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Abstract

Over the past five years, regulatory authorities have

been increasingly concerned with QT prolongations in-

duced by non-cardiac drug and have recommended phar-

maceutical companies to include a careful assessment of

the QT interval in their drug development programs.

There are controversies around the predictive value of

QT prolongation in safety-drug assessment studies. The

prolongation of the QT interval is an imperfect, but ac-

cepted, surrogate marker of drug cardiac toxicity. In this

study, we hypothesize that the inhomogeneous effect of QT-

prolonging drug in the different layers of the myocardium

would not only delay cardiac repolarization, but also per-

turb the repolarization wavefront on surface ECGs.

Principal component analysis (PCA) was applied to the

12-lead ECG Holter recordings. The first two eigenvectors

(ev1, ev2) were computed. From PCA, several parameters

were calculated based on the first eigenvector and on the

T-loop. We demonstrated slower repolarization and per-

turbed T-wave front; 30 min after sotalol administration,

turbulence of repolarization velocity increased by 9.02%,

p < 0.05, occurring prior to QT prolongation. These ab-

normalities were mainly located in the ascending part of

the T-wave, whereas the descending part seemed to be less

affected at this early phase.

In conclusion, analyzing repolarization morphology

might help identifying early drug-induced repolarization

changes, which could be missed when relying exclusively

on QT measurements.

1. Introduction

Sotalol is a QT-prolonging drug that has been associ-

ated with Torsades de Pointes, a life threatening form of

ventricular arrythmia. This drug delays mainly the rapidly

(IKr) delayed rectifier potassium currents of the myocar-

dial cells prolonging their action potentials. The resulting

effect on the surface ECG is an increased QT interval du-

ration.

The QT is a challenging interval to measure since the QT

interval determination relies on the identification of the end

of the T-wave, which might be visually assessed differently

according to the experience and training of the cardiolo-

gist/technician [1]. There is a need for identifying more ro-

bust and more sensitive methods reflecting effect of drugs

on repolarization.

In this study, we hypothesize that the prolonging effect of

sotalol in different layers of the myocardium may alter the

conduction velocity of the ventricular repolarization phase.

The aim of this study was to measure sotalol-induced repo-

larization abnormalities of the T-wave and the T-loop mor-

phology in surface ECGs recorded using 12-lead Holter

system.

2. Methods

2.1. Study population

Twenty-four hours 12-lead ECG Holter were recorded

in 38 healthy subjects on two consecutive days. There were

11 females and 27 males. No drug was given on the first

day (baseline), while 160 mg of sotalol (Betapacer) was

given on the second day (on drug) one hour after the start

of the recording. Subjects were at rest in supine position.

Recordings were done at the same time each day for each

patient. Sotalol blood plasma concentration was measured

with each ECG. The protocol is described in details else-

where [2].

2.2. ECG recordings

Twelve-lead Holter equipment (Mortara Instrument,

Milwaukee, WI) was used to record 24-hour Holter digital

ECG signal at a sampling frequency of 180 Hz and with 16

bit amplitude resolution (2.5 µV ).

Eight leads were recorded and the remaining leads (aVR,

aVL, aVF and lead III) were computed. The PCA analysis

was applied to the eight original leads.

2.3. Measurement technique

Measurements are based on median beats from 10 con-

secutive cardiac cycles throughout entire Holter recording.
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Only beats with stable heart rate (HR) are taken into ac-

count (90% HR < HR < 110% HR). PCA was ap-

plied on the ECG signals, starting at the J point and ending

220 ms before the next R peak to ensure the analysis en-

compassed all components of the ventricular repolarization

process from the surface ECGs.

The PCA is a statistical method for reducing the dimen-

sions of a system while minimizing the loss of informa-

tion [3]. The new variables describing the ECG signals are

linear combinations of the ECG leads. In electrocardiog-

raphy, where there is correlation between different leads,

PCA of the repolarization segment has been previously

used for the quantification of ventricular heterogeneity [4],

[5], [6] and [7].

It relies on the computation of the Singular Value De-

composition (SVD) [8], in which any matrix A (MxN) can

be written as:

A = USV
T

where U is a (M x N) column-orthogonal matrix, S a di-

agonal matrix with positive or zero elements (the singular

values), and V an (N x N) orthogonal matrix containing

the right singular vectors.

