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Abstract 
 
Objective:  To attempt to determine the relative value of preclinical cardiac electrophysiology data (in vitro and in 
vivo) for predicting risk of torsade de pointes (TdP) in clinical use. Methods: Published data on hERG (or IKr) 
activity, cardiac action potential duration (at 90% repolarisation; APD90), and QT prolongation in dogs were 
compared against QT effects and reports of TdP in humans for 100 drugs.  These data were set against the free 
plasma concentrations attained during clinical use (effective therapeutic plasma concentrations; ETPCunbound).   The 
drugs were divided into 5 categories: 1. Class Ia & III antiarrhythmics; 2. Withdrawn from market due to TdP; 3. 
Measurable incidence/numerous reports of TdP in humans; 4. Isolated reports of TdP in humans; 5. No reports of 
TdP in humans. Results: Data from hERG (or IKr) assays in addition to ETPCunbound data were available for 52 
drugs.  For Category 1 drugs, data for hERG/ IKr IC50, APD90, QTc in animals and QTc in humans were close to or 
superimposed on the ETPCunbound values.  This relationship was uncoupled in the other categories, with more 
complex relationships between the data.  In Category 1 (except amiodarone) the ratios between hERG/ IKr IC50 and 
ETPCunbound (max) ranged from 0.1 to 31-fold.  Similar ranges were obtained for drugs in Category 2 (0.31 to 13-
fold) and Category 3 (0.03 to 35-fold).  A large spread was found for Category 4 drugs (0.13 to 35,700-fold); this 
category embraced an assortment of mechanisms ranging from drugs which may well be affecting IKr currents in 
clinical use (e.g. sparfloxacin) to others such as nifedipine (35,700-fold) where channel block is not involved.  
Finally, for the majority of Category 5 drugs there was a >30-fold separation between hERG/IKr activity and 
ETPCunbound values, with the notable exception of verapamil (1.7-fold), which is free from QT prolongation in 
man; this is probably explained by its multiple interactions with cardiac ion channels. Conclusions:  The dataset 
confirms the widely-held belief that most drugs associated with TdP in humans are also associated with hERG K+ 
channel block at concentrations close to or superimposed upon the free plasma concentrations found in clinical 
use.  A 30-fold margin between Cmax and hERG IC50 may suffice for drugs currently undergoing clinical 
evaluation, but for future drug discovery programmes pharmaceutical companies should consider increasing this 
margin, particularly for drugs aimed at non-debilitating diseases.  However, interactions with multiple cardiac ion 
channels can either mitigate or exacerbate the prolongation of APD and QT that would ensue from block of IKr 
currents alone, and delay of repolarisation per se is not necessarily torsadogenic.  Clearly, an integrated assessment 
of in vitro and in vivo data is required in order to predict the torsadogenic risk of a new candidate drug in humans. 
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1. Introduction 
   Drug-induced QT interval prolongation and 
the appearance of torsade de pointes (TdP) has 
become recognised as a potential risk during 
treatment with a broad range of drugs including 
repolarisation-delaying antiarrhythmics [1], 
various antihistamines [2,3], antipsychotics [4], 
antimicrobial agents [5], and miscellaneous 
others [5,6,7,8,9,10].  For the vast majority of 
these agents it has been demonstrated that the 
slowing of repolarisation is a consequence of 
inhibition of the rapidly activating delayed 
rectifier potassium current (IKr) in cardiac 
tissues, which is conveyed by the human ether-
à-go-go-related gene-encoded voltage-
dependent potassium channel (hERG K+ 
channel; IUPHAR classification: Kv11.1 [11]). 
   In 1997, Committee for Proprietary Medicinal 
Products (CPMP) published a ‘Points to 
Consider’ document that made recomm-
endations for nonclinical and clinical 
approaches to assess the risk of QT interval 
prolongation and TdP for non-cardiovascular 
drugs [12].  Since the appearance of this 
document, there has been much debate within 
the pharmaceutical industry as to the relative 
merits of various in vitro and in vivo techniques 
in detecting such activity preclinically 
[13,14,15].  A survey of practice within the 
industry conducted approximately two years 
after publication of the CPMP document 
indicated that whereas the industry was taking 
this issue very seriously, there was wide 
variability in approach [16].   
   One reason for the lack of confidence in the 
predictive value of the preclinical tests is that 
each drug associated with TdP in man appears 
to tell a different story in terms of its 
electrophysiological profile.  Clearly there is a 
consensus about the importance of interactions 
with the hERG K+ channel but even so there is 
no agreement, either within the pharmaceutical 
industry or drug regulatory authorities, about 
what constitutes a safe margin.  Risk assessment 
is further complicated when a drug acts on other 
cardiac ion channels in addition to the hERG K+ 
channel, as is often the case. 
   We therefore undertook a literature survey of 
nonclinical and clinical data on an initial list of 
100 drugs, in order to assess the predictivity of 
the various types of data.  The drugs were first 
categorised according to their torsadogenic 
propensity, then information on effective free 
therapeutic plasma concentration (ETPCunbound) 
with inhibition of hERG/IKr current, effects on 
cardiac action potential duration in vitro, 
prolongation of QT interval in dogs, and QT 
prolongation in man were collated and 
tabulated.  It is hoped that these data, presented 

together for the first time, will assist in the 
ongoing debate around the preclinical detection 
of torsadogenic propensity, provide evidence 
for setting provisional safety margins, and 
encourage further research. 
 
2. Methods 
   The approach was as follows: 
1. A list of 100 drugs was compiled 

(Table 1), covering a range of 
therapeutic classes.  This list included 
the majority of drugs that have been 
associated with TdP or QT 
prolongation in man, together with 
other drugs that have no such 
association, but which have come 
under a certain degree of scrutiny 
because of therapeutic class, drug 
interactions, etc, in addition to drugs 
designed to delay cardiac 
repolarisation (i.e. Class Ia and III 
antiarrhythmics). 

2. These drugs were assigned to 5 
categories of torsadogenic propensity:  

Category 1: Repolarisation-prolonging (Class Ia 
and Class III) antiarrhythmics (which have IKr 
block as an integral pharmacodynamic 
mechanism, and QT prolongation as an 
intended, desirable effect). 
Category 2: Drugs that have been withdrawn or 
suspended from the market in at least one major 
regulatory territory due to an unacceptable risk 
of TdP for the condition being treated. 
Category 3: Drugs that have a measurable 
incidence of TdP in humans, or for which 
numerous case reports exist in the published 
literature. 
Category 4: Drugs for which there have been 
isolated reports of TdP in humans. 
Category 5: Drugs for which there have been no 
published reports of TdP in humans.  This 
category also contains some drugs (e.g. 
ketoconazole) which are associated with drug 
interactions leading to TdP, but which have not 
been associated with cases of TdP when used 
alone. 
   N.B. Erythromycin appears twice in the above 
list, as there are two formulations with different 
torsadogenic propensities: intravenous 
(Category 3) and oral (Category 4).  Mibefradil 
was withdrawn from the market after less than a 
year due to drug interactions leading to TdP; 
however, there was no clear evidence that this 
drug caused TdP by itself [17], so it has not 
been assigned to Category 2.  Instead, it has 
been assigned to Category 4, as there is one 
report of TdP in the literature [18] (see Table 
1). 
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3. A master table was compiled (Table 2), 
containing the following information:  
(a) Drug name, drug category (as above), 

molecular weight; 
(b) Published values and ranges for % 

plasma protein binding and ETPCtotal; 
these were obtained from online 
databases for drugs in current use (or 
from standard medical reference texts 
for older drugs) where possible [e.g. 
19;20], in order to limit the number of 
references cited.   ETPCunbound (nM) 
were then calculated for each drug.   
Where published values for 
ETPCunbound (nM) were available and 
were greater than those calculated, 
this higher value was used and the 
source reference is given in Table 2. 

(c) Published IC50 values for IKr in 
mammalian cardiac tissue and from 
hERG-transfected cell lines.  HERG 
data from Xenopus oocytes were not 
used unless there were no other hERG 
or IKr data available, and such data are 
indicated in Table 2.  Data from 
hERG or IKr assays (hereafter referred 
to as ‘hERG/IKr’) and all other 
electrophysiological data (see below) 
were derived from original references 
obtained via MEDLINE (between 
1966 and May 2002). 

(d) Published potency values for eliciting 
a 10-20% increase in the duration of 
the cardiac action potential at 90% 
repolarisation (APD90) in in vitro 
preparations.  A 10% increase in 
APD90 is typically the minimum 
increase that reaches statistical 
significance in such studies, and is 
also the degree of change considered 
physiologically significant by the 
majority of pharmaceutical companies 
in a recent survey [16].  Frequently it 
was not possible to determine the 
concentration producing a 10-20% 
increase in APD90 interval, so the 
concentration producing the 
percentage increase in APD90 closest 
to this range was used, as indicated in 
Table 2. 

(e) Published values for doses associated 
with 10-20% QTc prolongation in 
beagle dogs, or other species if dog 
data were unavailable.  A 10% 
increase in QTc is typically the 
minimum increase that reaches 
statistical significance in conscious 
dog studies, and is also the degree of 
change considered physiologically 

significant by the majority of 
pharmaceutical companies in the 
same survey [16].  Frequently it was 
not possible to determine the dose 
producing a 10-20% increase in QTc 
interval, so the dose producing the 
percentage increase in QTc closest to 
this range was used, as indicated in 
Table 2.  There are also examples 
where the percentage change is either 
not quoted in the original source 
reference or is not possible to 
calculate because of the absence of 
baseline data.  In such cases the 
absolute change in QTc is given in 
Table 2. 

(f) Published values for plasma 
concentrations associated with 10-
20% QTc prolongation in beagle 
dogs, or other species if dog data 
were unavailable.  Such data were 
found to be rarely available outside 
Category 1. 

(g) Published values for doses associated 
with 10-20% QTc prolongation in 
humans.  This degree of change was 
chosen in order to be consistent with 
data obtained from dogs.  Plasma 
concentrations are given where 
available, but such data are extremely 
rare outside Category 1. 

4. For 52 drugs where both ETPCunbound and 
hERG (or IKr) IC50 data were available, the 
ETPCunbound range was plotted schem-
atically alongside the electrophysiology 
data from Table 2.  For terfenadine, given 
that the QT prolonging effects are due to 
the parent compound whereas the 
antihistamine activity is due to the 
metabolite, data for ETPCunbound were 
obtained from studies that had measured 
terfenadine in the presence of a cytochrome 
P450 inhibitor. 

5. The ratios of the lowest published 
hERG/IKr IC50 value divided by the upper 
value for the ETPCunbound range were 
calculated and plotted on a logarithmic 
scale for all 52 drugs. 

6. Of these 52 drugs, reasonably complete 
concentration-effect data were available for 
3 drugs (one from each of categories 1, 2 
and 5) for hERG/IKr, APD90, dog QT 
interval, and human QT interval, and these 
were plotted as overlay plots alongside the 
ETPCunbound range. 

