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Abstract

Introduction: Antiarrhythmic drugs therapies are currently going through a turning point. The high risk
that exists during the treatments has led to an ongoing search for new non-invasive toxicity risk biomarkers.
Methods: We propose the use of spatial biomarkers obtained through the quaternion algebra, evaluating
the dynamics of the cardiac electrical vector in a non-invasive way in order to detect abnormal changes in
ventricular heterogeneity. In groups of patients with and without history of Torsade de Pointes undergoing
a Sotalol challenge, we compute the radius and the linear and angular velocities of QRS complex and T-
wave loops. From these signals we extract significant features in order to compute a risk patient classifier.
Results: Using machine learning techniques and statistical analysis, the combinations of few indices reach
a pair of sensitivity/specificity of 100%/100% when separating patients with arrhythmogenic substrate.
Several biomarkers not only measure drug-induced changes significantly but also observe differences in
at-risk patients outperforming current standaiscussion: Alternative biomarkers were able to describe
pre-existing risk of patients. Given the high levels of significance and performance, these results could
contribute to a better understanding of the torsadogenic substrate and to the safe development of drug
therapies.
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1. Introduction

Cardiovascular diseases account for more than 30% of theesani deaths in the world [1], among them
the most important are the malignant ventricular arrhyeiMVA). In recent decades, a large amount of
antiarrhythmic drugs (ADs) have been developed. ADs actammpability of the myocyte ion channels,
preventing MVA and/or sudden cardiac death. However, thiesepies are currently at a turning point.
Recently, it has been highlighted the high risk that exis&Ds with reported adverse effects of Torsade de
Pointes (TdP) [2]. Also, a compilation of hundreds of drugs produce these effects have been constructed
considering different risk categories [3].

TdP is a polymorphic ventricular tachyarrhythmia with athigsk of ventricular fibrillation. Although
the mechanisms that trigger it, in non-congenital cond&jchave not yet been elucidated, it has been
mostly associated with the supply of different ADs such agalsl, amiodarone, dofetilide, quinidine sul-
fate, ranolazine and verapamil hydrochloride. Moreovemyncommonly used non-cardiac drugs such as
diuretics, antibiotics, antidepressants, among oth&ss feave pro-arrhythmic side effects of TdP [4].

Different international agencies in favor of the developitraf therapies with ADs [5] propose the search
for new non-invasive toxicity risk biomarkers with an effigathat improves current biomarkers. Modern
regulatory methods of cardiotoxicity assessment are baséite measurement of electrocardiogram (ECG)
indices. One of the most observed characteristics of dndgded TdP is the prolongation of the QT inter-
val, a measure of the total time of ventricular depolar@atind repolarization on the ECG. In 2005, the
International Committee for Harmonization issued the SHA 4 guidelines, requiring to date, studies of
duration of the QT interval for all drugs before regulatoppeoval [6,7]. While this measure prevented the
sale of many drugs with proarrhythmic effects, it also diseged the development of potentially effective
drugs. It is important to note that the QT interval measuege&hnsufficient specificity. There are two key
factors to explain this fact: First, this measure depemisgty on an accurate determination of the end of
the T-wave, which is often not possible [8]; and second,rmi@tion on morphological changes and veloc-
ities of the cardiac electrical vector is not taken into agttdoy concentrating all valid information for the
diagnosis of proarrhythmic risk only in the duration of th€ @terval.

In this work, we propose as a paradigm shift the use of veatdiagram (VCG) biomarkers obtained
from the quaternion algebra, evaluating the dynamics ofctireliac electrical vector in order to detect
abnormal changes in ventricular heterogeneity. Recemtyhave shown the advantages of these methods
based on quaternion theory in the diagnosis of early acutsneoy syndrome [9]. Biomarkers of this type
are completely independent of the determination of the falymoints of the ECG and have a significant
degree of reproducibility in different contexts of the EG£8ardings, such as resting, stress or Holter. These
biomarkers could be very useful in the early detection of fidleduring treatment with ADs or other drugs.
We are confident that this can be a useful contribution to gitemization of therapeutic strategies and to
the improvement in the design of studies for pharmacoldgieatments.

