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changes of T-wave when they are exposed to
torsadogenic drugs such as sotalol.
We have developed a set of ECG markers related to
the measurements of the repolarization morphology from
digital ECG signals. These markers improved the
sensitivity of ECG markers to detect the presence of
drugs such as moxifloxacin (Computers in Cardiology
2006)[5].
In this study, we describe the application of these
parameters to a novel and independent dataset of ECG
signals from individuals with history of TdPs. We aim at
strengthening our hypothesis about the important role of
T-wave morphology in the risk stratification of patients
with a predisposition to drug-induced arrhythmias.

Abstract
Assessing the propensity of an individual to druginduced arrhythmias when exposed to a QT-prolonging
drug is challenging because baseline QT prolongation
has limited predictive value. In this study, we investigated
the role of computerized ECG parameters quantifying Twave morphology for the identification of individuals who
developed drug-induced torsades de pointes (TdPs).
In 34 patients, 5-minute digital ECGs have been
acquired at baseline and during sotalol challenge.
Seventeen of these patients had a history of drug-induced
TdPs. We identified specific baseline features of the Twaves common to patients with history of TdPs. The
sotalol-induced changes of T-wave morphologies were
also different between the two groups suggesting that
ECGs may provide relevant information for the
identification of patients with an increased propensity to
TdPs.

1.

Method

2.1.

Study population

The first study group consisted in patients admitted to
the University Hospital of Munich (Germany) for
documented drug-induced TdPs. They were enrolled in
the study after signing informed consent to receive doses
of sotalol[6]. The control group consisted in patients who
were started on sotalol for prevention of paroxysmal atrial
fibrillation and did not experience any TdPs. All
individuals were genetically tested for the presence of
mutations of the major LQTS genes.

Introduction

The electrophysiological factors contributing to the
occurrence of drug-induced TdPs remain unclear. One
interesting concept describing the potential triggering
factors was described by Hondeghem et al., it emphasises
the roles of action potential triangulation, reverse use
dependence of the drug and repolarization instability
(TRiaD)[1;2]. The changes in action potential shape
(triangulation) and the heterogeneity of these potentials
across the myocardium was also described as an
important arrhythmogenic factor by Antzelevitch[3]: the
transmural dispersion of repolarization. Following these
concepts, we hypothesize that the patients with a history
of drug-induced TdPs may have a certain level of
repolarization impairment (heterogeneity, action potential
triangulation, reduced repolarization reserve) that may be
reflected on the ECG by specific patterns of the T-wave
(morphology), as it has been reported in patients with the
congenital long QT syndrome[4]. Furthermore, we extend
this hypothesis to drug-induced changes of T-wave. The
individuals with a history of TdPs could present specific
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2.

2.2.

Study protocol - ECGs pre-processing

The study protocol is described in the article published
in 2003 by Kaab et al.[7]. Sotalol was given intravenously
at a constant rate over a 20 minute interval at a dose of
2mg/kg body weight in 50ml of 0.9% saline solution in
all enrolled patients. The patients with a history of TdPs
presented significantly longer sotalol-induced QT
prolongation revealing their predisposition to LQTS
presented as an impaired repolarization reserve.

2.3.
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ECG recordings
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Table 1: ECG Baseline Characteristics
(-) TdPs
RR
925±162

Continuous 5-minute surface 12-lead ECG recordings
(Mortara Instrument, Milwaukee, WI, USA) were
acquired at rest in supine position at baseline and at 20min steady state phase after injection (corresponding to
the time of peak concentration of the drug). The RR
intervals and repolarization intervals were based on
technology developed at the University of Rochester
Medical Center, NY. The COMPAS software provided
the location of the end of the T-wave based on a
technique identifying the crossing-point between the
baseline and the descending slope of the T-wave (leastsquares technique)[8]. The apex of the T-wave relied on a
method using a parabola fitting the T-wave where the
maximum of the parabola identified the location of the
apex.

2.4.

Repolarization parameters

We report both the scalar fully-computerized and semicomputerized QT interval. The fully-computerized
version computes QT in all available beats whereas in the
semi-computerized approach the measurements were
done in 3 cardiac beats in sinus rhythm from lead V5 (or
II) and a trained technician manually adjusted the end of
the T-wave if needed. The median value from the three
measures was computed.
The vectorcardiographic measurements were based on
the singular value decomposition of the repolarization
segment defined between the J point and the point located
220 ms before the next R peak when applied to the 12lead ECG signals. This ensures that the analysis
encompasses all components of the ventricular
repolarization signal and the measurements are
independent from the determination of the end of the Twave. The method to measure repolarization
characteristics has been described previously[5].
We computed the QT, QTapex and the TpTe intervals
(TpTe=QT-QTapex) from the first eigenvector in a fully
computerized manner. We used the repolarization signals
from the two first eigenvectors to define a set of interval
durations depending on the morphology of the T-loop.
The duration of these intervals are defined by amplitude
thresholds equal to 30%, and 70 % of the maximum
vector amplitude of repolarization[5]. The measurements
are called early repolarization duration (ERD) and late
repolarization duration (LRD). These measurements are
illustrated in Figure 1.

3.