 
3. Results 
   A list of the initial 100 drugs in the dataset is 
given in Table 1.  It can be seen that they cover 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/58/1/32/295425 by guest on 18 April 2024



CVRA/2002/0559/R2 

 4

a wide variety of therapeutic indications and 
dosing regimens.  Table 1 also indicates the 
association of each drug with TdP; when 
assessing this, the number of years on the 
market should be taken into account, as an 
approximate guide to the extent of clinical 
experience with each particular drug.  
   Table 2 contains all the source data and 
associated source references for the subsequent 
plots.  Eighteen drugs listed in Table 1 do not 
appear in Table 2 due to the absence of key 
information including therapeutic plasma 
concentrations and/or electrophysiology data; 
these are identified in Table 1.  It can also be 
seen from Table 2 that numerous drugs have 
incomplete information; subsequent generation 
of this information would be extremely useful.  
Ultimately, from the original list of 100 drugs, 
52 had data on both ETPCunbound and hERG/IKr. 
   Figure 1 is a schematic plot of ETPCunbound 
data alongside the in vitro and in vivo 
electrophysiology data, for the 52 drugs where 
data were available for both ETPCunbound and 
hERG/IKr.  For ETPCunbound data, where ranges 
are available these are plotted; otherwise, a 
single concentration is presented.  For the 
hERG/IKr data, the band is plotted from the 
minimum published IC50 value upwards.  Data 
on effects on APD90 (lowest published values 
for concentrations causing a 10-20% increase in 
APD90 in in vitro preparations) were available 
for the majority of these drugs, including all 
drugs in Categories 1 and 2.  Data on effects on 
QTc in animals (lowest published values for 
concentrations causing a 10-20% increase in 
QTc in vivo) and on QTc in humans (lowest 
published values for concentrations causing a 
10-20% increase in QTc in humans) are also 
plotted where available. 
 
3.1. hERG/IKr 
   There was a trend with respect to the 
hERG/IKr IC50 values, in that the potency tended 
to be weaker when moving from Categories 2 to 
5.  However, the range of potencies within 
Category 1 was about as large as that covering 
the other 4 categories.  Far more striking was 
the separation between ETPCunbound (max) and 
the lowest quoted hERG/IKr IC50 value. With the 
exception of amiodarone, most Category 1 
drugs (‘Class Ia and Class III antiarrhythmics’) 
had hERG/IKr activity close to or superimposed 
on their ETPCunbound values.  The same was true 
for Categories 2 (‘withdrawn/suspended due to 
TdP’) and 3 (‘measurable incidence/numerous 
case reports of TdP’).  There was a mixed 
picture for drugs assigned to Category 4 
(‘isolated reports of TdP in humans’).  Finally, 
for Category 5 drugs (‘no reports of TdP in 

humans’), there was a clear separation between 
hERG/IKr activity and ETPCunbound values.  
There was one notable exception to this: 
verapamil, which is free from QT prolongation 
despite hERG/IKr activity close to its 
ETPCunbound range. 
 
3.2.  APD90 
   Figure 1 also indicates that for drugs in 
Category 1, concentrations causing a 10-20% 
increase in APD90 were reasonably close to the 
concentrations showing hERG/IKr activity and 
the ETPCunbound range, as might be expected, 
with the exception of amiodarone.  Most of the 
drugs in Category 2 also increased APD90 at 
concentrations close to the lowest published 
values for hERG/IKr IC50 (Table 2; Figure 1).  
Data on effects on APD90 were only available 
for four drugs in Category 3 (thioridazine, 
bepridil, flecainide and erythromycin) for which 
hERG/IKr data were also available. In each case 
APD90 was increased, but at concentrations 
higher than those required to inhibit hERG/IKr; 
for bepridil and flecainide APD90 was shortened 
at higher concentrations.  There was no clear 
pattern to effects on APD90 in Category 4, with 
some drugs increasing this parameter and others 
decreasing it or having biphasic effects.  Of the 
six drugs in Category 5 for which APD90 data 
(in addition to hERG/IKr data) were available, 
chlorpheniramine increased APD90, verapamil 
had a biphasic effect, diltiazem decreased it, 
and ebastine and tamoxifen had no effect. 
 
3.3.  QTc in vivo 
   Similarly, for Category 1 drugs, concen-
trations causing a 10-20% increase in QTc in 
vivo were generally close to the ETPCunbound 
range, the hERG/IKr IC50 and the concentrations 
causing a 10-20% increase in APD90 (Table 2; 
Figure 1).  Here again, the notable exception 
was amiodarone, where the QTc change was 
observed within the ETPCunbound range, whereas 
the in vitro electrophysiology changes required 
much higher concentrations (as mentioned 
above).   In Category 2, a 10-20% increase in 
QTc in vivo was achieved at lower 
concentrations than the hERG/IKr IC50 for 
cisapride, sertindole and terfenadine, whereas 
for astemizole this effect was achieved within 
the published range of values for hERG/IKr IC50 
(Table 2; Figure 1). 

 
3.4.  QTc in humans 
   Again, for drugs in Category 1 the plasma 
concentrations resulting in a 10-20% increase in 
QTc in humans were close to those causing 
electrophysiological effects in the preclinical 
tests (Table 2; Figure 1).  Unfortunately, such 
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data were rarely available outside this category, 
so no clear pattern can be discerned. 

 
3.5.  Margins between hERG/IKr IC50 and 
ETPCunbound 
   The margins between free therapeutic plasma 
concentration and activity at hERG/IKr for these 
drugs are shown in Figure 2.  These are the 
ratios of the lowest quoted hERG/IKr IC50 value 
divided by the upper value for the ETPCunbound 
range, plotted on a logarithmic scale.  Within  
Category 1 (Class Ia & III antiarrhythmics), all 
the drugs listed had margins of <30-fold, with 
the exception of tedisamil (31-fold) and 
amiodarone (1,400-fold), which both have a low 
torsadogenic propensity.  All drugs withdrawn/ 
suspended from sale due to TdP (Category 2) 
had margins well below 30-fold (range 0.01 to 
13-fold).  Currently-marketed drugs associated 
with a measurable incidence/numerous reports 
of TdP (Category 3) also had margins of less 
than 30-fold, with the exception of pimozide 
which was just outside this value (35-fold).  For 
drugs in Category 4 (‘isolated reports of TdP’), 
there was a wide range of margins, from 0.13-
fold (sparfloxacin) to 35,700-fold (nifedipine).  
Finally, for those drugs where there are no 
reports of TdP in clinical use (Category 5), the 
margins ranged from 23-fold to 3,311-fold, with 
the exception of verapamil (1.7-fold) and 
ketoconazole (11-fold).  The apparent ‘outliers’ 
within each category are commented on in the 
Discussion. 
   Relatively few drugs in Category 5 have been 
investigated for effects on APD90 and QTc, so 
equivalent plots of APD90 and QTc margins 
would be of limited value, especially as there 
are complications of species differences, 
biphasic concentration-response curves, and 
imprecise or incomplete data (e.g. 
concentrations giving 10-20% increases not 
always available).  Instead, representatives of 
categories 1, 2 and 5 have been chosen for 
overlay plots, to illustrate what would be 
possible with complete datasets.  Figure 3 is a 
set of overlay plots for 3 drugs where 
concentration-effect data are available for most 
of the electrophysiological variables.  These 
more detailed overlay plots confirmed and 
extended the above findings.  For dofetilide (an 
example of a Category 1 drug) the 
concentration-effect plots for hERG/IKr, APD90 
and human QTc were superimposable.  In the 
case of terfenadine (Category 2), the effects on 
APD90 and QT were either minimal or absent.  
For these two drugs the clinical free plasma 
concentration range encroached on the foot of 
the hERG concentration-response plots, 
whereas for tamoxifen (Category 5) there was 

clear separation.  Also, this drug had no effect 
on APD90 and QTc, and has not been associated 
with TdP.  
 
4. Discussion  
 
4.1. Mechanisms involved in torsade de pointes 
   TdP is a potentially life-threatening 
ventricular tachyarrhythmia characterised by 
QRS complexes continuously changing in 
morphology around an imaginary isoelectric 
line.  The trigger for drug-induced TdP 
arrhythmias appears to be ventricular extra 
beats which can be induced by early 
afterdepolarisations (EADs) originating in cells 
with relatively long repolarisation phases 
(typically Purkinje fibres and/or midmyocardial 
cells).  Whether focal activity or re-entrant 
pathways are responsible for the perpetuation of 
the arrhythmia is still unclear [8,21,55,56, 66] 
and both mechanisms may co-exist [22].  TdP 
episodes can either be self-terminating or 
degenerate into ventricular fibrillation. 
   Compelling evidence exists for IKr inhibition 
as a major risk factor for TdP, as will be 
discussed.  Agents that act primarily by 
blocking the slowly activating delayed rectifier 
potassium channel (IKs), or by retarding the 
inactivation (or the recovery from the 
inactivation) of the sodium and the L-type 
calcium channels impede repolarisation, and 
thus could be expected to provoke TdP.  
Mefloquine is an example of an IKs blocker (it is 
slightly more potent at inhibiting this current 
than at IKr [23], but also inhibits ICa,L [24]) 
within our dataset, yet it has not been associated 
with TdP.  More widespread clinical experience 
with drugs that are relatively selective for IKs 
would be required before excluding a 
contribution of IKs block as a risk factor for TdP 
in humans.  Other risk factors for drug-induced 
TdP include female gender, bradycardia, 
hypokalemia, drug-drug interactions, rapid drug 
administration (intravenous), structural heart 
disease, prolonged baseline QT interval and 
genetic variants (polymorphisms and mutations) 
[25].  It has been suggested that these risk 
factors act by reducing the net repolarising 
current, thereby limiting the ‘repolarisation 
reserve’ [26].  TdP can also occur as a result of 
localised cardiac ischaemia, and such 
arrhythmias are seen, albeit rarely, after 
myocardial infarction [27]. 
 