2. Materialsand Methods
2.1. Dataset

The ECG recordings were obtained from “Sotalol IV and Higtof TdPs” database through a project
with Telemetric and ECG Holter Warehouse (THEW) [10]. Theylation consisted of two groups: 16 sub-
jects without history of TdP{T'dP) and 16 patients with documented TdP in the context of a dritly w
QT-prolonging potential: sotalol, sumatriptan, amiodeisacodyl, cipramil, furosemide, clarithromycin,
erythromycin, roxithromycin-£7'dP). The protocol utilized in this database was detail degdtiim [11].

In resume, dl-sotalol was supplied intravenously at a @nsate during 20 minute in two group of indi-
viduals, with ¢-7'd P) and without history of drug-induced TdPs{'dPs), respectively. The dose was of
2mg/kg body weight in 50ml of 0.9% saline solution at a dos@mfj/kg body weight in 50ml of 0.9%
saline solution. The protocol was carried out in the mornkglowing the sotalol was injected patients
were closely and continuously monitored in the intensive canit.
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Group Age Gender AR CAD Mip HTh EF Hy

+TdP 58+ 12y.0. F 70% M 30% 62.5% 18.7% 18.7% 43.7% 25% 31.2%
—TdP 61+ 12y.0. F 56% M 44% 93.7% 18.7% 6.2% 56.2% 0% 0%
Table 1

Clinical information for each group: History of Atrial Fitiation (AFp), Coronary Artery Disease (CAD), History of Myocardial
Infarction (Mlp), History of Hypertension (H{), Ejection Fraction below normat 55% (EF), Hypokalemia (HK).

The age and gender of the subjects are reported in Table theageith the relevant information concern-
ing the clinical characteristics. All the patients havemalheart rate. Presence of history of hypertension,
coronary artery disease and myocardial infarction werélairbetween the two groups. There were sev-
eral patients with history of atrial fibrillation in both dié¢m. None of the subjects were carrying mutation
linked to the major congenital forms of the LQTS. Baselinda@easurements shows one control and five
patients slightly above the gender-specific threshold& @FS. T-wave and QRS complex widths present
normal values. Four patients #11’d P group have reduced values of left ventricular ejectiontiosmc Each
individual record includes two dataset of continuous 3 tmidute 12-lead ECG at 1kHz of sampling fre-
quency Fs) and 5.V resolution. The former is acquired at rest in supine pasitefore (baseline) the drug
supply and the later at 20-min steady state phase (peakmipatien) after Sotalol injection. None of the
subjects experienced episodes of TdP during the challenge.

2.1.1. Drug selection criterion

As mentioned above, the mechanisms behind drug-inducedh@ad®not been elucidated. There is some
consensus that it is mainly originated in repolarizatiopainments, such as: changes in ventricular hetero-
geneity, reduced repolarization reserve, and cardiatrlalinstability. Sotalol is a well-known medication
with torsadogenic side effects. In consequence, a protatich exposed patients to this drug, is very useful
to the assessment of spatial biomarkers during repolarizehanges.

Almost every drug that have been linked with TdPs modify s ion current, i.e. the rapid components
of the delayed rectifier potassium curreff () of the cardiomyocites [12]. In this sense, some studies
have experimentally shown repolarization impairments/pked by Class Il antiarrhythmic agents just
like by other non-antiarrhythmic medications [13]. We halso observed similar impairments in spatial
electrocardiographic signals [14], which were obtainedfian artificial thorax from In-Vitro rabbit hearts
during d-sotalol supply.

Lastly, the database used in this work [10] was proper toiolptavocative drug testing to unmask latent
abnormalities in cardiac repolarization, as was the casieec®otalol described in [11].

2.2. Preprocessing of spatial signals

The study of the dynamics of cardiac vector needs to be appeafrom a spatial perspective. For this
purpose, ECG signals are transformed to XYZ using the ieviéoss matrix. All the fiducial points of each
ECG and XYZ signals have been obtained through a Wavelesfivan based method. A% order But-
terworth high-pass filter (0.5Hz, bidirectional) has bepplied for baseline wander correction. Likewise,
high frequency noise has been removed using’a rder Butterworth low-pass filter (40Hz, bidirectional).
Cut-off frequencies were selected according current statsdin this kind of algorithm [15,16].

2.3. Dynamic biomarkers

The ECG is a measure of the projection on the chest of all tergootentials of the heart. The potential
of cardiac cells is determined by the concentrations of {@vs*, K, Ca®*, C17) on either side of the
membrane. lons require aqueous channels to move acrossamalbranes at specific times during cardiac
cycle. These movements produce currents that define the difathie cardiac action potential.

