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Drug-induced torsades de pointes (TdP), a rare, life-threatening, polymorphic, ventricular tachycardia associated with prolon-
gation of the QT interval, has been the main safety reason for the withdrawal of medicines from clinical use over the last
decade. Most often, drugs that prolong the action potential and delay ventricular repolarization do so through blockade of
outward (repolarizing) currents, predominantly the rapid delayed rectifying potassium current, l.. While QT interval prolon-
gation is not a safety concern per se, in a small percentage of people, it has been associated with TdP, which either
spontaneously terminates or degenerates into ventricular fibrillation. Furthermore, recent data suggest that shortening of the
QT interval may also be a new safety issue waiting to surface. This review article summarizes the presentations given at a
symposium entitled ‘Reducing QT liability and proarrhythmic risk in drug discovery and development’, which was part of the
Federation of the European Pharmacological Societies congress, Manchester, UK, 13-17 July 2008. The objective of this
symposium was to assess the effects of implementing the latest regulatory guidance documents (International Conference on
Harmonization S7A/B and E14), as well as new scientific and technical trends on the ability of the pharmaceutical industry to
reduce and manage the QT liability and associated potential proarrhythmic risk, and contribute to the discovery and
development of safer medicines. This review outlines the key messages from communications presented at this symposium and
attempts to highlight some of the key challenges that remain to be addressed.
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This article is part of a themed section on QT safety. To view this issue visit http://www3.interscience.wiley.com/journal/
121548564/issueyear?year=2010
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Abbreviations: ECG, electrocardiogram; EPHAR, The Federation of European Pharmacological Societies; hERG, human ether-
a-go-go-related gene; I, rapid delayed rectifying potassium current; ICH, International Conference on
Harmonization; NCE, new chemical entity; PR, the PR interval is the time from the beginning of the P wave
to the beginning of the QRS complex, it corresponds to the time lag from the onset of atrial depolarization
to the onset of ventricular depolarization; QRS, the QRS interval represents the time it takes for depolarization
of the ventricles; QT, the QT interval begins at the onset of the QRS complex and terminates at the end of the
T wave, it represents the time of ventricular depolarization and repolarization; QTc, rate-corrected duration of
the QT interval; SAR, structure—activity relationship; TdP, torsades de pointes

Introduction discontinuation throughout all stages of drug discovery and
development; (ii) serious adverse events and adverse drug
reactions during clinical development and post marketing;
and (iii) postmarketing drug withdrawal. Cardiovascular
adverse effects are diverse and in some instances can be life
threatening. They are not necessarily related to the primary
pharmacological target, the therapeutic class or the chemical

Non-clinical and clinical cardiovascular toxicities remain,
alongside hepatic toxicities, the main safety reason for (i) drug
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class, although most of them are dose related and, therefore,
predictable from primary, secondary or safety pharmacology
screens. Cardiovascular toxicities affect any of the compo-
nents of the cardiovascular system, namely, the heart, blood
vessels and blood components, and can result from func-
tional and/or structural modifications.
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Analysis of the Adverse Events Reporting System (AERS) records for QT, QRS and PR adverse events. The AERS contains records of

potential drug-induced adverse events. Data in AERS is submitted on a voluntary basis directly from health-care professionals, customers and
manufacturers (who are required to report such events). Individually, AERS records are of limited value, as they cannot be used to ascribe
causality between an adverse event and a particular medication. However, AERS records en masse can be used for signal detection and to
identify new adverse events as they emerge for new therapies, post-marketing. AERS records were analysed from November 1997 to the end
of September 2008. The total number of records for relating compounds to QT, QRS and PR adverse events were identified. Propulsid is also
known as cisapride. PR, the PR interval is the time from the beginning of the P wave to the beginning of the QRS complex, it corresponds to
the time lag from the onset of atrial depolarization to the onset of ventricular depolarization. QRS, the QRS interval represents the time it takes
for depolarisation of the ventricles. QT, the QT interval begins at the onset of the QRS complex and terminates at the end of the T wave. It

represents the time of ventricular depolarisation and repolarisation.

