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Background and Aims. Torsade de Pointes (TdP), a side effect of many marketed drugs,
can lead to sudden cardiac death. Regulatory guidelines require quantification of hERG
channel block by QT interval prolongation on ECG, although its predictive value remains
low. To propose a novel normalization technique for vectorcardiographic loops, enabling
improved derivation of conventional and new indices for the robust identification of
multiple cardiac ion channel blockades associated with TdP risk.

Methods. A robust method was developed to obtain angular parameters from ECG loops
by normalizing for baseline drift using principal component analysis. Linear (via dif-
ferentiation) and angular (via quaternion algebra) velocities were assessed to identify
differential features between multichannel and selective hERG-blocking drugs. Further-
more, bidirectional baseline correction allowed more accurate extraction of ECG wave
extrema and peaks, improving the robustness of the QT interval and other temporal mea-
surements. The proposed dynamic biomarkers were evaluated in 22 subjects enrolled in
a clinical trial of four known QT-prolonging drugs.

Results. The two high-risk drugs exhibited drug-induced changes (p < 0.0005) in ve-
locity during ventricular repolarization. Strong calcium or sodium blockers reduced the
effect on velocity caused by hERG potassium channel block. A tendency to symmetry
of angular values was observed with high-risk drugs. The alternative temporal indices
showed a high correlation (r > 0.9) with standard indices. Differences emerged between
the T-wave end and the angular velocity marker of ventricular repolarization end.

Conclusion. Spatial analysis of cardiac signals and the new dynamic measures could
complement current standards and support safer drug development. © 2025 Instituto
Mexicano del Seguro Social (IMSS). Published by Elsevier Inc. All rights are reserved,
including those for text and data mining, Al training, and similar technologies.
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tor cardiogram.

Introduction

Pharmacological treatment is an important therapeutic tool.
All drugs must be carefully evaluated prior to marketing
to prevent harm. Many drugs currently on the market have
been associated with torsade de pointes (TdP), a poten-
tially fatal type of arrhythmia (1,2). TdP is a potentially
fatal polymorphic tachyarrhythmia. The regulatory frame-
work for TdP (3) requires a “thorough QTc” study, an

electrocardiographic (ECG) measurement of ventricular ac-
tivity. Current studies identify QT prolongation as a sen-
sitive but non-specific biomarker for TdP (4,5), that is,
QT prolongation alone does not necessarily lead to early
afterdepolarization (EAD) events that could trigger TdP
(6). A positive, thorough QTc study does not imply de-
nial of drug approval, but requires further studies which
often lead to unwarranted rejection of the compound due
to their cost and risk. The inadequate levels of sensitiv-
ity and specificity are often related to reference points in
the ECG waves. Therefore, several international organiza-
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tions are continuously promoting research for non-invasive
complementary biomarkers (7:9).

Some drugs block the human ether-a-go-go-related gene
(hERG) potassium channel causing QTc prolongation.
These compounds are associated with an increased risk
of TdP (1,2). However, sodium and calcium ion fluxes
are necessary for the proarrhythmic effect. It has been ob-
served that several drugs that combine blockers of different
channels have a lower torsadogenic risk because blocking
inward currents prevent EAD (10). Comprehensive in vitro
Proarrhythmia Assay (CiPA) initiative has encouraged re-
searchers to incorporate drug effects on multiple ion chan-
nels into in silico drug trials to improve TdP risk assess-
ment, since other ion channels may also affect cardiac re-
polarization and therefore, QTc prolongation is not enough
to evaluate cardiac risk (11,12). Some authors have pro-
posed complementary temporal indices such as the time
from the onset to the peak (JTp) and the time from the
peak to the end (Tpe), both measurements in the T-wave
(10,13). Although these indices have shown promising
results in differentiating drug-induced hERG block from
multichannel block, their calculation still requires an accu-
rate determination of the fiducial points.

On the other hand, digital processing of cardiac spa-
tial dynamics provides complementary information to that
observed in the projected planes of the ECG (14,15). We
have previously shown a spatial study of TdP risk asso-
ciated with sotalol administration, a strong hERG blocker,
using both in vitro models and human ECG recordings
(16,17). Since blockade of different ion channels induces
dissimilar alterations in cardiac conduction velocity, the as-
sessment of new biomarkers from the dynamics of cardiac
loops could offer a computational tool to differentiate the
effects of ion channel blockers. Here, we present a novel
method for filtering, segmentation, and normalization of
ECG signal loops to enable the robust calculation of ve-
locity biomarkers of the cardiac electrical vector. These
biomarkers can not only differentiate multichannel effects
but also provide different estimates of ECG wave extrema
and peaks, potentially increasing the specificity of state-of-
the-art indices. We hope that these ideas will contribute to
the development of safe pharmacological therapies using
non-invasive techniques.

