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Background: Recently, numerous models and techniques have been developed for 
analyzing and extracting features from the T wave which could be used as biomarkers 
for drug- induced abnormalities. The majority of these techniques and algorithms use 
features that determine readily apparent characteristics of the T wave, such as dura-
tion, area, amplitude, and slopes.
Methods: In the present work the T wave was down- sampled to a minimal rate, such 
that a good reconstruction was still possible. The entire T wave was then used as a 
feature vector to assess drug- induced repolarization effects. The ability of the samples 
or combinations of samples obtained from the minimal T- wave representation to cor-
rectly classify a group of subjects before and after receiving d,l- sotalol 160 mg and 
320 mg was evaluated using a linear discriminant analysis (LDA).
Results: The results showed that a combination of eight samples from the minimal 
 T- wave representation can be used to identify normal from abnormal repolarization 
significantly better compared to the heart rate- corrected QT interval (QTc). It was 
further indicated that the interval from the peak of the T wave to the end of the T 
wave (Tpe) becomes relatively shorter after IKr inhibition by d,l- sotalol and that the 
most pronounced repolarization changes were present in the ascending segment of 
the minimal T- wave representation.
Conclusions: The minimal T- wave representation can potentially be used as a new tool 
to identify normal from abnormal repolarization in drug safety studies.
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1  | INTRODUCTION

Features extracted from the T wave of the electrocardiogram (ECG) form 
the basis for the diagnoses of several heart diseases and for the identifi-
cation of drug- induced repolarization abnormalities. In particular, drug- 
induced QT prolongation caused by drugs with IKr- blocking potential has 
been in focus for more than a decade since an increased duration of 
cardiac repolarization has been associated with the life- threatening ven-
tricular tachyarrhythmia torsades de pointes (TdP) (Roden, 2004). The 
QT interval is inversely correlated with the heart rate and, therefore, a 

heart rate- corrected QT interval (QTc) must be estimated. There is still 
a debate about the best correction method (Bazett, 1920; Fridericia, 
1920; Malik et al., 2002; Nielsen et al., 2011). Although QT prolongation 
is a sensitive sign for IKr- blockers, it does not have a high specificity, and 
it is not a specific marker for TdP either: not all drugs that prolong the 
QT interval to the same extent carry the same risk for TdP (Roden, 2004). 
Also, although the QTc interval has the advantage of being intuitively 
straightforward and a clinically relevant measure, manual assessment of 
the QT interval shows considerable intra-  and interobserver variations 
(Al Khatib et al., 2003; Nielsen et al., 2011).
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Important features may be extracted from the whole QT inter-
val and be used to assess repolarization abnormalities in addition to 
QTc. The use of several measures of the T- wave changes could also 
be more specific than QTc prolongation to identify those IKr- blocking 
drugs that are potentially proarrhythmic. Various parameters have 
been suggested as alternatives to QT interval measurements. QT dis-
persion was not only a widely investigated ECG feature a decade ago 
but it also proved to be the least successful in predicting the risks of 
drug- induced TdP (Shah, 2005), probably for good reasons (Kors & Van 
Herpen, 1998).  T- wave alternans has been reported with congenital 
long QT syndrome (Cruz Filho et al., 2000) and appears to be an import-
ant indicator in that it is commonly observed just prior to the episodes 
of TdP. As the trailing edge of the T wave appears to shift in parallel 
with a varying QT interval, a parameter, deltaT50, which measures the 
temporal variability in the steep part of the trailing edge of the T-wave, 
instead of the end of the T wave, was developed to assess the beat- 
to- beat variability in cardiac repolarization time (Abrahamsson et al., 
2011). There is also evidence suggesting that a prolonged Tpeak- Tend 
interval (Tpe), thought to represent repolarization heterogeneity (Yan 
& Antzelevitch, 1998), could play a role in the identification of drug- 
related risk of TdP (Couderc et al., 2009), although there are some con-
troversies as to what the Tpe interval actually represents (Nielsen et al., 
2010). The results of a T- wave area- based study in subjects receiving 
sotalol show that drug- induced shape changes can occur across the 
entire repolarization interval (Couderc et al., 2010) suggesting that ab-
normal T- wave morphology may play a role in differentiating between 
safe and unsafe drugs. Indeed, there is a growing body of research on 
the analysis of T- wave morphology and drug- induced repolarization 
abnormalities (Kanters et al., 2004; Struijk et al., 2006; Zabel et al., 
2000). The linear combination of T wave– derived biomarkers, such 
as notches (Lupoglazoff et al., 2001), asymmetry (Merri et al., 1989; 
Struijk et al., 2006), and the appearance of flat T waves (Couderc et al., 
2006; Graff et al., 2009) has been used as a sensitive and apparently 
more specific marker of repolarization abnormalities for a number of 
drugs from different classes (Graff et al., 2009, 2009, 2010; Shakibfar 
et al., 2012).

