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ABSTRACT
There has been significant focus on drug-induced QT interval prolongation caused by block of the human ether-a-go-gorelated gene (hERG)-encoded potassium channel. Regulatory guidance has been implemented to assess QT interval
prolongation risk: preclinical guidance requires a candidate drug’s potency as a hERG channel blocker to be defined and also
its effect on QT interval in a non-rodent species; clinical guidance requires a “Thorough QT Study” during development,
although some QT prolonging compounds are identified earlier via a Phase I study. Clinical, heart rate-corrected QT interval
(QTc) data on 24 compounds (13 positives; 11 negatives) were compared with their effect on dog QTc and the concentration of
compound causing 50% inhibition (IC50) of hERG current. Concordance was assessed by calculating sensitivity and specificity
across a range of decision thresholds, thus yielding receiver operating characteristic curves of sensitivity versus (1-specificity).
The area under the curve of ROC curves (for which 0.5 and 1 indicate chance and perfect concordance, respectively) was used
to summarize concordance. Three aspects of preclinical data were compared with the clinical outcome (receiver operating
characteristic area under the curve values shown in brackets): absolute hERG IC50 (0.78); safety margin between hERG IC50 and
clinical peak free plasma exposure (0.80); safety margin between QTc effects in dogs and clinical peak free plasma exposure
(0.81). Positive and negative predictive values of absolute hERG IC50 indicated that from an early drug discovery perspective,
low potency compounds can be progressed on the basis of a low risk of causing a QTc increase.
Key words: hERG; QT interval prolongation; preclinical to clinical translation.

There has been considerable interest in drugs that block the
human ether-a-go-go-related gene (hERG)-encoded potassium
channel as side-effect, thereby delaying ventricular action potential repolarization and prolonging the QT interval on the surface electrocardiogram (Gintant et al., 2016; Sanguinetti and
Tristani-Firouzi, 2006). Focus on drug-induced QT interval prolongation has been intense because it is associated with a potentially fatal cardiac arrhythmia (Torsades de Pointes [TdP])
and has been a significant contributor to attrition in the
pharmaceutical industry (Shah, 2006).
Under the auspices of the International Conference on
Harmonization (ICH), the regulatory response to this problem

was the publication of three guidance documents for those aiming to discover new medicines: two dealing with the testing
requirements before starting clinical trials (ICH S7A;
Anonymous, 2001) and ICH S7B (Anonymous, 2005a) and another focused on clinical testing prior to marketing approval
(ICH E14; Anonymous, 2005b).
The corner-stones of the preclinical QT-related guidance are
an in vitro measurement of a compound’s activity as a hERG
blocker and an in vivo assessment of its effect on QT interval
duration in non-rodents. For the hERG test, ICH S7B
(Anonymous, 2005a) stipulates that: “Ascending concentrations
should be tested until a concentration-response curve has been
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characterized or physicochemical effects become concentration-limiting”. The guidance around the in vivo preclinical QT
assessment states that the dose range used “whenever feasible,
should include and exceed the anticipated human exposure”.
This necessitates testing at more than one dose level and taking
blood samples after each dose to establish plasma exposure levels. This includes, as a minimum, a sample timed to coincide
approximately with the postdose time point at which the maximum plasma concentration of the drug occurs (Cmax). ICH S7B
also provides advice on appropriate heart rate correction factors
to convert QT intervals into heart rate-corrected (QTc) data.
Thus the preclinical data on a candidate drug usually consist of
a hERG concentration-effect curve and an in vivo assessment of
QTc relative to plasma Cmax, often expressed as the concentration not bound to plasma proteins (Cmax free).
The definitive clinical evaluation of drug-induced QT prolongation risk has been a “Thorough QT/QTc Study” (TQTS) (ICH
E14 (Anonymous, 2005b) which often involves measuring QT/
QTc at 2 dose levels of the compound of interest: the therapeutic dose and a “substantial multiple of the anticipated maximum therapeutic exposure”. Since ICH E14 (Anonymous,
2005b) recommends that QT/QTc data are collected at around
Cmax, these studies require measurement of drug plasma concentrations to establish Cmax, often expressed as Cmax free. A
typical TQTS therefore yields an assessment of QTc versus
plasma Cmax free at two doses. There are variants of this TQTS
design: eg, some TQT studies use a single dose that from previous studies has been established as the maximum tolerated
dose, the logic being that if it is “negative” at this dose (ie, did
not increase QTc), it will be negative at a lower, therapeutic
dose. ICH E14 defines the threshold for regulatory concern (ie, a
“positive”) as a prolongation of “around 5 ms as evidenced by an
upper bound of the 95% confidence interval (CI) around the
mean effect on QTc of 10 ms”. The statistical power required to
detect such a small change dictates the need for careful collection and analysis of QTc data. Hence the output of TQT studies
represents an opportunity to compare high resolution, quantitative clinical data with that collected preclinically.
In contrast to the TQTS, which is often conducted late in development once the therapeutic dose has been established, the
Phase I clinical trials on a development compound are usually a
Single Ascending Dose (SAD) and a Multiple Ascending Dose
(MAD) study. These assess the pharmacokinetic and safety properties of a test compound, including QTc data, but such studies
have not traditionally been statistically powered to detect the
very small QTc prolongations used as the threshold for regulatory
concern defined in ICH E14 (Anonymous, 2005b). Thus only relatively large QTc increases have confidently been attributed to the
effect of the test compound. In other words, the apparent absence
of a QTc effect in a Phase I study is not deemed a definitive demonstration that the compound has no effect: only the TQTS is
powered sufficiently to define a negative. Hence additional preclinical to clinical translational data can be obtained by studying
compounds that have prolonged QTc in Phase I studies, but not
those which had no apparent effect.
In this assessment we have extracted clinical QTc data for 24
compounds from TQT studies, or Phase I studies where there
was a clear QTc increase, and compared them with hERG and
dog QTc data collected preclinically.

