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A B S T R A C T

The detection of proarrhythmic effects of many current drugs has prompted the search for complementary
non-invasive markers of cardiotoxicity risk. Indices based on studies of cardiac vector dynamics have emerged.
We use quaternions to quantify symmetry changes in cardiac vector velocity during ventricular repolarization,
which could signal the arrhythmia risk. Principal component analysis is used to homogenize the information
and reduce the space to three dimensions. A comparison with the ratio of normalized areas of the repolarization
loop (T-wave) and two standard measurements was made: QT and T peak-end intervals. Assessment was
conducted by comparing 52 healthy subjects with patients undergoing treatment with Sotalol: 7 recordings
with Torsade de Pointes events and 15 without arrhythmic effects. Significant differences (p < 5E-4) were found
in both phases of repolarization in terms of absolute velocities and areas. The ratio between the maximums
of each parameter in both halves of the T-wave showed a trend towards 1 in the proximity of an arrhythmic
event. Angular velocity ratios reached a sensitivity/specificity pair of 100 (95%CI: 59–100)/90 (95%CI: 79–97)
with an AUC of 98.6 (95%CI: 95.7–100) in the comparison of healthy population with at-risk patients. Linear
discriminant analysis improved the classification by reaching sensitivity and specificity values of 100 (95%CI:
59–100) and 96 (5%CI: 87–100), respectively. The high performance of the method exceeded the diagnostic
power of standard measurements, thus showing its potential to contribute to drug evaluation methods. Further
research with a larger number of events is required to generalize the method.
1. Introduction

In view of the increased prescription of medicines and rising rates of
deaths globally due to cardiovascular diseases [1], the study of proar-
rhythmic side effects has moved to the forefront of scientific research
and the pharmacological industry. A significant incidence of Torsade
de Pointes (TdP) episodes has been observed [2,3] with antiarrhythmic
and other non-cardiac drugs, such as antidiuretics, antibiotics, and an-
tidepressants. TdP is a polymorphic ventricular arrhythmia that can be
fatal. Figs. 1a and 1b show a normal surface electrocardiogram (ECG)
signal and the spontaneous development of a TdP episode respectively.

Currently, the proarrhythmic risk assessment of a drug is deter-
mined mainly by measuring the prolongation of the QT interval in
ECG [4,5], corrected for heart rate value (QTc), which represents
the total time of ventricular depolarization and repolarization (See
Fig. 1a). The action of drugs on the ionic currents that underlie action
potentials increases the QTc interval. An excessive increase is a sign
of cardiac risk [6]. Proarrhythmic effects have recently been observed

in drugs that do not prolong the QTc interval [7]. Moreover, some
drugs prolong the QTc interval but without reports of adverse effects
on the heart [8,9]. For these reasons, several international agencies are
supporting the search for independent complementary markers that can
aid in developing safer drugs [3].

Since the increase in ventricular repolarization dispersion is rec-
ognized as a risk factor for arrhythmias [10], various non-invasive
markers of dispersion have been proposed to characterize the effect of
multiple drugs as supplementary indices to QTc. Measurements of early
and late ventricular repolarization phases have produced significant
results, such as Tpe and JTp [11]; two measures of the duration of T-
wave phases that have shown distinct responses to drugs that block the
hERG potassium channel from those with multichannel action. Other
duration measures, such as the 30% drop in both halves of the T-
wave, have been proposed as alternative markers [12]. Observations
show that the areas associated with these periods may be useful for
computing morphology-based biomarkers [13,14]. All these markers
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Fig. 1. (a) Normal ECG signal observed on the DII lead. The difference between the
ON and 𝑇END points determines the standard QT index. RR represents the reciprocal

of the heart rate; (b) occurrence of a Torsade de Pointes event in a subject in the study
population; (c) premature ventricular contraction during T-wave.

provide additional information on QT but depend on the accurate
detection of ECG fiducial points. Determining the end and onset of both
T-wave and QRS complex with low uncertainty remains a challenge for
research, especially when recordings are noisy or pathological.

