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Abstract Cardiac safety is an issue causing early termina-
tions at various stages of drug development. Efforts are put
into the elimination of false negatives as well as false positives
resulting from the current testing paradigm. In silico ap-
proaches offer mathematical system and data description from
the ion current, through cardiomyocytes level, up to incorpo-
ration of inter-individual variability at the population level.
The article aims to review three main modelling and simula-
tion approaches, i.e. Btop-down^ which refers to models built
on the observed data, Bbottom-up^, which stands for a mech-
anistic description of human physiology, and Bmiddle-out^
which combines both strategies. Modelling and simulation is
a well-established tool in the assessment of drug
proarrhythmic potency with an impact on research and devel-
opment as well as on regulatory decisions, and it is certainly
here to stay. What is more, the shift to systems biology and
physiology-based models makes the cardiac effect more
predictable.

Keywords Drug safety . Proarrhythmic effect .Modelling .

Simulation

Introduction

Model-based drug development paradigm is a relatively new
concept introduced to increase the pharmaceutical research
and development productivity. Its main aim is to shift com-
pound attrition from late clinical development to earlier
stages, by providing more robust, data-based and clear criteria
for the go/no-go decisions [1]. Therefore, reduction in cost
and increase in effectiveness are expected. The effects of such
activities were reported in the recent literature and have their
reflection in the drug labels [2, 3]. It proves that projection
presented in the 2007 PricewaterhouseCoopers report on vir-
tual research and development (R&D) becomes reality [4].
There are multiple examples of the practical impact of the
modelling and simulation approach on the new drugs fate
through the clinical phase up to the regulatory decisions.
The latter, namely, the regulatory level, include e.g. approval
of initial human drug dosing, clinical study protocol design,
pediatric drug development, DDI study waiver requests, but
also a public warning for safety issues (e.g. black box label
warnings), and product withdrawal from the market.

Until recently, the main reason for the black box warnings
and drug withdrawals was proarrhythmic effect yet after the
ICH guidelines implementation number of cases decreased
[5••]. Importantly, cardiotoxicity is also a source of the prob-
lems and early terminations at various stages of the develop-
ment [6]. It all suggests that proper analysis of the cardiac risk
is important and challenging at the same time. Currently, the
pre-clinical assessment is based on the hERG channel inhibi-
tion measurement done in the in vitro settings with the use of
cell lines enriched with the heterologous genes encoding hu-
man cardiac ion channels’ proteins. Such approach helped to
decrease the number of false negatives and withdraw poten-
tially dangerous compounds, but at the same time, it increased
the number of false positives (or potential false positives)

This article is part of the Topical Collection on Pharmacometrics

* Barbara Wiśniowska
bbielska@cm-uj.krakow.pl

1 Unit of Pharmacoepidemiology and Pharmacoeconomics,
Department of Social Pharmacy, Faculty of Pharmacy, Jagiellonian
University Medical College, Medyczna 9 Str.,
30-688 Cracow, Poland

2 Simcyp Ltd. (part of Certara), Blades Enterprise Centre, S2
4SU Sheffield, UK

Curr Pharmacol Rep (2016) 2:171–177
DOI 10.1007/s40495-016-0060-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s40495-016-0060-3&domain=pdf


which eventually narrowed already reduced pipeline with the
drugs being under development due to the safety concerns.
Therefore, deeper insight into the link between the drug plus
human biology triggered ECG changes, and arrhythmia risk
becomes crucial for all players on the market: patients, the
pharmaceutical industry, and regulators [7•].

One of the elements of these efforts is to develop a
Comprehensive In vitro Proarrhythmia Assay (CIPA). It aims
at modifying and modernizing current nonclinical cardiac
safety screening paradigm [8, 9]. Alternative screening
models and methods under consideration for the CIPA initia-
tive include stem cells utilization in which hERG (Kv11.1; IKr
current) as well as other cardiac ion channels such as the fast
sodium (Nav1.5; INa current) channel, persistent sodium
channel (INasus), calcium (Cav1.2; ICa current) channel as
well as potassium channels such as the inward rectifier
(Kir2.1-2.4; IK1 current), and slow delayed rectifying
(Kv7.1; IKs current) channel can be assessed in totality. The
current approach is very much BhERG-centric^ while the new
one brings more information; therefore, a new system for its
analysis and decision making becomes necessary. In silico
methods offer such possibility, and the range of models is
wide starting from screening methods (QSAR-based models),
up to the utilization of the biophysically detailed cardiac
myocyte models. The latter, namely, mathematical models of
human cardiac cells, vary with regard to the level of complex-
ity of the mathematical description of the physiology at the ion
channel (Hodgkin-Huxley or Markovian notation) and cell
level (single cell up to the three-dimensional heart structure).
Such methods offer the possibility to incorporate variability of
either stochastic or deterministic nature and further allow for
the drug cardiac safety analysis at the population level and
quantitative assessment of the combination of drug and
nondrug-related parameters. In combination with the PBPK
models used for the exposure prediction, full in vitro-in vivo
extrapolation (bottom-up approach) will be possible to be
implemented.

