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Abstract

Introduction: The abnormal amplification of ventricular repolarizatiaspersion (VRD) has long been
linked to proarrhythmia risk. Recently, the measure of VREbugh electrocardiogram intervals has been
strongly questioned. The search for an efficient and noasiwe surrogate marker of drug-induced disper-
sion effects constitute an urgent research challeMg¢hods: Herein, drug-induced ventricular dispersion
is generated by d-Sotalol supply in an In-vitro rabbit h@aotdel. A cilindrical chamber simulates the tho-
rax and a multi-electrode net is used to obtain spatial leatdiographic signals. Cardiac vector dynamics
is captured by novel velocity cardiomarkers obtained bytepdon methods. Through statistical analysis
and machine learning technics, we compute potential dismemarkers that could define proarrhythmic
risk. Results: The cardiomarkers with the greatest statistical signifieaboth obtained from the electrical
cardiac vector, were: th@T,,, which is the difference between first and last maxima of &argeelocity
and)\217, the roundness of linear velocity. When comparing with taggrmance of the current standards
(89%), this pair was able to correctly separate 21 out of 2i2aments achieving a performance of 95%.
Moreover, theQT,, computes in a much more robust basis )€ interval, the current index for drug
regulation Discussion: These velocity markers circumvent the problems of accllydirding the fiducial
points such as the always tricky T-wave end. Given the higfopmance they achieved, it is provided a
promising outcome for future applications to the detecibanomalous changes of heterogeneity that may
be useful for the purposes of torsadogenic toxicity studies
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1. Introduction

In most medications with proarrhythmic side effects, thieibition of the rapid component of the de-
layed rectifier potassium currerdt(,.) induce a spatial amplification of ventricular repolariaatdispersion
(VRD). This fact is usually observed as a prolongatiorf)df interval (current international drug regula-
tion ICH S7B/E14 [1,2]) which is a non-invasive electrodagtaphic measure of total time of ventricular
depolarization and repolarization. Moreover, this pheeonan has also been observed in several markers of
VRD such as thd'pr and theJT'p, associated with trasmural and apico-basal dispersigreotigely [3].

On the other hand, many other drugs affect multiple ion celnduring cardiac repolarization and they
also prolong?T interval. In fact, beyond the key factor of the delay in regg@ation due td k- blockage,

it is required the activation of inward late sodium or cafgigurrents to trigger a proarrhythmic response
[4].

The abnormal amplification of VRD has long been recognised ksy factor to underlying arrhyth-
mogenic mechanisms responsible for severe arrhythmiaRgslently, the measure of VRD through elec-
trocardiogram (ECG) intervals has been strongly questi¢g6g’]. Additionally, although)T'c regulation
prevented the release of drugs with proarrhythmic sulestrétalso discouraged the development of other
beneficial and safe medicines as a consequence of the langsenwof false positives of the method [8]. It
is the same with similar surrogate mark&kis; and.JT'p where, unfortunately, the specificity is still inade-
quate probably as a result of the uncertainty in the delioeaif the end of the ventricular repolarization. In
this regard, the U.S. Food and Drug Administration has ldited the need to complement current studies
with more sensitive indices of dispersion for optimizatadnherapeutic strategies [9].

