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ABSTRACT

The Comprehensive In Vitro Proarrhythmia Assay (CiPA) evaluates drug-induced torsade de
pointes (TdP) risk, with qNet commonly used to classify drugs into low-, intermediate-, and
high-risk categories. While most studies focus on single-drug effects, 2-drug fixed-dose
combination (FDC) therapy is widely used for cardiovascular disease management.

We aimed to develop the CiPA-based methodology to predict adverse effects of FDC therapy.
A human ventricular cell model was stimulated under the effects of various drug combinations
from twelve well-characterized compounds suggested by CiPA at 1 to 4 maximum plasma
concentration, and the gNet,,, biomarker as a function of the ratio of two drugs was used

to evaluate the TdP risk of combined compounds. Results showed that high-risk and
intermediate-risk drug combinations often yielded lower gNet,,, than individual drugs,
suggesting increased TdP risk. Conversely, combinations involving low-risk drugs tended

to reduce TdP risk by raising qNet,,, above individual drug levels. Also, we found that the
interplay of some major ionic channels caused variations on gNet,,,. These findings highlight
the importance of evaluating FDC cardiotoxicity to predict risks that may not appear in
single-drug analysis.

Keywords: Medicine; Cardiotoxicity; Drug Interactions; Drug Polytherapy;
Computer Simulation

INTRODUCTION

Torsade de pointes (TdP) is a well-known cardiac arrhythmia linked to sudden cardiac death
[1]. Drug-induced TdP has become a significant concern for regulatory bodies and the
pharmaceutical industries. Previously, cardiac safety assessments focused on QT interval
prolongation and human ether-a-go-go-related gene (hERG) channel inhibition, per ICH
E14 and S7B guidelines [2]. However, QT prolongation shows high sensitivity but low
specificity in predicting ventricular arrhythmia risk, hERG channel blocking alone does
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not always predict action potential (AP) prolongation, and particular drugs may not pose

a proarrhythmic risk but can block the hERG channel [2]. To overcome these limitations,
researchers have introduced the Comprehensive In Vitro Proarrhythmia Assay (CiPA), which
incorporates computational analysis into cardiac safety evaluations [3].

Several studies have examined the risk of TdP associated with various drugs. Mirams et

al. [4] proposed using the effects of drugs on multiple ion channels to categorize TdP

risk, employing the conductance-blocking model [5]. Dutta et al. [6] introduced several
biomarkers for TdP risk, including qNet, which was later evaluated by Chang et al. [7] and Li
et al. [8], showing qNet’s effectiveness in classifying drugs by TdP risk.

Although prior studies have shown promising results, most focus on the effects of individual
medicines. Yet while polypharmacy is a prevalent phenomenon in medical practice [9],
evaluating the potential risks associated with drug combinations remains limited, even
though international regulatory bodies, such as the European Medicines Agency, have
advised the assessment of pharmacodynamic (PD) interactions in cases when multiple drugs
are competing for the same target and are expected to be administered simultaneously, such
as treatments that extend the QT interval [10]. Multiple investigations have documented

the impact of drug-drug interactions (DDIs) on the efficacy and safety of antiarrhythmic
medications when administered concurrently with antibiotics, antipsychotics, antiallergic
medicines, and prokinetic agents [11-13]. Also, some studies have investigated the potential
risk of TdP associated with drug combinations [14-18]. These studies evaluated the potential
risk of TdP related to the combination of drugs at various doses.

Despite these advancements, drug combination studies, particularly for antiarrhythmic
drugs (AADs), remain underexplored. This gap is critical given the narrow therapeutic index
of AADs, where small deviations in dosage can lead to toxicity or proarrhythmic events.
Additionally, AAD therapy is often complicated by adverse symptoms, organ toxicity, and
proarrhythmic risks, as well as drug-drug and drug-device interactions [19]. As a result,
combining 2 AADs—each at reduced doses—may improve tolerability while preserving
efficacy [20]. For instance, a study demonstrated that combining low-dose quinidine with
low-dose disopyramide mitigated gastrointestinal side effects observed at higher doses of
either drug while maintaining their antiarrhythmic effects [21]. These examples highlight the
practical relevance of AAD combinations in clinical practice.

Furthermore, the effects of drug combinations are complex and often nonlinear, particularly
due to the interaction of pharmacokinetic (PK) and PD mechanisms. While the individual
safety profiles of well-established AADs are well-documented, combining these drugs can
result in effects that differ significantly from their individual actions. For instance, our recent
study revealed nonlinear effects of drug combinations on TdP risk, even for well-characterized
compounds. Specifically, combining low-risk drugs with intermediate- or high-risk drugs
produced varying TdP risks depending on the concentrations of the combined drugs [22].
These findings underscore the necessity of systematically evaluating AAD combinations,
including well-known compounds, to ensure safety and efficacy.