Although the morphology of the T wave can sometimes be of 
greater importance than the QT interval for the assessment of proar-
rhythmic risk, the T wave may contain more information than can be 
expressed by readily apparent characteristics such as duration, area, 
amplitude, and slopes. Some mathematical approaches such as princi-
pal component analysis (PCA) (Laguna et al., 1999) and Gaussian mod-
els (Clifford, 2006) have been applied to model the shape of the T wave. 
These methods can fit many waveforms quite well and reduce the di-
mension of the data. However, they cannot provide a framework for 
the physiological interpretation of the T- wave morphology changes and 
they are not robust to small changes in T waves such as those caused 
by noise or inaccuracies in the determination of the end of the T wave.

In the present work we compared effects of the hERG blocker 
d,l- sotalol on ST- T subsegments with effects on the QT interval. D,l- 
sotalol was selected because the drug prolongs QTc substantially 
[~30 ms for 160 mg and ~50 ms for 320 mg, (Graff et al., 2009; Sarapa 
et al., 2004)] and therefore would emphasize potential findings.

We reduced the dimension of the T wave by minimal sampling 
according to the sampling theorem (Nyquist, 1928; Shannon, 1949). 
Instead of using the typical 500 Hz sampling rate of many electrocar-
diographs we down- sampled the T waves to a reduced number of sam-
ples so that a good reconstruction was still possible. Subsequently, we 
assessed which samples or combinations of samples were most rele-
vant to describe sotalol- induced changes of the T wave. This approach 
can add to our understanding of the relative changes of the repolariza-
tion subsegments of the QT interval, the J- Tpeak and the Tpeak- Tend 
intervals and their individual contributions to QT prolongation with 
pure hERG block. The work was inspired by recent detailed reports 
showing that the J- Tpeak interval may be used in drug trials to dis-
criminate between drugs that are selective hERG potassium channel 
blockers, and are associated with a high risk of TdP, and multichannel 
blockers with a low risk of TdP (Johannesen et al., 2014, 2014, 2016). 
Such findings suggest that assessment of the J- Tpeak interval may add 
value in drug trials beyond only assessing the heart rate corrected QT 
interval.

2  | METHODS

2.1 | Study design

Electrocardiogram data were obtained from 21 healthy subjects on 
baseline and after receiving 160 mg and 320 mg doses of the antiar-
rhythmic IKr- blocking drug, d,l- sotalol. Written informed consent was 
obtained from all subjects for the study protocol. The data and details 
of the protocol have been described by Sarapa et al. (Sarapa et al., 
2004). We assessed the ability to distinguish between the repolari-
zation segments at baseline and after 160 mg and 320 mg d,l- sotalol 
based on the features obtained from a down- sampled T wave. The re-
sults were compared with the commonly used measurement to assess 
repolarization changes, the Fridericia- corrected QT interval (QTcF) 
(Fridericia, 1920).

2.2 | Study population

All subjects were healthy males and between 18 and 45 years of age. 
Health status was confirmed by history, physical examination, normal 
blood pressure, and no use of concomitant medication. If the ob-
served level of predose QTc prolongation was >410 ms or any QTc 
within 6 hr after dosing was >450 ms, subjects were withdrawn from 
the study. Detailed information can be found in Sarapa et al., (2004).

2.3 | ECG acquisition

Electrocardiogram segments of 10- s duration were obtained from 
12- lead digital Holter recordings (H12 Recorder, Mortara Instrument, 
Milwaukee, WI, USA). From each subject, 22.5- hr recordings were 
obtained per day. We extracted 10- s segments at study times corre-
sponding to 0.5, 1, 1.5, 3, 3.5, 4, 16, and 16.5 hr after 160 and 320 mg 
d,l- sotalol dosing on days 2 and 3 and at corresponding study times 
on the baseline day 1.

2 of 6  |     SHAKIBFAR et Al.



2.4 | ECG preprocessing

Each ECG extracted from Holter was resampled from 180 Hz to 
500 Hz, as previously described (Graff et al., 2009), to ensure compat-
ibility with the software to be subsequently used. Median beats were 
then formed in the recorded leads using the MUSE/Interval Editor 
software (GE Healthcare, Milwaukee, WI, USA). Lead V5 was used to 
measure ECG parameters because, V5 as a lateral precordial lead, is 
likely to reliably reflect the electrical phenomena in the left ventricle 
during IKr- blocker- induced repolarization changes.

