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identifying drug effects on cardiac ventricular repolarization. TVV measures the temporal
change in the myocardial action potential distribution during repolarization. The T vector
dynamics were measured as the time required to reach p percent of the total T
vector trajectory length, denoted as Tr(p), with p in {1, ..., 100%}. The Tr(p) values
were individually corrected for heart rate at each trajectory length percentage p. Drug
effects were measured by evaluating the placebo corrected changes from baseline of
Tr(p)c jointly for all p using functional mixed effects models. The p-dependent model
parameters were implemented as cubic splines, providing continuous drug effect profiles
along the entire ventricular repolarization process. The effect profile distributions were
approximated by bootstrap simulations. We applied this TVV-based analysis approach
to ECGs available from three published studies that were conducted in the CiPA
context. These studies assessed the effect of 10 drugs and drug combinations with
different ion channel blocking properties on myocardial repolarization in a total of
104 healthy volunteers. TVV analysis revealed that blockade of outward potassium
currents alone presents an effect profile signature of continuous accumulation of delay
throughout the entire repolarization interval. In contrast, block of inward sodium or
calcium currents involves acceleration, which accumulates during early repolarization.
The balance of blocking inward versus outward currents was reflected in the percentage
Pzero Of the T vector trajectory length where accelerated repolarization transitioned to
delayed repolarization. Binary classification using a threshold pzero = 43% separated
predominant hERG channel blocking drugs with potentially higher proarrhythmic risk
(moxifloxacin, dofetilide, quinidine, chloroquine) from multichannel blocking drugs with
low proarrhythmic risk (ranolazine, verapamil, lopinavir/ritonavir) with sensitivity 0.99
and specificity 0.97. The TVV-based effect profile provides a detailed view of drug
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effects throughout the entire ventricular repolarization interval. It enables the evaluation
of drug-induced blocks of multiple cardiac repolarization currents from clinical ECGs.
The proposed pzero Parameter enhances identification of the proarrhythmic risk of a
drug beyond QT prolongation, and therefore constitutes an important tool for cardiac

arrhythmia risk assessment.

Keywords: cardiac safety, TVV, CiPA, QT prolongation, J-Tpeak interval, ion channel block, ventricular

repolarization

INTRODUCTION

The implementation of the ICH E14 (ICH, 2005a) and S7B
(ICH, 2005b) guidelines in 2005 represented a turning point
in regulatory practices for drug approval. Their release was
in response to cases of sudden cardiac death reported in the
preceding decade, which resulted in withdrawal of several drugs
from the market. The guidelines were inspired by the insight
that a block of the hERG/IKr ion current delays ventricular
repolarization and creates an electrophysiological environment
that favors the development of the rare ventricular arrhythmia
torsade de pointes (TdP) (Haverkamp et al., 2000). In the surface
ECG, the most obvious effect of hERG/IKr-block is delayed
repolarization manifested as prolongation of the QTc interval.
Consequently, clinical guidance set the focus on this feature, and
up to the present, careful monitoring of the QT interval remains
an essential part in the drug approval process.

This change in regulatory practices was highly effective
in preventing the approval of new drugs with unexpected
cardiotoxic effects (Sager et al., 2014). However, QT
prolongation turned out to be a relatively non-specific
predictor of TdP proarrhythmia (Hondeghem, 2008) and
could potentially terminate the development of promising
compounds unnecessarily (Roden, 2004). Further research
has revealed that simultaneous block of other ion channels,
especially the late sodium and the L-type calcium channel, can
attenuate the proarrhythmic effects of pure hERG/IKr block
despite the presence of QT-prolongation (Redfern et al., 2003;
Martin et al., 2004).

Recognizing the role of multiple ion currents in defining
drug effects on repolarization, the comprehensive in vitro
proarrhythmia assay (CiPA) initiative was launched in 2013
(Sager et al, 2014) with the mission to “engineer an assay
for assessment of the proarrhythmic potential of new drugs
that has improved specificity compared with the hERG assay
plus Thorough QT study” (CiPA, 2020). The CiPA initiative is
comprised of four components (Gintant et al., 2016), three of
which are preclinical tests: (1) voltage-clamp based assessment of
blocks in seven cardiac ion channels, (2) an in silico modeling
approach based on modifications (Dutta et al., 2017) of the
O’Hara-Rudy ventricular myocyte model (O'Hara et al., 2011)
to simulate the effects of expected ion channel blocks onto the
action potential on a cellular level, and (3) the use of human
induced pluripotent stem cell-derived cardiomyocytes to confirm
predicted effects in vitro.

For a list of 28 drugs, the proarrhythmic potential was
ranked (high - intermediate - low) according to known

properties (Gintant et al., 2016), and their ion-channel effects
were thoroughly characterized (Crumb et al., 2016). The qNet
metric (Dutta et al., 2017) was suggested as a surrogate for
proarrhythmia, based on quantification of the balance of charge
transport over four essential inward and outward currents, as
obtained from the cellular action potential (AP) simulation.
The gNet metric demonstrated excellent performance for
separating the set of CiPA drugs into the risk categories
(Li et al,, 2019).

Besides the CiPA context, an advantage of human in silico
drug trials over animal studies in predicting cardiotoxicity of
62 compounds was demonstrated (Passini et al., 2017). Simpler
approaches compared to qNet suggested to only consider the
net difference in block between depolarizing and repolarizing
currents (Bnet) (Mistry, 2018; Han et al., 2019). More complex
approaches extend the cellular simulation to multiple scales up
to the level of the whole heart in three dimensions (Zemzemi
et al,, 2013; Okada et al., 2015; Hwang et al,, 2019; Yang et al,,
2020) and combine simulation with machine learning techniques
to assess the arrhythmogenic risk of drugs (Sahli-Costabal et al.,
2020). Others start directly from a chemical drug representation
to predict potential cardiotoxic effects, e.g., by means of deep
artificial neural networks (Cai et al., 2019).