Materials and Methods
Clinical Study Dataset

The Electrocardiogram Ranolazine, Dofetilide, Verapamil,
Quinidine (ECGRDVQ) database includes 12-lead ECG
recordings from 22 healthy subjects (26.9 £ 5.5 years,
50 % female) who participated in a randomized, double-
blind, five-period crossover clinical trial. The database
was designed to compare the effects of four known QT-
prolonging drugs versus placebo: a single dose of 500 ug

dofetilide, 400 mg quinidine sulfate, 1500 mg ranolazine,
120 mg verapamil hydrochloride (13,18). Dofetilide and
quinidine had similar pharmacokinetic profiles, peaking at
2.5 h; the former is a pure hERG blocker and the last
has slightly additional calcium and sodium channel block-
ing effects. Both are high-risk drugs on the CiPA list (7).
Verapamil (peak at 1 h) and ranolazine (peak at 4 h) are
potassium blockers with the addition of potent calcium and
sodium blockers, respectively (both are low-risk drugs).
There was a 7 d washout period between each 24 h treat-
ment period. Three 10 s ECG recordings were obtained
in a supine position at each one of the following time-
points: :0.5 h (pre-dose), 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5,
6, 7, 8, 12, 14, and 24 h (post-dose). ECG was recorded
at 500 Hz of sampling frequency (Fs) with an amplitude
resolution of 2.5 WV with stable heart rates and maximum
signal quality. The resulting 5232 ECGs were up-sampled
to 1000 Hz. Semi-automated fiducial point annotations are
provided in the files.

Preprocessing

The study of the dynamics of cardiac electrical vectors
requires a spatial approach. We obtained the orthogonal
XYZ leads through the inverse Kors matrix (19). All beats
in each 10 s ECG recording were averaged taking the posi-
tion of the QRS complex (R) as the reference point. Three
signals were then segmented: the QRS complex (R : 70 ms
to R + 70 ms), the T-wave (300 ms after QRS) and the
P-wave (150 ms before QRS). The exact positions of on-
set and end of each wave are not necessary, because they
are determined with the angular velocity maxima. For each
signal, a bidirectional 5th order low-pass Butterworth fil-
ter with a cutoff frequency of 10 Hz, 20 Hz and 40 Hz,
respectively was applied for noise reduction.

Loop Normalization

Each segmented signal represents a three-dimensional loop.
Figure 1 shows an example of a T-wave loop of XYZ leads.
This loop has a velocity profile that is strongly affected by
zero crossings due to the nonlinearity of the baseline. To
avoid these alterations, we developed a normalization al-
gorithm that shifts the loop along its central energy axis in
order to separate it from zero. For this purpose, we apply
a principal component analysis (PCA) technique. Then, we
decompose the loop (L) of three leads and N samples as:
L= [l,1, L[] =USVT (1) where U = [uj,uz, us] is a
3 x 3 matrix, V is NxN and the singular value matrix S
is 3xN. Moving the loop away from the origin gives us
two possibilities: to move the loop towards positive val-
ues in the first component (1;) or towards negative ones
(Figure 1A and B). In this way, we add the two possible
offset values to the loop: Il =1; + k.u; Vi=1...N (2) and
I} are the new values of the original XYZ signal after it has
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Figure 1. T-wave loop normalization in the three-dimensional space. A. Displacement toward negative values in the principal component (u1); B.
Displacement toward positive values. In each case, the loop is projected onto the sphere of unitary radius. The two-norm angular (w7) and linear (vr)
velocity signals and their maximums are also shown. Dataset annotation points are marked with “0”; fiducial points obtained from angular velocity are

wyr

marked with “x”.

been shifted k-times in the principal direction. The value
of k in each case is the minimum multiple of the resolu-
tion value needed to make the loop positive or negative on
axis uj.

Quaternion Velocity Biomarkers

The linear and angular velocities of each cardiac loop
represent fundamental parameters of the vector dynamics
and have recently been studied as possible biomarkers of
cardiac risk (20,21). Given a sampling frequency F;, the
linear velocity v is obtained directly by numerical differ-
entiation of the spatial signal (L[n] = [I[n], [,[n], [;[n]])
for each n" sample (Eq. 3) and its two-norm is inde-
pendent of the normalization (Figure 1A, and B). v[n] =
(Lln+ 11— L[n]).F; (3).