4.2. Limitations of the dataset 
   It is worthwhile discussing the limitations of 
our dataset before attempting to draw any 
conclusions from it.  Firstly, it is restricted to 
drugs that have reached the market (or at least, 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/58/1/32/295425 by guest on 18 April 2024



CVRA/2002/0559/R2 

 6

late stage clinical development), some of which 
have been tested for effects on QT in dogs, in a 
cardiac action potential preparation in vitro, and 
(for half of them) at hERG/IKr.  Up until now, 
quite understandably, in vitro electro-
physiologists have focused their investigations 
on those drugs that have either been associated 
with QT prolongation and TdP in man, or have 
come under suspicion due to their therapeutic 
class.  It is quite likely that a ‘hERG screening 
of the pharmacopea’ would unearth some potent 
hERG K+ channel blockers that have never been 
associated with QT prolongation or TdP, to add 
to one such compound in our dataset: verapamil 
(see below).  Secondly, the relative torsado-
genic propensity in clinical use is difficult to 
judge within each of our categories, as this 
would also have to take into account the size 
and nature of the patient population, and the 
typical duration of treatment.  In addition, some 
of the apparent incidences of TdP in Category 4 
(‘isolated reports of TdP’) may have been 
misdiagnosed.  Thirdly, estimates of free plasma 
concentrations are dependent on the accuracy of 
published data, particularly plasma protein 
binding.  Finally, it should be noted that the 
purpose of compiling our dataset was entirely 
with future drug development in mind, and the 
collated information should not be applied 
retrospectively to re-assess torsadogenic risk for 
any of the drugs which comprise it.  
Furthermore, any new nonclinical electro-
physiology findings on marketed drugs should 
not change risk assessment – if a drug has been 
used safely for several years without causing 
TdP, subsequent demonstration of activity in a 
hERG assay (for example) does not suddenly 
render it unsafe.                                                                                                                                                                               
 
4.3. Torsadogenic propensity of drugs that 
block the hERG K+ channel 
   The number of drugs prolonging QT in man 
(excluding antiarrhythmics) is well over 100 
[10], many of which have a long history of safe 
clinical use.  An obvious question then arises: 
why are some drugs that are associated with QT 
prolongation apparently devoid of torsadogenic 
effects, whereas others are considered such a 
risk that they have been withdrawn or 
suspended from clinical use?  Obviously, a 
decision to withdraw/suspend from sale does 
not necessarily relate solely to the incidence of 
TdP, as other factors such as the severity of the 
disease target and the availability of alternative 
drugs are taken into account before such a 
decision is reached.  From the available 
evidence it does not appear to be related to 
dosing regimen or duration of therapy (Table 1). 
   One possible explanation is the margin 

between the concentrations required for clinical 
efficacy and the concentrations producing 
inhibition of hERG/IKr currents, prolongation of 
APD90 or prolongation of QT interval.  The 
hERG/IKr data are simpler to work with, as there 
is a quantitative value (the IC50) which is rarely 
available for effects on the other parameters 
(APD90 and QT interval).  Also, whereas for 
Category 1 drugs the various effects (IKr 
inhibition, increase in APD90 and QT interval) 
occur at around the same concentration for each 
drug, within the other categories, drugs very 
often have different effects on APD90 in 
different tissues, biphasic concentration-effect 
relationships, or both.  In addition, the action 
potential data are subject to the complications 
of species differences, frequency-dependence, 
possible residual effects of anaesthetics used 
and, with some drugs, binding to non-biological 
surfaces within the perfusion system, whereas 
QT data are susceptible to problems caused by 
inappropriate correction for changes in heart 
rate and (for anaesthetised preparations) effects 
of commonly-used anaesthetics on QT interval 
[16].  Clearly we should focus on margins rather 
than absolute potency at the hERG K+ channel: 
although all but one (grepafloxacin) of the drugs 
in Category 2 (‘withdrawn/suspended from the 
market due to TdP’) were more potent hERG/IKr 
blockers than any of the drugs in Category 5 
(‘no reports of TdP’), the important differences 
between our 5 categories are to be found in the 
margin data (Figure 2). 
   From our dataset, generally speaking, drugs 
with little or no margin between ETPCunbound 
and hERG/IKr IC50 are associated with TdP in 
man, whereas those with a large margin are not.  
Notable exceptions to this are discussed below.  
Setting aside these ‘outliers’, the range of 
margins within each of Categories 1-3 were 
similar (approximately 0.01 to 30-fold), 
whereas those in Category 5 were greater than 
30-fold, with the exception of phenytoin (23-
fold) and cibenzoline (24-fold) which fell just 
short of this margin.  Category 4 (‘isolated 
reports of TdP’) was an interesting ‘mixed bag’, 
containing one drug with hERG/IKr activity 
within its therapeutic plasma concentration 
range (sparfloxacin), whereas the remainder at 
least had some therapeutic margin, as expected.  
It is possible that some other property (or lack 
of one) of this antibiotic mitigates against a high 
incidence of TdP.   
 
4.4. ‘Anomalous’ drugs 
   Although we should view margins as a 
continuum, a 30-fold margin between 
ETPCunbound and hERG/IKr IC50 appears to be a 
line of demarcation between the majority of 
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drugs associated with TdP and those which are 
not.  However, there are some notable 
exceptions to this: amiodarone (1400-fold), 
fluoxetine (106-fold), ciprofloxacin (183-fold), 
diphenhydramine (880-fold), and nifedipine 
(35,700-fold), which have each been associated 
with TdP (Table 1). Conversely, the margin for 
verapamil is less than two-fold, yet this drug 
does not prolong QT, let alone induce TdP; 
ketoconazole also has a small (11-fold) margin 
but apparently is not proarrhythmic.  What are 
the possible explanations for the ‘false 
negatives’ and the two ‘false positives’?  
Amiodarone is an atypical Class III 
antiarrhythmic, and some commentators have 
questioned whether it should really be 
considered to belong to this class [14], as it also 
exhibits class I, II and IV activity, together with 
vasodilator and anti-ischaemic effects [28], and 
requires chronic treatment for development of 
its antiarrhythmic effects [28].  It is worth 
comparing and contrasting the pharmacology of 
bepridil and verapamil, as they are both classed 
as ‘calcium channel antagonists’, yet both have 
a variety of other actions.  In the case of 
bepridil, this is a complex drug with actions on 
other ionic currents including IKs [29;30], and it 
also has negative chronotropic effects [31] 
which would contribute towards promoting the 
conditions that enable TdP to occur.  Verapamil 
on the other hand does not have bradycardic 
actions, does not affect IKs current [30] and does 
not prolong QT [32].  Ketoconazole also has a 
small margin (11-fold), yet has not been 
associated with TdP when administered as the 
sole medication.  Its well-known interactions 
with terfenadine leading to TdP have largely 
been ascribed to its inhibition of CYP3A4 [2].  
However, ketoconazole does prolong QT 
interval by itself in guinea-pigs [33,34,35], and 
so an additive effect in blocking the hERG K+ 
channel may contribute to the proarrhythmic 
potential of this co-therapy.  There has been 
only one report of TdP with fluoxetine since its 
launch in the mid-1980s, in an elderly female 
patient [36].  The authors hypothesised that this 
episode could have been due to enhancement of 
5-HT-induced vasoconstriction, which has been 
observed to occur in coronary arteries with 
damaged endothelium.  The incidence of TdP 
with ciprofloxacin is extremely low (0.3 cases 
per 1 million prescriptions), this value based on 
two reports as part of a historical cohort study 
over a 5.5-year period [37].  These were not 
accompanied by any ECG recordings, details of 
the patients, or information on any co-therapy, 
so it remains unproven as to whether the 
episodes were due directly to the drug.  In terms 
of explaining these events, ciprofloxacin is 

known to cause release of histamine [38], which 
in turn could cause coronary vasoconstriction 
[39], and it is conceivable that this could have 
pathophysiological consequences in susceptible 
individuals under very rare circumstances.  It is 
not too fanciful to propose this as an 
explanation of an event occurring in two 
recipients of a total of ~66 million prescriptions.  
Diphenhydramine has been widely available 
since the mid-1940s, both as a prescription drug 
and in various over-the-counter medicines, yet 
we could only find two apparent cases of TdP in 
the literature.  As there were no details given as 
to co-therapy, underlying disease, or the 
arrhythmia itself, these two cases cannot 
confidently be ascribed to an effect of this drug.  
As with ciprofloxacin, these reports were part of 
a historical cohort study and were not 
accompanied with any details of the patients 
[40].  These reports are surprising in view of the 
absence of TdP with this drug even after 
overdose [41].  Perhaps the largest anomaly of 
all is the huge margin for nifedipine.  There 
have been two reports of TdP in over 20 years 
of clinical use of this drug.  Both of these were 
in patients with cardiovascular disease, and both 
episodes were attributed to localised myocardial 
ischaemia caused by coronary ‘steal’ due to this 
vasodilator [42;43;44;45].  It is obvious from 
the ratio of ETPCunbound to hERG IC50 for 
nifedipine that these two cases were not due to 
effects on IKr currents.  It is also worth 
mentioning erythromycin: most of the reported 
cases of TdP have been observed after rapid 
intravenous injection of the drug, where plasma 
concentrations can reach the micromolar range 
[46].   
 
4.5. Possible explanations for the size of margin 
   Examination of hERG concentration-effect 
curves in transfected cell lines (see Table 2 for 
references; also see Figure 3 for examples) 
reveals that for all drugs there is at most 
approximately one log order of magnitude 
between a ‘threshold effect’ and the IC50.  
Therefore, in theory one would expect that a 10-
fold margin between ETPCunbound (max) and the 
hERG IC50 would suffice, whereas in practice 
the ‘safe’ margin appears to be 30-fold (Figure 
2).  There are various possible explanations for 
this.  Firstly, occasionally in individuals the 
plasma concentrations may exceed the values 
for ETPCunbound (max) listed in Table 2, and the 
concentrations may encroach on the functioning 
of the hERG K+ channel.  This could occur as a 
result of accidental overdose, or because of 
individual variations in plasma protein binding 
[47], or in drug metabolism.  Secondly, many of 
these agents are lipophilic, and accumulation 
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may occur in myocytes either intracellularly or 
within the cytoplasmic membrane, so that the 
local concentration in the vicinity of the hERG 
K+ channel may exceed the free plasma 
concentration [48].  Thirdly, the potency at 
transfected hERG channels may be lower than 
that occurring in vivo, due to the absence of 
ancillary subunits and other biochemical factors.  
In addition, there may be individual variations 
in the functionality of the hERG K+ channel 
(e.g. channel density), or fluctuations in 
function due to changes in electrolyte 
concentrations. 
   A debate has also begun about whether to use 
IC20 values or even IC10 values for hERG 
instead of the IC50.  The rationale for retaining 
the use of IC50 values is obvious, as this is the 
most accurate measurement that can be made 
from a sigmoidal log concentration-effect curve, 
and in the case of hERG assays, as indicated 
above, the shape and slope of the curves are 
very similar across nearly all drugs tested.  It is 
therefore better to retain the most accurate and 
familiar measure of drug potency at the hERG 
K+ channel (i.e., the IC50) and adjust the safety 
margins upwards accordingly, rather than to set 
a smaller margin based on an intercept derived 
from an unreliable part of the sigmoidal log 
concentration-effect curve, barely above the 
background noise.  However, this statement 
should not be taken to mean that a 10-20% 
inhibition of IKr current is of negligible 
physiological significance:  from our dataset it 
is reasonable to conclude that a 10-20% 
inhibition of IKr current in a hERG assay would 
translate into detectable increases in APD90 and 
QT interval, at least for those compounds where 
the inhibition of IKr is not offset by interactions 
at other cardiac ion channels. 
 