Previous studies showed that drug combinations can alter TdP risk depending on drug
concentrations, but their practical application is limited without a specific combination
protocol. Polypharmacy often employs one or more combinations of delivery systems,
and two-drug fixed-dose combinations (FDCs) have proven more effective for treating
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hypertension than monotherapy [23,24]. Hypertension is associated with the development of
various atrial and ventricular arrhythmias [25-27], and since TdP is closely related to ventricular
arrhythmia [1], thus with hypertension, a systematic method for evaluating the cardiotoxicity
of FDC therapy is needed. With the shift of cardiac safety paradigm towards CiPA, developing
the CiPA-based cardiotoxicity for FDC therapy can be one of the essential steps.

To develop CiPA-based cardiotoxicity evaluation method for 2-drug FDC, we utilized the
same computational approach as our previous study [22] but focused on evaluating 2-drug
FDC therapy commonly used in clinical practice. In addition, we limit the scope of this study
to focus on the PD inhibition of drug combinations. We employed the Bliss independent
model to predict combined drug effects (PD inhibition) using individual-drug data [28] and
proposed a simulation protocol using polar coordinates for drug combinations. Additionally,
we used the updated CiPA drug data from manual patch clamp experiments for in silico
electrophysiological simulations [8].

METHODS

This section describes the model of cardiac cells and drug effects utilized in this study.
Moreover, the simulation protocol to obtain the gNet average (qNet,) as a TdP metric for
FDC is also described.

Model of cardiac cell

The cardiac cell model utilized in this study was from the ventricular cell model proposed by
O’Hara et al. [29] that was later modified by Li et al. [30] and Dutta et al. [6]. The membrane
potential (V;,) of the cardiac cell was modeled as follows:

ddL;n = _% (Iion + Istim) (Eq' 1)
where the C, is the total membrane capacitance, I, is the stimulus current, and I,, is the
transmembrane ionic current. The ionic transmembrane currents are assumed to consist of
sodium current (Iy,), late sodium current (Iy,;), L-type calcium current (I;), sodium current
through L-type calcium channel (I;.y,), potassium current through L-type calcium channel
(Ieax), transient outward potassium current (I,), rapid delayed rectifier potassium current (I,),
slow delayed rectifier potassium current (I;), inward rectifier potassium current (Iy;), sodium-
potassium ATPase current (Iy), sodium-calcium exchange current (Iy,c), sarcolemma
calcium pump current (I,¢,), and background currents (I, eas, ;). The maximum
conductance of 5 major ionic currents (I, Ix, L, I, and Iy,) was rescaled [6].

Model of drug’s effects on multiple ion channels
Each drug was assumed to inhibit seven ion channels (CaL, Na, NaL, K1, Ks, to, and Kr)
following the Hill equation:

E; = [1 + (?)h]_l (Eq.2)

where the E;is the drug’s inhibitory effect on ion channel 7, Dis the drug concentration (nM),
1C50 is the 50% inhibition concentration of the drug (nM), and h is Hill’s coefficient. We
utilized only the conductance block expressed as Eq. 2 without the dynamic model of the
hERG channel for simulating the drug’s effects. Additionally, the Bliss independent model
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was used to simulate the combined effects of two drugs in the FDC protocol [28]. Assuming
drugs A and B act independently, their combined inhibitory effect (E,z) can be calculated
from the independent effects of each drug (£, and Ej) as follows:

Ew=Es+Es-E:Es  (Eq.3)

Each drug inhibition effect (E, and Ej;) in Eq. 3 ranges from O to 1. In the simulation, the
inhibitory effect on each channel was converted into the “remaining” current, which was
then multiplied by the ion channel conductance as follows:

gizgi,cantrol(l_Ei) (Eq 4)

where the g; o Was the maximum conductance of ion channel i without drug effect, g, was
the maximum conductance of ion channel 7 under drug effect, E; was the drug’s inhibitory
effect on ion channel i, derived from the single or combined drug.

Simulation protocols

The overall procedure for simulation can be seen in Fig. 1. The first simulation (Fig. 1A)
followed the protocol by Chang et al. [7] to assess single-drug effects. The input included
IC50 and Hill’s coefficient values for 100 samples per drug, using data from 12 CiPA drugs.
IC50 and Hill’s coefficients were obtained via nonlinear least squares fitting and Markov chain
Monte Carlo simulations. The raw dose-response data and the script for calculating these
values are available at https://github.com/FDA/CiPA/tree/Model-Validation-2018. Risk labels
for each drug are shown in Table 1. Each single-drug simulation began with 1,000 drug-free
beats to reach a steady state.