Despite the impressive findings obtained from in silico
and in vitro models, there are discrepancies between model
predictions and experimental observations, in particular for
multichannel blocking drugs (Britton et al., 2017). For in vitro
models, results depend on the experimental protocol, and quality
standards as well as experimental conditions need to be taken
into account (Ridder et al, 2020). Consequently, the fourth
CiPA component stipulates the complementary use of early,
intensive clinical ECG monitoring to assess cardiac effects in
humans, to confirm model predictions and to identify potential
unanticipated threats.

In this context, research continues to find more specific
clinical ECG biomarkers of a drugs proarrhythmic risk
(Vicente et al, 2015). Most approaches focus on the ST-T
region of the ECG as it corresponds to cardiac repolarization.
A principal distinction is possible between methods targeting
representative beat characteristics versus dynamic beat-
to-beat aspects of repolarization. Beat-to-beat QT-interval
variability was introduced as a marker of temporal lability
of repolarization linked to arrhythmic susceptibility (Berger
et al, 1997), and various algorithms and markers exist
(Baumert et al., 2016). Alternative approaches assess QT
interval dynamics by grouping QT according to heart
rate (Fossa and Zhou, 2010), and suggest characterization
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of electrocardiographic restitution by quantifying QT-
TQ-interval relationship (Fossa, 2017). Finally, T-wave
alternans analysis represents an important dynamic technique
quantifying the occurrence of a specific type of modulation of
T-wave morphology or amplitude. Its electrophysiological
basis is well-understood (Verrier et al, 2011), and the
phenomenon is causally linked to arrhythmogenic risk
(Verrier and Malik, 2013). However, application of these
dynamic techniques requires ECG data sequences of sufficient
length. Moreover, their utilization has largely concentrated on
arrhythmic risk stratification of patients under well-defined
disease conditions. Comprehensive studies exploring their
performance in pro-arrhythmic risk assessment of drugs
are still missing.

In the group of approaches addressing static properties of
repolarization, candidate features (Brennan and Tarassenko,
2012) have included morphological ECG properties like
notching, flattening or asymmetry of the T-wave (Graff et al,
2009), as well as vectorcardiographic biomarkers like QRS-T
angle (Acar et al, 1999), and early and late repolarization
duration (Couderc, 2009). In a comprehensive series of three
CiPA ECG studies (Johannesen et al., 2014; Johannesen et al.,
2016; Vicente et al,, 2019), the J-Tpeqc interval was identified as
the most suitable biomarker to separate multi-channel blocking
drugs with low proarrhythmic risk from predominant hERG
blockers with high proarrhythmic risk (sensitivity 0.82, specificity
0.77) (Vicente et al., 2016). Approaches to identify the T-wave
peak in a more reproducible and stable way have been suggested
(Hnatkova et al., 2019). Recently, we presented a TVV-based
analysis approach as a new method for electrocardiographic
repolarization assessment and demonstrated that it outperforms
J-Tpeakc as a biomarker for identification of multi-channel
blocking drugs (Bystricky et al., 2019).

The rationale for this TVV approach may be outlined
as follows: the T vector at a certain point in time during
repolarization reflects the spatial gradients of the action
potentials distributed over the entire myocardium as recorded
from the body surface ECG. Any change of the T vector
with time reflects a change of the myocardial potential
distribution. Thus, the T vector trajectory between the J-point
(the end of depolarization) and the end of the T wave is
a three-dimensional descriptor of the state transition of the
myocardial action potentials during repolarization. TVV denotes
the velocity at which the T vector moves along the T vector
trajectory, thus representing myocardial potential dynamics.
The action potential dynamics of a single myocardial cell
are determined by complex interactions of currents flowing
across multiple ion channels that can be described in terms
of a set of mathematical differential equations (O’Hara et al,,
2011; Dutta et al, 2017; Tomek et al., 2019). Drugs affecting
multiple ion channels will impact the repolarization dynamics
at different times during the action potential. We hypothesize
that drug-induced changes throughout the time course of
repolarization will be reflected in the TVV along the T
vector trajectory.

The purpose of our current study is to present an
extension of the TVV methodology which allows for continuous

quantification of changes in the temporal dynamics over the
entire phase of repolarization. We apply this method to the
published data from all three CiPA ECG studies in order to
provide reference results for these publicly available data sets
and corroborate our suggested interpretation with additional
support. Finally, we illustrate the potential of TVV analysis by
showing that a scalar biomarker p,ero, extracted from the TVV
drug effect profile, can separate predominant hERG channel
blocking drugs with potentially higher proarrhythmic risk from
multichannel blocking drugs with low proarrhythmic risk with
excellent performance.

MATERIALS AND METHODS

Study Data
We used de-identified data from the three CiPA ECG studies that
are publicly available from PhysioNet (Goldberger et al., 2000).

The first study (Study A, ECGRDVQ) (Johannesen et al,
2014) was a randomized, double-blind, 5-period crossover
clinical trial with 22 healthy subjects. Its aim was to investigate
whether multichannel blocking drugs with different potentials
for blocking potassium, late sodium, and calcium currents can
be differentiated by their effect on the ECG. In the morning of
each 24 h treatment period, all subjects received a single dose of
one of the drugs dofetilide (500 jg), quinidine sulfate (400 mg),
ranolazine (1,500 mg), verapamil hydrochloride (120 mg), or
placebo. Triplicate 10-s resting ECGs were recorded, and serum
PK samples were taken at 16 pre-defined time-points (pre-dose
and 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 7, 8, 12, 14, 24 h post-dose).
The washout period between treatments was 7 days (for further
details see, Johannesen et al., 2014).

The second study (Study B, ECGDMMLD) (Johannesen
et al, 2016) was a randomized, double-blinded, 5-period
crossover clinical trial in 22 healthy subjects. It addressed the
electrophysiological responses to hERG/IKr current blocking
drugs with and without the addition of blockade of either
late sodium or L-type calcium current blocking drugs. The 5
treatment periods included dofetilide alone, mexiletine without
and with dofetilide, lidocaine without and with dofetilide,
moxifloxacin without and with diltiazem, and placebo. In each
period, subjects were dosed three times per day, in the morning
(hour 0), afternoon (hour 4) and evening (hour 9.5) as described
in Table 1. Serum PK samples were taken after each dosing, and
triplicate 10-s resting ECGs were recorded at four timepoints
at 30 min intervals after each dosing event. For details see
(Johannesen et al., 2016).