Currently, many multidisciplinary teams of scientists arerking to develop novel VRD markers in
order to achieve an effective prediction of clinical prémathmia risk [10,11]. With the aim of offering a
contribution to this major problem, we evaluate novel vaélocardiomarkers obtained through quaternionic
methods using an In-vitro heart model. Herein, ventrichiterogeneity is generated by d-Sotalol supply.
Sotalol is a beta-blocker agent with Class Il antiarrhyitharctivity, currently used in atrial fibrillation
treatment. It increases the spatial VRD via non-unifdim inhibition and it has long been reported its
high incidence of Torsade de Pointes. According to a redemdysin intact human hearts, differences in
upslopes of T-wave reflect intra-cardiac repolarizatispdrsion [12]. We have previously shown that T-
wave slopes are related to cardiac vector velocities, whale been greatly useful in the diagnosis of
myocardial infarction [13] and in the detection and locatiian of acute myocardial ischemia [14]. Also,
it has been reported the relevance of the conduction veglacitl the nouniformity of the excitability of
the myocardial action potentials in the induction of madigharrhythmias [15]. We propose then that the
velocity cardiomarkers, obtained from non-invasive vezdiodiograms, could reflect the amplification of
VRD more efficiently than classical ECG intervals. Additadly, since the current markers are affected
by the problem of the detection of the onset and end of the iesjave also report an alternative way to
measuré&)T interval from angular velocity computation during dep@ation and repolarization.

2. Materials and methods
2.1. Isolated rabbit heart database

All the recordings used in this work have been acquired fromi NNew Zelland white rabbits. All of
them were male and weight ranged from 2.8 to 3.8 kg. Briefly,rdbbits were anesthetized (35 mg/kg
Ketamine and 5 mg/kg Xylocaine) following heparinizati®@(Q U/kg 1V), intramuscular injection in both
cases. The chest was opened and the heart was removed astddabg immersion in ice-cold Tyrode
solution. Then, it was mounted in a Langendorff apparatds/eas retrogradely perfused through the aorta
with Tyrode’s solution (in mM 440 NaC'l,5 KC1,1 M gCl5,0.33 NaHyPO4,5 HEPES, 11.1 glucose,

2 CaCls). The perfusate heated up38°C + 0.5°C and continuously gassed with 100%. Pressure
was maintained at 70 mmHg and pH was set to 7.4. Right atriuspaaed at 2Hz following crashing of
sinus node.



The heart was immersed in a cylindrical chamber, which sitedl the rabbit thorax, with an array of
parallel and equally spaced leads (see Fig. 1a). Two sigveaks acquired: 1) Control recording was made
after 30 minutes period of cardiac equilibration; 2) d-&uteecording 60xM) again measured after 30
minutes of drug perfusion. Each signal was digitized with sampling frequency6) of 500 samples per
second and 12 bit resolution. The drug concentration wasashbased on the usual range in In-vitro rabbit
heart studies [16,17]. These studies usually covers a targge:1.M to 500uM , in comparison with the
therapeutic range of concentration used in humn¥ to 37uM [18,19,20]. The aim of our model was
to define dispersion quantifiers since its increase has Issmtiated with the risk of arrhythmias. For this
reason, the concentration used it is high enough to geneaatkac dispersion and at the same time, the
range of values with high incidence of Torsade de Pointdsdiisblated heart has been avoided (over values
greater tharl00p M) [21].

This database has been previously published in [22]. Thidysivas approved by Clinical and Research
Bioethics Committee and animals were cared for accordidggentinian National Drugs, Food and Med-
ical Technology Administration Standards (Regulation496) and the US National Institutes of Health
guide for the care and use of laboratory animals (NIH pubbcenumber 85-23, revised 1996).
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Figure 1. (a) Diagram of experimental setup which simul#tesrabbit thorax. The chamber is 10cm high x 10cm in diamé&tes
30-electrodes are Ag-AgCl of 2mm in diameter. The leads (tyais ordered in a 5 x 6 matrix according the numbering shown
(b) Computation of spatial information. Differences betweight and left leads constitute the projection of theteileal activity on
x-axis. Inferior-superior and posterior-anterior leadfie the same for y-axis and z-axis respectively.