The QT interval begins at the onset of the QRS complex and
terminates at the end of the T wave. It represents the time of
ventricular depolarization and repolarization, where the QRS
interval represents the time it takes for depolarization of the
ventricles. Prolongation of the QT interval on the electrocar-
diogram (ECG) had been the reason for one-third of all drug
withdrawals for the period 1990-2006 (Shah, 2005). Although
this effect is not in itself a safety concern, QT interval prolon-
gation can be associated with the potentially fatal arrhythmia
called torsades de pointes (TdP). Moreover, even though TdP
is extremely rare, there was evidence of TdP for most of the
withdrawn drugs (Redfern et al., 2003). Considering the time
and cost of developing novel, effective and safe medicines, it
is not surprising that QT prolongation remains a cause for
concern for regulators, clinicians, and drug discoverers and
developers from academic institutions and pharmaceutical
companies. This is further illustrated by the continuously
growing number of adverse cardiovascular events reported to
regulatory agencies (Figure 1), by the number of published
articles (Figure 2) and by the regulatory guidance documents
issued on this topic over the last 15 years (Figure 3).

This issue of the British Journal of Pharmacology contains
articles based on communications presented at a symposium
entitled ‘reducing QT liability and proarrhythmic risk in drug
discovery and development’ that was organized under the
auspice of the fifth congress of the Federation of the European
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Figure 2 Trends in number of publications referring to ‘QT’, ‘hERG’
and ‘torsade(s) de pointe(s)’ over the last ~25 years. The number of
publications on these topics has been growing continuously, espe-
cially over the last decade. QT, duration of the QT interval of the
electrocardiogram.

Pharmacological Societies (EPHAR) held in Manchester, UK,
13-17 July 2008. The objective of this symposium was to
review the effects of the latest regulatory guidance documents
[International Conference on Harmonization (ICH) S7A/B
and E14 (Anon., 2000; 2005a,b] and of new, still developing,
scientific and technical trends on the ability of the pharma-
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Implementation of regulatory guidance documents referring to QT, proarrhythmia, cardiac and cardiovascular assessment over the

last 15 years. Over the last decade, there has been an increase in number and scope of regulatory guidelines, reflecting increasing regulatory

concerns. QT, duration of the QT interval of the electrocardiogram.

ceutical industry to reduce, manage and mitigate QT liability
and its associated proarrhythmic risk and consequently to
contribute to the discovery and development of safer medi-
cines. This mini editorial review summarizes the key messages
from each communication presented at this symposium and
attempts to highlight some of the key challenges that remain
to be addressed. The reader is referred to each of the articles
relating to this symposium that are published in this issue of
the British Journal of Pharmacology.

Non-clinical approaches to assess and reduce the
risk of QT interval prolongation

A generic non-clinical strategy to assess and reduce the risk of
QT interval prolongation in the context of drug discovery was
presented by Pollard et al. (2010). One component of this
strategy is the assessment of the compound’s potency at the
human ether-a-go-go-related gene (hERG) that encodes the
pore-forming o subunits of the channel carrying rapid
delayed rectifying potassium current (Ix;). Several methods of
reasonable throughput, sensitivity and specificity, suitable for
the ‘make-test’ cycle of early drug discovery phases, are avail-
able. These include radioligand-binding, rubidium efflux and
electrophysiology-based assays. Generation of large volumes
of data enables the development of in silico predictive models
that allow ‘virtual screening’, thereby avoiding a waste of

resources. The hERG data are supplemented with an in vivo
QT/QTc assessment in relevant non-rodent species, typically
the dog or the non-human primate, in line with ICH S7A/B
(Anon., 2000; 2005a). Beyond the direct inhibition of the
hERG channel, other mechanisms can account for the ability
of a drug to prolong the QT/QTc interval. Thus, additional
non-clinical data generated from a variety of in vitro and
in vivo assays can be added to the hERG and in vivo repolar-
ization assays to further refine the integrated risk assessment.
The types of assays and approaches deployed to construct this
risk assessment depend upon the questions that need to be
addressed, questions such as does the risk increase on repeat
dosing? what is the proarrhythmic risk? why is there an
in vivo QT effect although the compound was inactive at the
hERG channel? why is there no effect on the QT interval,
although the compound was active at the hERG channel?