After that, the following 1,000 beats under drug’s effects were simulated. Within the last 250
beats, the steady-state situation was usually achieved (as shown in Supplementary Fig. 1),
and the beat that showed the highest maximum % during repolarization was chosen

for feature extraction to depict the worst possible d;egé-induced adverse effects. The value

of the highest maximum ‘%" was calculated from three scenarios: when the AP was fully
repolarized, the maximum ?Dl was obtained between 30% and 90% repolarization;

when the AP repolarized 30% but not 90%, the maximum dltm was calculated between
30% repolarization and the end of the beat (+=2,000 ms); when the AP could not repolarize
by 30%, the maximum @ \yas calculated between the AP peak and the end of the beat.
Simulations were run for rrﬁfﬁiple drug concentrations (1-4x cmax). The qNet, introduced by
Dutta et al. [6], was used to classify TdP risk, defined as the charge accumulation from six ionic

currents (I, ey Ivas Loy Iy and I;) during one cycle length (CL) of an AP, expressed as follows:

cL
qNet = (Ir + lcar + InaL + Ito + Igs + Ig)dt  (Eq.5)
0
The TdP metric used for classification was the average qNet across 1-4x cmax (qNet,,).
Ordinal logistic regression was then applied to establish qNet,,, thresholds for classifying
drugs into low, intermediate, or high-risk categories [30].

The second simulation (Fig. 1B) combined drugs using the FDC protocol. Input data
included IC50 and Hill’s coefficient for 2 drugs. Drug combinations were created by varying
their concentrations using FDC parameters rand 4. For drugs A and B, the individual drug
concentrations were expressed using polar coordinates as follows:
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Single drug simulation Drug combination simulation

Input: drug information

Input: drug information Drug A
o Drug's IC50 and hill coefficient on 7 ion channels: 1650 angl [l costeiams: ane
Na, NaL, CaL, K1, Ks, to, hERG Na, NaL, CaL, K1, Ks, to, hERG
012 CiPA training drugs
0100 bootstrap samples for each drug Drug B
IC50 and hill coefficient on:
Na, NaL, CaL, K1, Ks, to, hERG

A i

In-silico simulation protocol Fixed-dose combination protocol
o Cycle length: 2,000 ms 4
o Cycle type: Endomyocardia o [A] = r x COS 0 x Cmax,
° Prqtocol: = 3 o [B] =r x sin 6 x cmaxg
o First 1,000 beats drug-free g 5119 3 and 4
o N'ext1,000.beat drug effects 2 2 - r 50 =0,15, 30, 45, 60, and 90
o Simulate with 1, 2, 3, 4 x cmax = Bliss ind q del:
o From last 250 beats, pick one beat with the most = 1 / ITES n :per; ené mc; et
affected AP shape = R
(highest max dvm/dt repol) 01/ ® i
o Feature extractions: gNet 0 1 5 3 4
[A] (x cmax)

Y l

Post-processing Post-processing

o Get the average of gNet over the concentration o Obtain gNet (1, 6)

of 1, 2, 3, 4 x cmax. o Get the average of qNet (r, 8) over
o Get the tabular data: r=1,2,3,and 4

gNet,,, drug name, TdP risk label o Obtain gNetayg (6)
o Perform ordinal logistic regression o Classify TdP risk according to qNet,, thresholds

v '
Output: qNet,,, thresholds Output: Predicted TdP risk of fixed-dose combination

Figure 1. Protocol for in-silico simulations of the effects of a single drug and FDC.

(A) The single drug simulation. Drug information, including IC50 and Hill’'s coefficient for seven ion channels, was used. Cell models were first stimulated 1,000
times drug-free, followed by 1,000 stimulations with the drug. The output was gNet values across several drug concentrations (1-4x cmax), and qNet,,, was
calculated. Ordinal logistic regression then classified drugs into low, intermediate, or high-risk groups based on gNet,,, thresholds. (B) The FDC simulation.
Inputs included /C50 and Hill’s coefficient for 2 drugs, with drug ratios adjusted by parameters (r and ). The Bliss independence model was used, and qNet,,,
(0) was calculated by averaging qNet,, (r,0)) across different r values. The qNet,,, (J) was used to assess TdP risk of the FDC based on qNet,,, thresholds from the
single drug simulations. Further details are provided in the methods section.

FDC, fixed-dose combination.