The onset of the QRS complex was located manually as the point 
in the P- R segment where the first wave of the QRS complex just be-
gins to deviate, abruptly or gradually, from the isoelectric line, the lat-
ter being at 0 mV in the median beat.

The end of the T wave (Tend) was located semiautomatically using 
custom software as the point where the isoelectric line intersects 
a tangential line drawn at the maximal downslope of the positive T 
wave. All locations of T- end were visually verified and modified if the 
tangential line was not the best fit to the descending limb of the T 
wave (which happened occasionally because of noise or irregularity in 
the trailing edge of the T wave).

The QT interval was measured from the onset of the QRS complex 
to the end of the T wave. The QT intervals were corrected for heart 
rate with Fridericia’s formula: QTcF = QT/RR1/3.

The T- wave interval was measured from the J- point to Tend, where 
the J- point was determined as the point after the QRS complex where 
the variance among the 12 leads was minimal.

2.5 | ECG down- sampling and scaling

The number of samples required to describe a T wave was minimized 
according to the sampling theorem which states that a signal can be 
perfectly reconstructed if the sampling frequency is at least twice the 
highest frequency in the signal.

Figure 1 shows the average spectral analysis of all T waves in the 
dataset. It is clear that there is very little signal above 20 Hz. A sam-
pling frequency of 40 Hz is therefore sufficient to reliably represent 
the T- wave shape.

Using the information about T- wave frequency content, all T 
waves in the dataset were down- sampled to a fixed number of 20 
samples from the J- point to Tend rather than sampling at a fixed rate, 
Fig. 2. Since the interval between those points was always <500 ms, 
this number of samples corresponded to a sampling frequency of more 
than 40 Hz. The amplitudes of the samples were normalized to the 
peak value of the T wave. Since all T waves were positive monophasic, 
the amplitudes thus scaled between 0 and 1.

2.6 | Statistical analyses

All statistical analyses were performed with Matlab version 
R2012b (Mathworks Inc., Natick, MA, USA). A linear discriminant 
analysis (LDA) was used at each instance to select those fea-
tures from the minimal T- wave representation that most clearly 

separated the T waves at baseline from the T waves after dosing 
of 160 and 320 mg d,l- sotalol. Using the time of occurrence of the 
peak QTcF effect in this study which corresponds with the time of 
peak QTcF effect previously reported (Graff et al., 2009; Sarapa 
et al., 2004), a McNemar test of marginal frequencies was used to  
compare the number of ECGs which were correctly classified by 
QTcF and the minimal T- wave representation as taken before 
(baseline) or after drug administration (160 and 320 mg d,l- sotalol). 
A p- value <.05 was regarded as significant.

3  | RESULTS

The 20 down- sampled and normalized T- wave values and their mean 
values at study times 30 min after dose (0.5 hr) and peak QTcF effect 
(3.5 hr) are demonstrated in Fig. 3 for all subjects.

The T- wave morphology at time 3.5 hr shows that most of the pro-
longation occurs from the J- point to Tpeak (a shift of Tpeak toward 
the right), whereas Tpeak to Tend becomes relatively shorter after 
d,l- sotalol. Also, the most important samples (F1–F13) are in the as-
cending segment of the T wave, where they have increased amplitude 
compared to baseline.

Table 1 shows the misclassification error obtained by linear dis-
criminant analysis (baseline day vs both sotalol days combined) for 
QTcF and different subsets of T- wave samples. The most effective 
samples are again from the ascending part of the J- Tpeak interval. 
Linear combinations of samples from the ascending T- wave segment 
have a lower number of misclassifications compared to QTcF.

Table 2 compares the discriminating ability of the LDA with eight 
samples included [F1 F2 F3 F8 F9 F10 F12 F13] to QTcF at time 3.5 hr 
postdose using the McNemar test. An LDA with eight samples included 
is significantly better than QTcF (p = .04) at discriminating between the 
21 baseline ECGs and the 42 ECGs recorded after d,l- sotalol.

F IGURE  1 The average amplitude spectral density for all T waves 
in the dataset. There is little frequency content above 20 Hz so a 
sampling frequency of 40 Hz is sufficient to reliably represent the T 
wave. T waves were down- sampled to 20 discrete sample values and 
since the interval between those 20 points was always <500 ms, this 
number of samples corresponded to a sample frequency of more than 
40 Hz
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4  | DISCUSSION

In this study, the sampling theorem was used to reduce the number of 
samples required to accurately describe the T wave. Individual sam-
ples were then used to describe and classify drug- induced changes of 
the T wave. This approach was motivated by the fact that currently 
a single parameter (corrected QT interval) is used for the evalua-
tion of pro- arrhythmic risk of drugs, whereas it is clear from many 

publications that the whole T wave may change following administra-
tion of a wide variety of drugs.