Observations also show that the increase in T-wave symmetry is as-
sociated with an increase in ventricular repolarization dispersion [15].
Subsequent studies have attempted to quantify symmetry features using
the ratio of the biomarkers described above [16,10]. In our work,
we assessed the symmetry concept from the perspective of the new
dynamic markers associated with the cardiac electrical vector and its
velocities. This approach, developed from quaternion algebra, proved
to be highly effective in recent works on drug effects in both an
isolated rabbit heart model [17] and human at-risk patients with a
history of arrhythmia [13]. Herein, our aim was to evaluate the effi-
cacy in risk prediction of the ratio of dynamic markers prior to TdP
triggering in patients undergoing Sotalol treatment, a well-known drug
with proarrhythmic potential. We focused on ventricular repolarization
since increased dispersion and premature ventricular contractions (see
Fig. 1c) have been associated with the risk of arrhythmias [18,19]. We
are confident that our results can contribute to the development of safe
drug therapies.

2. Materials and methods

2.1. Dataset

The analysis was based on three study populations.

2.1.1. Torsades de pointes events recorded
This database provided the target population. It was obtained

through a project with the Telemetric and Holter ECG Warehouse
(THEW) [20] and includes Holter records (long-term ECG) from six
patients (48 ± 25 y.o., 3 male and 3 female) who had experienced
2

events of TdP during recording. One patient had two recorded events,
so a total of 7 events were captured in the database. Those patients
were enrolled in a diagnostic test based on dl-sotalol IV (at 2 mg/kg of
body weight in 50 ml of 0.9% saline solution). The test was designed to
reveal latent repolarization abnormalities. The TdP events are marked.
Four patients had a history of drug-induced TdP (sotalol, amiodarone,
amantadine) while the others had antecedents of congenital TdP ten-
dencies. Each recording consisted of 8-lead ECG signals at Fs 180 Hz
and 16 bits of resolution.

2.1.2. Sotalol IV and history of TdPs
This population consisted of 15 patients (58 ± 12 y.o., females:

0%) with documented TdP in the context of the use of a drug with
T-prolonging potential: sotalol, sumatriptan, amiodarone, bisacodyl,
ipramil, furosemide, clarithromycin, erythromycin, or
oxithromycin [21]. Those patients received a dose of sotalol to eval-
ate individual levels of repolarization reserve. The drug was ad-
inistered under continuous monitoring in an intensive care unit.
ontinuous surface ECG recordings were acquired at rest from injection
o peak drug concentration. Each recording included 12-lead ECG at
kHz of Fs and 5 μ𝑉 resolution. Although these patients received the

ame dose as those in the first database, none experienced a TdP event
uring the challenge and none carried a mutation linked to the major
ongenital forms of the LQTS.

.1.3. Physikalisch - Technische Bundesanstalt
From this dataset, we selected all recordings from 52 volunteers

43 ± 15 y.o., females: 25%) with no previous cardiovascular dis-
ases [22,23]. The database was acquired from the Department of
ardiology of the Benjamin Franklin University Clinic in Berlin, Ger-
any, and has been provided to the users of PhysioNet. Each recording

ncludes 15 simultaneously measured signals: the 12 standard ECG
eads plus the 3 orthogonal Frank leads. Each signal was digitized at
s 1 kHz and 16 bits of amplitude resolution.

.2. Preprocessing

Since the TdP events occurred at different times of the day in
ach Holter recording (Section 2.1.1), we selected a recording segment
f 1 h before the arrhythmic event. The signals in this dataset were
esampled to 1 kHz so all the datasets have the same frequency. This
oes not affect the velocity computations since quaternion methods
nsure velocity parameters with a strong correlation (>98%) between
80 Hz and 1000 Hz [24]. For each ECG lead an 80 Hz Butterworth
ow-pass filter was applied to remove high frequency noise. In addition,

0.5 Hz Butterworth high-pass filter was applied for baseline wan-
er correction. Both were 5th order and bidirectional to avoid phase
istortion. All QRS complexes were delineated automatically using
wavelet-transform based method [25]. If a premature ventricular

ontraction (PVC) appeared in a recording, the QRS fiducial point was
liminated. PVCs are easily detectable because they are manifested
s large amplitude deflections during ventricular repolarization (See
ig. 1c). Their appearance is usually linked to increased ventricular re-
olarization dispersion and the risk – as in this case – of an arrhythmic
vent [18,19].