Antiarrhythmic drugs act on these channels in order to prgle@fractory period or reduce reentry cir-
cuits. It has been shown that the measure of JTp intervaé (tietween J point and the peak of the T-wave)
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can distinguish QT prolonging drugs that mainly bldgk. currents from those affecting multiple channels
[17]. In addition, the relationship between Tpe (time bedwpeak and end of the T-wave) and ventricular
heterogeneity has been extensively studied [18,8,19].

In this sense, we observe that all these biomarkers evatudyedurations, overlooking all the spatial
information contained in the dynamics of the cardiac eleativector. Drug supply involves ion channels
blockage causing conductivity alterations that consetiyaiter the velocity and magnitude of the vector
during both the QRS complex and the T-wave. Also, considerinrent biomarkers JTp, Tpe and QT, it is
clear that the halves of the T-wave reflect differences betwaass Il drugs (blockage of potassium cur-
rents) and miscellaneous drugs. For this reason, we praomygdiomarkers based on the dynamics of the
cardiac electrical vector during the QRS complex, the Tenavd during the first half (early repolarization,
ER) and the second half (late repolarization, LR) of theelafthese biomarkers are studied in the stage
prior to drug supply and in the peak concentration of sotalol

2.3.1. Velocities and magnitude vector

Using the Kors transformation, XYZ signals of vectorcagiam have been obtained. The three dimen-
sional movement of the tip of cardiac vector, computed frbasé signals, is described through the radius
and the linear and angular velocities. The radius is metay2-norm of XYZ vectors, ie a” point
Pn(x,y, z) of a beat, considering a given sampling frequeRsyhas a radius defined 4jP,||2. On the
other hand, while linear velocity can be computed by diréétienciation of the prior vectors (Eg. 1), the
angular velocity is quite hard to be computed.

vp = (Pns1(2,y, 2) — Pa(z,9,2)) - F's Q)

We have previously shown that by means of a quaternion wamsition of 3D-space it is possible to
obtain the expression of the instantaneous angular vglotithe cardiac electrical vector [9]. Quaternions
are hypercomplex numbers that constitute a non-commatfiéld. They are very useful in the study of
rotations and it has been shown that they are very efficicigrins of uncertainty propagation and comput-
ing time by comparison with traditional methods such as Eulatrices [20]. Every quaternion (Eqg. 2) has
a real part (associated with an amount of rotation) and timeginary parts (associated with the rotation
axis) that satisfy the Hamilton rulé®(= j> = k* = ijk = —1).

qn = a1 +agi+azj+ak , a;.4€R (2
Similarly, g, can be written in terms of a rotation angl€rom a XYZ pointP, to its consecutive point
Pn+1:

g, = cos (%) + U.sin (%) 3)
whereu represents the rotation axis. Both trigonometric functiare easily obtained from dot and cross
products betweeR,, andP,.;.

Then, if we take every point of XYZ signals, we have a sequexiaguaternions and thereby we can
compute the instantaneous angular velocity by solving tigsen (Eqg. 4) equation [21]. Quaternion inverse
can be expressed in terms of its conjugate and its nqrrh:= G/||q||2.

. 1 ]
Onh = E-wn-qn — Wn = (qn+1 - qn) - Fs- H:lnHQ 4)
n

2.3.2. Spatial features

For the two velocities and the magnitude vector ¢ and F)) the maxima and areas are computed. As
explained previously, this procedure is performed for tHRSZEomplex, for the T-wave, and for the two
halves of the latter: early and late repolarization. An argkory graph is shown in Figure 1. Herein, 3-D
velocity signals are obtained from a T-wave loop and frons¢h¢he maxima and area indices. Superscript
indicates the corresponding wave (QRS, T, ER, LR) and thecsigi indicates the signakf, w andv). The
maxima are computed as,
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Figure 1. Description of spatial biomarkers. Magnitudetoe¢F), angular ) and linear ¢) velocities are obtained from XYZ signals
using a quaternion method. From these, some of the area atchanmdices are shown. Superscript indicates the corretipg wave
(QRS, T, ER, LR) and the subscript indicates the signal.