MATERIALS AND METHODS
Origin of compounds. In total 23 of the 24 compounds in this investigation were from AstraZeneca’s internal drug discovery

and development activities or were in-licensed by AstraZeneca
from another company; the exception was compound 10 (moxifloxacin). Except for the hERG data on moxifloxacin, all data
were from studies conducted at AstraZeneca, at the third-party
from which the compound originated or at contract research
organizations.
The core pharmacodynamic and pharmacokinetic data for
this work were extracted from hERG, dog safety pharmacology
and clinical study reports; the conclusions of the reports were
not re-interpreted. Moxifloxacin hERG potency data were taken
from the paper by Gintant (2011). In order to convert from total
to free drug plasma concentrations, the percentage of each
compound not bound to human or dog plasma proteins was
extracted from the relevant reports. The molecular weight of
each compound was obtained to enable conversion from concentrations expressed in ng/ml to those expressed in mM.
hERG studies. The details of each study are shown in
Supplementary Table 1. Studies on 23 of the compounds used
manual whole-cell patch clamping, whilst the remaining compound was assessed using automated whole-cell patch clamping. Although voltage protocols were not the same for all
compounds, they all involved an initial voltage step to 10 mV
(range þ10 to þ40 mV) followed by a step or a ramp to  30 mV
(range 30 to 80 mV) to evoke an outward tail current. Each
compound was assessed for its effect on the amplitude of this
tail current. Physiological intracellular and extracellular ionic
concentrations were used and concentration-effect curves were
based on measured concentrations of compounds where
available.
In order to perform the relevant analyses for every compound, an IC50 value was required. For inactive or low potency
compounds where an IC50 was not defined, the following process was used to provide an estimate. A concentration-effect
curve was simulated that had a user-defined IC50 value, a Hill
slope of 1 and a minimum and maximum of 0% and 100% inhibition, respectively. For compounds that were active but did not
achieve 50% inhibition, eg, 35% inhibition at the highest test
concentration of X mM, the user iteratively inputted IC50 values
until the 35% inhibition point occurred at X mM and this IC50 was
then used as an estimate. For compounds that were inactive at
the highest test concentration, the same process was used to
estimate a “worst-case” IC50 by assuming that the maximal concentration tested elicited 5% inhibition of hERG current; this is
the same approach as that adopted by Gintant (2011).
Dog safety pharmacology studies. All studies were conducted
according to the relevant national guidelines on animal welfare.
Six compounds were assessed in anesthetized beagle dog studies (using 4 different anesthetic regimes) and the remaining 18
in conscious telemetered beagle dog studies. The key details of
each study are shown in Supplementary Table 2. Studies
described the effect of test compound on a variety of cardiovascular parameters, but for this work note was made of whether
the report stated a compound-related effect on QTc at a given
dose. All studies reported the arithmetic mean of the total
plasma exposures at a time point judged to be close to Cmax.
These values were converted to free (ie, unbound) Cmax values
using dog plasma protein binding data. Hence, for each dose in
a study, the data extracted were the mean free Cmax at that dose
and whether there was or wasn’t an effect on QTc.
Clinical studies. The key details of each study are shown in
Supplementary Table 3. All studies used digital ECG collection.
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Data for 16 of the compounds came from TQT studies. All 16
TQT studies had a “positive” moxifloxacin arm and in 9 of these
studies the Cmax for moxifloxacin was defined. In order to include moxifloxacin in the analysis, Cmax data were extracted
from all 9 studies and data from the study with the median
Cmax value were used to exemplify moxifloxacin clinical data.
Of the 8 remaining compounds, data for 6 came from SAD
studies, 1 from day one of a MAD study and 1 from a combination of SAD and MAD studies. The “positive” QTc outcome for
the latter was based on concentration-response modeling of
QTc data.
Studies described the effect of test compound on a variety of
parameters, but for this work note was made of whether the report stated a compound-related effect on QTc at a given dose.
All studies reported the geometric mean of total plasma exposures at a time point judged to be close to Cmax. These were
then converted to a free exposure using human plasma protein
binding data. Hence, for each dose in a study, the data extracted
were the mean free Cmax at that dose and whether there was or
wasn’t an effect on QTc.
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100-fold. It is important to note that the exposure multiples
covered those both above and below the clinical Cmax free
reference point. For example, the 10-fold exposure multiple
ranged from 0.1- to 10-fold the clinical Cmax free reference
point.
Statistical quantification of concordance. The foundation of the analysis was standard diagnostic tests for sensitivity and specificity
using binary classification to define the effect of each compound (Altman and Bland, 1994a). In the context of this work,
sensitivity represents the proportion of compounds that prolonged QTc in clinical studies that were correctly identified by a
preclinical test. Specificity represents the proportion of compounds that did not prolong QTc in clinical studies that were
correctly identified by a preclinical test. They were calculated as
follows:
Sensitivity ¼ TP=½TP þ FN