.3. Segmentation

To construct the time series of the first dataset, a single T-wave
rom an averaged beat was obtained for each minute throughout the
our before the arrhythmic event experienced by each patient. Ten
onsecutive beats were taken throughout each minute requiring a cor-
elation greater than 0.9 among the ten QRS complexes (𝑄𝑅𝑆±60 ms).
he correlation coefficient was calculated in all leads for each pair of
omplexes, choosing the lowest correlation value obtained as the final
ne, such that two QRS complexes would have a correlation > 0.9 as
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Fig. 2. Decomposition into three principal components (PC) of a T-wave from eight independent leads. The maximum of the 2-norm of the components is computed to separate
the halves of the T-wave. The angular (𝜔𝑇 ) and linear (𝑣𝑇 ) velocity vectors and their maximums in each half are computed from the three-dimensional signal. The area of each
half of the T-wave is obtained after applying a Hamming window (thin line) to the signal (dotted line). The bold line shows a windowed signal.
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long as this is true for all leads. The T-waves were obtained in all the
samples from 𝑄𝑅𝑆𝑖+60 ms (𝑇ON) to 𝑄𝑅𝑆𝑖+1−150 ms (𝑇END) for each 𝑖th
beat of the ten. The accuracy of 𝑇ON and 𝑇END is not crucial because
the maximum velocities do not depend on the exact value of these
points. This issue is discussed further below. Every averaged T-wave
was obtained in this way and the noise was reduced by applying a 10 Hz
Butterworth low-pass filter to each one.

2.4. Principal component analysis

The study of the angular velocity of the cardiac electrical vector
requires a three-dimensional space that can usually be obtained di-
rectly from the vectorcardiograms [26] or indirectly from an inverse
transformation of the ECG such as the Kors matrix [27]. Since the
present work analyses a series of recordings from three databases with
distinct acquisition methods, principal component analysis (PCA) is an
adequate way to homogenize the information and at the same time,
reduce it to three orthogonal axes. These axes do not have the same
directions of Frank vectorcardiographic (VCG) system. However, the
shape of the T-wave loop obtained after transformation should result
in a signal with minor differences from that of VCG. Consequently,
the 2-norm of the velocities should not have appreciable differences.
From each matrix 𝐴T-WAVE (signal from 𝑇ON to 𝑇END) with the eight
independent ECG leads (I, II, V1–V6) and 𝑁 samples, a Singular Value
Decomposition were computed for each averaged T-wave,

𝐴T-WAVE = 𝑈𝑆𝑉 𝑇 (1)

where 𝑈 is an 8 × 8 matrix, 𝑉 is 𝑁𝑥𝑁 and the eight singular values are
in the primary diagonal of the 8𝑥𝑁 matrix 𝑆. The first three quantify
the energy of the so-called dipolar components of the 𝑇3-D signal. The
other five singular values represent the non-dipolar components of the
T-wave and are not considered in the present analysis. Finally, the
decomposed signal 𝐷𝑆 appears as follows:

𝐷𝑆 (8×𝑁) = 𝑆(8×8)𝑉
𝑇
(𝑁×8) → 𝑇3-D = 𝐷𝑆 (3×𝑁) (2)

Fig. 2 shows a three-dimensional T-wave that results from the
decomposition.

2.5. Dynamic features

The cardiac electrical vector is the signal that results from all the
action potentials at every instant in the heart. It is sampled at a
3

m

frequency 𝐹𝑠. For the 𝑛th sample of 𝑇3-D, the sequence 𝑇𝑛 forms the
hree orthogonal components in the space obtained from PCA during
he repolarization process.

.5.1. Cardiac vector velocity
The linear velocity of the cardiac vector can be obtained by direct

ifferentiation of the signal.

⃖⃖⃖⃗𝑇 = (𝑇𝑛+1⃗ − 𝑇𝑛) ⋅ 𝐹𝑠 (3)

As Fig. 2 shows, the 2-norm of the resulting vector has its maximums
t the maximum slopes of the ascending and descending T-wave. Mean-
hile, the angular velocity ⃖⃖⃗𝜔 is a three-dimensional vector orthogonal

o the rotation of the cardiac vector and ‖⃖⃖⃗𝜔‖2 represents the speed in
ach sample. Using quaternion algebra makes it possible to avoid the
ifficulties involved in obtaining this using traditional methods, like
uler matrices. The main advantages involve computation speed and
he propagation of uncertainties [28]. Thus, a quaternion 𝑞𝑛 was built
or each 𝑛th sample of 𝑇3-D.