On the other hand, we obtain the spatial angular veloc-
ity from quaternions (22). Quaternions are hypercomplex
numbers that are very useful for calculating spatial rota-
tions. This method allows obtaining dynamic features, such
as angular velocity, with very low computational uncer-
tainty (23). The loops were normalized to a unitary sphere
(Figure 1) and for each n sample a quaternion g[n] was
obtained: g[n] = (0, L[n])/IL[n]l (4).

Using numerical differentiation on the sequence of
quaternions, 4[n] = (g[n + 1] — g[n]). F; (5).

We obtained the angular velocity from the imaginary
part of the Poisson formula following the product rule for

quaternions (24). The n" quaternion conjugate is denoted
as g[n]: w[n] = 4[n] x Q[n] (6).

Since there are two possible displacement values for
the loops, we calculate the two-norm maximum velocity
for each. By calculating w through the loop shifted to-
wards the negative values of the u; axis, we obtain the
peak (maximum: 'm’) of the wave: wy,, = max(lwl). The
onset wy; and end wr, of the wave are the maxima of
w towards both sides of the wy,, which are calculated
from the loop shifted to the positive values of u;. As
Figure 1 shows, the angular velocity maximums indicate
the peak (wr,,: Figure 1A) and the extremes (wr; and wry:
Figure 1B) of the T-wave. These maximums strongly ap-
proximate the dataset annotations. Consequently, we obtain
not only useful morphology descriptors for the study of
ionic conduction changes, but also time signatures of fidu-
cial points. Figure 2 shows an example of the proximity
between the Tend time mark and wr;. These signatures en-
able us to define variants of standard biomarkers: QT,,. =
(wr2 — wors1)/ VRR (7) where wggs; is the first maximum
of angular velocity of the QRS complex. QT represents
an alternative measure of QTc, which is the index used
in regulatory studies. Here, QTc is the QT corrected by
the Bazett’s formula (25), i.e., QT divided by the square
root of RR interval (reciprocal of heart rate). Further-
more, we define {JT pye = (0rm — wors2) /\/R_R T peye =
(w12 — W) /«/R_R (8) where wggs, is the last maximum
of angular velocity of the QRS complex. JT p,. could be
an alternative of JTpc (also corrected by Bazett’s formula),
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Figure 2. Alternative temporal measurement of the T-wave end obtained from angular velocity, shown as an example on the Dy lead.

which is a measure of early ventricular repolarization du-
ration and a useful biomarker for distinguishing hERG
blockers that prolong the QT interval from those that af-
fect multiple ion channel currents (10). Similarly, T pe,,.
is an alternative to the standard measure of late ventricular
repolarization: Tpec.

Finally, we can define the dynamic widths (duration:
“d”) of the waves from the first and last maximums of
angular velocity: Ly, = (wr2 — wr1) (9) where L is any of
the QRS, T, or P loops.

Statistical Analysis

Linear and angular velocity maximums are evaluated at
each time point for each drug (in the clinical study dataset
section). A population assessment was also carried out to
confirm that the indices were not affected during placebo
administration. A Kolmogorov-Smirnov normality test was
performed, followed by a Wilcoxon test to assess signif-
icant (p < 0.05) changes “A” in dynamic signals dur-
ing drug peak and pre-dose recordings. Additional analy-
sis of the temporal evolution of the dynamic indices was
performed using mean estimation with bootstrapping tech-
niques.

Finally, the novel temporal biomarkers JT p,c, T peqe
and QT,. were also evaluated and compared with the

standards JTpc, Tpec and QTc via correlation and Bland-
Altman plots.

Results

Loop normalization provided clearly marked peaks in the
angular signals (Figure 1), which allowed us to define the
dynamic indicators and use them to determine wave on-
sets, peaks, and ends. Table 1 shows the significant drug-
induced changes (A) that were observed in the dynamic
indicators from baseline to the maximum drug plasma con-
centration. Dofetilide showed the greatest differences in
both linear and angular velocities during ventricular re-
polarization. A reduction in linear velocity was accompa-
nied by an increase in angular velocity during early re-
polarization. Quinidine also showed similar effects with
higher p-values. Strong calcium or sodium blockers would
seem to reduce the effect on velocities caused by blocking
hERG potassium channels, since ranolazine and verapamil
showed more moderate trends. On the other hand, a re-
duction in the maximum linear velocity of the P wave was
observed during the quinidine peak. No significant differ-
ences were found in the QRS complex.