2.2. 3D-Spatial representation

In order to evaluate how drug-induced ventricular disperss reflected in the cardiac vector dynamics,
a three-dimensional representation is built. As shown @n Eb, from the information collected by the 30-
electrodes array (so-called L matrix), the projection &f ¢thectrical activity on each coordinate axis can be
reconstructed from the following expressions:
— The differences between the right and the left leads dotstihe projection of the electrical activity on
x-axis. This projection is obtained as:
E?:l (Zj:(2,3) Lij = Ej:(5,6) Lij) 1
X= 20 @
— The projection of the electrical activity on y-axis was qarted as the differences between inferior and
superior leads, as follows:




6
> i1 (Zi:(4,5) Lij = Zi:(l,2) Lij)
= 54 (2)

— Finally, the differences between posterior and antegad$ constitute the projection of the electrical
activity on z-axis, calculated as:

5
dim1 (Zj:(3,4,5) Lij =3 i=(6,1.2) Lij)
30 3

wherei refers to rows ang to columns of the 5x6 L-matrix, ie: the 30-electrodes arsge(Fig.1b). It
should be noted, that given the uniform distribution of &ledes, the normal vector projections to each axis
compensate each other.

Z=

2.3. Dynamic features

The three-dimensional movement of the tip of cardiac vediotained from XYZ signals of the repre-
sentation shown in Egs. 1, 2 and 3, can be described throeghdius and the linear and angular velocities.
Theradius is merely the 2-norm of XYZ vectors, ie given &rsample poinPy(z, y, z) of a beat, its radius
is defined byl|P,]||2. On the other hand, whilnear velocity can be computed by direct differenciation of
the prior vectors (Eq. 4), the angular velocity is quite hartle computed.

'U—n>:(Pn(xvyaz)_Pn+1(vavz))'FS (4)

We have previously shown that by means of a quaternion wamsition of 3D-space it is possible to ob-
tain the expression of the instantaneangular velocity of the cardiac electrical vector [14]. Quaternions
are hypercomplex numbers that constitute a non-commatfigild. They are very useful in the study of ro-
tations and it has been shown that they are very efficienting®f uncertainty propagation and computing
time by comparison with traditional methods such as Euletrices [23]. Every quaternion (Eqg. 5) has a
real part (associated with an amount of rotation) and thmaginary parts (associated with the rotation axis

N) that satisfy the Hamilton ruléX = |2 = k? = ijk = —1).

O,=ai1+asi+azj+ak , a.4€R %)

Similarly, g, can be written in terms of a rotation angldrom a XYZ pointP, to its consecutive point
Pn+1:

g, = cos (%) + ﬁsm (%) (6)

where the normal vecthv2 represents the rotation axis. Both trigonometric functican easily be obtained
from dot and cross products betwdgnandPy.;.

P 0 Poy1 = || Pyl | Patally-cos(a) @)
P x Pogr = || Pollyl| Pralp-sin ().
then, we can obtain each quaternion for evelgstant:
qn:(Pn° 15 P X Pryt) (8)

Thus, if we take every point of XYZ signhals, we can obtain asgge of quaternions and thereby we can
compute the instantaneous angular velocity by solving tfierdntial Poisson equation [13]. Quaternion
inverse can be expressed in terms of its conjugate and its:prt = G/||q||>.

. 1 _
qn = 5‘-‘"_n)qn ! then IUT'"') = (qn+1 - ql) - F's- HgnH (9)
n
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2.3.1. Dispersion markers

Several quantifiers of dynamic features obtained from bethtricular depolarization (QRS complex
loop) and repolarization (T-wave loop) have been selectgabtential dispersion markers. We have com-
puted the areas, roundness and maxima of the radius andtofrelacity signal loop. We have also com-
puted the current dispersion marketsl', Tpr and absolute areas in QRS complex and T-wave, in order
to make a comparison with state-of-art behchmarks.

Absolute signals (ie. 2-norm) of the radius (E) and both eijcsignals can be evaluated in terms of their
areas As we show in Eqg. 10, they have been computed for both QRS lexrapd T-wave.

AZE = ZVnGl HEnH2
Aé = ZVnGl ”vnHQ (10)
Atlu = ZVnel HwnH2

wherel is replaced by)) for QRS complex computation @r for T-wave computation.