[A]=rxcosOxcmax, (Eq.6)

[Bl=rxsinfxcmaxy (Eq.7)

the cmax, and cmax; represent the cmax values for drugs A and B. The FDC parameters varied
with r=1,2,3,4 and £=0°,15°,30°,45°,60°,75°,90°. Here, #=0° represents drug A only, and £#=90°
represents drug B only. After setting the drug combinations, simulations followed the same
protocol as for single drugs, producing qNet(r, &) results. To obtain a TdP metric similar

to single-drug simulations, qNet,,(¢) was calculated by averaging qNet(r, &) across r. The
gNet,, thresholds from the single-drug simulation were then used to classify TdP risk for the
combined drugs, with 100 samples for each combination.
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Table 1. The TdP risk label for each drug used in this study

Drug Cmax (nM) TdP risk category
Diltiazem 122 Low
Mexiletine 4,129 Low
Ranolazine 1,948.20 Low
Verapamil 81 Low
Chlorpromazine 38 Intermediate
Cisapride 2.6 Intermediate
Terfenadine 4 Intermediate
Ondansetron 139 Intermediate
Quinidine 3,237 High
Bepridil 33 High
Dofetilide 2 High
Sotalol 14,690 High

The TdP risk labels were from CiPA’s list of training drugs [6].
TdP, torsade de pointes; CiPA, Comprehensive In Vitro Proarrhythmia Assay.

RESULTS

The distribution of qNet,,, for 12 CiPA drugs is shown in Fig. 2. The dashed lines were the
qNet,, thresholds: threshold;=0.0521 pC/pF (red) and threshold,=0.0664 uC/pF (blue). Drugs
with gNet,,, below threshold; were categorized as high-risk, between threshold, and threshold,
were classified as intermediate-risk, and above threshold, as low-risk drugs. Some drugs
were classified correctly, such as quinidine, dofetilide, and diltiazem. Other drugs had their
samples in several TdP classes. For example, in the high-risk drugs group, some samples of
bepridil and sotalol were within intermediate and low-risk classes; in the intermediate-risk
group, some samples from cisapride and terfenadine were in intermediate and high-risk
regions, while some samples from chlorpromazine and ondansetron were in intermediate
and low-risk region; in low-risk drugs group, some samples from mexiletine, ranolazine, and
verapamil were categorized as either low or intermediate.

Fig. 3 shows drug combination plots of twelve CiPA drugs. Each plot represents the gNet,, (&)
of the combined drugs with red, blue, and green regions represent TdP risk. The horizontal
black dashed line represents the drug-free result (qNet,,,=0.072 pC/uF). The white region
shows the variation of qNet,, and the black line indicates the mean value. Combinations with
quinidine and dofetilide mostly fell in the high- and intermediate-risk areas. At #=0° or #=90°,
gNet,,, values matched those from single-drug simulations, consistent with Fig. 2 results.

Overall, combinations of high-risk drugs mostly showed high-risk results. However,
some combinations involving bepridil and sotalol also had compounds in the low- and
intermediate-risk regions. Most combinations resulted in lower qNet,,, values than their
single-dose drugs, as seen with quinidine-dofetilide, quinidine-sotalol, and bepridil-
dofetilide pairs. Similarly, combinations of intermediate-risk drugs showed lower qNet,,,
values, but some low-risk drug pairs, like mexiletine-diltiazem, resulted in higher qNet,.

Combinations of high and intermediate-risk drugs were mostly in the high- and intermediate-risk
regions. However, some had low-risk samples, like sotalol-ondansetron, sotalol-chlorpromazine,
and combinations incorporating bepridil. High and low-risk drug combinations could

also produce low-risk qNet,,, especially those with bepridil or sotalol, except for sotalol-
ranolazine and sotalol-verapamil. Finally, some intermediate and low-risk combinations, like
chlorpromazine-verapamil, had higher qNet,,, than their single-dose drugs.
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Figure 2. qNet,, distribution for 12 CiPA drugs (single drug effects) is shown with color coding for TdP risk: red
for high-risk, blue for intermediate-risk, and green for low-risk. The horizontal dashed lines represent qNet,,
thresholds: red for threshold,=0.0521 uC/pF and blue for threshold,=0.0664 pC/uF. Samples with qNet,,, below
threshold, were categorized as high-risk, between threshold, and threshold, as intermediate-risk, and above
threshold, as low-risk samples.

CiPA, Comprehensive In Vitro Proarrhythmia Assay; TdP, torsade de pointes.

Furthermore, to assess whether a drug pair increases or decreases qNet,,, relative to single-
dose drugs, the minimum or maximum qNet,,, values were evaluated based on the drug
ratio (¢). Table 2 shows where minimum and maximum gNet,,, occurred. Drug pairs with
qNet,,, values lower or higher than single-dose drugs can indicate potential changes in

TdP risk, especially at #values other than 0° or 90°. From the number of samples shown at
#=15°,30°,45°,60°,75°, one can predict the portion of drug samples with higher or lower TdP
risk than their single-dose drugs.