4.6. Mixed ion channel activity  
   From our dataset (Table 2) it would appear 
that drugs which are relatively selective for the 
hERG K+ channel compared to other cardiac ion 
channels (especially Class Ia and III anti-
arrhythmics, with the exception of amiodarone) 
have concentration-effect curves for inhibition 
of hERG/IKr, APD90 and QT interval (in dog 
and human) that are virtually superimposable 
(Figures 1 and 3).  Those with mixed ion 
channel activity (e.g. terfenadine) do not: the 
concentrations required for prolongation of 
APD90 and QT interval are dissociated from 
those blocking hERG/IKr.  Presumably their 
effects on other ion channels (primarily the 
sodium and L-type calcium channels) offsets the 
effects of inhibition of  IKr on APD90 and QT 
interval. 
   In order to assess the impact of mixed channel 

activity on torsadogenic propensity, we should 
first consider the torsadogenic potential of 
selective hERG K+ channel blockers.  The 
following drugs from the dataset are relatively 
selective hERG K+ channel blockers: 
almokalant, dofetilide, cisapride, astemizole, 
and sertindole.  Each of these drugs has a 
potency at hERG in the low nM range (i.e. 50 
nM or less), and has either been associated with 
TdP in clinical trials (dofetilide, almokalant), or 
has been withdrawn from sale due to an 
unacceptably high incidence of TdP (cisapride, 
astemizole, sertindole).  Therefore, it would 
seem that relatively selective hERG K+ channel 
blockers thus far have been associated with TdP 
in humans, when plasma concentrations enter 
the range for inhibition of the channel.  So if 
hERG K+ channel block is a key risk factor, it is 
conceivable that the plasma concentration 
required for arrhythmogenesis with some 
mixed-activity compounds could be quite 
precise – at a certain concentration the 
combined ion channel effects may interact to 
produce the conditions for arrhythmogenesis.  
In this hypothetical scenario, the risk of TdP 
would be reduced at concentrations above and 
below this critical point.  Evidence exists for 
this hypothesis in the case of quinidine, for 
example [49]. 
   One point to make here is that we should not 
take comfort in a non-antiarrhythmic candidate 
drug with mixed channel activity that is active at 
the hERG K+ channel at concentrations close to 
its therapeutic range, but produces relatively 
little QT prolongation.  Given that the holy grail 
of Class III antiarrhythmic research programmes 
is to achieve agents with the ‘right’ balance of 
ion channel activity [50], the likelihood of a 
non-antiarrhythmic research programme 
achieving this by good fortune is surely quite 
low.  Put another way, we are more likely to end 
up with a ‘terfenadine’ than a ‘verapamil’.  We 
should ask ourselves whether we want potent 
activity at a range of cardiac ion channels in 
(say) a drug to treat arthritis. 
 
4.7. Other risk factors 
   Although it may be the case that the relatively 
selective hERG K+ channel blockers in our list 
are torsadogenic, drugs with the same potency 
at the channel may not necessarily carry the 
same torsadogenic risk.  The nature of the 
interaction with the channel may be important; 
for example, it has been postulated that there 
may be multiple binding sites on the channel 
[51] even for a single drug (bepridil) [29], as 
well as for different classes of drugs, including 
the possibility of intracellular binding sites [52]. 
Also, different drugs bind to the channel in its 
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different states (closed, open, inactivated) 

[51,53].  There are likely to be further 
developments in this area.  Regardless of how a 
particular drug binds to the hERG K+ channel, 
the prolongation of APD90 that ensues may not 
be the defining factor in terms of 
arrhythmogenesis:  the ensuing shape and 
stability of the action potential may be critical.  
Prolongation of APD90 together with shortening 
of APD30 (i.e. ‘triangulation’) appears to be 
associated with known arrhythmogenic 
compounds in a rabbit Langendorff-heart 
preparation, and leads to the appearance of 
EADs, whereas prolongation of APD90 per se is 
antiarrhythmic [54].  Other risk factors for 
arrhythmogenesis are temporal instability of the 
action potential duration within a train, and 
reverse-frequency dependence [54].  Finally, at 
the multicellular level there is heterogeneity in 
sensitivity of cell types across the ventricular 
wall to prolongation of APD by any given drug, 
and the sensitivity range varies between drugs 
[55,56].   
   There are several examples in our dataset of 
drugs that would be expected to completely 
inhibit IKr currents within their therapeutic range 
(e.g. quinidine, ibutilide, terodiline, thior-
idazine).  Yet even when there is complete 
inhibition of IKr current within the myocardium, 
episodes of TdP do not occur continuously: 
such electrophysiological conditions merely 
increase the risk of such episodes occurring.  So 
inhibition of IKr currents leads to two distinct, 
crucial abnormalities, both reflected by QT 
prolongation: delayed repolarisation and 
instability of action potentials in Purkinje fibres 
and M-cells, leading to the focal genesis of 
EADs, and dramatic transmural heterogeneity of 
ventricular repolarisation, enabling propagation 
of the premature depolarising wavefront and the 
development of TdP [8,21,55,56,66]. Drugs that 
merely prolong action potential without causing 
instability, or do not result in QT dispersion, 
would not necessarily be torsadogenic. 
 
5. Summary and recommendations 
 
5.1. Importance of IKr inhibition as a feature of 
torsadogenic agents 
   Our dataset has confirmed that IKr inhibition is 
a common feature of drugs that induce TdP in 
man (with the exception of drugs that may 
induce or exacerbate myocardial ischaemia, 
resulting in TdP as an extremely rare event).  
The available evidence indicates that block of 
hERG K+ channels (either selectively or in 
conjunction with effects on other ion channels) 
is associated with TdP if it occurs at 
concentrations close to those achieved in 

clinical use.  Block of hERG K+ channels is a 
risk factor in drug-induced TdP, and probably 
the predominant risk factor, but it requires a 
combination of factors, possibly coming 
together in a rare combination at one point in 
time (i.e. over a few cardiac cycles), to trigger 
the event.   
 
5.2. Preclinical strategies for assessing 
torsadogenic risk 
   Whilst our understanding of the relationship 
between inhibition of IKr and the risk of TdP is 
progressing rapidly, a pragmatic approach for 
the pharmaceutical industry would be to limit 
structural/physicochemical similarities to hERG 
K+ channel blockers, then be guided by the 
chemical series with the least hERG activity.  
Structural requirements for binding to the hERG 
K+ channel have been characterised, at least for 
antihistamines [57,58,59] and class III 
antiarrhythmics [60], and the binding sites on 
the hERG protein have been modelled [61,62]; 
nonetheless, a significant effort is required to 
better understand these structure-activity 
relationships.  However, series with hERG 
activity need not necessarily be rejected: it 
depends on the severity of the therapeutic target 
(see below).  Data on hERG activity is useful in 
the early stages of drug discovery, but as the 
research project progresses, not only is it 
prudent to establish the effects on the cardiac 
action potential, this is recommended by 
regulatory authorities prior to human exposure 
[12].  The final risk assessment prior to Phase I 
clinical trials has to be based on both the in 
vitro and in vivo data, with the latter derived 
from both safety pharmacology and toxicology 
studies. Recommendations on optimal study 
design (both in vitro and in vivo) have been 
offered previously [16], several commentators 
have proposed strategies for preclinical 
[7,48,63,64,65] and clinical assessment 
[7,48,66] of torsadogenic risk, and the current 
views of regulatory authorities have also been 
discussed, at least informally [67,68,69].  The 
capability of the pharmaceutical industry to 
detect QT prolongation in preclinical tests has 
improved substantially over recent years, but a 
significant challenge still remains to identify 
proarrhythmic potential reliably. 
   The following recommendations merely relate 
to the information that should be acquired 
before a decision is taken to enter clinical 
evaluation; exactly when these tests are done is 
a matter of choice for the individual companies, 
and perhaps for individual projects within those 
companies.  So, our proposal would simply be 
as follows:  

(i) determine an IC50 at hERG in a 
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transfected mammalian cell line;  
(ii) test the effects of the compound 

on mammalian cardiac action 
potential in any well-characterised 
in vitro preparation;  

(iii) test the compound for effects on 
QT interval in vivo, either by 
telemetry or using anaesthesia, 
applying either a suitable 
correction for heart rate changes 
or a regression approach  [16], or 
alternatively, cardiac pacing.   

   Much debate has taken place since the CPMP 
document [12] concerning the selection of an in 
vitro preparation for detecting drug-induced 
changes in cardiac action potential, and species 
differences have been studied systematically in 
the case of Purkinje fibres [70].  However, we 
feel that if accompanied by evaluation of hERG 
activity, the choice of preparation is less 
important than when this was the mainstay of 
the in vitro evaluation.  The reason for this is 
that if a drug slows repolarisation in a 
concentration-dependent manner as predicted 
from its activity at hERG, then it can reasonably 
be assumed that it does not possess significant 
activity at other cardiac ion channels (cf. 
cisapride in Table 3).  If it does not (cf. 
terfenadine in Table 3), then a further 
investigation of effects at other cardiac ion 
channels is required.     Computer models may 
assist with interpretation of effects on action 
potential characteristics [71].  So, in brief, any 
well-characterised in vitro cardiac preparation 
may be used, according to the availability of 
tissue and the expertise within the laboratory, so 
long as the outcome is interpreted alongside the 
hERG data.   
 
5.3. Safety margins  
   Our dataset suggests that a margin of 30-fold 
between hERG IC50 and Cmax would be 
adequate to ensure an acceptable degree of 
safety from arrhythmogenesis, with a low risk of 
obtaining false positives.  The same margin has 
been proposed previously based on opinion 
[65], and has also been suggested on the basis 
of a smaller dataset of drugs [72].  We would 
recommend that this margin is acceptable for all 
drugs currently undergoing clinical 
development.  However, for the future, one 
should aim for higher margins where possible, 
as then the concerns over drug interactions, 
variable pharmacokinetics, and all the other risk 
factors would recede.  This would also address 
issues of inter-laboratory variability in hERG 
IC50 data (as evident in Table 2): we have used 
the lowest published hERG IC50 values to arrive 
at provisional safety margins, but it is likely that 

any single laboratory would derive a value for 
any particular drug somewhere within the 
published range rather than at the lower limit. 
   Obviously margins should reflect disease 
severity and medical need.  For example, one 
could envisage that a 10-fold margin might be 
acceptable for drugs used in diseases which are 
lethal if untreated (e.g. cancer, AIDS, some 
other infections, etc), a 30-fold margin may be 
acceptable for drug treatments for serious 
debilitating diseases (e.g. stroke, Parkinson’s 
disease, schizophrenia, epilepsy, asthma, 
arthritis, etc), but a margin of 100-fold or even 
higher might be required in the case of less 
serious diseases (e.g. Raynaud’s, seasonal 
rhinitis, eczema, etc).  These higher margins 
would also be appropriate for drugs prescribed 
to psychiatric patients at risk from suicidal 
overdose. Furthermore, one has to consider 
changes to therapeutic target, patient 
population, and route of administration.  
   The emphasis here should be on ‘provisional 
margins as a starting point’ – an integrated 
evaluation of in vitro and in vivo 
electrophysiology data is essential for risk 
assessment, and will ultimately be superseded 
by clinical data.  Drugs with small margins for 
hERG activity are not necessarily unsafe, as 
evidenced by several that have been in safe use 
for years, generally due to the mitigating effects 
of actions at other ion channels.  However, for 
the purposes of future drug development, 
candidate drugs with a margin smaller than 30-
fold (for hERG IC50, 10% increase in APD90, or 
10% increase in QT interval – whichever is the 
smallest margin) over the Cmax, would probably 
require evaluation in a proarrhythmic model, 
and the clinical programme may have to be 
augmented [12].  At the other end of the margin 
scale, despite our best efforts, some new drugs 
may induce TdP in susceptible individuals as 
extremely rare events by indirect mechanisms 
unrelated to actions at ion channels. 
 