On the other hand, after a singular value decomposition@sthnals (radius and both velocities), we
have computed théirst and second eigenvaluesver the total energyA1 ET. and \2ET{, A\1ET! and
N2ET!, MIET!, and \2ET!. We have also determined thatio of the first two eigenvaluesfor each
signal in order to evaluate the changes in the "roundnessidi loopA21%, A21} andA21%,.

In addition, we have calculated theaxima of the velocities.

M, = maz([lwnll,)

Here it is worth noting that locations of both the first maxmmof the angular velocity in QRS and the
last maximum of the same in the T-wave have been used to detean alternative computation of the
total time of ventricular depolarization and repolari@atiwhich is usually determined with the indéX".
We have called itQT,,” and it is computed as:

QT, = LASTmaw(HwnHQ)T - FIRSTmaw(”WnHQ)Q (12)

This index has the advantage of not depending on the alwiky wletermination of the end of the T
wave. An example of th€T,, index is shown in Fig. 2 for rabbit # 1. Here, it should be olsedrin the
T-wave the amplification of repolarization dispersion.

The classicalT andTpg indices have also been obtained. We have applied a multidatation to
determine wave boundaries, whepak.S,,, is the earliest reliable QRS-complex onset at any X, Y or Z
signals, and’,,,4 is the latest reliable T-wave end in the same, applying thesiin [24]. Regarding T-wave
peak (seqr), the median of these values in X, Y and Z signals has been atatp

{QT = Tend - QRSon (13)

TPE = Tend - Tpeak

2.4. Population analysis

Focusing on the drug-induced spatial heterogeneity, we bagd two methods to determine the promis-
ing feature subset candidates for dispersion markers: iglstwo-sided Wilcoxon signed rank test, we
have found the indices with statistically significant chesmgespect to control value (prior to drug supply);
2) Then, we exploit a machine learning approach to developatiribute selection. This is an important
task for avoiding overfitting [25] given the relationshiptiveen the number of experiments and the num-
ber of indices previously described. The goal was then tagedhe number of attributes to the two most
important. In this case, the strategy was to rank the at#gby combining the results of several known
attribute selection algorithms.

Regarding feature selection task, we utilized 7 method<C@relation-based Feature Subset Selection
for Machine Learning [26], (b) Relief Attribute Evaluatdi2q,28,29], (c) Symmetrical Uncertainty [30],
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Figure 2. Determination of classic&lT interval index (left panel) and the ne@T, cardiomarker (right panel) in rabbit # 1. In the
latter, it can be seen the easiest determination of the etfteakpolarization for both cases: Control situation (tapeds) and after
d-Sotalol supply (bottom panels).

(d) Pearson Correlation [30], () One Rule Algorithm [3@],IGformation Gain Algorithm [30], (g) Gain
Ratio Evaluator [30]. Each method was assessed in two waysfal training set and as a ten fold cross-
validation. This resulted in 14 attribute rankings. We dedrhow many times each attribute was ranked as
first, as second, and so on. We assigned linear points froni Tdoeach ranking, being 7 for the first and
1 for the last. Finally, we summed all points for each attietand determined final ranks.

Finally, the best markers are then combined using macharailey techniques. Over the years tenths of
methods were developed and in general we cannot define imeglvehich one is the best for the selected
problem. Furthermore, each method requires several paeesrte be set, and again this is not known in
advance. Therefore we perform experiments to find the bestadend the best set of parameters using a
mechanism so-called Weka, which treats all the classifinatigorithms as a single, highly parametric ma-
chine learning framework, and uses Bayesian optimizatidintl a strong instantiation for a given dataset
[31]. With this discriminator we show its uncorrelated aimition to the curren§ 7" marker. This could
provide a promising outcome for applications to the detectf anomalous amplification of dispersion
which would be very useful for the definition of standardsgovarrhythmic side-effects assessing.