Within high-risk drug pairs, only the pair of quinidine-bepridil showed the lowest qNet,,, at
6=0°, meaning quinidine alone produced the lowest value. The highest qNet,,, occurred at
6=0° or #=90°, indicating single-dose drugs generated these values. As a consequence, all
high-risk drug combinations had a high probability of increasing TdP risk, with quinidine-
sotalol at 80% as the least and dofetilide-sotalol at 100% as the highest. Finally, none of these
combinations reduced TdP risk compared to single-dose drugs.
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Figure 3. Drug combination plots for TdP risk predictions are shown for 66 possible combinations of 12 CiPA drugs. Each plot displays the variation of qNet.,, (¢)
for the combined compounds, with red, blue, and green areas representing TdP risk regions. The horizontal black dashed line indicates the drug-free simulation
result (qNet,,,=0.072 uC/pF). The black line represents the mean qNet,,, (), while the transparent white region shows variations from 100 samples.

TdP, torsade de pointes; CiPA, Comprehensive In Vitro Proarrhythmia Assay.

For high- and intermediate-risk drug pairs, the lowest qNet,,, mostly appeared at #other
than 0° or 90°, suggesting higher TdP risk than single-dose drugs. Exceptions were bepridil-
chlorpromazine, quinidine-chlorpromazine, and quinidine-ondansetron, which had qNet,,,
at #=0°, showing no increased risk. Some pairs, like bepridil-cisapride, bepridil-terfenadine,
sotalol-cisapride, and sotalol-terfenadine, had the highest qNet,,, at £=0°, bepridil-
ondansetron at #=30°, while others were at #=90°. All 16 combinations showed increased TdP
risk, with dofetilide-chlorpromazine being the lowest at 72%, and several pairs, including
dofetilide-cisapride, dofetilide-terfenadine, sotalol-cisapride, sotalol-terfenadine, and
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sotalol-ondansetron, showing 100% higher risk. However, there was a slight chance of
reduced TdP risk for pairs like bepridil-ondansetron (2%) and bepridil-chlorpromazine (6%).

In high- and low-risk drug pairs, the lowest gNet,,, mainly occurred at £=0°, except for a few
pairs like bepridil-ranolazine (£=15°), quinidine-diltiazem (£=30°), quinidine-ranolazine
(6-15°), quinidine-verapamil (#=30°), and sotalol-ranolazine (£=15°). Six pairs, including
bepridil-mexiletine, bepridil-diltiazem, dofetilide-mexiletine, dofetilide-diltiazem, sotalol-
mexiletine, and sotalol-diltiazem, showed 0% increased TdP risk, indicating stronger effects
from the high-risk drugs (bepridil, dofetilide, and sotalol). The highest qNet,,, for high- and
low-risk drug pairs was at £#=90°, falling in the low-risk range. Most pairs had no reduced TdP
risk, except bepridil-verapamil (6%), bepridil-ranolazine (3%), bepridil-mexiletine (18%),
bepridil-diltiazem (4%), and sotalol-mexiletine (14%).

Moreover, the combinations of both intermediate-risk drugs showed the lowest values

of qNet,, at £=15° (cisapride-chlorpromazine and ondansetron-chlorpromazine), £#=30°
(cisapride-ondansetron, terfenadine-ondansetron, and terfenadine-chlorpromazine), and
6=45° (cisapride-ondansetron), whereas the highest values of qNet,,, were yielded only at
#=90°. As a consequence, all drug pairs showed higher TdP risk than the single-dose drugs,
with the least probability being 84% (terfenadine-chlorpromazine) and the highest one being
100% (cisapride-terfenadine).

For intermediate and low-risk drug combinations, pairs with diltiazem or mexiletine showed
the lowest gNet,, at #=0°, except chlorpromazine-mexiletine (£=75°). Consequently, most
pairs with diltiazem or mexiletine had a 0% probability of higher TdP risk compared to
single-dose drugs, except chlorpromazine-mexiletine (8%) and ondansetron-mexiletine
(6%). Other pairs in this group showed higher TdP risk, with probabilities ranging from
56% (cisapride-verapamil) to 94% (chlorpromazine-ranolazine). Interestingly, eight pairs
showed potential for lower TdP risk than single-dose drugs, with the highest probability
seen in chlorpromazine-mexiletine (48%), followed by chlorpromazine-verapamil (27%),
ondansetron-mexiletine (23%), terfenadine-mexiletine (8%), cisapride-mexiletine (8%),
ondansetron-verapamil (4%), chlorpromazine-ranolazine (3%), and chlorpromazine-
diltiazem (1%).