The largest changes in velocity occur at the point of the
highest drug concentration in the blood. Figure 3A shows
dofetilide-induced changes (mean £ 95 % confidence in-



Table 1. Statistically significant drug-induced changes (A) in dynamic indices were observed from pre-dose to drug peak (mean £ SD).

Index Dofetilide (Ik,) Quinidine (Igy,INa,Ica) Ranolazine (Igy,InNa) Verapamil (Iky,Ica)
Awr] [%] 3.90+3.34¢ 4.48+5.25¢ 2.164+2.36" 1.514£2.26*
Ao —2.40+4.71*

Avypi[25] —3.91+1.54¢ —3.99+1.68¢

Avra[ 5] —4.89+1.89¢ —5.57+1.96¢ —2.57+1.31*

AQT,c[ms] 61.72+19.87¢ 56.814+35.52¢

AJT pelms] 38.774+22.07¢

AT peye[ms] 20.82+31.39* 17.44+39.69% 6.38+11.722

ATy, [ms] 57.714£47.09¢ 34.02450.84

Avpy[ms] 1.46+1.88"

APy,[ms] 15.304+34.80*
AQT,[ms] 82.614+25.02¢ 82.27+31.26°

AJT pe[ms] 30.99+18.23%

AT pec[ms] 47.744+30.90¢ 49.161+30.67¢ 13.8748.14°¢ 7.62+5.63%

The p from the Wilcoxon test is shown as: *p < 0.05, °p < 0.005 and °p < 0.0005. Significant variations in the standard temporal indices are
reported at the end of the table.
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Figure 3. A. Drug-induced velocity changes throughout the 24 h duration of the trial. The mean of the linear and angular velocity maximums in each
half of the T-wave are shown; B. Box-and-whisker diagram of velocity variation at dofetilide peak plasma concentration.



terval) from control (pre-dose) to 24 h post-dose. Similarly,
a tendency toward symmetry can be observed in the ratio
of the velocity maxima. That is, angular velocity had an
average ratio of ‘(Z—Z ~ 4.1 in the baseline signals, and in-
creased in wr; and decreased in wr,, reaching an average
ratio of “22 ~ 1.4 during the dofetilide peak. Linear ve-
locity showed a reduction in both halves of the T-wave,
exhibiting a ratio of ;2> ~ 1.5. Figure 3B shows the box-
and- whisker plots of the maximum observed variations,
highlighting statistical significance.

Regarding the standard temporal parameters, Tpec
showed significant differences across the four drugs. In
contrast, QTc and JTpc exhibited significant differences
only for the high-risk drugs (Table 1). Their dynamic vari-
ants: QT,., JT py. and T pe,., showed a high degree of
correlation (» > 0.9) in the pre-dose signals. However, the
T-wave end marker provided in the database was displaced
from the wr, marker in the drug-peak signals. This gener-
ates shifts in the Bland-Altman plots of QT,. and T pe.,
as seen in Figure 4.

Finally, a significant increase in the dynamic width of
the T-wave (Ty,) was observed in both high-risk drugs:
dofetilide and quinidine. On the other hand, the verapamil
peak showed an increase in the dynamic width of the P-
wave.

Discussion

Although drug-induced TdP has a low incidence rate, it is
gaining recognition as a serious medical problem, result-
ing in syncope, sudden cardiac arrest or death, or even a
misdiagnosis of a seizure disorder (5,26). Torsadogenicity
involves the pharmacological blockade of the hERG chan-
nel, which produces increases in action potential duration
and, consequently, QT interval prolongation. This leads to
an increased susceptibility to proarrhythmic events (27).
Safety regulatory guidelines require the quantification of
hERG channel blockade via QT interval prolongation for
all new drugs (3). However, the proarrhythmic effect re-
quires sodium and calcium ion currents, so the addition of
calcium and sodium blockers could prevent repolarization
failure, i.e., EAD which could trigger TdP (13). Moreover,
automated QT interval measurement can be inaccurate, es-
pecially when the electrocardiogram baseline is abnormal
or noisy (26). A recent study showed the low specificity
of the QT interval: out of 2707 cases of QT prolonga-
tion, only 10 % wereTdP cases (9). Another study based
on the US Food and Drug Administration’s Adverse Event
Reporting System observed a large number of risk med-
ications that were not included in the CredibleMeds QT
interval drug lists (2,28). To address these limitations, the
CiPA initiative has proposed to develop novel biomarkers
and systematically integrate drug effects on multiple ion
channels into in silico clinical trials to improve current
TdP risk standards (3,12).