The third study (Study C, CiPA) (Vicente et al., 2019) was
designed as a prospective, small sample size CiPA validation study
to assess the effect of multi-ion channel-blocking drugs on ECG
parameters. It consisted of two parts:

e Part 1 was a double-blind, randomized, placebo-controlled,
one period, parallel designed study to assess the effect
of three balanced blockers (ranolazine, verapamil, and
lopinavir + ritonavir), one predominant hERG blocker
(chloroquine), and one placebo on the QTc and J-Tpeake
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TABLE 1 | Dosing schema for study B, modified from Johannesen et al. (2016).

Treatment period Morning Afternoon Evening dose
dose dose

Placebo (Pla) Pla Pla Pla

Dofetilide (Dof) Pla Dof Dof

Mexiletine (Mex) + Dofetilide Mex Mex + Dof Mex + Dof

Lidocaine (Lid) + Dofetilide Lid Lid 4+ Dof Lid + Dof

Moxifloxacin (Mox) + Diltiazem (Dil) Mox Mox Mox + Dil

intervals in 50 healthy subjects. The four drugs and placebo
were administered to 10 subjects in one period of three
consecutive days to achieve low and high drug exposure.

e Part 2 was a double-blind, randomized, two-period
crossover designed study to assess the effect of hERG
block (dofetilide) versus calcium block (diltiazem) on the
QTc and J-Tpeqarc intervals in 10 healthy subjects. In the
dofetilide alone period, subjects received dofetilide on days
1 and 3. In the diltiazem + dofetilide period, subjects
received diltiazem alone on days 1 and 2, and diltiazem +
dofetilide on day 3.

In both parts, triplicate ECGs and PK samples were taken at
multiple timepoints during the 3 days.

Details about the time courses of the drug plasma
concentrations during the treatment phases of all three studies
are given in the Supplementary File S2.

ECG Processing

All ECG files were analyzed with eECG/ABBIOS (AbbVie, Inc.’s
proprietary, validated, ECG analysis system) in a semi-automated
manner. ECGs were reviewed to identify artifacts, abnormal
heartbeats, and unreliable automated annotations. All normal
beats with acceptable annotations were used in the analysis. ECGs
of concern were manually reviewed to identify and annotate
a minimum of 3 heartbeats per ECG with T-waves unaffected
by artifacts, and consistently placed T annotations. To ensure
consistent placement of T annotations, reviewing was performed
unblinded with respect to the subject and timepoint. 6 ECGs out
of 5232 in Study A, 3 ECGs out of 4211 in Study B, and 0 ECG
out of 5749 in Study C were not included in the analysis due to
bad signal quality.

For each ECG, the 12 lead signals were adjusted to the
isoelectric lines (defined by the median amplitude of the PQ
interval and interpolated between the heart beats by a cubic
spline), low-pass filtered (bidirectional Bessel filter with 36 Hz),
and exported as an annotated ECG file in HL7 format (aECG)
with 500 Hz sampling frequency, including the P, Q, J, and
Tend annotations. The aECG files were loaded into, and
further processed using the R (RCoreTeam, 2020) and the Julia
(Bezanson et al., 2020) systems.

The time course of the three-dimensional T vector in a beat
was calculated by means of the inverse Dower transformation
(Dower et al., 1980).

Derivation of T Vector Trajectory

Duration Curves

The T vector dynamics was measured for each normal heartbeat
as the time required to reach p percent of the total T vector
trajectory length, denoted as Tr(p) and referred to in our
manuscript as trajectory (time) quantile p, with p in {1, 2,
..., 100%]}.

In order to exclude possible late depolarization effects, the
beginning of the T vector trajectory was determined as the J-point
plus 20 ms. The T vector trajectory was determined as described
in Bystricky et al. (2019). The trajectory quantiles for an ECG
were, individually for each p, calculated as average of the beat
related Tr(p) values.

To visualize the repolarization dynamic of an ECG, we aligned
the Tr(p) values in a trajectory duration curve (Figure 1B),
where the relative distance covered along the T vector trajectory
(Figure 1A) is displayed on the y axis (in % from top to
bottom) and the corresponding duration in milliseconds is shown
along the x axis.

Assuming a power law dependency of Tr(p) from the heart
rate of the form Tr(p) ~ B,RR* with RR as the average
beat interval of an ECG in seconds, we determined the
heart rate correction exponents o, for each trajectory length
percentage p by fitting a linear mixed effects model of the
form

log(Tr(p)) = log(Bp) + ap log(RR) + ¢

to all drug free data of studies A, B, and C with subject as
random effect for the intercept log(B,) and slope o, (R method
Ime4::Imer). The heart rate corrected trajectory quantiles for an
ECG were calculated as

Tr(p)c = Tr(p)/RR™

We determined the average trajectory duration curve under
placebo condition in study A by fitting the mixed effects model

Tr(p)ci = 6o(p) + Mi(p)

for a given trajectory length percentage p with 6y(p) as fixed
effect and n;(p) as random effect for subject i. To visualize drug
induced changes to the trajectory duration curve, we modeled the
trajectory quantiles under quinidine treatment in study A for the
individual trajectory length percentages p by the following mixed
effects exposure response model:

Tr(p)cik = Bo(p) + mo.i()) + B1(p) +ni(p)) x Cik

Ci x is the drug concentration for subject i at time k; 6o(p) and
01(p) are the fixed effects;ng, i(p), n1,i(p) are the random effects
for subject i. The trajectory duration curve under quinidine was
calculated as the model predictions for the individual p-values at
the c¢max quinidine concentration.

Calculation of Drug Effects on Tr(p)c

The drug effects on the individual Tr(p)c parameters were
assessed by modeling the placebo corrected change from baseline,
where Tr(p)c was calculated as the average value from the
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FIGURE 1 | (A) The T vector trajectory displayed in the body’s physical orientation, divided into 10 equally long segments and colored from red (J-point) to yellow
(Tena). (B) T vector trajectory duration curve indicating the elapsed time Tr(p) (x-axis) at which the corresponding percentage of the trajectory length (y-axis) is

reached. The colored lines correspond to the trajectory points as marked in (A).
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replicate ECGs for the given subject and timepoint. Given the
different designs in studies A, B, and C, the following mixed
effects models were used.