⃗𝑛 =
(0, 𝑇𝑛)
‖

‖

‖

𝑇𝑛
‖

‖

‖

(4)

Then, using the temporal differentiation of 𝑞𝑛, we found
̇⃗𝑞𝑛 = (𝑞𝑛+1⃗ − 𝑞𝑛) ⋅ 𝐹𝑠 (5)

The angular velocity was obtained from the imaginary part of the
Poisson formula [29]:

⃖⃖⃖⃖⃗𝜔𝑇 = ̇⃗𝑞𝑛 × ̄⃗𝑞𝑛 (6)

In Eqs. (5) and (6), ̄⃗𝑞𝑛 indicates the quaternion conjugate and the
×’ symbol refers to the Hamilton multiplication rule which follows the
undamental formula of quaternions; that is: 𝑖2 = 𝑗2 = 𝑘2 = 𝑖𝑗𝑘 = −1.

Finally, to analyze the T-wave symmetry, the maximum linear and
ngular velocities in each half were obtained as:

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑣𝑇 1 = 𝑚𝑎𝑥(‖
‖

⃖⃗𝑣(𝑇ON ∶ 𝑇PEAK)‖‖2)
𝑣𝑇 2 = 𝑚𝑎𝑥(‖

‖

⃖⃗𝑣(𝑇PEAK ∶ 𝑇END)‖‖2)
𝜔𝑇 1 = 𝑚𝑎𝑥(‖

‖

⃖⃖⃗𝜔(𝑇ON ∶ 𝑇PEAK)‖‖2)
𝜔𝑇 2 = 𝑚𝑎𝑥(‖

‖

⃖⃖⃗𝜔(𝑇PEAK ∶ 𝑇END)‖‖2)

(7)

here 𝑇PEAK is obtained from 𝑚𝑎𝑥(‖‖
‖

𝑇3-D
‖

‖

‖2
) (see Fig. 2). The ratios be-

ween their both maximums represent the proposed velocity symmetry

arkers: 𝜔𝑇 21 = 𝜔𝑇 2∕𝜔𝑇 1 and 𝑣𝑇 21 = 𝑣𝑇 2∕𝑣𝑇 1.
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Table 1
Standard diagnostic with 𝑄𝑇𝑐 interval index.

Diagnosis Young (≤15 y.o.) Adults

Male Female

Normal 𝑄𝑇𝑐 < 440 𝑄𝑇𝑐 < 430 𝑄𝑇𝑐 < 450
Borderline 440–460 430–450 450–470
Prolonged 𝑄𝑇𝑐 > 460 𝑄𝑇𝑐 > 450 𝑄𝑇𝑐 > 470

2.5.2. T-wave area
We computed the areas of the first (𝐴𝑇 1) and second (𝐴𝑇 2) halves of

the T-wave as common ECG morphological indices for describing drug-
induced changes [30,16]. This has been employed as the usual measure
in precordial-lead V5 because of its stable repolarization signal. The
ratio of the two areas represents another measure of symmetry (𝐴𝑇 12 =
𝐴𝑇 1∕𝐴𝑇 2). We also computed the normalized areas of both halves of
the T-wave, from 2-norm of the 𝑇3-D signal obtained by PCA. The T-

ave peak that divides the two halves is obtained as the maximum of
he absolute signal. We then applied a Hamming window to taper the
xtremes of the wave to zero (Fig. 2). We then proceeded to obtain the
rea from the peak to 10% amplitude in the first (𝐴𝑁𝑇 1) and second half

(𝐴𝑁𝑇 2). The ratio 𝐴𝑁𝑇 21 = 𝐴𝑁𝑇 2∕𝐴𝑁𝑇 1 defines the symmetry marker
of this area.

2.6. Population analysis

The methodology described above was developed to character-
ize the symmetry of dynamic features one hour before the arrhyth-
mic event experienced by patients in the Torsades de Pointes events
recorded database (Section 2.1.1). In the next step, we sought to
distinguish this risk population (+TdP) from healthy volunteers (Hs,
Section 2.1.3) or other patients who received the same treatment but
did not suffer TdP events (−TdP, Section 2.1.2). The values of 𝜔, 𝑣 and
the areas were obtained for both complementary populations in the
first 10 consecutive beats of each recording that reached a correlation
greater than 0.9 among the QRS complexes. A two-sided Wilcoxon
signed rank test was performed to obtain a significance value (𝑝) for the
group means. To obtain decision boundaries to help define symmetry
values associated with risk zones, we applied linear discriminant analy-
sis combining no more than two significant features. To achieve greater
accuracy for these boundaries, expanded five-dimensional quadratic
polynomial spaces were used; such that if 𝐴 and 𝐵 are the two selected
features, the decision boundary is computed by the linear combination
of 𝐴, 𝐵, 𝐴.𝐵, 𝐴2 and 𝐵2.