Value of non-clinical repolarization assays to
support drug discovery, clinical development and
regulatory approval

Several scenarios of how to use non-clinical QT-related assays
that are aligned to the different phases of the drug discovery
and development were summarized by Valentin et al. (2010).
Project examples were provided to illustrate the impact of
non-clinical QT data on compound progression throughout
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the drug discovery and development phases, and regulatory
approval. During the early discovery phases, these assays are
used for hazard identification and wherever possible for
hazard elimination. The collected data enable us to (i) estab-
lish structure-activity relationships and develop in silico pre-
dictive tools; (ii) influence medicinal chemistry design; (iii)
solve problems earlier; (iv) provide reassurance for the project
team to progress a compound; and (v) refine strategies as
new scientific data and technologies emerge. For com-
pounds progressing into preclinical development, the ‘core
battery’, QT-related data enable the construction of an inte-
grated risk assessment to (i) fulfil the regulatory require-
ments; (ii) assess the safety and risk-benefit for compound
progression into man; (iii) define the starting dose and influ-
ence the design of the phase I clinical trials; (iv) identify
clinically the relevant safety biomarkers; and (v) contribute
to the patient risk management plan. After being entered
into clinical development, non-clinical QT-related data can
be applied in the context of risk management and risk miti-
gation. Additionally, the data from non-clinical ‘follow-up’
studies can be used to (i) support regulatory approval; (ii)
investigate discrepancies that may have emerged within
and/or between non-clinical and clinical data; (iii) under-
stand the mechanism of an undesirable pharmacodynamic
effect (e.g. arrhythmia); (iv) provide reassurance for progres-
sion into multiple dosing in humans and/or large-scale clini-
cal trials; and (v) assess drug-drug interactions. Based on
emerging data, the integrated risk assessment is then
reviewed, and the benefit-risk for compound progression
is reassessed.

Clinical assessment of a drug’s liability to prolong
the duration of the QT/QTc interval

In theory, the potential for a new chemical entity (NCE) to
prolong the QT interval can be assessed at all stages of clinical
drug development. The ICH E14 guidance on how to assess,
clinically, a new drug’s QT prolongation risk was recently
adopted (Anon., 2005b). An essential piece of this guidance
was the establishment of a single clinical trial, the ‘thorough
QT/QTc study’, which is intended to identify, with a high
degree of confidence, those drugs that may cause QT prolon-
gation. An update on the implementation of the clinical ICH
E14 guidance and on the assessment of a drug’s ability to
prolong the duration of the QT interval in humans was pre-
sented (Darpo, 2010). This ‘thorough QT/QTc study’ has
rapidly become a standard of all clinical development pro-
grammes for systemically bioavailable NCEs. Moreover, this
study is normally conducted in healthy volunteers. It includes
both a positive and a negative (placebo) control and is strin-
gently powered to exclude an effect on the QTc interval
exceeding 10 ms. Because the ICH E14 guidance was inten-
tionally not very prescriptive, it has allowed sponsors and
service providers to explore new assessment methodologies
such as computer-assisted algorithms for QT measurements.
Additionally, regulators have worked in close collaboration
with pharmaceutical industry to set standards for the design
and conduct of the ‘thorough QT study’, which therefore has
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evolved as a key component of cardiac safety assessment of
new drugs. The article in this issue by Darpo (2010) summa-
rizes the requirements for conducting the ‘thorough QT
study’, with an emphasis on the standard that has evolved
based on interactions between regulators, sponsors and on
the experience gained from a large number of completed
studies.

Drug-induced QT/QTc shortening: an emerging
safety issue?