Furthermore, the pairs of both low-risk drugs yielded lowest qNet,,, mostly at £=0° except
for ranolazine-mexiletine (#=75°) and verapamil-ranolazine (£=30°). As a consequence,
most drug pairs showed no increased TdP risk compared to single-dose drugs except for
pairs of verapamil-ranolazine (72%), ranolazine-mexiletine (8%), and verapamil-mexiletine
(6%). Additionally, all pairs showed lower TdP risk than single-dose drugs, with the lowest
possibility shown by verapamil-diltiazem (1%) and the highest yielded by mexiletine-
diltiazem (100%).

DISCUSSION

This study examined the 2-drug FDC protocol using computational assessment within the
CiPA framework. The cardiac cell model from O’Hara et al. [29], modified by Li et al. [30]
and Dutta et al. [6], was used without dynamic models of the hERG or Kr channels. The Bliss
independent model simulated the combined drug effects, adjusting FDC parameters (rand &)
to calculate various qNet values. Using qNet,,, (average qNet across r=1,2,3,4) as the TdP risk
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metric, drug combinations were classified based on single-drug qNet,,, thresholds [7,8].
The maximum and minimum qNet,,, values were used to assess the FDC’s nonlinear impact
on TdP risk.

The single drug results in Fig. 2 show discrepancies compared to Fig. 2 from Li et al. [8],
likely due to differences in cell and drug models (detailed in Supplementary Tables 1and 2).
In Fig. 2, bepridil had higher qNet,,, than dofetilide, while in Li et al. [8], bepridil showed
lower qNet values, possibly due to its weaker Kr channel blocking effect (35%) compared to
dofetilide’s 67% (Supplementary Data 1, Supplementary Figs. 1-9).

Although gNet,, thresholds in Fig. 2 are similar to those in Li et al. [8], differences in

gNet,, distribution affect classification performance. Without the dynamic Kr model,

our performance is expected to be lower than the CIPAORdv1 model (as detailed in
Supplementary Table 2), which incorporates dynamic hERG characteristics but is harder to
implement for DDIs study [8]. Despite these differences, the cell model in this study closely
matches CiPAORAv1 physiologically, as shown in Supplementary Figs. 1and 2. In contrast, a
recent cell model proposed by Tomek et al. [31] failed to reach steady-state (Supplementary
Data 1and Supplementary Fig. 3). Therefore, the single-drug simulations here are consistent
with previous studies and suitable for analyzing 2-drug FDC therapy.

Furthermore, the single drug effects on qNet,, in Fig. 2 offer insights into the nonlinear
variations of qNet,,, (¢) in FDC simulations (Fig. 3). All high-risk drugs had minimum gqNet,,,
values in the high-risk region (Fig. 2), and most drug combinations incorporating high-risk
drugs showed similar results, especially when #was close to 0° or 90° (Fig. 3). For example,
combinations incorporating quinidine or dofetilide showed a strong tendency to be high-risk
as gqNet,,, dropped around dup to 75°.

However, combinations comprising bepridil or sotalol showed a weaker tendency to generate
low gNet,,, compared to quinidine or dofetilide, especially when paired with low-risk drugs
like mexiletine or diltiazem (Fig. 3). This aligns with Fig. 2, where bepridil and sotalol also
had samples in intermediate and low-risk regions. Similarly, from Fig. 3, drug combinations
involving low-risk drugs such as mexiletine or diltiazem consistently yielded qNet,,, in the
low-risk region, presumably because the most samples from mexiletine or diltiazem are
within the low-risk region (Fig. 2). In contrast, also from Fig. 3, combinations with other
low-risk drugs (ranolazine or verapamil) showed differently with qNet,, in intermediate-risk
regions. Again, these results align with single-drug results in Fig. 2 that some big portions
of ranolazine and verapamil samples are within intermediate-risk region, causing more
combinations yielding intermediate-risk responses.

Furthermore, as shown in Table 2, some drug combinations resulted in lower or higher gNet,,,
than their single-dose drugs, indicating changes in TdP risk. All combinations of both high-
risk, high- and intermediate-risk, and both intermediate-risk drugs had possibilities of yielding
lower qNet,,, (increased TdP risk). Among high- and low-risk drug combinations, 10 out of 16
pairs showed potential for lower qNet,,.. Additionally, 3 out of 6 low-risk drug pairs also showed
a similar trend, with verapamil-ranolazine having a high probability (73%) and ranolazine-
mexiletine and verapamil-mexiletine showing smaller probabilities (8% and 6%, respectively).