Three main modelling and simulation approaches available
to be utilized include [10] (i) top-down—models built pre-
dominantly on the observed clinical data, mainly empirical
with the scope of utilization narrowed down to the range of
the input data, (ii) bottom-up—models based on knowledge
about the human body, therefore, as mechanistic as possible,
utilizing in vitro information as the input data, and (iii) mid-
dle-out—approach combining bottom-up (model) and top-
down (data) and allowing for the available in vivo information
utilization to determine unknown or uncertain parameters of
the model. There are two necessary elements of the successful
utilization of the modelling and simulation concept: informa-
tion and algorithm. The first one, namely, information in-
cludes knowledge about as well as understanding of the bio-
logical processes and observations describing crucial elements
of those processes. Algorithm means mathematical procedure

used for the model parameters optimization. In general, it is
the objective function which extrema are searched for to find
the values optimal, in the sense of assumed criteria, for deci-
sion variables. The appropriate numerical algorithms allow
reaching the final solution.

In the current short review, we briefly describe the area of
the cardiac safety assessment and contemporary as well as
potential future utilization of the modelling and simulation
approach. The scope of the article is restricted to the late dis-
covery, development as well as post approval stages. We in-
tentionally omit most of the discovery stage; therefore, models
from the cheminformatics domain which are widely used and
very useful do not fit to the above-defined scope and will not
be described.

BTop-Down^ PK/PD Modelling and Simulation (M
and S)

Top-down modelling approaches aim to get to the system
characteristics beginning with observed data. Regarding car-
diac safety, ICH E-14 guidance provides recommendations to
evaluate drug effect on cardiac repolarization and identify
those which do not interrupt cardiac electrophysiology [11].
Following the guidelines on conducting the thorough QT/QTc
study (TQT) provides ECG data that should be analyzed and
interpreted properly. TQT study is a single trial carried out in
healthy volunteers with the goal of identification of the drugs
with a threshold pharmacologic effect on myocardial repolar-
ization. The evaluated endpoint is QT/QTc prolongation
whose value is of regulatory concern in case of exceeding
5 ms, as judged by whether the upper bound of the 95 %
confidence interval around the mean effect on QTc is larger
than 10 ms. Two statistical designs of TQT trials are recom-
mended i.e. crossover (more efficient) or parallel design de-
pending on experimental conditions [12, 13]. The treatment
arms are drug in question in therapeutic and supratherapeutic
doses, placebo, and active control (usually moxifloxacin).

Analysis of QT/QTc interval data recommended by ICH
E14 included three steps, i.e. analyses of central tendency,
categorical analyses, and drug exposure–response analysis.
However, the differences between measured QT/QTc values
after drug administration and at baseline may be influenced by
factors other than the drug itself. Thus, statistical models come
to rescue to compare time-matched mean values for signifi-
cance. Amongst analyses frequently performed are an analysis
of variance (ANOVA) of high applicability to different types
of study design and an analysis of covariance (ANCOVA) that
combines regression and ANOVA adding to the model the
influence of quantitative predictor variables (covariates), un-
controlled by experimental conditions, on dependent variable
[14]. Classes of models include fixed-effects, random-effects,
and mixed-effects models. Bonate explained the concept of
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fixed, random, and mixed effects in the analysis of pharmaco-
dynamics data [15]. Mixed models for repeated measures data
from TQT studies were investigated by Schall and Ring [16].
As an example, linear mixed-effects model (LMEM) in pri-
mary analysis in a parallel group TQTstudywas used byHoch
et al. [17] and by Hofmann et al. [18] in statistical assessment
of time-matchedmean difference in change from baseline QTc
between selexipag and placebo, and bitopertin and placebo,
respectively. In both cases, the dependent variable was ΔQTc,
random effect: subject, fixed effects: treatment, time, time-by-
treatment interaction. Mixed model ANOVA applied by
Morganroth [19] in crossover TQT study on betrixaban also
included period, sequence, gender, and treatment-gender in-
teraction as fixed terms. Mixed effects ANCOVAwas used to
analyze the time-matched change in QTc in crossover trials on
retosiban [20], lenvatinib [21], umeclidinium and
umeclidinium/vilanterol [22], dabigatran [23], and parallel tri-
als on tafenoquine [24], and parallel group/crossover study on
prucalopride [25]. Revised ANCOVA model besides random
and fixed terms, accounted for baseline QTc as a covariate.