The thorough evaluation of NCEs for their non-clinical and
clinical potential to prolong the QT/QTc interval has revealed
that drugs can also shorten this interval (Holbrook etal.,
2009). Drug-induced QT/QTc shortening can theoretically
lead to ventricular fibrillation and death. Although the clini-
cal significance of a short QT interval is still a matter of
vigorous debate (see below), the recent description of con-
genital short QT syndromes has disclosed parallels between
the short and the long QT syndromes. As with congenital and
drug-induced, long QT syndromes, proarrhythmias associated
with congenital short QT syndromes (with a QTc interval <
320 ms) are beginning to raise concerns about the potential
cardiac safety of QT-shortening drugs. Moreover, epidemio-
logical evidence shows an over expression of short QT interval
values in patients with idiopathic ventricular fibrillation.
Therefore, as QT-shortening NCEs enter clinical development,
questions about the significance of their potential to shorten
ventricular action potentials will inevitably arise. Given the
current clinical and regulatory environment, concerns about
the proarrhythmic safety of drugs and the lack of a better
understanding of the clinical significance of short QT inter-
val, NCEs that significantly shorten the QT interval are likely
to receive an unfavourable regulatory review, unless these
drugs can fulfil an unmet medical need. Shah'’s (2010) review
suggests approaches to further substantiate or confirm the
safety of QT-shortening drugs. In response to Shah’s article,
the other side of the debate has been put forwards by Malik
(2010), presenting arguments to suggest that drug-induced
QT shortening might not be such a significant safety issue.
While the debate continues, there is a real risk that approval
of QT-shortening NCEs may be conditional upon large-scale
post-marketing safety studies, with a focus on cardiac safety.

Integrated risk assessment and predictive value to
humans of non-clinical repolarization assays

The main goal of non-clinical and clinical studies is to provide
an integrated risk assessment for the liability of a NCE to
prolong the QT interval. However, a consensus regarding the
concordance between non-clinical and clinical data and how
the former can reduce the demands for a human ‘thorough
QT/QTc study’ has not been reached. A comprehensive review
of the available literature that has attempted to assess this
concordance was presented (Wallis, 2010). Prospective pro-
grammes of work sponsored by the Japanese Pharmaceutical
Manufacturers Association and International Life Science
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(ILSI-HESI) support the ability of the hERG and conscious
dog assays to predict clinical outcomes for QT prolongation/
TdP (Omata etal., 2005; Hanson etal.,, 2006). However,
there were weaknesses in these studies: limited analysis of
the pharmacokinetic/pharmacodynamic relationships in the
in vivo studies; limited correlation with human exposure
data; small numbers of drugs evaluated; and their limited
range of torsadogenic propensity. Using retrospective
approaches, several authors have attempted to define the
value of a safety margin approach to better predict human
QT prolongation/TdP liability from non-clinical studies
(Webster et al., 2002; Redfern et al., 2003; De Bruin et al.,
2005). Nevertheless, one of the strengths of these
approaches is that the authors considered a clinically rel-
evant end point, namely, TdP. Taken together, these studies
demonstrated a good correlation between the hERG safety
margin and TdP risk in humans, when the data are sup-
ported by in vivo QT data. Given that safety margins are a
continuum, it would, however, be inappropriate to suggest
that a given safety margin [e.g. 30-fold; Redfern et al. (2003)]
would be able to distinguish between compounds that cause
TdP from those that do not, as there are exceptions to the
rule. Thus, a safety margin based on a combination of hERG
and in vivo repolarization data is likely to provide a guide to
the QT-prolonging potential of NCEs. The third approach
reported by Wallis (2010) reviewed the outcomes of 19 com-
pounds that had been evaluated in clinical studies aimed at
detecting a 7- to 10-ms change in the QT interval and in
non-clinical assays: an in vitro hERG assay, an in vitro
Purkinje fibre repolarization assay and an in vivo QT assay in
dogs. The overall conclusion from this analysis when com-
paring the same concentrations tested in non-clinical and
clinical studies was that the effects on the hERG channel
and in vivo dog QT were largely predictive of the clinical
outcome for QT prolongation. Moreover, the predictive
value is strengthened (i.e. >90%) if an integrative approach
is undertaken rather than each assay is used in isolation;
although it should be recognized that the conclusions are
based on a limited data set.