M8 = max(|SP|2) (5)

where S is the signal, w or v, and b is the wave QRS, T, ER or LR. On the other hand, the areas a
obtained as,

b
b ISP
IKEIBIT

It is important to mention that in order to make valid companis, the areas have been normalized. The
energy of the projection of a vector wave on each axis is nbthas a relationship with the total energy of
the vector. Also, for the early and late repolarization v&vbeir energy is normalized by the total energy
of the T-wave. Finally, the area of the QRS complex is norneaiby the maximum amplitude.

Additionally, the QT interval is obtained with the aim of cparing with the current standard. The QRS
complex onset to T-wave end (QT) interval, quantifies thétfole of depolarization and repolarization
of ventricles and it is currently the major ECG marker useddecision on drug cardiotoxicity [5]. It is
computed as Eq. 7, where the interval is corrected with R&at (the cardiac cycle).

L=y, 2 (6)

QTc = (Teno — QRSon)/VRR 7)

On the other hand, using the maxima obtained in the angulacite of both T and QRS vectors, we
determine an alternative computation of this time. We halked it “Q7,,” and it is computed as Eg. 8,
also corrected with RR interval. This cardiomarker impmotiee sensitivity of QT interval measurement,
since it does not depend on the T-wave end point.

(LASTmaw(HwnHQ)T — FIRSTWU«I(HWWHQ)Q)

VRR

QTw = (8)



2.3.3. PCA features

Principal Component Analysis (PCA) is a widely used techriqn ECG and VCG studies [22]. This
technique usually seeks to obtain a triad of orthogonal thatslie along the direction of maximum vari-
ation in the data. This is useful for assessing spatial déspe alterations and in some cases reducing
dimensions with redundant information. In this case, treckihg of the ion channels produces morpho-
logical alterations in the dynamics of the currents, whiaghseek to capture with the linear and angular
velocities, and the magnitude of the cardiac electricatoreSince these signals are three-dimensional,
the aim of applying PCA is based on the possibility of studyilispersion that arises in the signals when
supplying the drug.

In this work, we apply PCA through a singular value decomiasi22]. We hypothesize that the in-
crease in velocity dispersion should involve an increasiedrenergy of the second eigenvalue as a balancing
response to the decrease in the first. We denote the eigeswadl; > Ao > A3 and the sum of these three
quantify the total energy of the corresponding signgl(, £). Then, we define the fraction of energy that
each principal component represents as:

i .
Nig = ———-100 , i=1,2,3 9)

Zj:l )‘j

where S is the corresponding signal ¢, E).

2.4. Population analysis

We seek to differentiate two populations: subjects withimistory of TdP (-7'dP) and patients with
documented TdP in the context of a drug with QT-prolongintgptal (+7'dP). In consequence, we have
analyzed three instances using the biomarkers descriloeg abhe first represents the baseline-value of the
features before the drug supplya&eline dataset); the second represents the value of the features during
the peak concentration of blood sotalsdtialol-peak dataset); and the third represents the induced changes
in the features computed as the differences between thepeetwo instancesdf ug-effect dataset). The
latter represents the most important part of this study Umeedt provides information about changes in
ventricular depolarization and repolarization causeddtglsl supply.

Since we have a large number of features which may be poteati@idates for becoming part of a
classifier, first we need to select the more representatigs.ofrhen, we can try to use a linear classifier
combining some of them. However, if it is not possible to ted® classification objective with a straight
line, more complex methods should be used. We applied theniolg procedure.

(1) A statistical significance study is carried out using a-sided Wilcoxon signed rank test for the three
datasets. If a certain parameter reaches a valae0.05 there are significant differences betweefi'd P
and+7'dP populations.

(2) Additionally, for drug-effect dataset, a single-column sign test is computed in order to evaluate
significant drug effects in each group.

(3) By means of a combination of the significant featuresnedr classifier is sought that allows the
separation oftT'd P and—T'd P populations with the best possible accuracy.

(4) If the accuracy is less th&0% we apply various methods of attribute selection for looldmngdidates
for non-linear classifiers. Attribute or feature selectiwan effective way to reduce high dimensionality of
problems in machine learning which can further reduce cdatjmun time, improve learning accuracy, and
facilitate a better understanding of learning [23]. Weizgitl 13 methods implemented in Weka [24], some
of which can be evaluated in two ways: as a full training setasa 10 fold cross-validation and the others
evaluated only one way. Then, 19 attribute rankings weraiobtl. From each ranking we selected 10 best
ranked attributes and we counted how many times each aénbas ranked as first, as second, and so on.
We assigned 10 points to each attribute for each rankingsts dipoints for each ranking as second and
so on to 1 point for each 10 placement. If an attribute withgeetain ranking was not among 10 best no
points were assigned. Finally, we counted all points fohedtribute and determine final ranks faaseline,
sotalol-peak anddrug-effect datasets.