Specificity ¼ TN=½TN þ FP
Clinical plasma exposure reference point used to calculate exposure
multiples relative to preclinical data. A key aspect of this work was
to assess preclinical data at exposure multiples relative to Cmax
free values in clinical studies. It is therefore important to clarify
what clinical exposure values were used. For compounds that
prolonged QTc in clinical studies, the clinical exposure reference point was the mean Cmax free at the lowest dose where an
increase in QTc was seen. For compounds that did not prolong
QTc in clinical studies, the mean Cmax free at the highest dose
tested was used.
Data classification. For clinical studies, a “negative” was a compound that did not prolong QTc in a TQTS, based on the definition of a “negative” in ICH E14: “a negative ‘thorough QT/QTc
study’ is one in which the upper bound of the 95% one-sided
confidence interval for the largest time-matched mean effect of
the drug on the QTc interval excludes 10 ms”. A “positive” was a
compound that prolonged QTc in a TQTS based on the definition of a “positive” in ICH E14 (ie, if the 95% one-sided CI for the
largest time-matched mean effect of the drug on the QTc interval exceeded 10 ms). “Positive” compounds were also drawn
from those tested in other (ie, non TQT) clinical studies where
the study report concluded that there was a compound-induced
increase in QTc.
Concordance with clinical outcome was assessed for three
aspects of the preclinical data, using the same approach as
described by Ewart et al. (2014).
1. The absolute hERG IC50 value. This was assessed by setting
thresholds for IC50 below which hERG data were deemed
“positive”, starting with a threshold of 0.3 mM and increasing
the value to 1, 3, 10, 30, 100, 300, and 1000 mM.
2. The exposure multiple between the hERG IC50 and clinical
Cmax free reference point. This was done by setting an exposure multiple that constituted a “positive” if the hERG
IC50 fell within it, starting with an exposure multiple of 1fold and increasing the value to 3, 10, 30, 100, 300, and
1000-fold.
3. The exposure multiple between QTc increase in dogs and
the clinical Cmax free reference point. This was done by setting an exposure multiple that constituted a “positive” if the
QTc increase in dogs fell within it, starting with an exposure
multiple of 1-fold and increasing the value to 3, 10, 30, and