Study A

We used a mixed effects exposure response model for describing
the placebo corrected change from baseline of Tr(p)c with linear
dependency on the drug concentration:

AATr(p)ci = (Bo(p) + Mo0,i(p)) + B1(p) + M1,i(p)) x Cix

AATr(p)cy is the placebo corrected change from baseline of
Tr(p)c for subject i at time k; 69(p) and g, () are the fixed effect
parameters for intercept and slope; ng i(p) and n; ;(p) are the
subject specific random effect parameters for intercept and slope;
Cix is the drug concentration for subject i at time k.

Study B

We measured the drug effects for the morning, afternoon, and
evening dosing phases as the average of the placebo corrected
change from baseline Tr(p)c values using the mixed effects
model:

AATr(p)cixk = 6(p) + ni(p)

AATr(p)cir is the placebo corrected change from baseline of
Tr(p)c for subject i at time k within the given dosing phase; 0(p) is
the fixed effect parameter denoting the average drug effect; n;(p)
is the subject specific random effect parameter.

Study C

Given the parallel design in the study part 1, we determined the
drug effect profiles by modeling the changes from baseline Tr(p)c

data according to Garnett et al. (2018) using the following mixed
effects exposure response approach:

ATr(p)cijk = (Bo(p) + Mo0,i(p)) + 61(p) TRT;

+ D (02,0(p) + m2,i () X ik + O3 (P)NT

+ 04(p) (Tr(p)ci j—o- Tr(p) Co)

ATr(p)ciy is the change from baseline of Tr(p)c for subject i
under treatment j at time k; 6y(p) is the fixed effect population
mean intercept in the absence of a treatment effect; 1o ;(p) is the
subject-specific random effect for the intercept; 61 (p) is the fixed
effect associated with treatment TRT; (j = 0 for placebo, j = 1 for
the active drug); 0, (p) and 12, (p) are the fixed and random
effects for the slope with respect to the concentration Cy, of
drug 1 (two drugs were used for the combination of dofetilide
and diltiazem only); 63(p) is the fixed effect associated with
the nominal timepointNTy; 04(p) is the fixed effect associated
with baseline Tr(p)cij=0; Tr(p)co is the overall mean of all
baseline Tr(p)c values.

The placebo corrected change from baseline effect for drug 1
with concentration C, on Tr(p)c was calculated as

AATr(p)c = B1(p) + D B.(p) x C,

— .
where 6. .. (p) denotes the estimated parameter.

Derivation of Continuous Drug Effect

Profiles
To describe the effect of a drug continuously over the entire
repolarization process, we combined the individual models for
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the trajectory length percentages p =1, 2, . . ., 100 from above into
one single functional mixed effects model, where the p-dependent
model parameters were parametrized by polynomial splines with
degree 3 (R method splines::bs). The spline’s degree of smoothing
along the p range is determined by the knots, defining the
spline basis functions. We used equidistantly spaced knots with
boundaries p = 1 and p = 100. Since the computational effort for
fitting the functional model depends on the model complexity
and of the number of knots, we used for the models in study A
8 knots, 16 knots for the models in study B, and 12 knots for the
models in study C. Further details about the functional modeling
approach are given in the Supplementary File S3.

A continuous drug effect profile was defined as the predicted
AATr(p)c for representative drug concentrations along the T
vector trajectory between the length percentages p = 1% and
p = 100%. It describes how a drug accelerates or delays the
repolarization process by measuring the drug-induced change of
the time that it takes to reach a certain percentage of the total T
vector trajectory length.

We used a non-parametric two-step bootstrapping simulation
approach to determine the distribution of the effect profiles
with subject as primary unit for resampling. The resampled
subject data were then bootstrapped with ECG as secondary
unit for resampling. For a given trajectory length percentage p,
the predicted AATr(p)c value was determined as the median
bootstrap simulation value, and the two-sided 90% confidence
band was determined as the 5 and 95% quantiles of the
bootstrap simulation values. The functional models were fitted
using the Julia package MixedModels (Bates et al., 2020) on
a high-performance Linux cluster. Fitting the most complex
functional model (combined treatment of lopinavir + ritonavir
in study C with 406 model parameters and 50000 records) took
approximately 1 h. Thus, we choose the number of bootstrap
simulation steps as N = 4000 in the studies A and B, and
1000 in study C.

Determination of pzero

Typically for multi-channel blocking drugs, the effect profiles are
negative in the early repolarization phase (indicating accelerated
repolarization) and positive in the late repolarization phase
(indicating delayed repolarization). In order to describe the
effective degree of balance of multiple channel blocks in one
single number, we defined pyero as the largest trajectory length
percentage p where the effect profile changes its sign from
negative to positive. Thus, effect profiles where all AATr(p)c
values are negative were assigned a psero value of 100%, and effect
profiles with all AATr(p)c values being positive were assigned
a Prero value of 1%. The distribution of p,ero Was approximated
using the bootstrap simulated effect profiles.

Classification of Predominant hERG
Channel Blocking Drugs Versus
Multichannel Blocking Drugs

We used prero as separation criterion to classify predominant
hERG channel blocking drugs versus multichannel blocking
drugs. We determined the classification performance for various

threshold values in terms of sensitivity and specificity, using 1000
bootstrap samples of psero per drug. The thresholds were selected
based on visual inspection of the distribution.

RESULTS
Heart Rate Correction for Tr(p)

The heart rate correction exponent a for the 100% trajectory
quantile Tr(100) was estimated as 0.4437 (SE: 0.0119). a increased
continuously with decreasing p, reaching a maximum of 1.0597
(SE:0.0501) for the 6% trajectory quantile Tr(6), see Figure 2. The
heart rate correction exponents for the individual percentages p
are given in the Supplementary File S1. Note that for Tr(100),
a lies between the heart rate correction exponents for the QT
interval according to the Bazett formula (exponent = 0.5) and the
Fridericia formula (exponent = 1/3).