(5) Finally, we performed non-linear classifications udimg best classifier considering separately every
attribute among the 10 best from step 1 and also all combinsibf the highest three ranked attributes. The
best classifier is selected applying the Auto-Weka mechanibich treats many of the of Weka classifica-
tion algorithms as a single, highly parametric machineaieayframework, and using Bayesian optimization
to find a strong instantiation for a given dataset [25].

3. Results

The dynamic study of the cardiac electrical vector has beeried out by analyzing its radius and the
linear and angular velocities. Additionally, the relatareas and maximums of each signal has been studied
along with the energies of the loops obtained by PCA. Fintiig task has been done for the T-wave loop
as well as for each of its halves, which were identified ag/eartl late repolarization. The loop of the QRS
complex has also been studied from its areas and absolutienaakhis resulted in a total of 43 dynamic
features which can be candidates for use in a classifieflafP and+7'd P populations. Th&)T ¢ standard
has been computed too and an alternative i@y has been proposed for computation from the maxima
angular velocities of the T-wave and QRS complex loops. Bathe corrected by the Bazzet formula as
well as the classi@’pe index.

We have done the assessment of the indices in the ECG datag@min the instance prior to the drug
supply Baseline dataset) and during the peak concentration of blood sot8tthlol dataset). Also, we
have studied the sotalol-induced changes in the indidegd-effects dataset). The results observed in the
statistical analysis (see Sec. 2.4) are shown in Table Zihlewe show two tests. The first is the cross
Wilcoxon test betweer-T'dP and—TdP. A p < 0.05 indicates significant differences and the mean and
standard deviation of the index in each population appeleldo The second test evaluates if the data in
the index come from a distribution whose median is zero or Aatignificant levelp < 0.05 implies that
the induced effect of the drug increases or decreases thr radues.

We have observed that in baseline dataset only three indlo@sn significant differences. Th@T,,
index includes both depolarization and repolarizatioresrhowever, parameters’ . and AZE suggest
that differences occur in the T-wave, particularly in eadpolarization. Since these alterations are found
prior to conducting the study, they may be useful for findiiggms of latent repolarization abnormalities.

Regarding the indices during the peak concentration ofdkmsalol,QT,, and QT ¢ shown significant
differences betweesI'd P and—T'd P. Additionally, significant alterations appeared in the alagveloc-
ity indices during the early repolarization phase. The deanof the main components “# and ;2%
suggest an increase in the roundness of the angular veloojtyin at-risk patients, which is accompanied
by a reduction in the maximum of the early repolarizationteed/ %, This may be linked to drug-induced
alterations in the conductivity of myocardial tissue bydiimg K+ ion channels.

Significant sotalol-induced changes are shown in the Dffegtecolumn of the Table 2. Here, changes
has been detected in bofl,, and QT c. However, onlyQT,, shows significance in the discrimination
betweernt+-T'dP and—T'd P groups. Moreover, several dynamic features shown diffexesffects both in
the T-wave and in the QRS complex. These indices are progiisatures for classification.

In the next step, considering the attribute candidates ffable 3, we have studied the possible linear
classifications in the three datasets in order to diffeagmtine at-risk patients. High accuracy has been
achieved only for Drug-effect data. The resultis shown @ Bi As can be seen, a pair sensitivity/specificity
of 100%/100% is achieved with a simple linear division.

Continuing with the procedure, we have then address a diffeaapproach from the statistical study by
assessing several attribute selection methods as it waaimxg above. This gives possibility of evaluate
from a different perspective the significance of the featuned so to extend the results in order to obtain
highly sensitive biomarkers in the datasets where no linkasifier could be found. The results of the best
ten candidates in each instance is shown in the Table 3a, tisandices obtained from early repolariza-
tion signal (first half of the T-wave) were best qualified thhase from late repolarization (second half)
excepting thed S index.