2.7. Standard measurement

Finally, in order to make a comparison with the current standard
measure, the QT interval was obtained with the correction of the heart
rate using the Bazett formula [6], as:

𝑄𝑇𝑐 =
𝑇END −𝑄ON

√

𝑅𝑅
(8)

where 𝑇END is the end point of ventricular repolarization (T-wave)
and 𝑄ON the point of the depolarization onset (QRS complex). Both

arks are obtained using a wavelet delineation method [25]. RR is
he reciprocal of heart rate (See Fig. 1). Standard diagnoses were
ade according to Table 1 [6]. We included the computation of Tpe
𝑇END − 𝑇PEAK) for between-populations comparisons. Prolonged TpTe is
efined as >85 ms [31].
4

Fig. 3. Angular velocity ratio: (a) Differences between: at-risk patients (+TdP), subjects
under the same treatment who did not suffer arrhythmia (−TdP), and healthy subjects
(Hs); (b) Temporal evolution of the symmetry index prior to the TdP event.

3. Results

Table 2 lists the mean and standard deviation values of 𝜔, 𝑣 and
both standard and normalized areas for the ascending and descending
limbs of the T-wave. The QTc and Tpe measurements are also shown.
Symmetry indices showed statistically significant differences between
healthy subjects (HS) and the at-risk population (+TdP) one hour before
the TdP episodes with p<5E−4. The ratio of linear velocity 𝑣21 also
showed differences between the +TdP and −TdP populations.

The symmetry index most notably affected was angular velocity.
The trend observed in the at-risk population indicates that the max-
imum angular velocity of the second half of the T-wave decreased
markedly one hour before the TdP event. Therefore, the ratio between
the two angular parameters (𝜔𝑇 21) was analyzed and compared to
the values for the other populations. This enhanced the differences
between the healthy population and the at-risk populations by reach-
ing a 𝑝-value of less than 5E-5. In addition, the differences between
+TdP and the subjects who, while under the same treatment, did not
suffer arrhythmia (−TdP) also increased. Fig. 3a shows a box and
whiskers diagram that compares this ratio for the three populations.
𝜔𝑇 21 reached a sensitivity/specificity pair of 100 (95%CI: 59–100) /
90 (95%CI: 79–97) with an AUC of 98.6 (95%CI: 95.7–100) on its own
in the comparison of the healthy population to the at-risk patients.
Meanwhile, the standard 𝑄𝑇𝑐 index was unable to differentiate the
+TdP and −TdP populations, as it reached a pair of 67/85 between
+TdP and Hs. Regarding the Tpe interval, although an increase in the
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Table 2
Mean (𝜇) and standard deviation (𝜎) of new dynamics and standard indices in each half of the T-wave and
its ratio. They are reported for the three populations.

Index HS −TdP +TdP (1 h)

𝜇 ± 𝜎 𝜇 ± 𝜎 𝜇 ± 𝜎

𝜔𝑇 1 [rad/s] 30.41 ± 32.88 25.33 ± 18.00 24.74 ± 10.64
𝜔𝑇 2 [rad/s] 300.72 ± 204.86 46.05 ± 56.16a 26.27 ± 23.08c

𝜔𝑇 21 [n.u.] 13.05 ± 9.91 3.24 ± 4.71a 1.24 ± 1.13c

𝑣𝑇 1 [mV/s] 13.21 ± 4.45 9.13 ± 5.28a 8.40 ± 3.49c

𝑣𝑇 2 [mV/s] 18.58 ± 7.71 12.73 ± 6.32a 9.66 ± 6.09c

𝑣𝑇 21 [n.u.] 1.43 ± 0.21 1.49 ± 0.44 1.09 ± 0.34bc

𝐴𝑇 1 [μV.ms] 33706.96 ± 17151.11 49972.43 ± 30493.98 28151.32 ± 17770.59
𝐴𝑇 2 [μV.ms] 18925.16 ± 9890.96 32755.75 ± 17321.82a 20019.35 ± 11501.54
𝐴𝑇 21 [n.u.] 2.31 ± 2.69 1.60 ± 0.79 1.40 ± 0.43c