Apart from QT/QTc values, the data on the drug concen-
trations around the time of ECG assessment is gathered to
establish a quantitative relationship between drug exposure
and the triggered response (E-R) i.e. QTc prolongation [11].
The term Bexposure^ can refer to drug concentration itself as
well as to any of its summary metric [26]. Traditional Btop-
down^ PK/PD modelling and simulation that utilizes empiri-
cal or descriptive models is frequently used to conceive the
concentration-response relationship (CRR). CRR is said to
play a significant role in a total evidence-based assessment
of the risk of QT prolongation and influence the later drug
development process and the regulatory decisions [27].
Integrated PK/PDmodels result in the description of the effect
intensity in response to a given dosing regimen in time course;
thus, they may reveal the possibility of indirect drug effects on
cardiac repolarization in the case of divergent results from
those in central tendency analysis. At the heart of PK/PD
modelling stand the assumptions of effect compartment and
the relationship between the biomarker and the effector drug
concentration being either linear, hyperbolic, Emax, or sig-
moidal [28].

According to Stockbridge and colleagues, Emax-type
models seldom describe QT/QTc data for non-arrhythmic
drugs with exemplary exception to sevoflurane and sertindol
[29]. However, simple linear models with assumptions of no
hysteresis effect and no active metabolites frequently sufficed.
Indeed, Graham et al. used a linear mixed effects model to
describe the relationship between vismodegib plasma concen-
tration and QTc prolongation after rejecting other E-R models
(inter alia, Emax) as not more suitable [30]. Although not all
authors tested more complicated structures to support their PD
data, selecting from different linear PD models (with or with-
out intercept) occurred to be enough. It was sufficient for

mipomersen [31], lenvatinib [21], tafenoquine [24],
betrixaban [19], selexipag [17], and asenapine [32]. The case
of asenapine also led to a conclusion that E-R analysis can be
considered more powerful analysis method alternative to an
intersection-union test. Since the inter-union test may result in
high false-positive rate, E-R model would serve to harmonize
the results [33]. Concentration of moxifloxacin (a usual active
control) in relation to induced QT prolongation was explored
by both, linear model [34], and Emax model [35]. Since the
calculated moxifloxacin effect on myocardial repolarization
from E-R analysis was in accordance with that from statistical
analyses [34], concentration-effect modelling can be used to
clarify ambiguous results and confirm assay sensitivity [27,
29].

Since TQT studies are resource intensive, and E-R analysis
evolved to be an important tool in cardiac safety assessment,
the question whether early QT assessment using exposure re-
sponse analysis can replace the TQT study was raised [36].
CRR modelling based upon data from phase 1 study is sug-
gested to be sufficient to identify drug candidates with thresh-
old pharmacology effect [37]. Assuming absence of hysteresis
and a linearity of the concentration-response relationship,
Darpo et al. applied a linear mixed-effects model, and
Emax-model for dofetilide, to examine ΔQTc in time course
in relation to concentrations of five BQT-positive^
(ondansetron, quinidine, hydrodolasetron, moxifloxacin,
dofetilide) and one BQT-negative^ drug (levocetirizine) in
IQ-CSRC prospective study. Study results met the ICH E-14
criteria putting high confidence on the usage of E-R analysis
on ECG and PK data from first-in-human trials and predispos-
ing it to replace the TQT studies [38]. Although TQT studies
are still a gold standard in terms of cardiac safety evaluation,
the revision of ICH E14 is a hot topic today [37].

BTop-down^ modelling is a useful tool also in cardiac tox-
icity in case of drug poisonings. The toxicokinetic profiles of
citalopram [39, 40] and escitalopram [41] were linked to its
myocardial repolarization effect with the use of PK/PD
modelling. Mégarbane et al. [28] discussed utility and limita-
tions of such models in human acute overdoses. According to
the authors, Emax model seems to describe properly PK/PD
relationships in cardiotoxic cases. Because of sparse data de-
rived from studies of different scenarios, a population ap-
proach is an adequate methodology to meet that issue.

Population pharmacokinetics (PopPK)modelling is not on-
ly the valuable tool in toxicology but also throughout the
whole drug development process. PopPK identifies and ex-
amines the sources of variability in individuals’ drug concen-
trations. When applied to analyse the phase I of clinical trials
data, it should provide good estimates of structural model
parameters and establish inter- and intra-individual variability
capturing one of the major sources for variable patient re-
sponse to applied therapy [42]. The PopPKmodels value raise
when there is a link to pharmacodynamic effects described in
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the form of the PD models. With respect to cardiac safety, the
expected range of ΔQTc values may be examined in function
of various dosing regimens, and better understanding of
benefit/risk ratio in specific populations may be provided.
The statistical concept used in population approach include
non-linear hierarchical models enabling to investigate vari-
ability in patient’s response with respect to covariates such
as demographic characteristic as well as taking into account
delays in PD response and time-dependent factors in light of
which the QTc changes should be interpreted. Furthermore,
Bayesian methodologies implemented in PopPK/PD method-
ology allow the use of prior information in parameter estima-
tion. France and Pasqua provided current and solid review on
the PopPK/PD modelling and simulation paradigm in the as-
sessment of QTc interval prolongation suggesting the ap-
proach to be a tool for data integration and decision making
rather than the methodology of data analysis only [43•].