T Vector Trajectories

Figure 3 displays the T vector trajectories and the (heart rate
corrected) trajectory duration curves from three subjects in
study A during a day under placebo and under quinidine
treatment. The T vector trajectories under placebo reflect the
diurnal variability within each subject. Following quinidine
administration, the T vector trajectories are highly altered, with
the manner of change varying between individuals. The T
vector duration curves under placebo are well-aligned within
the subjects. Following quinidine administration, the trajectory
duration curves are strongly affected, such that the early part of
the trajectory is passed faster, and the later part is delayed with
strongest changes at about 2 h post-dosing.

The population average trajectory duration curves for placebo
and quinidine at 1754 ng/mL plasma concentration are displayed
in panel A of Figure 4, revealing an acceleration effect of
quinidine in the initial 40% of the trajectory length and an
average delay of about 50 ms at the end of repolarization.
The related continuous quinidine effect profile measuring the
placebo corrected change from baseline is displayed in panel B of

1.25
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0.75-

3

0.50-

0.25-

0.00-

0 25 50 75 100
Relative Trajectory Length p [%]

FIGURE 2 | Heart rate correction exponent « for the T vector trajectory
quantiles Tr(p). The gray band denotes a + standard error.
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quantiles of the simulated effect profiles.

As can be seen in the trajectory duration curve for placebo,
it takes about 2/3' of the J-Tenq interval (Tr(50)c = 200 ms
compared to Tr(100)c = 300 ms) to reach 50% of the entire
trajectory length. A drug effect profile describes how the drug
impacts the times it takes the heart vector to move along the
T vector trajectory. Thus, negative AATr(p)c values (inflected
to the left in Figure 4B) indicate accelerated repolarization,
positive AATr(p)c values (inflected to the right in Figure 4B)
indicate delayed repolarization. The effect on the 100% trajectory
quantile Tr(100)c represents the drug effect on the J-T,,4 interval
(corrected for heart rate).

Drug Effect Profiles in Studies A, B,
and C

The drug effect profiles for the various treatment conditions in
the three studies are displayed in the Figures 5-7. For studies

A and C, the effect profiles show the predicted drug effects at
the corresponding Cmax drug concentrations, with Cmax as the
geometric mean of the subject’s maximum drug concentrations.
Furthermore, the prediction of the exposure response models
at zero concentration (the so-called intercept) is displayed. An
intercept significantly different from zero may indicate violation
of the assumption about linear dependency of the drug effect
on the drug concentration. For study B, the effect profiles
show the drug effects at the average drug concentrations during
the three treatment periods (morning, afternoon and evening).
Details about the drug concentrations are further described
in the appendices.

The dofetilide effect profile could be evaluated under four
different conditions: in study A (Figure 5A), study B at afternoon
and at evening (Figure 6A), and in study C (Figure 7F).
All dofetilide effect profiles show up with similar shapes,
characterized by an accelerated repolarization in the initial 20%
of the T vector trajectory length and a continuously increased
repolarization delay, with a final delay being roughly proportional
to the given drug concentration.

Frontiers in Physiology | www.frontiersin.org

September 2020 | Volume 11 | Article 567383


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Bystricky et al.

TVV Drug Effect Profiles

0 -

= A
o
% 25- Trajectory Duration
% — Placebo
. — Quinidine
P
o 50-
O
i
&
|_
o 75-
=2
©
O]
14

100 -

0 100 200 300
Tr(p)c [ms]

FIGURE 4 | (A) Average population T vector trajectory duration curves corrected for heart rate Tr(p)c in study A under placebo (blue) and quinidine (red) calculated
for the plasma concentration of 1754 ng/mL with two-sided 90% confidence intervals. (B) Quinidine effect profile, showing the placebo corrected change from
baseline Tr(p)c. The red lines denote the median, and the orange lines the 90% coverage of the bootstrap simulated continuous effect profiles. Gray lines are a
subset of individual bootstrap simulations. The distribution of the zero-transition percentage pzero Of the simulated effect profiles (median: 5 and 95% quantile) is

indicated by the horizontal lines.

400

B

Effect Profile

I Median
90% ClI
bootstrap

25
AATr(p)c [ms]

-25 0

The ranolazine effect profile was determined in study A
(Figure 5C) and study C (Figure 7B). Both profiles show
accelerated repolarization within the initial 50% of the T vector
trajectory length, and delay through the end of repolarization.
AATr(100)c was predicted in study A with 2043 ng/mL
ranolazine concentration as 7.8 [5.8 to 9.8] ms; in study C with
3047 ng/mL concentration, the effect on A ATr(100)c was 18.7
[13.0 to 24.6] ms.

Quinidine (in study A, Figure 5B) and chloroquine (in study
C, Figure 7A) showed pronounced acceleration during the initial
T vector trajectory length, and a strong delay through the end of
repolarization. The A ATr(100)c effect was 57.8 [51.7 to 63.2] ms
for quinidine, and 38.4 [33.3 to 44.3] ms for chloroquine.

An even more pronounced acceleration during the initial
2/3" of the T vector trajectory length was observed for the
drug combination of lopinavir plus ritonavir (Figure 7C) with
maximum accelerated repolarization at the 45% trajectory length
percentage of AATr(45)c = —23.5 [—29.0 to —15.2] ms. In the
further course of the repolarization, however, there was a delay
which ended in a A ATr(100)c value of 9.1 [3.3 to 14.6] ms.

In study A, verapamil caused a minor delay at the end
of repolarization with AATr(100)c = 1.3 [—1.4 to 4.0] ms at
a concentration of 114 ng/mL (Figure 5D). In study C, the
predicted AATr(100)c at the concentration of 377 ng/mL was
13.3 [7.9 to 19.5] ms (Figure 7D). The effect profiles for both
cases showed a small but clear acceleration during the first T
vector trajectory half. The maximum acceleration in study A was
observed for A ATr(20)c with —5.1 [—7.1 to —2.9] ms; in study
C the maximum acceleration was observed for A ATr(16)c with
—8.0[15.6 to —1.2] ms.