𝐴𝑁𝑇 1 [μV.ms] 50752.56 ± 22337.35 34980.88 ± 20199.86a 23054.38 ± 17984.04c

𝐴𝑁𝑇 2 [μV.ms] 40008.07 ± 17247.43 22149.43 ± 13878.16a 20322.41 ± 15518.53c

𝐴𝑁𝑇 21 [n.u.] 1.28 ± 0.17 1.68 ± 0.59a 1.22 ± 0.37
𝑄𝑇𝐶 [ms] 433.3 ± 28.9 496.89 ± 34.30a 512.74 ± 71.65c

𝑇 𝑝𝑒 [ms] 74.9 ± 12.0 92.1 ± 29.8 97.1 ± 18.6

a−TdP and HS populations.
b+TdP and −TdP.

c+TdP and HS. +TdP refers to a mean beat 1 h prior the TdP event.
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TdP and −TdP datasets was observed in the comparison to the healthy
ubjects, no significant differences were found between the populations.

In addition, 𝜔𝑇 21 was analyzed in time for the +TdP population.
The tendency towards symmetry is even more evident as the event
approaches, where 𝜔𝑇 21 → 1 (See Fig. 3b), as, at one minute prior the
arrhythmic event, the at-risk population was completely differentiated
from the other two. The normalized areas showed greater significance
values than the standard since they were less affected by noise. Regard-
ing the ratios, similar results were reached. The symmetry between the
maximum linear velocities was the only index that showed significant
differences between the (−TdP) and (+TdP) populations.

Finally, using linear discriminant analysis, we combined the sym-
metry indices to define risk zones, as shown in Fig. 4. The combination
was assessed in the signals one hour before the event since the aim was
to obtain an early observation of the risk. With the decision boundaries
obtained, the combination of linear and angular velocities reached a
sensitivity/specificity pair of 100 (95%CI: 59–100) / 96 (95%CI: 87–
100) to differentiate +TdP from Hs, and of 60 (95%CI: 33–84) / 94
(95%CI: 84–99) for −TdP and Hs. The combination of angular velocity
with normalized areas improved the efficiency in separating the −TdP
and Hs populations, reaching a pair of 80 (95%CI: 52–96) / 98 (95%CI:
90–100).

4. Discussion

Recently, the indices that characterize the dynamics of the cardiac
electrical vector have shown great potential as risk markers in cases of
acute coronary syndrome [24,32] and drug-induced arrhythmias [17].
Obtaining the angular velocity from quaternions overcomes the dif-
ficulty encountered in traditional methods regarding the generation
of ill-conditioned matrices and the propagation of numerical uncer-
tainties [28]. In the present study, the maximum angular velocities
were combined with linear velocity and T-wave area during ventricular
repolarization and studied for the first time in recordings that capture
episodes of TdP in patients undergoing Sotalol treatment.

The T-wave was divided into two halves as shown in Fig. 2. In
physiological situations is known that the growth of the ascending
limb is slower than the fall in the descending limb. Earlier research
showed that an increase in ventricular repolarization dispersion induces
broad-based, symmetrically-shaped T-waves [15], and that abnormal
increases in ventricular repolarization dispersion are linked to the risk
of arrhythmia [10]. The relation between ventricular repolarization
dispersion and cardiovascular risk, however, is still subject to debate
in the scientific community. Furthermore, the spontaneous appearance
of premature beats with specific ECG characteristics is also linked to
5

the risk of arrhythmic events [33]. In this work, PVCs were observed in
some recordings before the TdP event occurred during the first half of
the T-wave. We extended the symmetry approach to dynamic features.
The 𝜔𝑇 21 ratio showed a trend towards 1 (Fig. 3), suggesting that
the maximum 𝜔𝑇 1, corresponding to the first half of the T-wave, is
increased and 𝜔𝑇 2, in the second half, is reduced. Although both the
sensitivity and specificity values of this index are very high, the limits
of their CIs are wide. This is due to the number of cases. As detailed
below, a higher 𝑁 would be required to reduce the amplitude of the

Is.
The linear velocity ratio has also been proposed as a risk marker that

oes not respond to the effects of beta-adrenergic blockers [34]. Our
esults, however, show that this index contributes to the separation of
t-risk patients (+TdP) from subjects (−TdP) under the same treatment
ho did not suffer arrhythmia (See Table 2). One difference may arise

rom the velocity signal acquisition method. In the initial proposal, the
erivative was performed with amplifiers with manual measurements.
higher time constant (10 ms) and analog filters were also used. In

his study, signals were differentiated and digitally filtered. It is also
ossible that other differences arise from other ECG conditions.