5.4. ‘Class effects’ 
   It is clear from our dataset that potency in 
hERG assays, prolongation of APD90 and QT, 
and torsadogenic risk, have little to do with 
therapeutic class.  The hERG K+ channel shows 
promiscuous binding characteristics across a 
wide range of chemical structures [53].  
Obviously, if similar molecular structures have 
been synthesized using an opportunistic 
approach in order to improve on a marketed 
drug, then if one of these drugs has hERG 
activity, this may well be shared by all its 
competitors to a greater or lesser extent, but this 
is not a ‘class effect’ in the strictest sense of the 
term.  Except in the case of Class Ia and III 
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antiarrhythmics, for adverse effects so remote 
from their target organs, and with a molecular 
mechanism quite distinct from their primary 
molecular target, the use of the term ‘class 
effect’ is unhelpful here.  It is probably also 
unnecessary to invoke this term when 
considering torsadogenic risk, so long as 
preclinical data from the strategy outlined above 
(hERG IC50, effects on cardiac action potential, 
QT interval) are collated for submission to 
regulatory authorities. Astemizole and cetirizine 
are both non-sedating antihistamines, yet 
whereas astemizole is an extremely potent 
hERG blocker with a margin around 3-fold, and 
was withdrawn after approximately 16 years on 
the market due to an unacceptable risk of TdP, 
cetirizine is a very weak hERG blocker, with a 
margin approaching 2,000-fold, and has been 
used clinically for the same period of time 
without a single report of TdP.  
 
5.5. Concluding remarks 
   Although ‘torsade de pointes’ was first 
characterized by Dessertenne in 1966 [73], the 
electrocardiographic features had been reported 
more than forty years earlier [74], and sudden 
deaths due to antipsychotic drugs were 
documented soon after their introduction in the 
1950s [75].  It is therefore not a new 
phenomenon, and the CPMP’s 1997 ‘Points to 
Consider’ document [12] was arguably long 
overdue.  Hopefully our survey of the published 
literature has helped to clarify the task of 
preclinical risk assessment with respect to pro-
arrhythmic potential of new drugs.  The more 
drugs with a long track record of clinical use for 
which there are full datasets on in vitro and in 
vivo cardiac electrophysiology, the clearer our 
understanding will become.  The challenge to 
the pharmaceutical industry is to minimise 
hERG activity so as to eliminate the major risk 
factor, but not at the expense of discarding 
therapeutically useful drugs that are urgently 
required to treat a myriad of diseases for which 
there is presently a paucity of quality treatment.
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Table 1 

Background information on the initial list of 100 drugs selected for this literature survey 

____________________________________________________________________________________________________________________ 
 Drug class/application Market span Recommended adult dosage Typical duration 

of treatment 
Association with TdP TdP on label 

CATEGORY 1       
Ajmaline Class Ia antiarrhythmic 1993- 200-300 mg o.d. Long term Isolated reports of TdP after i.v. use only [76]  
Disopyramide Class Ia antiarrhythmic 1982- 300-800 mg o.d. Long term Probably ~1-8% [77] Yes 
Procainamide Class Ia antiarrhythmic 1985- 50 mg/kg o.d. Long term Numerous reports of TdP [76;1;66] Yes 
Quinidine Class Ia antiarrhythmic 1918- 200-400 mg t.i.d/q.i.d. Long term 1-8.8%  [1;77;66] Yes 
Almokalant Class III antiarrhythmic Discontinued 

after Phase III 
trials 

4.5-29 mg  Long term? Development stopped pre-market due to TdP N/A 

Amiodarone Class III antiarrhythmic 1982- 200 mg o.d.  Long term 0.7% Incidence [77] Yes 
Azimilide Class III antiarrhythmic 1999- 100-125 mg o.d. Long term 0.9% Incidence [78]  
Clofilium† Class III antiarrhythmic Discontinued 

after Phase III 
trials? 

20-300 µg/kg i.v. Single dose only 
investigated 

No reports; not marketed N/A 

Dofetilide Class III antiarrhythmic 2000- 0.1-0.5 mg b.i.d. Long term 1-4% Incidence  [77]; 3-4% i.v., 0.8-1.5% oral [Al-Dashti & 
Sami, 01] 

Yes 

Ibutilide Class III antiarrhythmic 1996- 1-2 mg i.v. Acute 8.3% Incidence (i.v. use) [79] Yes 
Sematilide Class III antiarrhythmic Discontinued 

after Phase III 
trials 

75-200 mg t.i.d. Long term 1 report, high i.v. dose [80]  

D,L-sotalol Class III antiarrhythmic 1970s 160-320 mg o.d. Long term 1.8-4.8% Incidence [5;66] Yes 
Tedisamil Class III antiarrhythmic Currently in 

Phase II trials 
50-100 mg b.i.d. Long term No reports to date.  

Terikalant† Class III antiarrhythmic Discontinued No information in humans No information in 
humans 

No reports to date. N/A 

       

CATEGORY 2       
Astemizole Antihistamine 1983-1999 10 mg i.d. (30 mg i.d.) [81] > 7 days [81] Very low: 8.5 per 10,000 person-years [82]; withdrawn from 

market due to TdP 
Yes 

Cisapride Prokinetic 1988-2000 10 mg t.i.d./q.i.d. 4 weeks for 
dyspepsia; 12 

Very low (1/120,000) [5]; withdrawn from market due to TdP Yes 
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 Drug class/application Market span Recommended adult dosage Typical duration 
of treatment 

Association with TdP TdP on label 

weeks for GORD 
Droperidol Antipsychotic 1970-2001 5-20 mg t.i.d. [81] Acute 

tranquillisation 
Withdrawn from market due to TdP Yes 

Grepafloxacin Antibiotic 1997-1999 600 mg o.d. 10 days Several cases of TdP and sudden cardiac deaths [83]; 
withdrawn from market due to TdP 

Yes 

Levomethadyl† Opioid agonist (heroin 
dependency) 

1993-2001 According to need (up to 100 
mg three times a week have 
been given) 

Short term Several cases of TdP reported [84]; withdrawn from use in EU 
due to TdP; use restricted in US [19] 

Yes 

Prenylamine† Anti-anginal 1960s-1988 60 mg t.i.d. max 300 mg daily Long term Withdrawn from market due to TdP  
Sertindole Antipsychotic 1996-1998 12-20 mg o.d.  Long term Withdrawn from market due to TdP Yes 
Terfenadine Antihistamine 1982-1997 120 o.d.  Seasonal Very low: 1.0 per 10,000 person-years [82]; withdrawn from 

market due to TdP 
Yes 

Terodiline Bladder incontinence 1986-1991 25 mg b.i.d. Long term Incidence unknown; several cases documented [78;85]; 
withdrawn from market due to TdP 

 

        

CATEGORY 3       
Aprindine Class Ib antiarrhythmic 1982- 50-100 md o.d. Long term Several cases documented [1]  
Bepridil Antianginal 1986- 100 mg t.i.d. Long term ~1% [86] Yes 
Chlorpromazine  Antipsychotic 1954- 75-300 mg o.d. Long term Several cases of TdP documented [87] Yes 
Erythromycin i.v. Antibiotic 1982- 250-500 q.i.d 21 days Numerous cases documented after i.v. use [19;76] Yes 
Flecainide Class Ic antiarrhythmic 1982- 100 mg b.i.d. Long term Several reports of TdP [88;89; Ohki et al, 01] including a 

suicidal overdose [90] 
Yes 

Halofantrine Antimalarial 1988- 1.5 g per week 2 weeks Numerous reports of TdP [76] Yes 
Haloperidol Antipsychotic 1958- 5-10 mg o.d. Long term Numerous reports of TdP with oral and i.v. use [4;91] Yes 
Lidoflazine Antianginal 1984- 120 mg t.i.d. Long term Reports of sudden death attributed to TdP [76]; TdP risk 

considered greater than quinidine [92] 
No 

Maprotiline Antidepressant 1984- 25-150 mg o.d./b.i.d. Long term Several reports of TdP [93;94;95;96] including suicidal 
overdose where thioridazine also present [97] 

No 

Pentamidine Anti-protozoal 1988- 4 mg/kg o.d. 14 days Numerous reports of TdP with oral and i.v. use [76] Yes 
Pimozide Antipsychotic 1971- 2-20 mg o.d. Long term Numerous reports to CSM of arrhythmias and sudden death 

[19]; one published report of TdP following suicidal overdose 
[98] 

Yes 

Thioridazine Antipsychotic 1959- 150-600 mg o.d. Long term Highest risk of TdP amongst antipsychotics [4; Ray et al, 01]; 
restricted use. 

Yes 
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 Drug class/application Market span Recommended adult dosage Typical duration 
of treatment 

Association with TdP TdP on label 

CATEGORY 4       
Amantadine AntiParkinsonian 1983- 100 mg t.i.d. Long term One case of TdP following suicidal overdose (2.5 g ingested) 

[99] 
No 

Amitriptyline Antidepressant 1982- 30-75 mg o.d. Long term One case of TdP following suicidal overdose [100] Yes 
Chloral hydrate† Sedative 1869-(now 

rarely used) 
Max 2 g o.d. Variable Isolated reports after accidental i.v. administration [101] No 

Chloroquine† Antimalarial 1982- 300 mg weekly  Min 6 weeks One report of TdP following self medication [102] No 
Ciprofloxacin Antibiotic 1986- 250-750 b.d. 5 days 2 reports of TdP: incidence 0.3 cases/10 million prescriptions 

[37] 
No 

Clarithromycin Antibiotic 1990- 250-500 mg t.i.d. Up to 14 days TdP in 2 patients with drug alone [103]; drug interactions 
leading to TdP [5] 

Yes 

Cocaine Drug of abuse 
(originally used as a 
local anaesthetic) 

1884- - - Isolated reports in patients with idiopathic long QT syndrome 
[104;105] 

N/A 

Desipramine Antidepressant 1993- 50 mg t.i.d/q.i.d. Long term One case of TdP reported [106] Yes 
Diphenhydramine Antihistamine 1945- 25-50 mg o.d. Symptomatic Two cases of TdP reported [40], yet no TdP after overdose 

[41] 
No 

Domperidone Prokinetic 1978- 10-20 mg q.i.d. 12 weeks TdP only reported with i.v. use: several cases documented [19] No 
Doxepin 
 

Antidepressant 1983- 75 mg o.d. Long term Two cases reported; one after therapeutic dose in a patient with 
resting arrhythmia [107], the other after suicidal overdose (6 g 
ingested) [108] 

No 

Erythromycin p.o. Antibiotic 1982- 250-500 q.i.d 21 days One case documented after oral administration [19;76] Yes 
Fexofenadine Antihistamine 1996- 120-180 mg o.d. Seasonal One report of TdP [109] No 
Fluoxetine Antidepressant 1986- 20 mg o.d. Long term One report of TdP [110] Yes 
Furosemide Diuretic 1970s 20-40 mg o.d. Long term Isolated reports secondary to diuretic-induced hypokalaemia 

[111] 
 

Imipramine Antidepressant 1982- 10-100 mg b.i.d. Long term Well documented proarrhythmic effects, but not of the TdP 
type [76]; one report of TdP after suicidal overdose [112] 

No 

Ketanserin Antihypertensive 1985- 40 mg b.i.d. Long term Isolated reports of TdP [76] Yes 
Mexiletine Class Ib antiarrhythmic 1977- 400-800 mg t.i.d./q.i.d. Long term One report of TdP [113] No 
Mibefradil Antihypertensive 

(calcium channel 
blocker) 

1997-1998 50-100 mg o.d. Long term One report of TdP [18]. Withdrawn after less than one year on 
the market due to drug interactions leading to TdP [5].   