BBottom-Up^ Strategy

In contrast to top-down methods, the systems biology
Bbottom-up^ approach requires in-depth mechanistic knowl-
edge of the system which allows integrating molecular level
information at a cellular, tissue, or whole-body level, most
commonly in a form of mathematical models. Quantitative
and systems pharmacology has been defined by the National
Institutes of Health as an approach to translational medicine
that combines computational and experimental methods to
elucidate, validate, and apply new pharmacological concepts
to the development and use of small molecule and biologic
drugs [1]. Such approach allows for integration and translation
of the drug-specific in vitro data to the in vivo human situa-
tion. This covers information gathered at the early stages of
drug development including safety assessment. In the case of
cardiac safety assessments, pure bottom-up modelling and
simulation involve reconstruction of processes that define ex-
posure i.e. plasma (or heart tissue) concentration-time profile
and its electrophysiological consequences, ideally along with
hemodynamic effects and contractility changes. The latter re-
quires models of various complexities from single cell level
up to the sophisticated 3-dimensional (3D) multiphase
models. Data from a variety of in vitro systems which are
surrogates of the in vivo ADME processes allows drug expo-
sure prediction while in vitro information about drug-ion
channel interactions enable translation of the exposure to body
surface potentials and calculation of electrophysiological end-
points of interest. Separation of drug, system, and trial design
data, inherent in bottom-up approach [44, 45], provides a pos-
sibility to make a prediction of exposure-response correlation
with respect of inter- and intra-individual variability, so it is a
useful tool for assessment of drug effect at the population
level. Multiple successful examples of physiologically based

pharmacokinetic (PBPK) modelling application in drug dis-
covery and development can be found in the literature
[46–48]. Much less has been published on physiologically
based pharmacodynamic (PBPD) modelling of drug effects
specifically for electrophysiological effects in the human heart
as it is reported further in the text. The combination of these
two approaches is even more rarely reported yet opens a new
perspective in the drugs’ safety assessment.

Zemzemi and colleagues presented a study where drug
action was projected from ion channel level to the body sur-
face potentials [49]. Three-dimensional anatomical model of
human body, including the detailed description of the heart
and surrounding tissues, has been developed and joined with
a bidomain (extra- and intracellular) electrical model of ven-
tricles, in which ten Tusscher and Panfilov ventricular action
potential model was used to represent membrane kinetics [50].
Relevant ionic conductance was modified according to single
pore block model to mimic drug-induced potassium and sodi-
um channel block. PK component was not assessed, simply
two concentrations for each drug were tested: (i) equal to IC50
and (ii) twice the IC50 value or 10 times of the IC50 value for
fast sodium and potassium blockers, respectively. The applied
combination of modelling and simulation tools proved to be
successful in recovering action potential, ventricle activation,
and repolarization alterations; thus, according to the authors,
could be used for drug safety assessment based on the predic-
tion of drug effects on QT interval and other ECG-based
markers. However, the predictive performance of the tool
was tested solely for single channel block at a time with no
variability introduced; thus, it requires further investigations
to prove its utility in drug safety testing.

Obiol-Pardo proposed a combination of multiple
modelling and simulation techniques forming system
for the drugs proarrhythmic properties prediction [51].
The combination of the 3D-QSAR model and cellular
(1D) and tissue (2D) levels ventricular electrophysio-
logical models allowed for extrapolation from the level
of chemical structure up to the clinical endpoint (QT
prolongation). Multiple concentrations for four includ-
ed compounds were tested. Results were presented as
maps showing a correlation between QT prolongation
and in silico predicted potassium ionic channels inhi-
bition. Okada and colleagues proposed a similar ap-
proach based on the complex 3D finite element method
(FEM), based human heart model and assessed the ef-
fect of 12 benchmark drugs on simulated ECG signal
[52]. In vitro characterization of these substances in-
cluded assessment of inhibitory effects on the six main
cardiac ion currents/channels. Multiple active concen-
trations were tested and they represented values equal
to 0 (control), 1, 3, 5, 10, 30, 50, 100, 300, 500, and
1000 times of free effective therapeutic plasma concen-
tration. The simulated, drug-specific ECG signals were
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analyzed to obtain the concentration threshold values
for which arrhythmia occurred. They were further com-
pared against the TdP risk categories proposed by
Redfern [53]. Authors claim that they were able to
successfully identify the drug category in most cases
and avoid false positives. The abovementioned ap-
proaches did not offer parallel pharmacokinetics pre-
diction. The inter-individual variability was not ana-
lyzed either. There are only a few examples where
both components of drug interaction, namely, PK and
PD, were modelled and simulated in parallel in order
to provide an evaluation of drug cardiac effect. The
first report, where a concept of combined PBPK/PD model-
ling and simulation to predict bedside cardiac effects of drugs
was coined, describes PK and PD mechanistic models operat-
ing exclusively on in vitro data used to predict QTc prolonga-
tion [54]. Quinidine was chosen as a model drug due to its
known cardiac effect and relatively rich in vitro and in vivo
data available in the literature. The population-based Simcyp
Simulator was used to simulate the individual free plasma
concentrations of quinidine and its main metabolite 3-
hydroxyquinidine. They were further utilized together with
the literature derived IC50 values for multiple ionic channels
as the inputs for the ten Tusscher et al. model describing hu-
man cardiac ventricular cell electrophysiology. Single cells
were virtually connected to the one-dimensional heteroge-
neous string to mimic the human left heart wall, and crucial
physiological parameters were randomly assigned for virtual
individuals to mimic real life variability. The simulated end-
points (concentration vs time for the PK and QTc or ΔQTc
changes vs time for the PD part) were further compared
against their clinical counterparts, and the obtained results
showed a high level of consistency. As evidenced by the study
by Mishra et al., where electrophysiological consequences of
concomitant administration of drug with its metabolic inhibi-
tor were simulated, combining QSAR methods, PBPK and
PBPD modelling, and systems biology can be used to do the
cardiac safety assessment [55]. By taking into account not
only average maximal effective concentrations of a drug but
also those resulting from an overdose, drug–drug interaction
or active metabolites such analysis becomes more robust.

