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Abstract

The current study is an example of drug—disease interaction modeling where a drug induces a condition which can affect
the pharmacodynamics of other concomitantly taken drugs. The electrophysiological effects of hypokaliemia and heart rate
changes induced by the antiasthmatic drugs were simulated with the use of the cardiac safety simulator. Biophysically
detailed model of the human cardiac physiology—ten Tusscher ventricular cardiomyocyte cell model—was employed to
generate pseudo-ECG signals and QTc intervals for 44 patients from four clinical studies. Simulated and observed mean
QTc values with standard deviation (SD) for each reported study point were compared and differences were analyzed with
Student’s ¢ test (o« = 0.05). The simulated results reflected the QTc interval changes measured in patients, as well as their
clinically observed interindividual variability. The QTc interval changes were highly correlated with the change in plasma
potassium both in clinical studies and in the simulations (Pearson’s correlation coefficient > 0.55). The results suggest that
the modeling and simulation approach could provide valuable quantitative insight into the cardiological effect of the
potassium and heart rate changes caused by electrophysiologically inactive, non-cardiological drugs. This allows to
simulate and predict the joint effect of several risk factors for QT prolongation, e.g., drug-dependent QT prolongation due
to the ion channels inhibition and the current patient physiological conditions.
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Introduction

The aging of societies [1, 2] and a consequent increase in
burden of morbidity inevitably leads to the higher
medicines consumption as the patients require multiple
drugs regimens [3, 4]. Drug combinations are used not only
to treat single or coexisting diseases, but also to elicit drug—
drug interactions (DDI) which will maximize the effec-
tiveness of therapy, or prevent side effects and improve the
safety of pharmacotherapy [5]. However, when unintended,
they may result in treatment failure or risk of harmful
adverse effects [6-9]. Indeed, multidrug regimens and
DDIs are significant causes of adverse effects and drug-
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related morbidity and mortality. Given the potential soci-
etal, individual and economical consequences of DDIs, the
topic of DDI has been receiving a lot of attention from
regulatory, industry and academia and much effort has
been devoted to identifying, predicting and preventing of
DDIs [10, 11]. The less investigated, but potentially
equally significant, issue is a problem and consequences of
interactions between drug and disease (DDisl) [12]. A
drug-disease interaction occurs when an existing medical
condition makes certain drugs harmful, or a drug exacer-
bates pre-existing conditions, or a drug induces a condition
or change in physiology which affects pharmacokinetics
(PK) or pharmacodynamics (PD) of its own, or another
concomitantly taken drug. In many conditions, the PK and/
or PD interactions with a disease impose restrictions in use
of a certain medicine. Examples include, among many
others: (1) liver diseases with their complex effects on drug
clearance, biotransformation, and pharmacokinetics (e.g.,
elevated plasma drug concentrations and related toxicity)
or pharmacodynamics [13]; (2) renal insufficiency and
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toxic drug concentrations resulting from impaired renal
elimination, changes in absorption, distribution, protein
binding, or non-renal clearance [14]; (3) altered absorption
and pharmacokinetics in coeliac disease [15, 16]; (4)
altered pharmacodynamics and reduced drug metabolism
in diseases with inflammation process (e.g., rheumatoid
arthritis, Crohn’s disease) due to the inhibitory action of
some cytokines [17-19]; (5) pharmacodynamic interaction
of beta-blockers and asthma or COPD, corticosteroids and
diabetes, tricyclic antidepressants and arrhythmias, or
nonaspirin NSAIDs and hypertension [20].

Drug—disease interactions are also important in cardio-
vascular problems, which are our primary research area. As
mentioned before, inflammatory conditions play a role in
the pathogenesis of cardiovascular diseases and their
complications, which may alter the response to cardiac
pharmacotherapy [19]. Some drugs and conditions may
also favor the occurrence of cardiac side effects of phar-
macotherapy, such as QT prolongation and TdP risk, via
disturbances of electrolyte balance or heart rate changes.
Bradycardia, an important factor increasing the risk of QT
prolongation, was reported to be associated with anorexia
and eating disorders [21], hypothyroidism, Hashimoto
disease [22, 23], or autoimmune rheumatic diseases [24].