The QTc interval as a cardiac safety indicator ignores this informa-
tion in the shape of the T wave, relying instead upon only one point of 
this complex curve.

Attempting to use measurements reflecting T- wave morphology 
changes, a Morphology Combination Score (MCS) has been applied 
successfully for the identification of drug- induced disturbed repo-
larization by linear combination of just a few fundamental features 

F IGURE  3 The average of all down- sampled T waves (dotted line: average of 21 T waves at baseline, solid line: average of 42 T waves after 
sotalol). At the time of peak QTcF effect (3.5 hr postdose), most of the prolongation is caused by prolongation of the J- Tpeak interval, whereas 
the Tpeak to Tend interval becomes relatively shorter

FIGURE  2 Examples of T waves of a subject in the study (left) and the corresponding down- sampled and normalized T waves (right): The interval 
between J- point and Tend was down- sampled to 20 samples and normalized by its peak amplitude, thus yielding 20 features of each T wave
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(asymmetry, flatness and the occurrence of notches) (Graff et al., 2009, 
2009, 2010; Nielsen et al., 2009; Shakibfar et al., 2012). These features 
are relatively independent of heart rate (Andersen et al., 2008). The 
major difference between the method proposed in the current work 
and other ECG- based repolarization measurements is that the method 
described in this work divides the whole J- Tend interval into a fixed 
number of samples, making each sample independent of QT duration 
and thus much less dependent on heart rate. This implicit scaling of the 
time axis makes the individual samples more useful for the description 
of relative changes in the repolarization process. And in contrast to all 
other methods of analysis of T- wave morphology changes, the method 
presented in this work takes into account the whole T wave and does 
not focus on predefined features. This property of the proposed 
method may be particularly useful when the ST- T segment is noisy, 
has a biphasic T- wave configuration, is low amplitude or has notched 
T waves where it can otherwise be difficult to delineate fiducial points 
for interval measurements and quantification of T- wave morphology.

The most important samples turned out to be those of the ST seg-
ment and the up- slope of the T wave, which is probably caused by the 
fact that the prolonged T wave is rescaled such that samples with higher 
values (during the up- slope) appear earlier in the resampled signal.

Interestingly, it turned out that the peak of the T wave shifted to 
the right and that Tpe, thus relatively shortened due to the IKr- blocker 

effects. This finding is in contrast to the common belief that the Tpe 
interval would be prolonged due to the effect of IKr inhibition.

The down- sampling approach for T- wave morphology analysis 
may be a promising new tool to assess drug- induced abnormalities, 
and the reference data provided here could be a catalyst for further 
investigations of repolarization abnormalities.

The technique presented in this work might not necessarily be 
suitable for ECG signals under all conditions, in particular, drugs with 
much more subtle effects on the QT interval. Further work can be 
done to extend the current work to nonlinear parametric models that 
can better capture the nonlinear and nonstationary nature of the ECG.

5  | CONCLUSIONS

The minimal T- wave representation can potentially be used as a new 
tool to identify normal from abnormal repolarization in drug safety 
studies.
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TABLE  2 Classifier accuracy at peak QTcF effect 3.5 hr postdose 
(baseline vs 160 and 320 mg d,l- sotalol)

DS [1 2 3 8 9 10 12 13] 
and QTcF (correctly 
classified)

QTcF

TotalYes No

DS Yes 44 12 56

No 4 3 7

Total 48 15 63

McNemar (binomial distribution): p = .04*

*p- value for the null hypothesis—correctly classified drug effects: 
DS = QTcF.

Features

Times postdose (hr)

0.5 1 1.5 3 3.5 4 16 16.5

Missclassification (%)

QTcF 30 34 32 29 24 24 31 34

DS [6] 32 34 32 32 30 21 31 33

DS [7 17] 32 34 33 18 22 29 31 34

DS [7 9 13] 34 31 32 16 20 23 31 33

DS [7 9 13 17] 30 29 32 19 16 38 33 34

DS [3 7 9 12 17] 29 31 33 19 16 23 33 33

DS [1 2 3 10 12 13] 30 34 30 18 14 25 25 27

DS [1 2 3 11 12 13 16] 27 34 26 16 12 24 30 34

DS [1 2 3 8 9 10 12 13] 31 29 30 13 11 23 25 30

DS = Discrete sample number of a T wave with 20 samples between the J- point and the end of the 
T  wave.

TABLE  1 Misclassification error for 
linear discriminant analysis (wrongfully 
classifying a baseline ECG as an ECG after 
d,l- sotalol and vice versa) of QTcF and 
different subset features at different times 
after d,l- sotalol administration
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