Finally, with these results we then applied the mechanisessribed in Section 2.4 in order to find an
optimal classification. Considering the best candidatasffable 3a we have tested classification perfor-
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Basdline Sotalol-peak Drug-effect
Index
+TdP —TdP +TdP —TdP +TdP —TdP
QT., 432.8+274 410.8+188 498.1+315 453.9+442 | 6544206 i 43.0+315
AT~ 53.74+17.3 4224156 - - - -
AER  569+152 68.1+133 - - - -
A ER - - 10.8+12.4 2.5+4.0 * 444104 -1.6+83
MEFR - - 39+101 16.5+26.6 - -
AQRS - - 46.1+45 44.9+11.2  x 22+28 *  13+22
MER - - 87.2+13.3 96.8+4.7 * —5.3+11.7 1.54+9.2
A ER - - 1.9+1.7 0.7+0.9 - -
QTc - - 536.6+29.0 501.24+482 | 55.74+16.7 x 3744456
AL, - - - - * —15.6+ 28.6 6.5+12.3
AT - - - - 1 16.6+19.1 -5.6+21.8
AER - - - - —3.6 £20.9 9.1+21.7
ALR - - - - —15.7+28.7 2.3+8.3
MRS - - - - t —59.24+64.7 * 24.2+34.1
MYES - - - * _207+255 0.13 +30.2
Tpe - - - - *  15.5+35.1 *  13.5432.6
MT - - - - t —3.1146.59 —0.96 + 3.91
MT - - - - —9.0£30.4 * 18.2435.6
PYTA - - - - 1.7+ 17.1 x  4.2483
AT - - - - -1.9+16.2 x  —4.246.7
AER - - - - —0.6+8.9 x  —23%+53
AER - - - - —0.5+15.6 * 58491
ALR - - - - —0.5+9.0 * 23154
Table 2

Features with statistical significance in either of the tests. (1) Cross test betwees'd P and —T'd P (bolded). (2) Single test for
drug-effect dataset: for p < 0.0005, 1 for p < 0.005 andx for p < 0.05.

mance of each one and different combinations as well asrdiffeclassifiers. As expected, a variety of
combinations were obtained for each instance. In Table 8tshvow the results of the best positioned clas-
sifier, AdaBoost M1, which reached 100% accuracy in Baselata (combiningV/;*, AL and AL

and 91% accuracy in Sotalol-peak data (combinifi§” and AZE). AdaBoost M1 is a boosting algorithm
used to improve the performance of decision trees on binassification problems [25]. Here it can be
seen that althoug®T,, is the best positioned in the attribute selection step, ¢mebination of the second

and the third achieves better accuracy.

4. Discussion

It becomes clear that ion channels blocking in the membréms/ocytes modifies the global conduction
of the heart and thus the cardiac electrical gradient. Imte@dth a certain risk substrate it is possible that
the alterations of this gradient are modified differentlatioealthy heart. In this sense, we proposed a study
of the dynamics of the cardiac electrical vector in orderdtedt the latent depolarization and repolarization
abnormalities that differentiate at-risk patients frorbjsgts without a cardiac history. These abnormalities
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Figure 2. Territorial map showing both groups in drug-effdataset bounded by dotted line. Centroids are marked algihga
standard deviation ellipse. Unfilled circles indicateisk-patients 47'd P) and filled ones indicate subjects without history of Toesad
de Pointes{T'dP). Herein, classification using four indices achieves ammy of 100%

could be associated to arrhythmogenic factors, partiyylésk of TdP.

Because of his high sensitivity, tlgT'c interval is currently the major index used in decision ofgiru
induced TdP risk. However, its low specificity is still inafate. Alternatively, we proposed to use a quater-
nion method [9] to obtain a different biomarker associatét thhe angular velocity maxima, so-calley,,,
which measures the same time interval tlific. Since this measurement is independent of the waves onset
and offset, the accuracy would increase. Its effectiveoasse seen in Table 2, whepd’,, shows signifi-
cant differences betweeRT'd P and—T'd P groups in the three instances whildc only in Sotalol-peak
dataset. On the other hand, althou@fi'c and QT,, could be of great help in the task of making a deci-
sion on drug-induced TdP risk, both of them show drug-indudeanges at-T'dP and+T'dP, as it can
be noted in Table 2. This suggests the need to use alterqatreeneters that evaluate dispersion changes
beyond temporal phenomena as it was highlighted previd@gly