Being A a matrix (M x 8), having in columns the 8 leads

and in row the M samples of the repolarization signal of

one cardiac beat, applying SVD, we get U, S and V
T ma-

trices; S will contain the 8 eigenvalues in descending order.

Multiplying A · V, provides the projection of our original

data, on the principal components.

The first two components (ev1, ev2) are the eigenleads,

while the plane (ev1⊥ev2) is the preferential plane (Fig.

1).

2.4. Investigated repolarization parame-

ters

In our study, we measured the QT interval from lead

II using our own developed software for Comprehensive

Analysis of the repolarization Signal (COMPAS) that pro-

vides repolarization measurements [9]. PCA measurement

were obtained from the COMPAS PCA analysis package.

The T-wave morphology was measured using the fol-

lowing quantifiers, computed on the first eigenlead:

• LST, left slope of T-wave on ev1, defined as the maxi-

mum slope of the ascending part of the T-wave, indicating

the maximum velocity of the early repolarization process;

• TRV, turbulence of repolarization velocity, defined as

the number of deflections within the first derivative of the

J - T-Apex interval on ev1. This index measures the pres-

ence of notches and perturbed repolarization signal.

Other parameter designed from PCA looked at T-

Loop morphology, on the preferential plane (identified by

ev1⊥ev2), see Fig. 1:
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Figure 1. From top to bottom: T-loop in the preferential

plane (ev1⊥ev2), ev1, ev2. MV and T-wave end are iden-

tified using solid and dotted markers, respectively.

• Maximum vector (MV), maximum amplitude of T-loop

from the projection of beginning of QRS, on preferential

plane, see Fig. 1 and 2;

• QT interval calculated on T-Loop (QTe), where the end

of the T-wave is identified on the point Te:
{

|QTe(ev1, ev2)| < 25% MV

Ṫe(ev1, ev2) < 3 mV/s

• ERD, early repolarization duration;

• LRD, late repolarization duration;

• TRD, total repolarization duration.

ERD, LRD and TRD are described in Fig. 2.
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Figure 2. Definition of Maximum Vector (MV) in prefer-

ential plane and TRD.

From the position of the T-loop coinciding with MV, a

circle of radius (R = 50% MV ) is computed (Fig. 2);
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ERD is defined as the duration in ms from the first sample

the loop enters the 50% circle to the sample locating the

MV position. Similarly, LRD is the duration from the time

coinciding with MV position to the time when the loop first

exits the circle; while TRD = ERD + LRD.

These durations do not include the QRS complex, but

focus on the T-wave when the repolarization process re-

flects a large number of repolarizing cells.

3. Results

We reported the difference of measurement values at the

same period of time between the two days: drug day and

baseline day. Thus, we minimize potential effects of the

autonomic nervous regulation of the heart.

In our preliminary analysis, we compared QT and TRV

for the same heart rate. The differences between the first

and the second day were computed within each patient,

and these differences were average on the overall popula-

tion. Table 1 shows the results for HR ranging from 57 to

60 bpm.

The values from the first column are the differences found

between the first day and the second day before the drug

was given to subjects (1st hour of the recording). TRV is

significantly increased 1 hour after dosing, while the QT

interval remains in a normal range. After 1 hour and 15

minutes after dosing the QT interval becomes significantly

prolonged (24.6 ms, p < 0.05). These results reveal the

presence of ”notches” and higher frequencies components

inside the T-wave.

Table 1. Difference between on-drug and off-drug periods

for QT and TRV indices.

∆ baseline 15’ - 45’ 45’ - 1h 15’ 1h15’ - 2h15’

on drug - before after after after

baseline dosing dosing dosing dosing

N. Subjects 10 10 9 9

RR (ms) -0.3 -0.4 0.4 2.8

QT (ms) -2.9 -5.5 2.1 24.6*

TRV (%) -0.95 9.02* 6.39* 9.25*

∗ p < 0.05; nonparametric test, comparison to baseline.

Sotalol slows the cardiac rhythm and thus a compari-

son of repolarization measurements at same heart rate be-

comes difficult to realize. Thus, several parameters were

corrected for HR based on individual correction [10] using

6 hours baseline.