Pharmacodynamics of proarrhythmic drugs may also be
substantially influenced by disruptions of ion homeostasis.
The electrolyte imbalance may occur due to the various
reasons including complication of certain illnesses, or
medications intake [29-35].

Hypocalcaemia, hypomagnesemia, and especially
hypokalemia lead to prolongation of cardiac repolarization
[25-28], and carry additional risk for arrhythmias, espe-
cially in patients with inherent risk for rhythm disorder and
those using drugs with QT-prolonging potential. Plasma
ion imbalance should, therefore, be accounted for during
simulation of drug effects on the ECG. The current study
aimed at using the mechanistic modeling and simulation to
assess the drug dependent physiology modification (i.e.,
potassium concentration changes), and its influence on QT
interval.

The assessment of the QT prolongation risk of a drug
candidate which does not have ion channel inhibition
potency may not be straightforward. Testing all hypotheses
in clinical and/or animal studies may be unfeasible.
Therefore, modeling and simulation methods can comple-
ment experimental studies reducing the number of per-
formed experiments. The concept of virtual twin known
from the PBPK modeling has been recently utilized for the
cardiac safety assessment [36]. In brief, the individual
patient characteristics was linked to his or her virtual twin
within a PBPK modeling framework to provide safe and
effective individualized dosage as a component of truly
personalized drug therapy at the point of care [37].
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Materials and methods
Clinical data from the literature

A literature search was performed to identify potential
sources of clinical data for the simulation study. The
PubMed, Medline, and Google Scholar databases were
screened for papers reporting QT interval changes in line
with plasma potassium concentrations. The “QT”, “QTc”,
“plasma potassium”, “depletion”, “drug” and their com-
binations were used as keywords. Four studies met the
inclusion criteria, namely information about the drug
concentration-dependent plasma potassium level, drug
concentration-dependent heart rate level, and QT/QTc
[38—41]. All the reports, where QTc length, potassium
plasma concentration and heart rate at different time points
of a clinical study with variability (SD—standard deviation
or CV—cofficient of variation) were reported, were used
for the simulation study.

Biophysically detailed models of the human
cardiac physiology—CSS

The ten Tusscher ventricular cardiomyocyte cell model
[42] was used to form a one-dimensional (1D) string
mimicking the cross-section of the ventricular wall. The
above mentioned model has been implemented in the
Cardiac Safety Simulator (CSS) version 2.1 (Simcyp,
Sheffield, UK, a Certara company), together with the
database of human physiological, genotypic, and demo-
graphical data [43]. Therefore CSS platform allows gen-
eration of a realistic virtual population for the cardiac
physiology during simulations, including accounting for
circadian variability in heart rate, plasma concentration of
electrolytes Na™, K™ and Ca?" using covariate models
derived from actual clinical data [44, 45]. Epidemiological
models which take into account the effect of gender and
age on ventricular heart wall thickness, cardiomyocyte
volume/capacitance and sarcoplasmic reticulum are also
built into the CSS platform [46]. The 1D string of cells
(ventricular wall thickness) paced at the endocardial side
used the 50:30:20 distribution of the endo, mid-, and epi-
cardium cells respectively, with an average diffusion
coefficient of 0.0016 cm?*/ms. The forward Euler method
was used to integrate the model equations with a space step
and a time step of 0.01 mm and 0.01 ms respectively. Total
simulation time was set to 10,000 ms, and during simula-
tion, multiple beats were added at the beginning to reach a
steady state and then withdrawn from the final analysis to
assure stability and to avoid computation bias.
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Physiological parameters modification