Systems pharmacology or Bmiddle-out^ approach sits at
the interface between the other two discussed categories.
These combine aspects of both PK/PD and systems biology,
and incorporate physiological processes and mechanism of
action at targets [56] and, therefore, allow for effective use
of all available data. Examples of its practical utilization in-
clude recent publications, where information about drug plas-
ma concentration gathered from clinical trials was combined
with biophysically detailed models of cardiac cells electro-
physiology. Ultimate aim was to simulate QT prolongation
for various antipsychotic drugs [57, 58]. Mirams and col-
leagues used a similar approach with the aim to predict TQT

trials results yet their simulation strategy involved single cell
models [59]. Therefore, the study endpoint was defined as the
action potential duration modification.

Conclusion

Application of modelling and simulation in the proarrhythmic
potency assessment area has been a standard procedure for a
long time. It includes research and development as well as
regulatory decision levels. Review of the clinical study with
ECG-derived endpoints by default includes an assessment of
the concentration-effect relationship analysis. For drugs that
affect QT, the approval decisions are based to a large extent on
dose- and concentration-QT relationships [60]. The model-
based testing approach is likely to change the paradigm in
how to assess cardiac safety. Thorough analysis and interpre-
tation of the multidimensional in vitro data to characterize
inhibition of various ionic channels require appropriate tools
and biophysically detailed models of human cardiac electro-
physiology allow quantitative extrapolation of the cardiac ef-
fect, which can assist the design of clinical safety assessment
studies in combination with PBPK and PBPD modelling.

Compliance with Ethical Standards

Conflict of Interest Sebastian Polak is an employee of Simcyp Ltd.
(part of Certara).

Human and Animal Rights and Informed Consent This article does
not contain any studies with human animal subjects performed by any of
the authors.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Papers of particular interest, published recently, have been
highlighted as:
• Of importance
•• Of major importance

1. Sorger PK, Allerheiligen SRB, Abernethy DR, Altman RB,
Brouwer KLR, Califano A, et al. Quantitative and systems phar-
macology in the post-genomic era: new approaches to discovering
drugs and understanding therapeutic mechanisms. An NIH white
Pap. by QSP Work. Gr. NIH Bethesda; 2011. p. 1–48.

2. Huang S-M, Abernethy DR,Wang Y, Zhao P, Zineh I. The utility of
modeling and simulation in drug development and regulatory re-
view. J Pharm Sci. 2013;102:2912–23.

Curr Pharmacol Rep (2016) 2:171–177 175



3. Lee JY, Garnett CE, Gobburu JVS, Bhattaram VA, Brar S, Earp JC,
et al. Impact of pharmacometric analyses on new drug approval and
labelling decisions: a review of 198 submissions between 2000 and
2008. Clin Pharmacokinet. 2011;50:627–35.

4. . Jefferys D, Gennery BA, Manos S, Baxter G, Page C, Horton J.
Virtual R&DWhich path will you take ? Pharma 2020. 2007;1–22.

5.•• Stockbridge N, Morganroth J, Shah RR, Garnett C. Dealing with
global safety issues : was the response to QT-liability of non-cardiac
drugs well coordinated? Drug Saf. Division of Cardiovascular and
Renal Products, Center for Drug Evaluation and Research, US
FDA, Silver Spring, MD, USA.; 2013;36:167–82. Seeding publi-
cation for the currently discussed drug cardiac safety paradigm
shift.

6. Laverty H, Benson C, Cartwright E, Cross M, Garland C,
Hammond T, et al. How can we improve our understanding of
cardiovascular safety liabilities to develop safer medicines? Br J
Pharmacol. 2011;163:675–93.