Where TP, True Positive; TN, True Negative; FP, False
Positive; FN, False Negative.
The 95% CIs around sensitivity and specificity values were
calculated in R (version 3.3.1) using a binomial test.
Sensitivity and specificity values for each analysis were calculated across the range of decision thresholds described above,
thus enabling receiver operating characteristic (ROC) curves to
be produced by plotting Sensitivity against (1-Specifcity)
(Altman and Bland, 1994c). The area under the curve (AUC) of
ROC curves was calculated using the trapezium rule. The optimal balance between sensitivity and specificity was defined
using Youden’s J statistic (Sensitivity þ Specificity 1).
Positive predictive value (PPV) and negative predictive
value (NPV) were also calculated, which represent the probability that a model predicts the outcome, in this case QTc
effect in clinical studies. The PPV of a model is the proportion of compounds with a TP result amongst all the compounds with positive results. Conversely, NPV of a model is
the proportion of compounds with a TN result amongst all
the compounds with negative results. PPV and NPV are
influenced by outcome prevalence, which in this analysis is
the prevalence of compounds that prolong QTc in clinical
studies as a proportion of the total number of drugs tested in
clinical studies. Although the prevalence (or pretest probability) is usually unknown, for this work we estimated
prevalence using the data reported by Park et al. (2013), who
stated that 46 out of 205 TQT studies submitted to the U.S.
Food and Drug Administration were “positive”, thus giving a
prevalence estimate of 0.22. This enabled the calculation of
values for PPV and NPV (Altman and Bland, 1994b), as
follows:
PPV ¼ ðsensitivity x prevalenceÞ=½sensitivity x prevalence
þ ð1  specificityÞ x ð1  prevalenceÞ

NPV ¼ specificity xð1
 prevalenceÞ=½specificity x ð1  prevalenceÞ
þ ð1  sensitivityÞ x prevalenceÞ
The 95% CIs around PPV and NPV were calculated based on
methods described in Mercaldo et al. (2007).
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RESULTS
Compound Dataset
Of the 24 compounds, 13 prolonged QTc in clinical studies and
11 did not. The compounds were all of low molecular weight (ie,
not biologics) and their primary targets were G-protein-coupled
receptors (10), enzymes (9), ion channels (3), transporters (1) or
nuclear hormone receptors (1). They were aiming to treat indications across a range of disease areas: cardiovascular (6), central nervous system (5), gastro-intestinal (3), infection (3),
oncology, (3), respiratory (3), and inflammation (1). Since it is
relevant to the analysis and discussion of the data, note that
compounds 9 and 12 are long-acting b2-adrenoceptor agonists.
The pharmacology of these two compounds is highlighted since
irrespective of any hERG-mediated risk of a clinical QTc increase, previous data for such compounds highlight the potential for a nonhERG-mediated clinical QTc effect (Bremner et al.,
1993; Lecaillon et al., 1999). Hence in an analysis of concordance
between hERG data and clinical QTc effects, such compounds
are likely to appear as false negatives, when in fact their b-adrenergic receptor pharmacology marks them out as having the
potential to cause a QTc increase in man.
Relationship Between Clinical QTc Effect and hERG Data
Absolute hERG Potency
Figure 1A shows the absolute hERG potency for the 24 compounds. The data illustrate that 7 out of the 13 compounds that
increased QTc in clinical studies had IC50s <10 mM. Conversely,
10 out of 11 of the compounds that did not prolong QTc in clinical studies had an IC50 >10 mM.
ROC curves both with and without the b2-adrenoceptor agonists (compounds 9 and 12) were constructed (Figure 1B). A numerical summary of the data is shown in Table 1 along with the
PPV and NPV data. The AUC values for the ROC curves indicate
a degree of concordance between absolute hERG potency and
clinical QTc outcome (0.78 for the total dataset and 0.81 for that
minus the two b2-adrenoceptor agonists) given that a value of
0.5 corresponds to random chance and a value of 1 would be
perfect concordance. For both datasets, the optimal balance between sensitivity and specificity occurred at a hERG IC50 threshold of 10 mM. The relative values of PPV and NPV changed with
hERG IC50 threshold, as would be expected, but at 10 mM, eg, for
the whole dataset, PPV ¼ 0.63 whilst NPV ¼ 0.87. The PPV and
NPV value for the dataset minus the 2 b2-adrenoceptor agonists
was 0.66 and 0.90, respectively.
Safety Margin Between Clinical Exposure and hERG Potency
Based on the well-established link between hERG block (assuming selective inhibition of hERG) and increases in QTc
(Sanguinetti and Tristani-Firouzi, 2006), it is logical to expect
that the smaller the safety margin between clinical Cmax free
and hERG IC50, the greater the chance of a QTc increase in the
clinical study. In Figure 2A, we explored that expectation by
plotting the ratio of the hERG IC50 to clinical Cmax free using the
clinical exposure reference point described in the “Materials
and Methods” section. In total 9 out of 13 compounds that
increased QTc in clinical studies had safety margins <30-fold
whilst 10 out of the 11 compounds that did not prolong QTc had
safety margins >30-fold.
ROC curves both with and without the b2-adrenoceptor agonists were constructed for these data (Figure 2B). A numerical
summary of the data is shown in Table 2 along with the PPV
and NPV data. The AUC values for the ROC curves indicate good