The symmetry between the areas of both halves of the T-wave has
lso been used as a morphology descriptor [30,16]. Here, our method
f normalizing the areas showed greater significance values than the
tandard indices from V5. The normalized areas would be less affected
y noise since they included the information of all the leads. Thus,
ess information could be lost due to noise compared to a single lead.
n addition, the use of PCA moves much of the noise to the residual
omponents. However, the ratios reached similar results (See Table 2).
inally, the normalized areas helped enhance the distinction between
he healthy population and patients with a history of TdP. In Fig. 4,
lthough linear limits could be used with similar sensitivity/specificity
esults, the classification with quadratic limits highlighted the idea of
ymmetry. The small sample size in +TdP population requires further
orks to assess the final boundaries.

Currently, international regulatory agencies require a QTc index
nalysis for drug approval [4,5,35]. However, this approach has insuf-
icient specificity. In fact, the at-risk patients studied here have suffered
dP events and only 67% had QTc values in the risk range (Section 3
nd Table 1). Indices such as Tpe and QTc depend strongly on an
ccurate definition of the 𝑇𝐸𝑁𝐷 point. The localization of 𝑇𝐸𝑁𝐷 is much
ore difficult than T-wave peak, as the signal amplitude is low and

he noise level can be higher than the signal itself [36]. Our method
nly uses the T-wave peak to differentiate the halves (Fig. 2). However,
ome authors stated that T-wave peak is determined by lead-specific
rojection of the vectorcardiographic T-wave loop and frequently dif-
ers lead to lead [37]. Thus, there may be burdened with additional
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Fig. 4. Territorial maps for the three populations: ‘▵▵▵’ for +TdP, ‘o’ for −TdP and ∙ for Hs. Decision boundaries are determined using expanded five-dimensional quadratic polynomial
functions.
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uncertainty. The maximum velocities are several tens of milliseconds
away the peak and would not depend on these values. This fact might
explain the significant differences that were found in 𝜔𝑇 2 but it was not
possible to find in Tpe (Table 2). Nevertheless, although highly altered
T-wave morphologies (such as biphasic T-waves) were not found in the
analyzed databases, the definition of the halves could be affected in
these cases. Subsequent studies should evaluate this question.

Finally, the new dynamic indices significantly improved the classi-
fication between +TdP and Hs populations compared to the standard
QTc measurements. Moreover, it allowed us to observe a significant
difference with respect to the subjects who, despite receiving the
same drug, did not experience TdP. These indices are an interesting
contribution to the challenge of discovering new risk markers for the
development of safe drugs. Future research should be carried out with
a greater sample size of at-risk patients, while observing how other
conditions (such as gender, age or different ECG acquisition conditions)
can affect the dynamics of ventricular repolarization.

5. Study limitations

The temporal analysis of the seven recorded episodes shows a strong
tendency towards symmetry, as each TdP event approached. In addi-
tion, the differences in the risk profiles among the three populations
were clearly reflected. Although our method is robust to noise and
highly reproducible, since three different databases were used, the
number of episodes registered is too low to allow definitive conclusions.
In addition, the databases were recorded in different postural condi-
tions (Holter and supine after a resting period), this could condition
the results. Finally, the number of females were higher especially in
the second database. We contemplated age and gender differences
(Table 1) when computing the sensitivity and specificity of QTc. Despite
differences in standard parameters of ventricular repolarization are
understood [38], as far as we know, there are no well-established def-
initions of the influence of gender on the linear and angular velocities
of the T-wave loop. So further research needs to be conducted to verify
the results in different conditions and with a high level of statistical
6

significance.
6. Conclusion

The findings of this study constitute a further sign of the great im-
portance of the analyses of cardiac vector dynamics for risk assessment.
The relation between the maximum angular velocities in both halves
of the T-wave represents a valuable contribution to future research
involving the development of risk markers for drug-induced arrhyth-
mias. Combining this with linear velocity and area indices significantly
enhanced the differences among the study populations. We trust that
additional research on this approach will lead to the development of an
efficacious tool that will surpass the effectiveness of existing measures
and, undoubtedly, aid in the development of safe pharmacological
therapies.
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