(+) TdPs
922±142

PR

161±28

153±27

QRS
QTc Semicomputerized
QTc computerized

97±15
425±36

95±11
450 ±39*

422±37

450±39*

QTc apex
QTc

340±24
435±32

347±35
461±45*

TpTe

108 ±35

108 ±31

ERD30%

35 ±8

44 ±13**

ERD50%

57 ±13

71 ±22**

LRD30%

28 ±5

35 ±17

LRD50%

43 ±5

55± 32

*= <0.06, ** p<0.03 (-) TdPs: patients without a
history of TdPs, (+) TdPs: patients with a history of TdPs.
All measurements are expressed in milliseconds.
The Table 1 provides the average values and standard
deviation for most investigated parameters for the
baseline values. The Table 2 reports changes between
baseline and sotalol for the two groups: individuals with
and without history of TdPs.
Table 2: Sotalol-induced
morphology
(-) TdPs

changes

repolarization

(+)TdPs

P values

RR

175±98*

201±101*

0.34

PR

3±27

5±22

0.83

QTc ‡

0±9
80 ±48*

3±13
101 ±45*

0.49
0.22

QTc

74±42*

82±54*

0.54

QTc

54(37)±24*
55(61)±27*

75(53)±37*
94(103)±46*

0.06
0.01

TpTe

6(7)±20

36 (25)±41*

0.01

LRD50%

7 ±10*

21 ±27*

0.07

QRS

QTc apex

Results

8(9)±13
27(28) ±30*
0.03
LRD70%
‡ semi-automatic QT interval measurements. All
measurements are in milliseconds.

One of the patients had atrial fibrillation during the ECG
recording. This ECG was removed from the analysis
resulting in a group of 16 patients with a history of TdPs
and 17 individuals free of such history.

All repolarization measurements were heart-rate
corrected based on linear pooled-formula. The RR
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(p=0.12).

intervals are significantly longer after sotalol (+TdPs:
201±101 msec and -TdPs: 175±98 msec, p<0.05), but the
bradycardiac effect of the drug is not different between
groups (p=0.34).

4.

Discussion and conclusions

We report the analysis of repolarization morphology in
two groups of individuals with and without a history of
drug-induced TdPs. First, our analysis reveals a longer
QT interval in baseline ECGs of patients with a history of
TdPs. This prolongation was prominently located in the
early part of the T-wave prior to its apex. Second, the
drug sotalol induced significant prolongation of the QTc
interval that was larger in the group of patients with a
history of TdPs, more importantly this increased delay of
repolarization was located in the latest part of the T-wave
(TpTe interval and LRDx%).
Our study evidenced that at baseline, a large set of
patients with a history of drug-induced TdPs has a
specific repolarization profile similar to the one we
observed in ECGs of healthy subjects with moxifloxacin
namely changes in morphology of the T-wave prior to the
T-wave apex and associated with a delayed process[5;9].
And, sotalol affects both the early and late parts of the Twave with significant prolongations of these intervals as
shown in Table 2.
Several clinical investigations have reported
gene-specific patterns of the T-wave morphologies in
patients with the congenital LQTS suggesting a direct
link between specific ion-kinetics abnormalities and
changes of the morphology of the T-wave[10-15]. Under
the assumption that there is a triangulation of the action
potential according to the TRIaD concept, the presence of
an individual predisposition to TdPs could be associated
with specific T-wave patterns. Because the triangulation
affects mainly the phase 2 of the AP, one might expect
that the early phase of the T-wave might be the most
affected as we observed using our ERDx% indices.
The interval between the T-wave apex and the T-wave
end may reflect the global transmural voltage dispersion
demonstrated to be an important component of the
genesis of TdPs in an experimental model[16]. Our
results suggest that the late part of the T-wave, measured
either by the TpTe interval or the LRDx% parameters, is
more significantly prolonged in patients with history of
TdPs than the individuals without arrhythmia.

Figure 1.Location of the ERD and LRD intervals on the
T-loop and on the first eigenvector (lower panel).

Our analysis reveals that sotalol significantly prolongs
the TpTe interval only in the group with a history of TdPs
(36±41 vs. 6±20 msec, p=0.01). The measurements of the
early and late part of the repolarization interval (ERD and
LRD) confirm the observations based on QT, QT apex
and TpTe intervals. The sotalol-induced delay of the
repolarization is increased in both groups but only the late
part of the repolarization process (LRD70%) is
significantly longer in the ECGs of individuals with a
history of TdPs (27±30 vs. 8±13 msec, p=0.03).
On average, the QT interval measurement is 25 msec
longer in the (+)TdPs group (p=0.06). According to the
vectorial parameters, this prolongation is localized within
the early part of the repolarization segment as shown by
ERD30% and ERD50%. ERD30% is 9 msec longer in the
+TdPs group (p=0.02) and this prolongation reaches 14
msec with ERD50% (p=0.03). Interestingly, this delay in
the early phase of the repolarization segment is not
captured by the QT apex interval revealing that the
morphology of the T-wave primarily drives the
measurement of this delay.
Binary logistic regressions were implemented in order
to find which of the baseline information could help
predict the presence of a history of TdPs. QTc, QTc apex,
TpTe, ERDx% and LRDx% were included in the design.
Based on both stepwise and best subsets, the model
revealed that ERD30% was the strongest predictor of a
history of TdPs. For each incremental 1 msec duration of
ERD30%, there was 8.4% increased probability of having a
history of TdPs (p=0.036). When selecting a model with
two parameters, QTc entered the model with a negligible
contribution and a low level of statistical significance
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