Figure 1. Relationship between effect on clinical QTc and potency as a blocker of
the hERG-encoded potassium channel. A, Graphical summary of the data.
Triangles, clinical QTc increase; circles, no clinical QTc increase. Potency values
for each compound are plotted as hERG IC50. Compounds with IC50s > 1000 mM
are plotted at a value of 1000 mM. B, ROC curves for the data in (A). The complete
dataset (24 compounds) is shown in filled squares and continuous lines; the
dataset minus the b2-adrenoceptor agonists (22 compounds) is shown in open
circles and dashed lines.

concordance between hERG safety margin and clinical QTc outcome (0.80 for the total dataset and 0.92 for that minus the two
b2-adrenoceptor agonists). For both datasets, the optimal balance between sensitivity and specificity occurred at a hERG
IC50/clinical Cmax free ratio threshold of 30-fold.
If the same analyses were done using clinical Cmax total (ie,
plasma Cmax values that were not corrected for plasma protein
binding), the ROC curve AUC values were reduced by 0.12 (to
0.68 for the total dataset and 0.80 for that minus the two b2adrenoceptor agonists).
Relationship Between Clinical Exposure and QTc Effect in Dog
Studies
Figure 3 summarizes the relationship between dog QTc data
and the QTc outcome in clinical studies. For each compound,
the ratio of the Cmax free in dogs at each dose tested was plotted
as a ratio of the clinical Cmax free reference point for that compound, as described in the “Materials and Methods” section. As
stated in the Introduction, to comply with ICH S7A guidance
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Table 1. Concordance Data for Complete Dataset (24 Compounds)
Between Clinical, Heart Rate-Corrected QT Interval (QTc) Study
Outcome and Drug Concentration Causing 50% Inhibition of hERGEncoded Potassium Channel
Parameter/IC50
Threshold (mM)

<0.3

<1

<3

<10

<30

<100

<300

<1000

Sensitivity
Lower 95% CI
Upper 95% CI
Specificity
Lower 95% CI
Upper 95% CI
PPV
Lower 95% CI
Upper 95% CI
NPV
Lower 95% CI
Upper 95% CI