Yes 

Nifedipine Antihypertensive/ 
antianginal 

1982- 10-40 mg b.i.d. Long term Two reports of TdP [42;43;44;45]  

Papaverine Antispasmodic 1982- 40-120 mg o.d./t.i.d. Variable Isolated reports of TdP after intracoronary arterial injection  
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 Drug class/application Market span Recommended adult dosage Typical duration 
of treatment 

Association with TdP TdP on label 

[114;115;116] 
Perhexiline Antianginal 1970s- 50-100 mg b.i.d. Long term One report of TdP [117] No 
Probucol Antilipemic 1977- 500 mg b.i.d. Long term Isolated reports of TdP [76] Yes 
Propafenone Class Ic antiarrhythmic 1982- 300 mg t.i.d. Long term Isolated reports [118;119]  
Sparfloxacin Antibiotic 1993- 400 mg loading dose then  

200 mg o.d. 
10 days Isolated reports of TdP [120] Yes 

Spiramycin† Antibiotic 1982- 1-2 g b.i.d. Up to 4 weeks One report of TdP when co-administered with mequitazine 
[121] 

No 

Sultopride Antipsychotic 1984- 0.4-0.6 g o.d. Long term Two reports of TdP: one during standard therapy [122], the 
other after suicidal overdose (16 g ingested) [123] 

Yes 

Tacrolimus Immunosuppressant 1993- 0.10-0.15 mg/kg/day (i.v.) Up to 6 months Two reports of TdP [124;125] No 
Zimeldine Antidepressant 1980s- 200-300 mg o.d. Variable One report of TdP following suicidal overdose (~5-6g)[126]  
       

CATEGORY 5       
Amlodipine Antihypertensive 

(calcium channel 
blocker) 

1990- 5-10 mg o.d. Long term No reports of TdP.  

Captopril† Antihypertensive (ACE 
inhibitor) 

Early 1980s- 50 mg t.i.d. Long term No reports of TdP.  

Cetirizine Antihistamine 1987- 10 mg o.d. Seasonal No reports of TdP. No 
Chlorcyclizine Antihistamine Early 1950s- 50-100 mg o.d/b.i.d. Short term No reports of TdP.  
Chlorpheniramine Antihistamine 1982- 4 mg t.i.d. Seasonal No reports of TdP. No 
Cibenzoline Class Ic antiarrhythmic 1985- 260-390 mg o.d. Long term No reports of TdP.  
Clemastine Antihistamine 1988- 1 mg b.d. Seasonal No reports of TdP. No 
Cyproheptadine Antihistamine 1982- 4 mg t.i.d/q.i.d Seasonal /Long 

term (migraine) 
No reports of TdP. No 

Diltiazem Antihypertensive 1982- 60 mg t.i.d Long term No reports of TdP.  
Doxorubicin Anticancer 1982- 450mg/m2 Total cumulative No reports of TdP.  
Ebastine Antihistamine 1990- 10 mg o.d. Seasonal/Long termNo reports of TdP. No 
Emetine† Amoebicide 1829- Max 60 mg o.d. Max 10 days No reports of TdP.  
Encainide Class Ic antiarrhythmic 1980s-1991 25-50 mg t.i.d. Long term No reports of TdP.  
Epinastine† Antihistamine 1994- 5-20 mg o.d. Seasonal No reports of TdP. No 
Erythromycylamine Antibiotic ? 500 mg o.d. Short term No reports of TdP.  
Felbamate† Antiepileptic 1993- Max 3600 mg/day Long term No reports of TdP. Yes 
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 Drug class/application Market span Recommended adult dosage Typical duration 
of treatment 

Association with TdP TdP on label 

Foscarnet† Antiviral 1986- 60 mg/kg o.d. 2 – 3 weeks No reports of TdP. No 
Fosphenytoin† Antiepileptic 1996- 50-100 mg/min i.v. Acute No reports of TdP. No 
Ganciclovir† Antiviral 1988- 1 g t.i.d. Long term No reports of TdP.  
Hydroxyzine Antihistamine 1970s- 25-100 mg t.i.d./q.i.d Variable No reports of TdP.  
Ketoconazole Antifungal 1982- 200 mg o.d. Up to 6 months No reports of TdP when sole medication.  CYP3A4 inhibitor: 

TdP when used in conjunction with other drugs in categories 
1-3 above (e.g. terfenadine) [127] 

No 

Loratadine Antihistamine 1988- 10 mg o.d. Seasonal No reports of TdP. No 
Mefloquine Antimalarial 1970s- 1250 mg single oral dose 

(acute therapy); 250 mg/week 
(prophylaxis) 

> 5 weeks No reports of TdP  

Melperone† Antipsychotic 1983- 25-100 mg t.i.d./q.i.d. Long term No reports of TdP.  
Mesoridazine† Antipsychotic 1970- 50 mg t.i.d. Long term No reports of TdP; ECG abnormalities [76] Yes 
Mizolastine Antihistamine 1998- 10 mg o.d. Seasonal/long term No reports of TdP. Yes 
Nitrendipine Antihypertensive 1985- 20 mg o.d. Long term No reports of TdP.  
Olanzapine Antipsychotic 1996- 10 mg o.d. Long term No reports of TdP. Yes 
Phenytoin Antiepileptic 1938- 300-400 mg o.d. Long term No reports of TdP.  
Pyrilamine Antihistamine 1945- 100 mg t.i.d. Seasonal No reports of TdP. No 
Quetiapine Antipsychotic 1997- 150-225 mg b.i.d. Long term No reports of TdP. No 
Risperidone Antipsychotic 1993- 3 mg b.i.d. Long term No reports of TdP.  One report of sudden death without TdP 

[128] 
Yes 

Sumatriptan† Antimigraine 1991- 50-100 mg Variable No reports of TdP. No 
Tamoxifen Anticancer 1982- 10-20 mg b.i.d. Variable No reports of TdP. No 
Tocainide Class Ib antiarrhythmic 1982- 400-800 mg t.i.d. Long term No reports of TdP.  
Verapamil Class IV antiarrhythmic/ 

antihypertensive/ 
antianginal 

1982- 80-160 mg b.i.d/t.i.d. Long term No reports of TdP. No 

Zolmitriptan† Antimigraine 1997- Max 10 mg o.d.  Variable No reports of TdP. No 

 
 Drugs are listed in alphabetical order within each category; within Category 1, Class Ia antiarrhythmics are listed alphabetically before Class III antiarrhythmics.  Market span 
dates are approximate, and are for guidance only.  Data on doses and dosing regimens obtained from BNF and PDR unless otherwise indicated.  ‘TdP on label’ refers to either 
Europe or US regulatory territories.  †Drug does not appear in table 2, due to absence of any in vitro, in vivo or human electrophysiology data.  For description of categories 
refer to text.
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Drug Mol 

Wt 
% ppb 

(human) 
ETPC ng/ml 

(range) 
ETPC 

unbound nM 
(range) 

hERG (or IKr) 
IC50 µµµµM (range)

10-20% increase 
APD90 µM (range) 

10-20% increase 
in vivo QTc mg/kg 

- (range) 

10-20% increase 
in vivo QTc  

µM unbound 
(range) 

10-20% increase 
human QTc 

mg/kg (low) or 
[µM] unbound 

(range) 

References 

CATEGORY 1           
Ajmaline 326.4 38 34 65  3   1  
      decreased in PF, 

increased in atrial and 
VM [129] 

   iv increase in QT 
and TdP 

[19;130;131;129;132] 

Disopyramide 339.5 58 200 - 600 247 - 742 1.8 5 - 40 15 - 30  2 - 7.5  
      dog PF; rabbit PF: 

decrease at 10-20µM 
[136] 

  iv [81;19;133;134;135;136;
137;138;139;140;141] 

Procainamide 235.3 15 7500 - 15000 27093 - 
54186 

310 - 380 100   [18 µM]  

     AT-1 (22ºC) rabbit LH; no effect 
in dog PF at 320 µM 

[142] 

  (total = 24 µM [5.6 
mg/ml]) 

[19;76;143;144;145;146] 

Quinidine 324.4 85 2000 - 7000 924 - 3237 0.3 – 1 1 - 10 4 - 12.5 0.3 - 0.7 [0.56 - 2.3 µM]  
     Ltk (22ºC) GP VM  (total = 2 – 4.6 

µM) 
(totals = 3.7 µM 

[1.2 mg/ml] and 15 
µM [5 mg/ml]) 

[19;147;144;148;49;149;
150;151;152;153;154;155] 

Almokalant  20  70 - 150 0.05 0.03 - 0.1 0.04 - 0.35 0.08 - 0.2 µM [40 nM]  
        (total = 0.1 - 0.25 

µM) 
(total = 50 nM) [156;157;158;159;160;153

;161;162] 
Amiodarone 645.3 99.98 500 - 2500 0.1 - 0.5 1 - 9.8 5 - 59 10 - 400 0.0003 - 0.0006   
     AT-1 (22ºC), 

Ltk (22ºC), 
rabbit VM 

  (total = 1.5 - 2.9 
µM) 

 [81;20;163;164;144;28;
165;166;167;168;169;170;
168] 

Azimilide 457.9 94 305 – 534 40 - 70 0.1 – 0.4 0.1 - 3 3 - 30 0.17 - 0.33   
        (total = 2.8 - 5.5 

µM) 
 [19;171;172;173;174;175] 

Dofetilide 441.6 65 0.5 - 2.5 0.4 - 2.0 0.005 - 10 0.003 - 10 0.01 - 0.9 0.03 [0.001 - 0.003 µM]  
     IKr GP myocytes, GP PM  (total = 0.09 µM) (totals = 1.73 and [19;176;177;178;179;180;
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Drug Mol 
Wt 

% ppb 
(human) 

ETPC ng/ml 
(range) 

ETPC 
unbound nM 

(range) 

hERG (or IKr) 
IC50 µµµµM (range)

10-20% increase 
APD90 µM (range) 

10-20% increase 
in vivo QTc mg/kg 

- (range) 

10-20% increase 
in vivo QTc  

µM unbound 
(range) 

10-20% increase 
human QTc 

mg/kg (low) or 
[µM] unbound 

(range) 

References 

GP myocytes 3.63 mg/L] 181;158;182;159;183;184;
185;186] 

Ibutilide 384.6 40 0.5 - 90 0.7 – 140 0.01 – 0.02 0.01 - 0.1 0.01 - 0.3 0.02 - 0.07 0.015 - 0.025  
      GP VM  (total = 0.04 - 

0.12 µM) 
iv [187;19;188;189;143;190;

191;192;193;194;195;196;
197] 

Sematilide 312.2 4 653 - 1447 2008 - 4449 25 - 50 10 0.7 - 4.1 11 [3.4 µM]  
        (total = 11 µM) (total = 3.6 µM 

[1.1 mg/ml]) 
[76;79;198;199;200;201;
202;184] 

D,L-sotalol 271.5 0 500 - 4000 1842 - 14733 74 - 169 0.5 - 100 1 - 34 3 - 23 4  
     GP PM dog PF; GP VM    [19;203;76;204;205;136;

206;148;207;208;209;210] 
Tedisamil  96  80 2.5 1 100 - 1000  0.3 - 1.4  
            human PF, 29%     iv 0.3; po 1.4  [211;212;213;214;215;