The study of electrocardiography from a spatial perspec-
tive has provided promising results in the development of
diagnostic indices for malignant arrhythmias (14,17). This
study presents a new method that uses a baseline wander
normalization on ECG loops to obtain angular parameters.
The analysis of the dynamic variables has allowed us to
identify differential features of multichannel drugs com-
pared to hERG drugs.

Furthermore, bidirectional baseline correction enabled
alternative measurements of the extrema and peaks of ECG
waves. This allows the calculation of the QT interval and
other temporal indices such as JTpc and Tpec without
relying on the current method to identify T-wave onset
and end. These standard indices have shown promising re-
sults as complementary biomarkers for distinguishing mul-
tichannel effects. However, determining the end of the T-
wave remains a well-known and complex problem, and
continues to be a subject of discussion (29,30). In this
sense, the location of the angular velocity maxima allowed
us to robustly calculate biomarkers that quantify similar
measures. In the control signals (pre-dose), it could be
observed that the mark of T-wave end corresponded to
the position of wr, while the J point was regularly posi-
tioned 20 ms after wpgs>. In this condition, our alterna-
tive indices presented high correlation and Bland-Altman
graphs with good agreement (Figure 4). However, in the
signals corresponding to peak in plasma of high-risk drugs
(dofetilide and quinidine), a shift was observed in the QT
and T pe,, graphs. In these signals, the linear velocity max-
ima and the T-wave slopes underwent a significant reduc-
tion. Therefore, it is possible that the T-wave end mark in
the database, obtained using the standard method (cross-
ing the downward slope of the vector magnitude with the
baseline), has additional deviation during this time. After
normalization of the loops, a strong deflection in angular
velocity can be observed in the second half of the T-wave.
This deflection seems to be a more reliable indicator of
the end of the T-wave and more accurately represents the
actual end of ventricular repolarization. While the results
are promising, further studies are required to better un-
derstand the sources of the observed differences and their
potential to improve the specificity of the indices in the
current guidelines. Moreover, alternative correction formu-
las for temporal intervals may be necessary in addition to
the Bazett formula when heart rates are unusually high or
low.

The dynamic features, which are complementary to the
standard temporal measures, showed greater changes with
high-risk drugs. Regarding the maximum angular veloc-
ity, dofetilide showed a significant decrease in wr, (Ta-
ble 1). Together with the increase in wrj, this tendency
approached symmetry of angular values. These values were
reached at the time of the drug peak (Figure 3). Pre-
vious studies have suggested that repolarization symme-
try, as measured by areas and velocities, is a risk marker
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Figure 4. Bland-Altman plots for the comparison of the standard temporal biomarkers: QTc, Tpec and JTpc, as well as their dynamic variants: QT,,.,
T pey,c and JT p,.. The corresponding difference bias between the two measurements is shown with a dashed line and the 95 % limits of agreement are
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shown with a solid line.

for arrhythmias (17,31,32). However, this symmetry may
be limited to spatial parameters, since some authors have
suggested a slight tendency toward temporal asymmetry
when considering the relationship between early and late
repolarization times (18). wr; also increased significantly
with quinidine. Low-risk drugs showed smaller increases
in maximum angular velocity during the initial half of the
T-wave. Regarding linear velocities, neither ranolazine nor
verapamil showed significant changes in vy or vr;.

The dynamic width of the T-wave (7y,), obtained us-
ing angular velocity, increased significantly with dofetilide,
which also presented the largest increases in JTpc and
Tpec. These results are consistent with others showing
equal prolongation of early and late repolarization (13).

*” are pre-dosing values and “x” are drug peak values, respectively.

Finally, dynamic changes in the P-wave were observed
only in quinidine and verapamil (Table 1). These changes
may be due to an altered conductive response of the atri-
oventricular node, which is regulated by calcium chan-
nels (13). The P-wave dynamic width was significantly
prolonged with verapamil but not with quinidine, which
showed increases in downslope velocity.

Conclusion

The new dynamic measures obtained through quaternions
after normalization of the ECG loops have shown robust-
ness when evaluated with different drugs. Moreover, a
novel method for measuring the standard drug regulatory



parameters was presented with promising results. These
biomarkers could complement current standards and con-
tribute significantly to the development of safe pharmaco-
logical therapies.
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