Current and future challenges

Considerable scientific and regulatory advances have
occurred in recent years, particularly when looking back at
the proceedings of the QT-related symposia organized as part
of the third EPHAR congress held in Lyon, 6-9 July 2001
(Valentin, 2002). Moreover, the number and quality of
research publications published in the field of drug-induced
QT-interval prolongation reflect the dynamism of this field.
For example, new data in this issue by Ducroq et al. (2010)
demonstrate a key role of the slow delayed rectifying
potassium current, Iy, in mediating doxorubicin-induced
QT-interval prolongation. Moreover, data by Abi-Gerges et al.
(2010) showed the value of canine ventricular midmyocardial
myocytes as a suitable model to assess drug effect on cardiac
action potential and in yielding additional information about
putative indicators of proarrhythmia, whereas Mannikko
etal. (2010) elegantly demonstrated that potencies of hERG
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channel blockers defined using the most common Caucasian
wild-type sequence were representative of potencies for the
most common single nucleotide polymorphisms across differ-
ent ethnic groups. In this issue, Salvi et al., (2010) reviews the
implication of the ICH E14 guidance and the changes in its
interpretation since its implementation. Pharmaceutical com-
panies are modifying the design of Phase 1 studies to increase
the likelihood of detecting QTc liability early in clinical devel-
opment to save time, resources and cost. With fewer drugs
that prolong the QT interval reaching the licensing stage,
knowing which of these drugs are torsadogenic is proving to
be elusive. In these circumstances, the authors highlight the
challenges facing regulatory agencies, academia and industry
in identifying, developing and validating new biomarkers of
proarrhythmic risk. The symposium entitled ‘Reducing QT
liability and proarrhythmic risk in drug discovery and devel-
opment’, presented in the fifth EPHAR Congress, highlighted
some of the outstanding challenges in the field of drug-
induced changes in QT interval duration and proarrhythmic
risk, as summarized below.

e Despite an abundant literature (see Hoffmann and Warner,
2006; Figure 2), there is still a need to understand non-
hERG-mediated, drug-induced QT interval prolongation
and associated proarrhythmic risk.

e [t is paramount to understand the translation of non-
clinical repolarization assays to the clinical outcome
(Wallis, 2010). It is worth mentioning some ongoing con-
sortia efforts aimed at addressing that issue (e.g. ILSI-HESI;
Trepakova etal.,, 2009). Such approaches should be
extended well beyond repolarization assays to increase our
understanding of the predictive value of non-clinical safety
assays to the clinical outcome, as in the Animal Model
Framework (Valentin et al., 2010).

e It is important to refine our clinical assessment of drug-
induced QT interval prolongation and proarrhythmic risk
in circumstances where a ‘thorough QT/QTc study’ cannot
be performed (e.g. oncology setting) and for compounds
that prolong QTc via non-hERG-mediated mechanisms
(Darpo, 2010).

e As a potential safety issue, emphasis should be placed on
unravelling the molecular mechanisms underpinning drug-
induced QT interval shortening, its incidence and preva-
lence in relation to patient safety and the potential
regulatory implications (Holbrook et al., 2009; Malik, 2010;
Shah, 2010).

e Beyond drug-induced changes in QT interval, it is necessary
to increase our understanding of the molecular mecha-
nisms underpinning drug-induced ECG changes [i.e. dura-
tions, amplitudes and morphologies of ECG intervals and
waveforms such as those affecting atrial and/or ventricular
depolarization, and associated proarrhythmic risks
(Figure 1)], the incidence and prevalence of ECG changes in
relation to patient safety, the translation from animal
models to humans as well as the threshold of magnitude of
changes that should be considered as a cause for concern to
humans (Pettit et al., 2009; Stummann et al., 2009).

e Cardiovascular liabilities remain the major reason for drug-
related safety attrition and adverse drug reactions. It seems,
therefore, logical to apply the learning and the philosophy
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of the ‘QT-story’ to other aspects of cardiovascular drug
safety. Along these lines, the growing awareness and inter-
est of the scientific and medical communities, government
agencies, and industry on this topic as assessed by the
recent increased number of related workshops/symposia
and emerging consortia efforts are worth reporting (Park,
2008; Pettit et al., 2009; Piccini et al., 2009; Pugsley et al.,
2009; Stummann et al., 2009; Valentin et al., 2010).

Addressing these issues will depend, in part, on the scien-
tific and technological advances and regulatory challenges
that drive the discovery and development of pharmaceuticals
for human use. Another crucial factor will be the willingness
to develop collaborative scientific research and educational
programmes that contribute to the identification and resolu-
tion of cardiovascular issues that are of concern to the public,
the scientific community, government agencies and industry.
Finally and most critically, the success and productivity of any
initiative will depend on adequate financial support.
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