The differences in repolarization measurements, in ref-

erence to baseline, were not significantly different from 0

during the first 42 min after dosing (Table 2). Within the

interval 42’ - 48’ after dosing LSTc becomes significant,

showing that sotalol affects the ascending part of the T-

wave. This happens prior to significant QT prolongation:

QTc LII becomes significant only 1 hour after dosing. Un-

Table 2. Values of repolarization indices at different time

intervals. Values are the difference between baseline and

on-drug (for 6 minutes intervals).
∆ 42’-48’ 48’-54’ 54’-1h 1h-1h 6’

on drug - after after after after

baseline dosing dosing dosing dosing

QTc L II (ms) 4.0(16) 4.1(16) 4.3(16)* 13(17)*

Loop QTc (ms) 2.3(13) 2.8(14) 4.2(14) 8.1(15)*

LSTc -1.07 -1.07 -0.97 -1.98

(µV/ms) (3.08)* (2.62)* (2.43)* (3.24)*

ERDc (ms) 5.1(14)* 4.9(14)* 4.4 (12) 9.5(16) †

LRDc (ms) 1.1(6.2)* 0.6(5.2)* 0.3(6.5) 4.0(5.9) †

TRDc (ms) 5.7(19) 5.9(18) 2.9(16)* 11.0(20)*

∗ p < 0.05; † p ≤ 0.002 nonparametric test, in comparison to baseline.

Median values and Std between subjects in parenthesis.

der the effect of drug, T-waves are flatter with a lower left

slope.

ERDc and LRDc evidence an effect of sotalol on the

morphology of the T-wave prior to QT prolongation. One

hour after dosing, all parameters appear to be significantly

modified.

4. Discussion and conclusions

We demonstrated significant drug-induced repolariza-

tion abnormalities, corresponding to slower velocity and

perturbed ascending T-wave. Abnormalities were present

throughout the overall repolarization process but they were

more pronounced in the ascending T-wave. The descend-

ing part of the T-wave (Tpeak Tend) was less affected and

only at later time after dosing. In Fig. 3 an example of

drug-induced perturbed T-loop is presented on its prefer-

ential plane.

We believe that the repolarization abnormalities we ob-

served are strictly associated with the change of the de-

layed rectifier potassium current of the myocardium cells

achieved by sotalol.

It is the efflux of potassium ions that produces the T-

wave of the electrocardiogram. Agents that delay or pre-

vent this movement of potassium will modify the appear-

ance of the T-wave. More precisely, IKr is a current

moving potassium ions out of the cardiac cell during the

plateau phase of the action potential. One may expect to

see changes on the surface ECG recordings in the early

phase of the T-wave as well as at the end of the wave. Our

results are supporting such hypothesis.

Also the later part of the T-wave seems to be modified,

being consistence with other studies in which Tpeak Tend

was increased [11].

We suppose that sotalol affects differently the perme-

ability to potassium ions in the different layer of the my-

ocardium. The effect on IKr is therefore heterogeneous in

the myocardium, resulting in a perturbed and heterogenous
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Figure 3. Comparison of T-loop of two cardiac beats from

the same patient, with same HR and almost same QT, base-

line vs after dosing, where fractionated repolarization is

present.

repolarization. The effects on the surface ECG are lower

and more fractionated T-waves.

T-wave abnormalities have been identified on LQT2 pa-

tients with HERG mutations [12]. In this type of patients,

the IKr currents are diminished due to ion dysfunction.

This leads to profound modifications to the duration and

shape of the action potential. On the surface ECG the phe-

notopic expression of the mutation is shown as a reduction

of the T wave ascending slope and an increased QT inter-

val duration. Sotalol mimics the effect of the HERG muta-

tion on the monophasic action potential. Thus, one would

expect to find similar T-wave abnormalities as in LQT2 pa-

tients. Our study revealed indeed that these abnormalities

are similar and they strengthen our hypothetical associa-

tion between IKr abnormalities and T wave morphologic

changes.

In conclusion, analyzing repolarization morphology

might help identifying early drug-induced repolarization

changes, which could be missed when relying exclusively

on QT measurements. In our experience, early repolariza-

tion phase seems to be particularly affected by low lev-

els of the drug and our quantitative parameters are able to

identify these changes prior to appearance of drug-induced

QT prolongation.
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