3. Results

Over all the experiments, we evaluated the indices destiibbeSection 2.3. For each case, after 30
minutes of stabilization ten representative heartbeats @xtracted. Given the stability of the experiment,
the heartbeats did not show significant variability betwhem, according the method in [32].

Fig. 3 illustrates those parameters with statistical igant variations of ventricular dispersion induced
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Placement
Index Points Rank
1ST 2ND 3RD 4TH 5TH 6TH 7TH

217 9 0 0 o0 1 3 1 73 1
QT., 3 1 4 5 1 0 o0 70 2
A2ETT 0o 9 o0 1 3 1 o0 69 3
METT 0 1 6 5 1 0 1 59 4
QT o 1 3 1 7 2 0 48 5
TpE o 2 1 2 1 8 o0 44 6
MS 2 0 0 0 0 0 12 26 7

Table 1
Ranking of the 7 best attributes. All the machine learninghoés were evaluated as a full training set as well as a 10ciass-
validation, resulting in 14 attribute ranking.

Rank Classifier Accuracy Mean Absolute Error
1 Logistic Model Tree 95% 0.1739
2 Random Committee 82% 0.1818
3 Adaptive Boosting 78% 0.2299

Table 2
Ranking of the three best classification algorithms usimegstiected pair of attribute@T,, and 217

by d-Sotalol supply. Both radiugy) and linear velocity4) signals shown a significant rise in their maxima
and areas during depolarization phase. In contrast, thél@ngglocity (v) in T-wave reported a significant
reduction of its area and maximum peak. In this repolaratvave, the area of the radius rises. Also, the
location of the maximum peak of the angular velocity shifttte right under d-Sotalol effects. This clearly
implies an increase in th@7,, index which shows the greatest significance value. As erpetheQT
increases in a similar way to theT,,. TheTprr shows a significant population increase but three cases
show reductions. Finally, the ratio of the linear velocityrgl eigenvalues in the T-wave shows an increase
in the roundness of the velocity loop.

3.1. Key features and classification

According to previous Section 2.4, key features were et@rhby ranking points. In Table 1, we show
all the summed points for each attribute and the final rankenTwe applied the clasiffication mechanism
to investigate the best pair{T,, , A217" ) obtained both in feature selection (Table 1) as in statis8ig-
nificance analysis (Figure 3). All the features were evaldamn the classification algorithms as mentioned
above in Section 2.4, resulting the best classifiers in TAble

The best classifier for this pair was Logistic Model Tree. istig Model Tree is a classification model
with an associated supervised training algorithm that doegdogistic regression and decision tree learning
[33]. For solving classification tasks in statistics, thalague to linear regression is linear logistic regres-
sion, so this method builds classification trees with lidegistic regression functions at the leaves instead
of class labels. In our case the the generated tree has oalgafwith symmetric regression functions

p=—6.09+QT, *0.05+ \217 x 4.73 (14)

This hybrid model produces better predictions and leadstiebinsights than either model alone. Using
this method, it was possible to correctly separate 21 ouRadxperiments (accuracy of 95%), providing
the highest pair of sensitivity/specificity (100%/91%)hwi likelihood ratio of 11. The same methodology
was used by combining two of the best indices of the stataript)T andTpg, throwing a lower accuracy
of 86%.
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Figure 3. Box and whisker diagrams for significant indicebath control (CTRL) and d-Sotalol (SOT) signals. Indivitipaints are
also shownx p<0.05 andf p<0.01.