7.• Sager PT, Gintant G, Turner JR, Pettit S, Stockbridge N.
Rechanneling the cardiac proarrhythmia safety paradigm: a meet-
ing report from the cardiac safety research consortium. AmHeart J.
2014;167:292–300. Report from the Cardiac Safety Research
Consortium meeting provides a summary of a scientific pro-
posal which intends on defining a new paradigm in the field of
cardiac safety assessment.

8. Cavero I, Holzgrefe H. Comprehensive in vitro proarrhythmia as-
say, a novel in vitro/in silico paradigm to detect ventricular
proarrhythmic liability: a visionary 21st century initiative. Expert
Opin Drug Saf. 2014;13:745–58.

9. Fermini B, Hancox JC, Abi-Gerges N, Bridgland-Taylor M,
Chaudhary KW, Colatsky T, et al. A new perspective in the field
of cardiac safety testing through the comprehensive in vitro
proarrhythmia assay paradigm. J Biomol Screen. 2016;11(1):1–11.

10. Tsamandouras N, Rostami-Hodjegan A, Aarons L. Combining the
Bbottom up^ and Btop down^ approaches in pharmacokinetic
modelling: fitting PBPK models to observed clinical data. Br J
Clin Pharmacol. 2015;79:48–55.

11. ICH. ICH E14 - CTs - Clinical Evaluation of QT/QTc Interval
Prolongation and Proarrhythmic Potential for Non-Antiarrhythmic
Drugs. Guideline 2005;18.

12. Zhang J, Machado SG. Statistical issues including design and sam-
ple size calculation in thorough QT/QTc studies. J Biopharm Stat.
2008;18:451–67.

13. Darpo B. The thorough QT/QTc study 4 years after the implemen-
tation of the ICH E14 guidance. Br J Pharmacol. 2010;159:49–57.

14. Rutherford A. Introducing Anova and Ancova: a GLM approach.
SAGE Publications; 2001.

15. Bonate PL. Pharmacokinetic-pharmacodynamic modeling and sim-
ulation. Boston, MA: Springer US; 2011.

16. Schall R, RingA.Mixedmodels for data from thorough QTstudies:
part 1. Assessment of marginal QT prolongation. Pharm Stat.
2011;10:265–76.

17. Hoch M, Darpo B, Remenova T, Stoltz R, Zhou M, Kaufmann P, et
al. A thorough QT study in the context of an uptitration regimen
with selexipag, a selective oral prostacyclin receptor agonist. Drug
Des Devel Ther Dove Press. 2015;9:175–85.

18. Hofmann C, Banken L, Hahn M, Swearingen D, Nagel S, Martin-
Facklam M. Evaluation of the effects of bitopertin (RG1678) on
cardiac repolarization: a thorough corrected QT study in healthy
male volunteers. Clin Ther Elsevier Inc. 2012;34:2061–71.

19. Morganroth J, Gretler DD, Hollenbach SJ, Lambing JL. Absence of
QTc prolongation with betrixaban : a randomized, positive-
controlled thorough ECG study. 2013;1–9.

20. Stier B, Fossler M, Liu F, Caltabiano S. Effect of retosiban on
cardiac repolarization in a randomized, placebo- and positive-con-
trolled, crossover thorough QT/QTc study in healthy Men and
women. Clin Ther Elsevier. 2015;37:1541–54.

21. Shumaker RC, Zhou M, Ren M, Fan J, Martinez G, Aluri J, et al.
Effect of lenvatinib (E7080) on the QTc interval: results from a
thorough QT study in healthy volunteers. Cancer Chemother
Pharmacol. 2014;73:1109–17.

22. Kelleher D, Tombs L, Preece A, Brealey N, Mehta R. A random-
ized, placebo- and moxifloxacin-controlled thorough QT study of
umeclidinium monotherapy and umeclidinium/vilanterol combina-
tion in healthy subjects. Pulm Pharmacol Ther Elsevier Ltd.
2014;29:49–57.

23. Ring A, Rathgen K, Stangier J, Reilly P, Clemens A, Friedman J.
Dabigatran does not prolong the QT interval with supratherapeutic
exposure: a thorough QT study in healthy subjects. Clin Drug
Investig. 2013;33:333–42.

24. Green J a, Patel AK, Patel BR, Hussaini A, Harrell EJ, McDonald
MJ, et al. Tafenoquine at therapeutic concentrations does not pro-
long Fridericia-corrected QT interval in healthy subjects. J Clin
Pharmacol. 2014;54:995–1005.

25. Mendzelevski B, Ausma J, Chanter DO, Robinson P, Kerstens R,
Vandeplassche L, et al. Assessment of the cardiac safety of
prucalopride in healthy volunteers: a randomized, double-blind,
placebo- and positive-controlled thorough QT study. Br J Clin
Pharmacol. 2012;73:203–9.

26. Zhang L, Pfister M, Meibohm B. Concepts and challenges in quan-
titative pharmacology and model-based drug development. AAPS
J. 2008;10:552–9.

27. Shah RR, Morganroth J, Kleiman RB. ICH E14 Q&A(R2) docu-
ment: commentary on the further updated recommendations on
thorough QT studies. Br J Clin Pharmacol. 2015;79:456–64.