Drug combinations resulting in higher gNet,,, (decreased TdP risk) than single-dose drugs
were rare and occurred only in a few cases: high- and intermediate-risk (2 out of 16 pairs),
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high- and low-risk (5 out of 16 pairs), intermediate- and low-risk (8 out of 16 pairs), and all
low-risk combinations (6 out of 6 pairs). No such tendency was observed in combinations

of both high- or intermediate-risk drugs. However, when high- or intermediate-risk drugs
were combined with low-risk drugs, the likelihood of higher qNet,,, increased (Table 2).
Among low-risk drug pairs, only mexiletine-diltiazem (100%) and verapamil-mexiletine (50%)
showed higher gNet,,, with more than 50% probability. These results align with the sensitivity
analysis in Supplementary Fig. 4, which highlights the significant role of the CaL, Kr, Na, and
NaL channels in influencing qNet,,, and TdP risk. For example, the bepridil-ondansetron pair
shows dominant blocking of CaL and NaL channels (Supplementary Fig. 6), consistent with
findings that blocking these channels raises qNet,,, while blocking Kr and Na channels tends
to lower it (Supplementary Fig. 4). Similar trends were observed for other drug pairs, such as
bepridil-chlorpromazine, particularly at #=60°,75°,90°. Other detailed results showing qNet,,
higher than single-dose drugs are presented in Supplementary Figs. 7-9.

Furthermore, results from previous studies were compared for validation, as shown in Fig. 3
and Table 2. Some research examined several drug combinations, including diltiazem-verapamil
and diltiazem-ondansetron [32,33]. The authors reported that diltiazem was able to induce
myocardial infarction and ventricular tachycardia; ondansetron could cause myocardial
infarction, ventricular tachycardia, and hypertension; and verapamil could induce myocardial
infarction, ischemic stroke, ventricular tachycardia, and cardiac failure [32]. Furthermore, a
combination of diltiazem-verapamil could potentially induce myocardial infarction, whereas
the pair of diltiazem and ondansetron had a low possibility of causing ischemic stroke [33].
These results could indicate that the corresponding drug pairs might not yield adverse drug
effects other than those from their single-dose drugs. We found consistent results in the
previous study that diltiazem-verapamil showed no tendency to generate higher TdP risk but
a small possibility (1%) for yielding a lower TdP risk. In contrast, the diltiazem-ondansetron
showed no tendency towards both increasing or decreasing the TdP risk.

Although the predictive capability of showing changes in TdP risk of drug combinations is
evident, this study has several limitations. DDI is a complex phenomenon that may require

a more realistic model than the Bliss independent model, such as a general PD interaction
model, to produce more accurate outcomes [34]. The Bliss independent model assumes that
the compounds act independently and have different modes of action; therefore, it cannot show
statistical inference on synergistic effects [28,35]. On the one hand, the CiPA standard cardiac
cell model (CiPAORAV1.0) includes the dynamic inhibition PD model for the hERG channel.
On the other hand, the Bliss independent model only combines the steady-state effects of
combined drugs, making it challenging for predicting the cardiotoxicity of FDC therapy

using the CiIPAORdv1.0 model [8]. When the experimental data is sufficient, the general PD
interaction model can be applied for a more realistic prediction of TdP risk of FDC therapy [34].

In addition, while the current study primarily focuses on PD interactions, PK interactions,
such as those influencing drug absorption, distribution, metabolism, or excretion, were

not explicitly incorporated. As highlighted by Benet [36], PK DDIs can significantly alter
drug concentrations in the body, which may result in unintended toxicity or therapeutic
failure. For example, quinidine combined with verapamil or diltiazem has been shown to
elevate plasma quinidine concentrations, necessitating monitoring for quinidine toxicity
[37-41]. Dofetilide combined with verapamil can increase plasma concentration of dofetilide,
therefore should be avoided in patients administered with dofetilide [42]. Similarly, the
combination of quinidine and mexiletine increases serum mexiletine concentrations due
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to CYP2DG inhibition, leading to a heightened risk of mexiletine-related adverse effects
[43,44]. PK interactions are also particularly important for AADs, which often rely on narrow
therapeutic windows and share metabolic pathways, making them susceptible to clinically
significant interactions. Future research integrating PK and PD models would provide a more
comprehensive and clinically realistic assessment of drug combination effects, improving
predictions of TdP risk.

Furthermore, the effect of inter-individual variability on the physiological properties of the
population is not considered in this study. Variations in physiological properties, such as

ion channel conductance, can alter the TdP risk of drugs [45]. Incorporating inter-individual
variability through virtual populations in the cardiotoxicity evaluation of FDC therapy may
offer more comprehensive insights by combining two sources of variability: the drug samples
and individuals.