4. Discussion

In this work a novel approach of assesing the dynamic featfreardiac vector is proposed by means of
an In-Vitro rabbit heart experiment. Changes in heterotjgaee induced by the supply of d-Sotalol, a drug
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well-known to have proarrhythmic side effects [34]. Theth@as retrogradely perfused through the aorta
with Tyrode solution. Firstly, 30 minutes of perfusion wittug-free solution was made. Secondly, d-Sotalol
(60 M) was added to the buffer solution to induce an increase inligpersion of cardiac repolarization.
This model is not the case of oral administration in humamsyliich the drug could be distributed in a
number of tissues and only a fraction could be absorbed. Men8otalol has a high level of bioavailability
in humansF,;,s > 95% [35]. Although significant beta-blocking effects occur@awlvalues of maximum
concentration Q' 4x > 800ng/ml), Class Il effects require higher valueSa; 4 x therapeutic range
spans froml, 000 to 10,000ng/ml, approximately equivalent téuM - 37uM. Sotalol is not bound to
plasma proteins, so the free fraction represents more #f#n®young people, and 95% in elderly [19,20].

In contrast, the concentration used in In-vitro studiesallgwcovers a wide rangetuM to 500uM
[17,16,36]. These types of studies seek to observe thedserie heterogeneity or to assess the features
of the malignant arrhythmia Torsade de Pointes (TdP). Alggh toxicity has been observed with values
greater thari00uM . As the objective of this work was to define spatial dispersidmarkers, we have
used a value greater than twice the maximum concentratieshinghe clinic, where the effects of changes
in heterogeneity become clearly noticeable. Also, the @afgzalues with high incidence of TdP has been
avoided. Although future researchs are required to assestose dependency of the model, previous works
have not observed significant alterations in proarrhythraigables under the application of different doses
close to the maximum effective free therapeutic plasmaeoination [37].

On the other hand, the XYZ signal is reconstructed from a rimapget of 30 equally spaced electrodes
and its dynamics is studied from the perspective of the sththe-art indices and the novel velocity car-
diomarkers. The attribute selection techniques shown tagisistency with the statistical results. The best
attributes which reached the highest rank w@i®, and217". Through different classification algorithms,
this pair was able to correctly separate 21 out of 22 experisne

Regarding the linear velocity, the changes are significanabse they are strongly related to the nonuni-
formity of the conduction velocity and excitability in alé phases of the action potential. It can be noted an
amplification of depolarization heterogeneity by the i@ of /<. Also, the increases in the roundness
217 shows an amplification of repolarization heterogeneitys Tinplies a significant rise in the dispersion
in the whole velocity signal. The abnormalities in lineatogdties of the QRS complex and T-wave loops
have previously been associated with cardiac risk [13,38].

We have observed that the maximum of the angular velocitgpblarizationv?,, turns up towards the
end of the T-wave. Its study is relevant since it quantifiessheed of the turns of the cardiac electrical
vector in the presence of alterations of the conductiongit#]. It has been demonstrated that beyond
the alterations that arise from damages or anatomical siceis, the global conduction paths could change
due to the modification of the electrophysiological projgsr{15] such as the alteration of permeability
in potassium channels. This increases the likelihood dfitrgeincreasing the risk of the appearance of
malignant arrhythmias. We have observed in Fig. 3 a sigmificeduction of the maximum/l and a shift
to the right. Clearly this fact influences the significantreese of the)T,, index, which represents the
total duration of the process of ventricular depolarizatmd repolarization. Given the high significance
value observed and its high correlation wif’, it is a significant contribution to the state-of-art as a low
uncertainty measure of the prolongation of ventriculaivagtduration (See Fig. 2). It should be noted that
in this model the heart rate is stable due to the pacemakereldre, there is no need to correct the. In
future human studies, the Bazett formula should be used.

Concerning the observed changes in @& index, as expected, under the drug effects the duration
of the interval is increased accompanied by a ris& ;. However, the latter index, usually associated
to transmural repolarization, presents reductions in &@c#¢s 28%); this may indicate that part of the
alterations in ventricular heterogeneity occurs in thead@ization phase (QRS complex) or in the first half
of the T-wave, during a process mainly dominated by bas&-aggmlarization. The origin of the temporal
dispersion alterations observed in th&' is a long-discussed issue that has not yet been resolvetD[39].
Even so, the&)T is the index currently used in the drug regulations [1,2].