216] 
CATEGORY 2           

Astemizole 458.6 96.7 2.7 - 3.6 0.20 - 0.26 0.0009 - 0.026 
HEK 

0.0003 - 0.3 1 0.013 0.2  

     HEK; GP 
myocytes] 

17.5% GP VM 1Hz; 
10% rabbit PF 

anaes. dog (total = 0.4 µM) po no effect in 
children  

[19;217;218;219;220;221;
208] 

Cisapride 466.0 98 60 2.6 - 4.9 0.002 – 0.045 0.01 - 3 0.1 – 1.4 0.0002 - 0.003 0.7 - 1.3  
     HEK RT; 37ºC  rabbit PF 1 Hz dog pentobarb (total = 0.008 - 

0.148 µM) 
 [19;222;223;224;225;226;

227;228;229;230;231;232;
233;234;235;236] 

Droperidol 379.4  60  0.028 – 0.032 0.01 - 1   0.25  
     GP VM 30ºC; 

HEK RT 
GP VM   iv [81;76;237;238;239;240] 

Grepafloxacin 359.4 50 1200 - 1500 1669 – 2087 27 – 104 14 - 26 2    
     CHO RT; AT-1 dog PF 2mg/kg/min rabbit 

pentobarb 
  [187;76;241;242;243;230;

244] 
Prenylamine 329.6 n/a 23   20 3  2.6  

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/58/1/32/295425 by guest on 18 April 2024



CVRA/2002/0559/R2 

 19

Drug Mol 
Wt 

% ppb 
(human) 

ETPC ng/ml 
(range) 

ETPC 
unbound nM 

(range) 

hERG (or IKr) 
IC50 µµµµM (range)

10-20% increase 
APD90 µM (range) 

10-20% increase 
in vivo QTc mg/kg 

- (range) 

10-20% increase 
in vivo QTc  

µM unbound 
(range) 

10-20% increase 
human QTc 

mg/kg (low) or 
[µM] unbound 

(range) 

References 

      GP VM [iv]   [19;245;246;247] 
Sertindole 440.9 99.5 2 - 140 0.02 - 1.59 0.014 - 0.062 0.3 - 0.45  0.0025 - 0.1 0.25 - 0.34  
     HEK293 2 s 2 s stim, dog PF  (total = 0.5 - 20 

µM) 
po  [19;203;179;248;230;249;

250;251] 
Terfenadine 471.7 97 1.5 - 4.5 0.10 - 0.29 0.02 - 0.20 0.01 - 10 100 0.00015 - 0.0003 [0.0002 µM]  
    1.2-9 nM in 

presence of 
P450 

inhibitor 
[231;252] 

HEK 37ºC; 
Human VM 

GP myocytes; rabbit 
PF;no effect in dog 

PF at 10 µM 
[230;253] 

Dog pentobarb (totals = 5 & 10 
nM, cyno 

monkey; 11nM, 
dog) 

(total = 8nM) [81;19;76;232;232;254;22
6;2;13;220;255;256;257] 

Terodiline 281.4 92  8 - 12 0.004 – 0.7 0.01 - 10 3 - 10  [21 - 78 µM]  
         GP VM      (totals = 140 and 

521µM] 
 [19;225;258;259;260;261;
262;263;230;231;232;264;
265;266] 

CATEGORY 3           
Aprindine 322.4 90 770 239 0.23    100  
     COS RT    po [19;267;268;269] 
Bepridil 384.5 99 400 - 1268 10 - 33 0.6 - 13 10 - 26   3 - 5.7  
     COS; GP 

myocytes 
dog PF; also 

decreased by 14% 
dog PF [270] 

  iv 8%; po 5% [19;76;271;29;272;273;
274] 

Chlorpromazine 318.9 96.5 30 - 350 3 - 38  10     
      no effect [275]    [19;20] 
Erythromycin (i.v.) 733.9 75 8500 - 25000 2895 - 8516 72.2-100 27 - 136 40  18 - 83  
     HEK 35ºC; GP 

VM 37ºC 
dog PF iv anaesthetised 

dogs 
 iv [81;19;276;46;308;277;

278;230;279] 
Flecainide 414.4 61 400 - 800 376 - 753 3.91 2.4 - 24     
     HEK 37ºC Mixed reports - 

decreased: PF [280], 
20 µM [281]; 

decreased GP PM 
0.3Hz; decreased at 

   [19;20;284] 
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Drug Mol 
Wt 

% ppb 
(human) 

ETPC ng/ml 
(range) 

ETPC 
unbound nM 

(range) 

hERG (or IKr) 
IC50 µµµµM (range)

10-20% increase 
APD90 µM (range) 

10-20% increase 
in vivo QTc mg/kg 

- (range) 

10-20% increase 
in vivo QTc  

µM unbound 
(range) 

10-20% increase 
human QTc 

mg/kg (low) or 
[µM] unbound 

(range) 

References 

30µM [282]; 
increased: (VentMF) 
[280]; increased up to 

10µM [283]  
Halofantrine 500.4 n/a 143 - 246  0.197  30  [0.2 - 0.5 µM]  
     HEK 37ºC; 

CHO 
 31% increase  NB: Total 

concentration 
[19;285;286;287;288] 

Haloperidol 375.9 92 6 - 17 1.2 - 3.6 0.027    3  
     HEK 37ºC    po ~50% [81;19;289;62;290] 
Lidoflazine 491.6     5   5.1  
      dog PF   po [81;272;291] 
Maprotiline 277.4 88 15 – 300 6 – 130  10 to 100     
      PM    [19;203;292;293] 
Pentamidine 280.6 n/a 209 - 612      4 - 5  
   [IM], [IV]      iv no effect [294] , 

inhalation route no 
effect [295] 

[19;76] 

Pimozide 461.5 99 n/a - n/a 0.09 - 0.43 0.015 - 0.055    0.3  
    1 nM in 

presence of 
CYP3A4 
inhibitor 

[296] 

IKr GP myocytes; 
HEK 37ºC; 
CHO RT 

   po 5% [19;20;297;62;298;299] 

Thioridazine 370.6 45 140 - 660 208 – 979 0.033 - 1.25 10   0.7  
          HEK 37ºC; tsA-

201 RT 
7% increase PF     po ~20-30%  [19;76;62;300;238;301] 

CATEGORY 4           
Amantadine 151.2 63 110 - 302 269 - 739     35.7  
         ~50% increase 

after 36 hours 
[19;302;99] 

Amitriptyline 277.4 94.8 60 – 220 11 – 41 4.66 1 - 10 2  2.9  
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Drug Mol 
Wt 

% ppb 
(human) 

ETPC ng/ml 
(range) 

ETPC 
unbound nM 

(range) 

hERG (or IKr) 
IC50 µµµµM (range)

10-20% increase 
APD90 µM (range) 

10-20% increase 
in vivo QTc mg/kg 

- (range) 

10-20% increase 
in vivo QTc  

µM unbound 
(range) 

10-20% increase 
human QTc 

mg/kg (low) or 
[µM] unbound 

(range) 

References 

     XO decreased in dog PF 
[303] , decreased in 

GP PF [275] 

  po 4% [19;20;304;305;306] 

Ciprofloxacin 331.4 30 1140 - 2500 2408 - 5281 >100 - 966 200   5.7  
     CHO 23ºC; 

CHO RT 
   no mention of 

effect. [307] 
[285;76;241;242;243] 

Clarithromycin 748 80 1000 - 4510 267 – 1206 32.9    dose?  
     HEK 37ºC    no effect [19;203;308;309;310;311] 
Cocaine 303.4 91 55 – 144 16 - 43 7.2 3 - 30 4 - 5 1.8 - 2   
    [340nM] , 

[1400nM] 
 decreased [312]  (total = 20 - 23 

µM) 
 [19;313;314;315;316;317;

318;319;312] 
Desipramine 266.3 82 40 - 160 27 - 108 1.39 1   2.9  
     HEK 36ºC decreased in dog PF 

[320] 
  po 6% [19;20;62;306] 

Diphenhydramine 255.4 78 25 - 40 22 – 34 30 2.5 - 10   1.4 - 7.1  
      GP isolated hearts     [19;20;321;2;322;41] 
Domperidone 425.9 90 21 - 140 5 - 19 0.16 0.1     
          [81;19;323] 
Doxepin 279.3 76 30 - 150 26 - 129  100 1 mg/kg per min 9.6 1.6 - 2.4  
      decreased in dog PF 

[320] 
 (total = 40 µM) po 5% [19;203;20;324;325;326] 

Erythromycin 
(p.o.) 

733.9 75 300 - 500 102 - 170 72.2-100 37 - 136   18 - 83  

     HEK 35ºC; GP 
VM 37ºC 

dog PF    [81;19;46;308;230;278;27
9] 

Fexofenadine 501.6 65 494 345 5 – 23      
     cat VM; COS 

RT 
    [19;327;328;329] 

Fluoxetine 309.3 94 45 - 150 9  - 29 3.1 58   0.5  
     XO decreased [230]   po no effect [81;20;19;330;326] 
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Drug Mol 
Wt 

% ppb 
(human) 

ETPC ng/ml 
(range) 

ETPC 
unbound nM 

(range) 

hERG (or IKr) 
IC50 µµµµM (range)

10-20% increase 
APD90 µM (range) 

10-20% increase 
in vivo QTc mg/kg 

- (range) 

10-20% increase 
in vivo QTc  

µM unbound 
(range) 

10-20% increase 
human QTc 

mg/kg (low) or 
[µM] unbound 

(range) 

References 

Imipramine 280.4 90.1 100 - 300 35 - 106 3.4 1    2.1  
      decreased dog PF 

[320] 
  po <1% increase [81;20;331;332] 

Ketanserin 395.4 95 40 - 140 5 – 18  0.01 - 1   0.2 - 0.6  
      increased 0.01 to 3, 

decreased at 10 µM  
  0.57 mg/kg po 5% 

increase; 0.2 mg/kg 
iv 6% increase 

[81;333;334;335;336;337] 

Mexiletine 179.2 63 700 - 2000 1445 – 4129  10   1.43  
      decreased dog PF   po qid TdP but no 

increase in QT 
[19;20;338;113] 

Mibefradil 495.6 99 300 - 600 6 – 12 0.35 - 1.43 0.03 - 1 30 0.034   
      decreased [339]  (total = 3.43 µM 

[1700ng/mL]) 
 [19;285;340;30;143;341] 

Nifedipine 346.3 96 27 - 67 3.1 - 7.7 275 2.5 - 5     
      decreased at 2.5 µM 

[342]; increased at 5 
µM [343] 

   [81;20;344] 

Papaverine 339.4 90 201 - 271 59 – 80   6 – 21 mg 
intracoronary 

 6 mg - 12 mg 
intracoronary 

 

       anaes dog    [19;345;346;347] 
Perhexiline 277.6  150 - 660 540 - 2378 7.8    1.43  
     CHO-K1, RT  no effect   po 20-30% 

increase & TdP 
[19;327;348;349;117] 

Probucol 516.8 n/a N/a      7.1  
          [19;350] 
Propafenone 341.4 95 176 - 1648 26 - 241 0.44 1   6.4  
     HEK293 37ºC rabbit LH   no effect [19;76;284;145;119;351] 
Sparfloxacin 392.4 45 140 - 1260 196 - 1766 0.23 – 34.4 9 - 12 3 6.3 5.7 mg/kg  
     IKr AT-1; CHO dog PF 3mg/kg/10min iv 

dog halothane 
(total = 11.4 µM) [3.0 µM] 