A heart-rate-corrected QT interval length was measured
from reconstructed pseudo-ECG signals generated with the
use of the CSS. The QT correction method employed was
the same as in the relevant clinical trial, i.e., Bazett’s
correction [47] in Clifton [40], Lecailon [39], and Tveskov
[41] studies and Karjalainen correction [48] in Kuusela
[38] study. The simulation scenario followed study
methodology in the identified clinical trials regarding study
population (number of participants, age, and gender) and
data acquisition time. The data was extracted from the
papers and used further to construct input files for the
cardiac model. Each time point (or study phase) was sim-
ulated separately to account for the observed variability of
potassium concentration and HR (converted to RR). The
mean value and parameter variation expressed as CV were
introduced into the model and constituted the basis for
random sampling of values for individuals in the virtual
study population. If the mean drug concentration was
reported, the individual drug concentrations were randomly
generated upon the mean and SD values for each time
point, and drug dependent inhibition of ion channels was
established using IC50 and Hill coefficient values. Neither
for formoterol nor for the terbutaline in vitro data on their
inhibitory potential against hERG ion channel was avail-
able. Thus IC50 values were predicted with the use of CSS
built-in QSAR model [49]. Hill coefficient was assumed to
be 1. Clifton and colleagues [40] did not report the terbu-
taline concentrations thus its influence on QT interval via
ion channels inhibition was assumed negligible.

Results

There were four papers found to be eligible for the simu-
lation study [38—41] (Table 1).

The mean potassium level and QT interval change
profiles, and HR changes profiles if feasible, were digitized
from the graphs presented in the clinical trials reports.
Individual parameter values were then assigned randomly
in the CSS for each reported study point. The report by
Tveskov [41] provides baseline and maximal HR values
only. Thus HR values for other time points were estimated
based on linear interpolation between minimal and

maximal HR time points. The results of HR and potassium
concentration sampling are shown in Fig. 1. The results
prove the correctness of the random sampling process.

The pseudo-ECG signals generated based on individu-
ally assigned potassium level and HR values were ana-
lyzed, and individual QTc interval length was calculated
for each study participant as well as the study mean with
standard deviation. The same QT interval correction
method as in the reported clinical studies was applied for
virtual trials. The mean values of simulated QTc intervals
for occasions reported in study reports included placebo,
different drug concentrations, or both, depending on the
study. All virtual trial results are summarized in Fig. 2. The
simulated QTc values were compared with the observed
ones (Fig. 2 left panel), and differences were analyzed with
Student’s ¢ test with a 0.05 significance level.

The correlation of potassium level and QTc interval
length is shown in Fig. 2 panel B. Table 2 presents Pear-
son’s correlation coefficients for QTc duration and potas-
sium concentration.

Discussion

Potassium homeostasis is essential for the normal func-
tioning of cardiac cells. Its derangement, both to hypo- and
hyperkalemia, can lead to the cardiac rhythm abnormali-
ties. Potassium level below the normal range has been
identified as the risk factor for QT prolongation, a condi-
tion that may evoke Torsade de pointes and cause sudden
cardiac death [27, 50]. Hypokalemia usually occurs as a
complication of certain illnesses or medications (examples
were given in the introductory section). Hypokalemia
prevalence in the healthy general population is estimated at
less than 1% but increases with age to 2-3% and with
morbidity. Of patients with cardiovascular disease, 7-17%
suffer from hypokalemia. Moreover, hypokalemia is pre-
sent in up to 20% of psychiatric or hospitalized patients,
and up to 40% of patients on diuretics [50-54].

This study aimed to assess the drug dependent potas-
sium concentration changes and their consequences on QT
interval. Plasma potassium concentration is an element of
the whole body homeostasis. Its variation, including diur-
nal rhythmicity, influences and is combined with other ions
level in plasma and other body fluids. At the same time

Table 1 Characteristics of the

simulated studies Tveskov [41]

Kuusela [38] Clifton [40] Lecaillon [39]

Drug Terbutaline i.v. Terbutaline i.v. Terbutaline i.v. Formoterol inhalation
Participants Healthy volunteers Healthy volunteers  Asthmatic patients Healthy volunteers
No M/F 10/0 6/0 8/0 8/4