In study B, both mexiletine (Figure 6B) and lidocaine
(Figure 6C) shortened the J-T.,q interval, indicated by the
A ATr(100)c value of —8.0 [—9.5 to —6.3] ms for mexiletine at an
average concentration of 618 ng/mL and by —4.6 [—6.6 to —2.6]
ms for lidocaine at an average concentration of 1034 ng/mL.
These acceleration effects were generated within the first 50%
of the T vector trajectory length and retained about constant
through the end of repolarization. When mexiletine (Figure 6B)
and lidocaine (Figure 6C) were combined with dofetilide in the
afternoon and evening treatment phases, acceleration persisted
during the initial repolarization. From about 40% of the length of
the T vector trajectory the repolarization was delayed.

The moxifloxacin effect on repolarization was assessed in
the morning and afternoon phases of study B where the effect
profiles showed a continuously growing delay without any
indication for acceleration (Figure 6D). The additional evening
administration of diltiazem resulted in accelerated repolarization
during the initial 40% of the T vector trajectory length while
leaving the final J-T,,q prolongation nearly unchanged compared
to the afternoon.

Diltiazem was also assessed in study C. Here, the pure
diltiazem effect profile showed a slight, continuously increasing
delay, ending in a AATr(100)c value of 6.8 [3.0 to 10.8] ms
for the Cmax concentration of 151 ng/mL (Figure 7E). The
combination of diltiazem with dofetilide produced an effect
profile with pronounced acceleration during the first 40% of the
T vector trajectory length and showing large variability in the
amount of acceleration (Figure 7G). Notably, the diltiazem Cmax
concentrations differed considerably between the eight subjects
enrolled in this treatment (from 165 to 1089 ng/mL).
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Classification of Predominant hERG
Channel Blocking Drugs Versus
Multichannel Blocking Drugs

Moxifloxacin, dofetilide, chloroquine, and quinidine were
considered as predominant hERG channel blocking drugs
with potentially higher proarrhythmic risk, while ranolazine,
verapamil and the combination of lopinavir + ritonavir
were considered multichannel blocking drugs with a low
proarrhythmic risk (Gintant et al., 2016; Vicente et al., 2019).
Mexiletine and lidocaine were not included since they did
not prolong the J-Te,q interval at all. Diltiazem was not
included since the observed acceleration tendency during early
repolarization when combined with moxifloxacin (Figure 6) or
dofetilide (Figure 8) was not visible in the pure diltiazem effect
profile (Figure 7). This may indicate limitations of the given
model for this compound.

Figure 8 displays the bootstrap simulated common
distribution of two repolarization characteristics for the
mentioned drugs: the x-axis denotes the drug induced J-Tepq
prolongation measured by A ATr(100)c, and the y-axis denotes
the pyero value, that is the percentage of the T vector trajectory
length where accelerated repolarization reverts to delayed

repolarization. Dofetilide was assessed under four treatment
conditions what generated four distinct dofetilide data clouds,
reflecting the different drug concentrations. Ranolazine,
moxifloxacin, and verapamil were assessed under two treatment
conditions each. Thus, two distinct data clouds can be identified
for each of these drugs. Notably, the y-levels of the dofetilide,
ranolazine, and moxifloxacin data clouds are quite similar
for the given drug, indicating independence of per, from the
drug concentrations.

A threshold value of 43% for p,ero separated the predominant
hERG channel blocking drugs with potentially higher
proarrhythmic risk from the multichannel blocking drugs
having a low proarrhythmic risk with a sensitivity of 0.99 and a
specificity of 0.97.

DISCUSSION

The T vector reflects the entire myocardial potential distribution
at a given moment during repolarization as seen from
the body surface ECG. The single-cell myocardial action
potential itself is an expression of a complex dynamic process
modulated by multiple ion channels and other biological
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factors (Nerbonne and Kass, 2005). On the scale of the
entire heart, the myocardial potential distribution at a certain
time during repolarization is generated by myocytes with
different action potential characteristics (e.g., sub-endocardial,
sub-epicardial, mid-myocardium cells) being activated at
different times during the hearts depolarization process.
Acknowledging that the details of the mapping from the
collection of single cardiomyocyte action potentials to the
whole-organ T vector are beyond our competence, our
only assumption is that the temporal progression of the
myocardial potential distribution is reflected in the temporal
progression of the T vector. Hence, we consider the TVYV,
the velocity with which the T vector moves along the
T vector loop, as an electrocardiographic measure of the
repolarization dynamic.

Our results demonstrate that drugs inhibiting myocardial ion
channels affect repolarization dynamics in a consistent way which
can be quantified by TVV analysis. The signatures extracted from
the TVV drug effect profiles allow an estimation of how strongly
depolarizing and repolarizing ion currents are blocked by a
drug. And finally, they allow highly accurate separation of drugs
with potentially higher proarrhythmic risk from drugs with low
proarrhythmic risk in the data sets available for the current study.

lon Channel Blocks as Reflected in the
Continuous Effect Profile

In this study, we describe ventricular repolarization dynamics in
terms of the T vector trajectory duration curve, and we introduce
continuous drug effect profiles as a new method for measuring
drug effects on the repolarization dynamics throughout the entire
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ventricular repolarization phase as seen in the J-T,q interval of
the surface ECG.

Figure 3 shows that the T vector trajectories themselves differ
very much between subjects and are modulated by cofactors like
diurnal variations. Quinidine furthermore affects the trajectory
shape and increases trajectory variability. Therefore, it is
remarkable that the T vector trajectory duration curves are
well-aligned within a given subject under placebo conditions,
indicating that the repolarization dynamic follows a subject-
specific pattern that is quite constant under normal conditions.
For quinidine, we observe a consistent pattern such that the
initial 40% of the T vector trajectories are passed faster while the
remaining trajectory course is increasingly delayed (Figure 3).
This quinidine effect on the cardiac repolarization dynamic in the
entire population is quantitatively represented in the continuous
effect profile as shown in Figure 4. Our results suggest that
the repolarization dynamics and their drug induced changes are
less affected by intra and inter-individual confounding factors

compared to classical T waveform morphology characteristics.
Placing emphasis on the quantification of relative changes in the
timing of repolarization appears to contribute to accentuation
and more consistent emergence of the drug effect. This held
true not only for quinidine but also for all other drugs
considered in this study.