SUPPLEMENTARY MATERIALS

Supplementary Data 1
Supplementary materials

Supplementary Table 1
Comparison of simulation protocol for single drug analysis between this study and previous
research

Supplementary Table 2
The classification performance of the single-drug evaluation

Supplementary Figure 1

Steady-state analysis of ORd model [S1,S2] with optimized ion channels’ conductances.

(A) The profile of Na; from in silico simulations for 1-1,000 beats. (B) Graph shows the
absolute error (difference in values of data point) between the Na; profile relative to Na;
profile at the first beat. (C) The sum of absolute error for each beat in panel B. (D) The relative
error between the consecutive sum of absolute error from panel C.

Supplementary Figure 2
Steady-state analysis of CIPAORdv1 model [S2,S3]. The descriptions of each panel are the
same as in Supplementary Fig. 1.

Supplementary Figure 3

Steady-state analysis of Tomek model [S4]. The descriptions of each panel are the same as in
Supplementary Fig. 1. Additionally, the arrows in (A, B) represent the variation number of
beats from small to high (maximum is 10,000 beats).

Supplementary Figure 4

The effect of ion channel perturbation by -10% and +10% to qNet,,,. The perturbation is done
by varying one ion channel while other channels are fixed. The black bar is the qNet,,, under
drug-free (control) conditions.
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Supplementary Figure 5

The averaged blocking effects under drug concentration of 1-4x cmax of 12 training drugs
from CiPA on seven ion channels (CaL, KI, Ks, Na, NaL, and hERG). The box plots in the
figure represent the distribution of blocking effects. In one box plot, the small circles
represent outliers; the top and bottom horizontal lines are the maximum and minimum
values excluding outliers; the upper, middle, and lower lines in the box are the third quartile,
median, and first quartile.

Supplementary Figure 6

The averaged blocking effects over radius 1-4 of some of the 2-drug FDC pairs of high- and
intermediate-risk drugs on seven ion channels (CaL, K1, Kr, Na, NaL, and to) as varying 6.
The drug combinations shown are the combinations that can decrease the TdP risk

lower than single-dose drugs’. (A) represents the results of one drug sample from the
combination of bepridil and ondansetron, and (B) is from the combination of bepridil and
chlorpromazine. The bar plots represent the inhibition effects (in %) on seven ion channels,
whereas the corresponding qNet,,, values are represented by the line plot (secondary left
vertical axis). Please note that the drug sample on every panel is not necessarily the same.

Supplementary Figure 7

The averaged blocking effects over radius 1-4 of some 2-drug FDC pairs of high- and
low-risk drugs on seven ion channels (CaL, K1, Kr, Na, NaL, and to) as varying &. The drug
combinations shown are the combinations that can decrease the TdP risk lower than single-
dose drugs. Each panels represent results of one drug sample from combinations of (A)
bepridil-verapamil, (B) bepridil-ranolazine, (C) bepridil-mexiletine, (D) bepridil-diltiazem,
and (E) sotalol-mexiletine, respectively. Please note that the description of the bar and line
plots in the figure is the same as in Supplementary Fig. 6.

Supplementary Figure 8

The averaged blocking effects over radius 1-4 of some 2-drug FDC pairs of intermediate- and
low-risk drugs on seven ion channels (CaL, K1, Kr, Na, NaL, and to) as varying 4. The drug
combinations shown are the combinations that can decrease the TdP risk lower than single-
dose drugs. Each panels represent results of one drug sample from combinations of (A)
chlorpromazine-verapamil, (B) chlorpromazine-ranolazine, (C) chlorpromazine-mexiletine,
(D) chlorpromazine-diltiazem, (E) cisapride-mexiletine, (F) ondansetron-verapamil, (G)
ondansetron-mexiletine, and (H) terfenadine-mexiletine, respectively. Please note that the
description of the bar and line plots in the figure is the same as in Supplementary Fig. 6.

Supplementary Figure 9

The averaged blocking effects over radius 1-4 of some of 2-drug FDC pairs of both low-risk
drugs on seven ion channels (CaL, K1, Kr, Na, NaL, and to) as varying 4. The drug combinations
shown are the combinations that can decrease the TdP risk lower than single-dose drugs. Each
panels represent results of one drug samples from combinations of (A) mexiletine-diltiazem,
(B) ranolazine-mexiletine, (C) ranolazine-diltiazem, (D) verapamil-ranolazine, (E) verapamil-
mexiletine, and (F) verapamil-diltiazem, respectively Please note that the description of the
bar and line plots in the figure is the same as in Supplementary Fig. 6.
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