28. Mégarbane B, Aslani AA, Deye N, Baud FJ. Pharmacokinetic/
pharmacodynamic modeling of cardiac toxicity in human acute
overdoses : utility and limitations. 2008;569–80.

29. Stockbridge N, Zhang J, Garnett C, Malik M. Practice and chal-
lenges of thorough QT studies. J Electrocardiol Elsevier Inc.
2012;45:582–7.

30. Graham RA, Chang I, Jin JY,Wang B, DufekMB, Ayache JA, et al.
Daily dosing of vismodegib to steady state does not prolong the Qtc
interval in healthy volunteers. 2013;61:83–9.

31. Yu RZ, Gunawan R, Li Z, Mittleman RS, Mahmood A, Grundy JS,
et al. No effect on QT intervals of mipomersen, a 2’-O-
methoxyethyl modified antisense oligonucleotide targeting ApoB-
100 mRNA, in a phase I dose escalation placebo-controlled study,
and confirmed by a thorough QT (tQT) study, in healthy subjects.
Eur J Clin Pharmacol. 2016;72(3):267–75.

32. Chapel S, Hutmacher MM, Haig G, Bockbrader H, de Greef R,
Preskorn SH, et al. Exposure-response analysis in patients with
schizophrenia to assess the effect of asenapine on QTc prolonga-
tion. J Clin Pharmacol. 2009;49:1297–308.

33. Chapel S, HutmacherMM, Bockbrader H, deGreef R, Lalonde RL.
Comparison of QTc data analysis methods recommended by the
ICH E14 guidance and exposure-response analysis: case study of
a thorough QT study of asenapine. Clin Pharmacol Ther Nat Publ
Group. 2011;89:75–80.

34. Florian J a, Tornøe CW, Brundage R, Parekh A, Garnett CE.
Population pharmacokinetic and concentration—QTc models for
moxifloxacin: pooled analysis of 20 thorough QT studies. J Clin
Pharmacol. 2011;51:1152–62.

35. Hong T, Han S, Lee J, Jeon S, Park G-J, Park W-S, et al.
Pharmacokinetic-pharmacodynamic analysis to evaluate the effect
of moxifloxacin on QT interval prolongation in healthy Korean
male subjects. Drug Des Devel Ther Dove Press. 2015;9:1233–45.

36. Darpo B, Sarapa N, Garnett C, Benson C, Dota C, Ferber G, et al.
The IQ-CSRC prospective clinical Phase 1 study: BCan early QT
assessment using exposure response analysis replace the thorough
QT study?^. Ann Noninvasive Electrocardiol. 2014;19:70–81.

37. Darpo B, Garnett C, Benson CT, Keirns J, Leishman D, Malik M,
et al. Cardiac safety research consortium: can the thorough QT/QTc

176 Curr Pharmacol Rep (2016) 2:171–177



study be replaced by early QT assessment in routine clinical phar-
macology studies? Scientific update and a research proposal for a
path forward. Am Heart J Mosby Inc. 2014;168:262–72.

38. Darpo B, Garnett C, Keirns J, Stockbridge N. Implications of the
IQ-CSRC prospective study: time to revise ICH E14. Drug Saf.
2015;38:773–80. Springer International Publishing.

39. Friberg LE, Isbister GK, Duffull SB. Pharmacokinetic-
pharmacodynamic modelling of QT interval prolongation follow-
ing citalopram overdoses. Br J Clin Pharmacol. 2006;61:177–90.

40. Isbister GK, Friberg LE, Duffull SB. Application of
pharmacokinetic-pharmacodynamic modelling in management of
QT abnormalities after citalopram overdose. Intensive Care Med.
2006;32:1060–5.

41. van Gorp F, Duffull S, Hackett LP, Isbister GK. Population phar-
macokinetics and pharmacodynamics of escitalopram in overdose
and the effect of activated charcoal. Br J Clin Pharmacol. 2012;73:
402–10.

42. Williams PJ, Ette EI. The role of population pharmacokinetics in
drug development in light of the Food and Drug Administration’s
BGuidance for Industry: population pharmacokinetics^. Clin
Pharmacokinet. 2000;39:385–95.

43.• France NP, Della Pasqua O. The role of concentration-
effect relationships in the assessment of QTc interval pro-
longat ion. Br J Cl in Pharmacol . 2015;79:117–31.
Comprehensive review of the population pharmacokinet-
ic and pharmacokinetic-pharmacodynamic (PKPD)
modelling application in the area of cardiac safety.

44. Rostami-Hodjegan A, Tucker GT. Simulation and prediction of in
vivo drug metabolism in human populations from in vitro data. Nat
Rev Drug Discov. 2007;6:140–8.

45. Jamei M, Dickinson GL, Rostami-Hodjegan A. A framework for
assessing inter-individual variability in pharmacokinetics using vir-
tual human populations and integrating general knowledge of phys-
ical chemistry, biology, anatomy, physiology and genetics: A tale of
Bbottom-up^ vs Btop-down^ recognit ion.Drug Metab.
Pharmacokinet. 2009;24:53–75.