This general effect profile pattern, characterized by early
acceleration and late delay, was observed for all drugs that
block both, the inward late sodium and L-type calcium currents,
and the outward potassium currents (quinidine, ranolazine,
chloroquine, lopinavir+ritonavir, verapamil). Interestingly,
dofetilide as a predominant hERG blocker, also showed a slight
but consistent and pronounced acceleration during the initial
20% of the trajectory length (see Figures 5A, 6A, 7F), whereas
the effect profile of moxifloxacin showed delayed repolarization
along the entire trajectory in both investigated conditions
(Figure 6D). One explanation for this observed acceleration
could be that although in vitro experiments report only a very
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minor blocking of inward currents by dofetilide (Crumb et al.,
2016), TVV analysis is based on in vivo measurements, which
may also reveal drug effects that reflect more complex ion
flow interactions.

Drugs predominantly blocking the late sodium channel
(mexiletine — Figure 6B, lidocaine - Figure 6C) showed effect
profiles reflecting continuous acceleration during the initial
40% of the trajectories. In the following trajectory section,
the accumulated level of acceleration is merely maintained.
Furthermore, combining mexiletine or lidocaine with dofetilide
(Figures 6B,C) showed a slightly intensified acceleration during
the initial trajectory, which then was compensated by the
increasing delay along the further trajectory caused by dofetilide’s
potassium channel block.

Diltiazem, a calcium antagonist, administered together with
moxifloxacin (Figure 6D) shifted the pure moxifloxacin effect
profile to the left in the initial half of the trajectory,
indicating an acceleration effect by diltiazem. Coadministration
of diltiazem plus dofetilide (Figure 7G) created a similar
acceleration pattern. However, pure diltiazem did generate a
slight but continuously increasing delay over the entire trajectory
(Figure 7E). Since the effective diltiazem concentration under
single drug condition was between the diltiazem concentrations
under the combination with moxifloxacin, respectively dofetilide,
the diltiazem concentration cannot explain this somehow
contradicting effect.

Our results strongly suggest that the observed acceleration
of repolarization reflects a blocking of depolarizing inward
ion currents (positive inward charge transfer), while the delay
of repolarization reflects a blocking of repolarizing currents
(outward transfer of positive charge). This interpretation is
supported by the timing of activation of the L-type calcium and
the late sodium currents early during ventricular repolarization,
compared with the peak of the hERG/IKr current occurring
during terminal repolarization of the action potential (Nerbonne
and Kass, 2005). We assume that the physiologic activation
sequence of the ijon channels is preserved by the mapping
of the cardiac action potentials onto the ECG. Hence, the
observation that accelerations emerged at the lower percentages
of the trajectory length (Figures 5-7) is in accordance with
the expectation from physiology. Likewise, it fits in the picture
that if such acceleration is counteracted by concurrent block of
the hERG/IKr-channel, the related reduction of acceleration —
and eventually reversion to a delay - becomes particularly
evident around the mid-range trajectory length percentages
between p = 40% and p = 60%. Here, we generally observed
the strongest accumulation rate of delay for multichannel
blocking drugs or drug combinations (Figures 5-7). Note
that this corresponds to the region around the peak of the
T-wave as discussed in Section “Relation of TVV to QT and
J-Tpeak.”

We think that the suggested TVV analysis approach provides a
new perspective on repolarization dynamics, linking body surface
measurements to cellular electrophysiological effects. We observe
that effect profiles from different compounds generally differ in
shape and magnitude, while effect profiles of the same compound
exhibit stable morphologies over studies (with magnitude scaling

related to differences in plasma concentration). Likewise, effect
profiles of different drugs inhibiting the same channels to
a comparable extent show similar signatures in their effect
profiles. This makes us optimistic that the suggested drug effect
profiles may turn out in the future to represent a characteristic
fingerprint of a drug’s specific ion channel blocking properties
and/or extent of proarrhythmic risk. They may even contain
more interpretable information about the ion channels involved.
Instead of presenting additional details that could possibly
support this idea, but would still remain speculative, we would
like to offer collaboration to scientific groups specialized in
modeling electrophysiology at different scales from the ion
channel level over the cellular to the organ and ECG level to verify
the TVV observations using existing models.

TVV and Risk Assessment

We measured the level of balance between blockage
of depolarizing and repolarizing ion flow by the pgero
parameter, that is the T vector trajectory length percentage
where acceleration transitions to delay. A threshold value of
Przero = 43% separated predominant hERG channel blocking
drugs with potentially higher proarrhythmic risk (moxifloxacin,
dofetilide, quinidine, chloroquine) from multichannel blocking
drugs with low proarrhythmic risk (ranolazine, verapamil,
lopinavir+ritonavir) with sensitivity 0.99 and specificity
of 0.97. This is superior to the separation performance
reported for J-Tpeake (Vicente et al., 2016) or for the 40% T
vector trajectory duration quantile Tr40c (Bystricky et al,
2019). Tr40c describes the drug-induced change of time to
reach 40% of the T vector trajectory length. In contrast,
the parameter pgo presented here describes the length
fraction of the trajectory where the repolarization process
is accelerated. Both parameters are correlated, but in our
opinion the new parameter pyer, better quantifies the balance of
multichannel blocks.

We would like to point out that both mexiletine and lidocaine
would be correctly identified as Tow risk compounds using
Pzero = 43% as threshold. They were omitted from Figure 8, since
both drugs had negative A ATr(100)c values with pero = 100%.

Multiple clusters from the same drug in Figure 8 arise
from differences in plasma concentration. For most of the
drugs with sufficiently pronounced (>10 ms) prolongation
of J-Teng, the distribution of pger, was almost independent
from the J-Te,q prolongation. This shows that p,er, provides
substantial information about a possible proarrhythmic risk,
which goes beyond QTc.