0.00
0.00
0.25
1.00
0.72
1.00
—
—

0.23
0.06
0.54
1.00
0.72
1.00
1.00
0.29
1.00
0.82
0.77
0.86

0.38
0.14
0.68
0.91
0.59
1.00
0.54
0.14
0.9
0.84
0.77
0.89

0.54
0.25
0.81
0.91
0.59
1.00
0.63
0.19
0.92
0.87
0.79
0.93

0.69
0.39
0.91
0.73
0.39
0.94
0.42
0.20
0.67
0.89
0.77
0.95

0.77
0.46
0.95
0.64
0.31
0.89
0.37
0.21
0.58
0.91
0.77
0.97

0.85
0.55
0.98
0.36
0.11
0.69
0.27
0.18
0.38
0.89
0.65
0.97

0.92
0.64
1.00
0.36
0.11
0.69
0.29
0.20
0.40
0.94
0.69
0.99

0.78
0.78
0.78

(Anonymous, 2001), dog cardiovascular studies are usually
designed with the aim of the lowest dose achieving a plasma
exposure similar to that anticipated in clinical studies and
higher doses giving plasma exposures that exceed those anticipated in clinical studies. However, at the time the doses for dog
studies are decided, the plasma exposure anticipated in clinical
studies is a prediction based on a variety of data types and estimates. Also, as described in the “Materials and Methods” section, the reference clinical Cmax free values used in Figure 3 are
defined differently depending on whether or not a compound
prolonged QTc in clinical studies. In addition, since some of the
dog studies predate the publication of ICH S7A, its ethos was
not necessarily followed. For these reasons, when the exposures
in dog studies are plotted relative to the reference clinical Cmax
free values, there is often a lack of data around the reference
clinical Cmax free value. Despite these gaps in the dataset, as
shown in Figure 3A, 8 of the 13 compounds that prolonged QTc
in clinical studies also prolonged QTc in dogs within 10-fold the
clinical Cmax free. In contrast, 10 out of 11 compounds that did
not increase QTc in clinical studies did not prolong QTc in dogs.
Although fewer data points are available for this data set,
ROC curves were generated both with and without the b2-adrenoceptor agonists (Figure 3B). A numerical summary of the data
is shown in Table 3 along with the PPV and NPV data. The AUC
values for the ROC curves indicate good concordance between
dog QTc data and clinical QTc outcome (0.81 for the total dataset
and 0.91 for that minus the 2 b2-adrenoceptor agonists). For
both datasets, the optimal balance between sensitivity and specificity occurred at a dog Cmax free/clinical Cmax free ratio
threshold of 10-fold.

DISCUSSION
This sensitivity/specificity-based analysis confirms other
reports suggesting good concordance between QTc outcome in
clinical studies and data from hERG and dog studies (Ewart
et al., 2014; Gintant, 2011; Vargas et al., 2015; Wallis, 2010). The
concordance data improve if the 2 long-acting b2-adrenoceptor
agonists are removed from the analysis on the basis that a clinical QTc increase is not unexpected, even in the absence of any
hERG-mediated effect.
However, this sensitivity/specificity-based analysis essentially describes how the clinical outcome predicts the preclinical

Figure 2. Relationship between effect on clinical, heart rate-corrected QT interval (QTc) and safety margin between clinical plasma exposure and potency as a
blocker of the hERG-encoded potassium channel. A, Graphical summary of the
data. Triangles, clinical QTc increase; circles, no clinical QTc increase. The safety
margin for each compound is plotted as the ratio of: the hERG IC50 and the peak,
free plasma concentration (Cmax free) in the clinical study for that compound.
Compounds with hERG IC50 to clinical Cmax free ratios > 1000 are plotted at a
value of 1000. B, ROC curves for the data in (A). The complete dataset (24 compounds) is shown in filled squares and continuous lines; the dataset minus the
b2-adrenoceptor agonists (22 compounds) is shown in open circles and dashed
lines.

result. From the perspective of an early stage discovery project
yet to test compounds in clinical studies, the critical question is:
based on the potency of the compound as a hERG blocker, what
is the likely outcome in a clinical QTc study? In this respect, the
PPV and NPV data for absolute hERG IC50 suggest that a pragmatic selection of compounds to progress can be made on the
basis of hERG potency alone, providing other aspects of the discovery project are used to put the hERG data into context.

Comparison With Other Analyses
Several pieces of work have retrospectively analyzed concordance between clinical and preclinical QT-related data, but the
most relevant comparisons are with those reports for which the
human information is QTc data, as opposed to an estimate of
TdP incidence. Although the hERG-related concordance data in
this piece of work improve if the 2 long-acting b2-adrenoceptor
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Table 2. Concordance Data for Complete Dataset (24 Compounds)
Between Clinical, Heart Rate-Corrected QT Interval (QTc) Study
Outcome and Safety Margin to Drug Concentration Causing 50%
Block (IC50) of hERG-Encoded Potassium Channel
Parameter/Exposure
Multiple
Sensitivity
Lower 95% CI
Upper 95% CI
Specificity
Lower 95% CI
Upper 95% CI
PPV
Lower 95% CI
Upper 95% CI
NPV
Lower 95% CI
Upper 95% CI