(total = 5.4µM) 
[19;76;352;244;241;242;2
43;353;354] 

Sultopride 354.5  726 - 1274 2048 - 3594  3     
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Drug Mol 
Wt 

% ppb 
(human) 

ETPC ng/ml 
(range) 

ETPC 
unbound nM 

(range) 

hERG (or IKr) 
IC50 µµµµM (range)

10-20% increase 
APD90 µM (range) 

10-20% increase 
in vivo QTc mg/kg 

- (range) 

10-20% increase 
in vivo QTc  

µM unbound 
(range) 

10-20% increase 
human QTc 

mg/kg (low) or 
[µM] unbound 

(range) 

References 

          [81;19;238] 
Tacrolimus 822 99 7 – 20 0.09 - 0.24  5  0.003 0.04  
      (67% increase)  (total = 0.3 µM 

[260ng/mL]) 
iv 29% increase [19;76;355;356;124] 

Zimeldine 408.2        71  
                  overdose, 100% 

increase in QTtop 
 [76;126] 

CATEGORY 5           
Amlodipine 408.9 93 2 – 10 0.34 - 1.75       
          [76;327;357] 
Cetirizine 388.8 93 311 56 108 - 300  5    
     rabbit VM 

37ºC;COS 
 no effect dog 

halothane 
  [81;327;358;329;208] 

Chlorcyclizine 337.3     10     
      (increase in QT cat 

LH) 
   [81;359] 

Chlorpheniramine 319.9 70 2 - 12 2 - 11 1.6 5     
     GP myocytes (cat LH)    [19;76;220;359;360] 
Cibenzoline 262.4 55 293 - 569 502 - 976 23 decreased/mixed 

effects/no effect 
  [1.23 µM]  

     IC50 for IK as a 
whole 

   ~5% increase  
(total = 2.74 µM 

[720 ng/ml]) 

[81;361;362;363;364;365;
366;367] 

Clemastine 344  0.45 - 1.61 1.3 - 4.7  1     
      (increase in QT cat 

LH) 
   [19;368;359] 

Cyproheptadine 287.4     10     
      (increase in QT cat 

LH) 
   [19;359] 

Diltiazem 414.5 78 100 - 229 53 - 122 10 – 17.3 10     
     COS 22ºC; HEK decreased GP PM     [19;20;285;271;369;370] 
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Drug Mol 
Wt 

% ppb 
(human) 

ETPC ng/ml 
(range) 

ETPC 
unbound nM 

(range) 

hERG (or IKr) 
IC50 µµµµM (range)

10-20% increase 
APD90 µM (range) 

10-20% increase 
in vivo QTc mg/kg 

- (range) 

10-20% increase 
in vivo QTc  

µM unbound 
(range) 

10-20% increase 
human QTc 

mg/kg (low) or 
[µM] unbound 

(range) 

References 

RT 
Doxorubicin 543.5 79-85         
         no effect  [19;20;371] 
Ebastine 469.7 98 90 - 120 3.8 - 5.1 0.3 10 10 - 30  0.14 - 1.43  
     GP VM no effect rabbit PF  iv GP  

120 mg/kg po GP 
(in presence of 

ketoconazole) no 
effect [35] 

 0.14 mg/kg po no 
effect [372]; 1.43 
mg/kg po <10% 
increase [127] 

[81;373;374;14;375] 

Encainide 352.4 70 250 213  1 - 3 2.7  3.5  
    [0.9nM]  Increased 

[376;377]; no effect 
at 1-3 µM [378]; 

decreased at 10 µM 
[378] 

  po no effect  [19;20;379;380;381] 

Hydroxyzine 447.8     1     
      (increase in QT cat 

LH) 
   [81;359] 

Ketoconazole 531.4 99 1500 - 9400 28 - 177 1.9 - 49  35    
     HEK 36ºC; XO     [81;20;382;383;62;33;384;

34] 
Loratadine 382.9 98 2.0 - 8.6 0.10 - 0.45 0.173    0.14 - 0.29  
     HEK 37ºC    0.14 mg/kg po no 

effect [309]; 0.29 
mg/kg po 2% 
increase [385] 

[81;203;254;386] 

Mefloquine 378.3 98 1800 95.2 5.6 10 0.3-30 mg/kg i.v.  250 mg once/week  
     CHO decreased in GP 

myocytes 
no effect in 

aneasthetised GP 
 ~5% increase in 

QT 
[327;76;387;24;388] 

Mizolastine 432.5 98.4 234 8.7 0.35      
          [19;203;389;390] 
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Drug Mol 
Wt 

% ppb 
(human) 

ETPC ng/ml 
(range) 

ETPC 
unbound nM 

(range) 

hERG (or IKr) 
IC50 µµµµM (range)

10-20% increase 
APD90 µM (range) 

10-20% increase 
in vivo QTc mg/kg 

- (range) 

10-20% increase 
in vivo QTc  

µM unbound 
(range) 

10-20% increase 
human QTc 

mg/kg (low) or 
[µM] unbound 

(range) 

References 

Nitrendipine 360.4 98 2 – 54 0.11 - 3.02 10 - 50      
     HEK RT; COS 

22ºC 
    [19;76;391;392;271;369] 

Olanzapine 312.4 93 8 - 23 1.8 - 5.2 0.231      
     HEK 36ºC     [19;76;393;394;62] 
Phenytoin 252.3 89 10000 4360 100      
     (Cell type 

unknown) 
    [81;20;395] 

Pyrilamine 285.3    1.1  3    
     GP myocytes  iv no effect    [19;220] 
Quetiapine 383.5 83 22 – 74 10 – 33     [0.43 µM]  
         no effect  [187;203;396;397] 
Risperidone 410.5 88 2.1 - 6.2 0.61 - 1.81 0.15    0.03  
     HEK 37ºC    ~20% increase in 

one patient, during 
cardiac arrest 

[19;62;128] 

Tamoxifen 371.6 98.8 35 - 654 1 - 21 1 - 3.3 3.3   80mg/square metre  
      no effect    [19;398;399;400] 
Tocainide 192.2 10 300 - 1000 1405 – 4683       
          [19;20] 
Verapamil 491.1 90 125 - 400 25 - 81 0.14 - 0.83 1 - 10 0.03 - 0.3    
      increased in dog PF 

[401]; GP VM 
[402]; decreased in 
GP myocytes [339] 

iv no effect   [81;20;19;369;30;403] 

For the human QT data, doses in the source publications have generally been reported in ‘mg’; these have been converted to ‘mg/kg’ by assuming a body weight of 70 kg.  
Also in this column, any information on plasma concentrations (unbound) are indicated in square brackets.  For both the human and the in vivo (animal) data, the total 
concentrations are indicated in the comments, as these are the data that appeared in the source references.  In order to simplify the table, references to data sources for each 
drug have been collated into a single column; it is generally possible to ascertain from the titles of the publications as to which data have been sourced from which publication.  
Where there are complex effects (e.g. biphasic effects; different effects in different tissues; conflicting reports) the references have been inserted next to the comments in the 
table.  For full details refer to the source publications.  Abbreviations: Mol Wt = molecular weight; %ppb = % plasma protein binding; ETPC = effective therapeutic plasma 
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concentration; hERG (or IKr) IC50 = IC50 in a hERG-transfected mammalian cell line (cell type indicated) unless otherwise indicated, or at IKr (where indicated); APD90 = 
action potential duration in an in vitro cardiac preparation measured at 90% repolarisation; QTc = QT interval corrected for any change in heart rate; RT = room temperature 
(generally 20-25ºC); XO = Xenopus oocytes; GP = guinea-pig; PF = Purkinje fibres; LH = Langendorff heart; PM = papillary muscle; VM = ventricular muscle; pentobarb = 
pentobarbitone anaesthesia.  
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Table 3 
Comparison of effects of cisapride (relatively selective IKr blocker) with terfenadine (mixed ion channel 
activity) on action potential duration in different in vitro cardiac preparations 
 
        

CISAPRIDE 0.01 µM 0.03 µM 0.1 µM 0.3 µM 1 µM 3 µM 10 µM 

        
hERG IC50 IC50 = 0.002-0.045 µM [226;227;228]     
        
Dog Purkinje fibres     -----------!APD90; EADs  [230]------------ 

Pig Purkinje fibres (no published data) 
Rabbit Purkinje fibres   !APD90; EADs [404;229]    
Rabbit ventricular myocytes        
Rabbit Langendorff heart   !QT     
Guinea-pig ventricular myocytes (no published data) 
Guinea-pig papillary muscle   ---------------------------!APD90 [231]--------------------------  
Guinea-pig Langendorff heart   !MAPD90 [405]    
 
 
        

TERFENADINE 0.01 µM 0.03 µM 0.1 µM 0.3 µM 1 µM 3 µM 10 µM 

hERG IC50 IC50 = 0.02-0.20 µM [220;232;254]     
        
Dog Purkinje fibres ----------------------------------------no effect [253]------------------------------------  no effect [230] 
Pig Purkinje fibres    ---------------------------minimal effect [406]-------------------------------------- 
Rabbit Purkinje fibres     --------------------!APD90 [14]----------------- 
Rabbit ventricular myocytes     no effect [407]  
Rabbit Langendorff heart        
Guinea-pig ventricular myocytes ----------!APD90 [220]--------- -------------------!APD90 [408]----------------- "APD90 [409]   !APD90 [409] 
Guinea-pig papillary muscle ----------!APD90 [410]--------- -------------------"APD90 [411]----------------   
Guinea-pig Langendorff heart     !APD90 [412]   "APD90 [412] 
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Fig. 1 Schematic representation of in vitro and in vivo electrophysiological data in comparison to 
therapeutic plasma concentrations for 49 drugs with hERG/IKr and ETPCfree data.            Effective free 
therapeutic plasma concentration (ETPCfree) range;          ETPCfree in presence of P450 inhibitor;                    
hERG/IKr block (from lowest published IC50 upwards);   
          10-20% increase in APD90;            decrease in APD90;           no effect on APD90;        increase in 
QTc in vivo;       increase in QTc in humans.  For details refer to Table 2. 
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Fig. 2  Log margins of lowest published values for hERG/IKr IC50 divided by the upper end of the 
ETPCunbound range.  Plots to the left of the origin indicate hERG activity within the therapeutic plasma 
concentration range.  The vertical dotted line indicates a ratio of 30.  For terfenadine the margin is 
based on a value of 4 nM for ETPCunbound (max) as a concentration attained in the presence of a P450 
inhibitor [225].  For source data refer to Table 2. 
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Category 1: dofetilide 

 
 
Category 2: terfenadine 

 
 
Category 5: tamoxifen 
 

 
Fig. 3  Overlay plots of concentration-effect data for hERG/IKr, APD90, QT in dog, and QT in human 
for representatives of categories 1, 2 and 5.  In vivo data are plotted as unbound plasma concentration.  
Rectangle indicated effective therapeutic plasma concentration (unbound) in humans; for terfenadine 
this indicates the range obtained in the presence of a P450 inhibitor.  For source references see Table 2.
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