46. Rose RH, Neuhoff S, Abduljalil K, Chetty M, Rostami-Hodjegan
A, Jamei M. Application of a physiologically based pharmacoki-
netic model to predict OATP1B1-related variability in pharmaco-
dynamics of rosuvastatin. CPT pharmacometrics Syst Pharmacol.
2014;3:e124.

47. Johnson TN, Zhou D, Bui KH. Development of physiologically
based pharmacokinetic model to evaluate the relative systemic ex-
posure to quetiapine after administration of IR and XR formulations
to adults, children and adolescents. Biopharm Drug Dispos.
2014;35:341–52.

48. Patel N, Polak S, Jamei M, Rostami-Hodjegan A, Turner DB.
Quantitative prediction of formulation-specific food effects and
their population variability from in vitro data with the
physiologically-based ADAM model: a case study using the

BCS/BDDCS Class II drug nifedipine. Eur J Pharm Sci. 2014;57:
240–9.

49. Zemzemi N, Bernabeu MO, Saiz J, Cooper J, Pathmanathan P,
Mirams GR, et al. Computational assessment of drug-induced ef-
fects on the electrocardiogram: from ion channel to body surface
potentials. Br J Pharmacol. 2013;168:718–33. Department of
Computer Science, University of Oxford, Oxford, UK.
nejib.zemzemi@inria.fr: The British Pharmacological Society.

50. Ten Tusscher KHWJ, Panfilov AV. Cell model for efficient simula-
tion of wave propagation in human ventricular tissue under normal
and pathological conditions. Phys Med Biol. 2006;51:6141–56.

51. Obiol-Pardo C, Gomis-Tena J, Sanz F, Saiz J, Pastor M. A
multiscale simulation system for the prediction of drug-induced
cardiotoxicity. J Chem Inf Model. 2011;51:483–92. Research
Programme on Biomedical Informatics (GRIB), IMIM,
Universitat Pompeu Fabra, PRBB, Barcelona, Spain.

52. Okada JI, Yoshinaga T, Kurokawa J, Washio T, Furukawa T,
Sawada K, et al. Screening system for drug-induced arrhythmogen-
ic risk combining a patch clamp and heart simulator. Sci Adv.
2015;1(4):e1400142.

53. Redfern WS, Carlsson L, Davis AS, Lynch WG, MacKenzie I,
Palethorpe S, et al. Relationships between preclinical cardiac elec-
trophysiology, clinical QT interval prolongation and torsade de
pointes for a broad range of drugs: evidence for a provisional safety
margin in drug development. Cardiovasc Res. 2003;58:32–45.

54. Polak S. In vitro to human in vivo translation - pharmacokinetics
and pharmacodynamics of quinidine. ALTEX. 2013;30:309–18.

55. Mishra H, Polak S, Jamei M, Rostami-Hodjegan A. Interaction
between Domperidone and ketoconazole: toward prediction of con-
sequent QTc prolongation using purely in vitro information. CPT
Pharmacometrics Syst Pharmacol. 2014;3:e130.

56. Collins T, Bergenholm L, Abdulla T, Yates J, Evans N, Chappell M,
et al. Modeling and simulation approaches for cardiovascular func-
tion and their role in safety assessment. CPT Pharmacometrics Syst
Pharmacol. 2015;4:175–88.

57. GlinkaA, Polak S. The effects of six antipsychotic agents onQTc—
an attempt to mimic clinical trial through simulation including var-
iability in the population. Comput Biol Med. 2014;7:20–6.

58. Glinka A, Polak S. QTc modification after risperidone administra-
tion—insight into themechanism of actionwith use of themodeling
and simulation at the population level approach. Toxicol Mech
Methods. 2015;25(4):279–86.

59. Mirams GR, Davies MR, Brough SJ, Bridgland-Taylor MH, Cui Y,
Gavaghan DJ, et al. Prediction of thorough QT study results using
action potential 3 simulations based on ion channel screens. J
Pharmacol Toxicol Methods. 2014;70(3):246–54.

60. Garnett CE, Beasley N, Bhattaram VA, Jadhav PR, Madabushi R,
StockbridgeN, et al. Concentration-QT relationships play a key role
in the evaluation of proarrhythmic risk during regulatory review. J
Clin Pharmacol. 2008;48:13–8.

Curr Pharmacol Rep (2016) 2:171–177 177


	Top-down, Bottom-up and Middle-out Strategies for Drug Cardiac Safety Assessment via Modeling and Simulations
	Abstract
	Introduction
	&ldquo;Top-Down&rdquor; PK/PD Modelling and Simulation (M and S)
	&ldquo;Bottom-Up&rdquor; Strategy
	Conclusion
	�References
	Papers of particular interest, published recently, have been highlighted as: • Of importance •• Of major importance