For a multi-channel blocking drug, the ratio of the strengths
of the blockade can change with the drug concentration.
Hence, we would expect that p,, may also vary, at least
for extreme concentrations. We should therefore assume that
more complex separation rules are required when considering
additional drugs and extended concentration ranges. Moreover,
there is no reason to suppose that lower values of pyero
would necessarily correspond to higher proarrhythmic risk. The
lower values of p,ero observed for moxifloxacin in Figure 8
compared, for example, to dofetilide do not mean that
moxifloxacin would indicate a higher propensity for arrhythmia
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than dofetilide. Rather, there may exist ranges of psero that
reflect potentially critical electrophysiological lability. Again,
only the analysis of more compounds will help to shed light
on this question.

Finally, the proarrhythmic risk of a drug may depend
on factors specific to the individual. A risk assessment is
therefore not always conclusive and can be controversial, as with
moxifloxacin (Liu et al., 2017; Goto et al., 2020; Yang et al., 2020).

Relation of TVV to QT and J-Tpeak

Our TVV-based analysis approach targets the J-T,,q interval,
excluding the QRS complex, ie., the heart’s depolarization
process. Therefore, the measured drug-induced change of QTc
should be equal to the measured change of Tr(100)c for
drugs that do not affect depolarization (the used heart rate
correction methods may cause some slight differences between
the measurements). For drugs that prolong depolarization,
such as chloroquine (Vicente et al., 2019), the observed
changes in Tr(100)c will be accordingly smaller than the
observed changes in QTc.

The J-Tpeak interval was corrected for heart rate in the
referenced studies A, B and C, similar to the way we corrected
heart rate for the trajectory quantiles Tr(p) in our analyses. The
heart rate correction exponent for J-Tpeak was 0.58 (Johannesen
et al, 2014), which is similar to the heart rate correction
exponent that we identify for the 50 to 55% trajectory length
percentages (Figure 2).

The Tpeax Was typically observed to be between 50 and 60% of
the T vector trajectory length (Bystricky et al., 2019). This means
that the T vector trajectory path up to the point with largest
distance from the origin is slightly longer than the trajectory
path back to depolarization (visible in Figure 1). Thus, the
observed drug effects reflected in the J-Tpeacc parameter (the
main parameter of interest in the studies A, B, and C) might
be compared with the drug effect profile sections between 50
and 60% of the trajectory length. In study C, named CiPA Phase
I ECG Biomarker Validation Study, the prespecified primary
endpoint was to show that balanced ion channel-blocking drugs
that prolong QTcF would not prolong J-Te,qc defined by an
upper bound of the two-sided 90% confidence interval of AA]J-
Tendc < 10 ms at Cpax (Vicente et al., 2019). This primary
endpoint was met for verapamil and lopinavir/ritonavir but was
slightly missed by ranolazine (the upper bound of the 90%
confidence interval of A AJ-Tpeqic for ranolazine was 12.0 ms).
As can be seen in Figure 7, the upper bound of the two-sided
90% confidence band of ranolazine’s effect profile passes the 10 ms
at about 50% of the trajectory length. Also, study C reported a
negative slope for A AJ-Tpeaic in the exposure-response analysis
of lopinavir/ritonavir. This corresponds to the negative effect
profile at p between 50 and 60% for lopinavir+ritonavir in
Figure 7. Finally, the informative value of the measured AA]J-
Tpeakc change for chloroquine was put into question by the
authors of study C due to a positive intercept observed in the
exposure-response model for chloroquine. This type of non-
proportionality was also observed in our analysis, visible in the
intercept band for chloroquine in Figure 7, being significantly
larger than zero from about p = 20 to 100%.

These observations indicate consistency between the TVV
analysis and the J-Tpeqc analyses observed in studies A, B, and
C. However, we think that the major information characterizing
balanced ion channel-blocking drugs is represented over the
entire repolarization phase captured in the effect profile, but
which is missed to some extent by looking at only one point
in time (Tpear). From a method perspective, providing the
effect profile in a continuous fashion constitutes a substantial
extension to our previous work (Bystricky et al, 2019). The
latter described the effect profile using 10 separate mixed-effects
models each associated with a fixed relative trajectory position.
Thus, the repolarization period was discretized at 10 equidistant
trajectory length percentages. In contrast, the approach presented
here rests on a continuous approximation of the effect profile
using a number of B-splines. A single mixed-effects model
depending on the parameters of this approximation permits
estimation of the entire effect profile. This way, the number
of free parameters is independent of the sampling density
of the effect profile, and dependencies between the trajectory
percentages are inherently considered. We are confident that
further advantages of this continuous assessment will be
demonstrable with more data covering additional compounds
becoming available in the future.

Limitations

Overreading of the ECG annotations was done in an unblinded
fashion, but all attempts were made to prevent bias related to drug
or drug concentration.

Typically, the applicability of regression models should
be evaluated by thoroughly examining the properties of the
estimated model parameters and the residuals (Garnett et al,
2018). The functional extension of the mixed effects models used
in our analyses adds an additional layer of complexity to the
models, making model verification challenging. We therefore
regard the proposed functional regression analysis approach,
which to our knowledge has been described for the first time
in the context of ECG modeling, as a method that requires
further scrutiny.

The performance of p,er, in separating proarrhythmic drugs
from drugs with low proarrhythmic risk was evaluated based
on a retrospective analysis of a limited number of drugs used
in the three CiPA studies. It will be necessary to study other
drugs with known proarrhythmic risk to get an understanding
of the generalizability of this method and to propose standard,
quantifiable, and reproducible thresholds of concern across a
larger and more diverse input dataset.

In addition, it will be necessary to evaluate drugs that
specifically affect depolarization to learn how this may influence
the drug’s TVV effect profile and pyero.

The TVV analysis presented here explores repolarization
on a global beat level, not taking into account beat-to-beat
variability of repolarization. Acknowledging that beat-to-beat
dynamic aspects play a crucial role in the pathway to arrhythmia,
extending the TVV analysis for capturing beat-to-beat dynamics
may possibly improve proarrhythmic risk assessment given that
data of sufficient length is available.
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CONCLUSION

The TVV-based analysis approach provides new and detailed
insights into the repolarization dynamics measured clinically. It
links ECG characteristics to cellular electrophysiological effects
of multiple ion currents that define repolarization. We have
demonstrated that the TVV-derived drug effect profile reveals
important information about a drug’s proarrhythmic risk.
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