In this sense, we shown a set of indices extracted from thardigs of the cardiac electrical vector,
particularly associated with the radius and the linear arglkar velocities. Table 2 provides a variety of
features with significant drug-induced changes and higtsstal significance betweeaT'd P and+T'dP.
TheBaseline features oft+7'd P patients have shown more extendgd,,. The three features which shown
significant differences between the two groups suggesthibat are latent abnormalities hidden in the early
repolarization phase. Also, iBotalol-peak dataset;+7'dP subjects show even more prolonged;, as it
was expected considering the Class Il effects of SotalaitHfermore, most of the features are linked to
first half of the T-wave and no significance is found in latealapzation phase. These results are consistent
with [4]. Furthermore, the features associated with thedmvelocity were only found imrug-effect
dataset. These results agree with a recent study that sadlaslinear T-wave velocity may be useful in
discrimination of cardiac drug effects [26]. However, warfd greater sensitivity in the features obtained
from the angular velocity. In this latter dataset, it wasgiole to separate-7'dP from —T'd P population
with a linear classifier achieving 100% accuracy (see Fig. 2)

Regarding classification iBaseline and Sotalol-peak datasets, more complex algorithms were needed
to explore some solutions to at-risk patients separatisk teable 3a shows that many features are better
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(@)
Baseline Sotalol-peak

X
=

Feature Points Feature Points

1 MEER 93 QT., 136
2 AER 72 MEPR 108
3 AER 64  AER 79
4 AER 58 \ER 71
5 AT, 54 AYRS 66
6 QT., 53 QTc 58
7 QTc 44  AEER 46
8 MER 36 N ER 43
9 AT, 32 xR 40
10 AER 24 AEER 36

(b)
Instance Feature Acc RMSE

MER

Basdline Aff 100% 0.0684

ER
chv

MER
Sotalol-peak “ 92%  0.2804
AER

Table 3

(a) Feature ranking obtained from the algorithm that caersidhe score of 19 attribute selection methods. (b) Besbuwtion
obtained for the best classifier selected: AdaboostM1.

positioned tharQT'c. Herein, PCA biomarkers shown high accuracy and also fdr bstances the early
repolarization biomarkers seem to be more efficient. In, fagly with the combination of features of the
first half of the T-wave, very high accuracy values were agde It is important to highlight that these
models trained to classify the combinations of the feataresnot linear, so we can not define a simple
linear split between the-T'd P and—T'd P populations unlike the case b ug-effect dataset.

It should be noted that we have exploited the potential of@etdimensional study of the cardiac elec-
trical vector. Consequently, this work requires the use 6fassignals. Despite all the advantages of VCG
that are nowadays known [27], it is not so widely used in chhipractice unlike ECG which is the most
common method for initial cardiac diagnosis. On the otherdh#here are several possible ways to recon-
struct this orthogonal system from ECG leads. One of the#eei¥ors regression transformation, which
is used herein and that it is being extensively used in mahgretongoing lines of research, including
myocardial infarction diagnosis [28], hypertrophy [29]daischaemic heart diseases [9,30]. Furthermore,
the Kors matrix is the one with the best accuracy comparettéonative methods [27]. Holter studies are
also turning to three-dimensional perspectives throughutie of the EASI lead system [31]. This 5-lead
configuration provides a three-dimensional portrayal af ¢hectrical activity of heart, rather than inde-
pendent channels of unipolar and bipolar energy. Trariafgthese ideas to the everyday clinical practice
could offer substantial improvements in the detection digmas with a predisposition to TdP. Likewise, for
the pharmaceutical industry, it would represent a prorgigiroposal to replace current regulatory indices,
which have insufficient specificity.

Finally, this study provides relevant information regaglithe features that are affected by the drug
supply and which explain the latent abnormalities in pasievith torsadogenic risk. Although these results
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are highly promising, these outcomes should be evaluatdeifuture with more patients and with drugs
that block different ion channels.

5. Conclusion

Through an in-depth study of the dynamics of the cardiactedat vector during a sotalol challenge,
alternative biomarkers were obtained that were able toritespre-existing risk of patients with a history
of Torsade de Pointes. By means of a suitable combinatiohasfet ones a sensitivity/specificity pair of
100%/100% was reached Drug-effect dataset using a simple linear classifier. These resultslamnn-
tribute to a better understanding of the torsadogenic satiesind to the safe development of drug therapies.
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