According to the results observed in Fig. 3, as a consequafmtéSotalol supply, the absolute areas of
the T-wave and the QRS-complex are significantly increasethis sense, the prolongation of the action
potentials would increase the instantaneous magnituddseaXYZ signal. Our results agree with those
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previously found in [32,42].

Finally, the model proposed here would, in essence, allawréuscreening of many others drugs. How-
ever, more research is needed to assess the reproduaibitte method. For the characterization of the
model, we have put the initial focus on Sotalol, a Class lligdiwhich is one of the high-risk compounds
included in the CiPA table [11]. This experiment was usefuldur objective given that Sotalol modifies
the IKr, that is to say, produce an impaired repolarizatimtpss. In other words, it induces repolarization
instability -heterogeneity augmented- and reduces reation reserve. All these factors are potential trig-
gers for arrhythmias. Moreover, In-vitro proarrhythmigdies are being used with greater regularity in the
drug study process [17,43,16,36]. Some of the studies ef dtigh-risk drugs, such as Bepidril, Dofetilide
and lbutilide, have shown valuable results for heteroggmsisessment in isolated heart models [44,45,46].

On the other hand, we have previously shown the robustnéle gluaternion computation to define risk
biomarkers[14]. In this sense, one of the causes for thep@wificity of the current ICH S7B/E14 approach
could be the difficulty in determining the end of the T-wavegcessary for the automatic computation
of the QTc [6]. Our approach is not only independent of wawvgiti@ngs and ends, but is more robust
in the propagation of numerical uncertainties [23]. Pragperelopment of further studies should achieve
promising results regarding quantification of drug-indiizereased dispersion.

5. Study limitations

Our original contribution is to present alternative disgien markers computed from dynamics features
that can avoid the need to accurately determine fiduciakpaimcreasing their performance. Although these
markers could be very useful in non-invasive cardiotoyisitudies, spatial electrocardiographic signals
are obtained from an artificial thorax for In-vitro heartsirther studies are required to know if we can
extrapolate these markers to vectorcardiogram signals.

On the other hand, by combining our two best velocity markétl the standard§)7T andTprg in a
single classifier, we have reached the best performancé&4)lowever, in this work we consider only
pair combinations of potential features taking into aceamfrthe 22 total available experiments (up to 2
features: 10%). In the future, with a greater number of rdicgs, it can be evaluated the usefulness of
this combination. It is expected that, beyond the curreesstians tdl'rr andQT, their integration with
verlocity markers will provide a better description of thmatal dispersion amplification.

Furthermore, many other drugs affect multiple ion chandaling cardiac repolarization and they also
prolong QT interval or have proarrhythmic side effects [10]. More sesé is needed so that the rela-
tionship of the dynamic features of the cardiac vector asdirik to the amplification of drug-induced
dispersion can be accounted for thoroughly. As mentionegtighwe have used a Sotalol dosage based on
the experimental In-vitro rabbit heart model [16,17]; heae the future experiments should be conducted
considering different concentrations of each drug givext hcresing drug dosage could alter ventricular
heterogeneity [47,48]. As well, an accuratelly assess efitfluence of both reversible and irreversible
inhibition mechanisms on ventricular dispersion would ioye our findings. On this basis and future work
it can be provided crucial information for the developmergafe drug therapies.

6. Conclusions

By means of an experimental procedure, we have shown selyeramic features, some of whom could
be very useful for the quantification of amplification of vecllar dispersion, which is associated with
proarrhythmic risk. In particular, we have been able to fioiche characteristics that allow the separation of
the control population from the one that received d-Sotslgiply. Additionally, through angular velocity
signals of electrical cardiac vector we have exposed a negbhic to measure with high accuracy Q&
interval, current index used for the international drugutation. Successful integration of this ideas with
current studies may enable future applications in torsadimgoxicity studies.
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