004
15.02

10.02
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Joint (multivariate) comparison of the population mean SVG vector for cases and controls. p-value computed using the multivariate Modified Nel
and Van der Merwe test (see Methods for details).
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Multivariable Logistic Regression for SVG Azimuth and QTec.

Table 4:

Variable OR p 95% CI
QTc (ms) 1.02 020 0.99-1.05
Adjusted SVG Azimuth (deg) 1.04 0.04 1.002-1.076
Male Gender 112 089 0.21-5.91
Adjusted SVG Azimuth (per 1 SD) 3.18 0.04 1.07-9.14
QTc (per 1 SD) 181 020 0.73-4.47

Page 15

Abbreviations and definition of adjusted SVG azimuth as in Table 2. Standard deviations (SD) of adjusted SVG azimuth and QTc are 30.2 deg and

28.7 ms, respectively.
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