Mean age (SD) 24.1 (~ 2.75) 24 (0) 24.8 (3.7) 29 (6)
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Fig. 2 Observed and predicted
QTc changes versus time or
study phase (panel A) and
potassium concentration (panel
B). Y axis corrected QT interval
[ms], circles observed data,
triangles predicted data, P
placebo session, T terbutaline
infusion session
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Table 2 Pearson’s correlation coefficients for QTc interval length and K + level

Tveskov [41] Kuusela [38]

Clifton [40] single dose

Clifton [40] sequential doses Lecaillon [39]

- 0.89
- 0.72

- 0.89
- 097

Simulated study
Clinical observation

- 0.71
—0.68

- 091
- 0.79

- 0.55
— 0.67

potassium is an inevitable element of cell metabolic
activity as presented in multiple sources [55-57]. Based on
that it can be expected that the drug triggered plasma
potassium level disruption will modify the cell homeostasis
at various levels. In our study only electrical phenomena
were accounted for and the approach has to be considered
as the simplified version of reality.

Four clinical studies have been identified eligible for the
study simulated. They considered bronchodilating agents,
namely P2-adrenergic agonists, known to affect cardiac
ventricular repolarization and increase the risk of ventric-
ular arrhythmias by lowering plasma potassium concen-
tration and affecting the beta-adrenergic system. The
QSAR predicted IC50 values for compounds in question
were 0.49 and 53.35 puM for formoterol and terbutaline,
respectively. As plasma drug concentrations achieved
during studies were at least two orders of magnitude lower
than their IC50 values, no hERG channel-mediated influ-
ence on QT was expected. There was no current inhibition
predicted by the model, accordingly. Therefore observed
QT changes were linked solely with drug-induced potas-
sium concentration alterations.

For all studies sampled and used for the simulations,
values of HR and potassium concentrations closely
reflected those which were measured in the reported studies
(Fig. 1). The simulated results reflect the QTc interval
changes measured in patients and their interindividual
variability. Simulated QTc values were compared with
those measured in the clinical studies usingStudent’s t-test.
For four occasions (7.4%) in all the studies, the difference
between predicted and observed QTc values was statisti-
cally significant (marked with the asterisk in the Fig. 2
panel A).

The change in QTc interval was highly correlated with
the change in plasma potassium both in clinical studies and
in the simulations (correlation coefficient, r > 0.60, with
the exception of simulation of Lecaillon study with r =
0.55). This evidences that the model is able to properly
replicate the anticipated mechanism of electrocardiograph
abnormalities, i.e., effects of the decline in plasma potas-
sium. As our model does not account for metabolic changes
nor gene expression elicit by potassium level changes, the
reasonably good prediction of the clinical endpoints of
interest indirectly prove the negligible role of those
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components in the observed effect. In most cases, the mean
QTc values and QTc changes resulting from lowering
plasma potassium level were below thresholds of particular
concern, i.e., QTc duration of < 500 ms and change < 30
or 60 ms [58, 59]. However, considering important
interindividual variation of QTc values, it is possible that
there are individuals with QTc prolongation above the
safety limit within the group with acceptable mean QT
value. Moreover, even moderate effects of hypokalemia
when accompanied by other risk factors independently
affecting the QT interval and the heart rate, especially the
administration of strong hERG inhibitor or polytherapy
with several QT-prolonging drugs, may put a patient at
substantial cardiac risk.

Conclusions

The current study is an example of drug-disease interaction
modeling where a drug induces a condition which can
affect the pharmacodynamics of another concomitantly
taken drugs. The results suggest that the modeling and
simulation approach could provide valuable quantitative
insight into the cardiological effect of the potassium and
heart rate changes caused by electrophysiologically inac-
tive, non-cardiological drugs. It can be assumed that
changes resulting from other reasons, like a disease, dietary
habits or gastrointestinal fluid loss would be simulated
successfully. This allows to simulate and predict the joint
effect of several risk factors for QT prolongation, e.g.,
drug-dependent QT prolongation due to the ion channels
inhibition and the current patient physiological conditions.
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