1

0.00
0.00
0.25
1.00
0.72
1.00
NA
—
0.78
0.78
0.78

<3

<10

<30

<100

<300

<1000

0.15
0.02
0.45
1.00
0.72
1.00
1.00
0.16
1.00
0.81
0.77
0.84

0.38
0.14
0.68
1.00
0.72
1.00
1.00
0.48
1.00
0.85
0.79
0.90

0.69
0.39
0.91
0.91
0.59
1.00
0.68
0.24
0.94
0.91
0.82
0.96

0.77
0.46
0.95
0.82
0.48
0.98
0.54
0.25
0.81
0.93
0.82
0.97

0.77
0.46
0.95
0.45
0.17
0.77
0.28
0.18
0.42
0.87
0.68
0.96

0.85
0.55
0.98
0.36
0.11
0.69
0.27
0.18
0.38
0.89
0.65
0.97

agonists are excluded from the dataset, in order to compare
with other reports, the concordance values for the total dataset
are used.
There are no comparable published data relating absolute
hERG IC50 to QTc outcome in clinical studies. With respect to
analyses of hERG safety margins and clinical QTc data, the dataset of Wallis (2010) is most similar to that used here. Its clinical
dataset was drawn from 19 TQT studies or TQT-like studies
from within one company (11 positives; 8 negatives). When
assessed at 2-, 10-, and 30-fold clinical exposure multiples, the
hERG IC10 had a sensitivity of 0.82, 0.90, and 0.90, and a specificity of 0.75, 0.30, and 0.14, respectively. Gintant (2011) conducted
an analysis of 39 compounds from different sources for which
the TQTS outcome was reported (14 positives; 25 negatives).
The optimal balance between sensitivity and specificity was
found to be at a 45-fold safety margin from clinical exposure to
hERG IC50, at which point sensitivity was 0.64 and specificity
0.88. This compares with our data for all 24 compounds which,
at the optimal safety margin of 30-fold, had a sensitivity of 0.69
and a specificity of 0.91.
In terms of previous analyses of dog QTc to clinical QTc data,
Wallis (2010) quoted sensitivity and specificity values at 2-, 10-,
and 30-fold clinical exposure multiples: sensitivity was 0.83 at
all multiples, whilst specificity was 0.86 and 0.33 at 2- and 10fold, respectively (no value was calculated at 30-fold). Ewart
et al. (2014) used data from up to 95 compounds for which there
were both Phase I clinical QTc data and dog telemetry study
QTc data. The resulting analysis yielded sensitivity values of
0.17, 0.88, and 1.00 at 3-, 10-, and 30-fold clinical exposure multiples, respectively, and specificity values of 0.92, 0.76, and 0.58 at
these multiples of clinical exposure, respectively. Finally,
Vargas et al. (2015) used a text mining approach to assess the
concordance between animal (rabbit, guinea-pig, dog, and nonhuman primate) and human studies and reported a sensitivity
of 0.91 and specificity of 0.88, although, as the authors acknowledge, this approach did not factor-in plasma exposure values
in animal or clinical studies. At a 10-fold clinical exposure multiple in dogs, the data for 16 compounds in this report were a
sensitivity of 0.73 and a specificity of 0.80.
With respect to PPV and NPV data, only Ewart et al. (2014)
show data that can be compared with that presented here. For
example, using a prevalence of 0.27 to represent cardiovascular
safety-related attrition as a whole, at a 10-fold exposure

Figure 3. Relationship between effect on clinical, heart rate-corrected QT interval (QTc) and safety margin between clinical plasma exposure and QTc effects
in dog studies. A, Graphical summary of the data. Triangles, clinical QTc increase; circles, no clinical QTc increase. Filled symbols indicate that there was a
QTc increase in dogs. For each compound, the data are plotted as the ratio between peak, free plasma concentration (Cmax free) in dogs at each dose used,
and the Cmax free in the clinical study for that compound. B, ROC curves for the
data in (A). The complete dataset is shown in filled squares and continuous
lines; the dataset minus the b2-adrenoceptor agonists is shown in open circles
and dashed lines. The number of compounds per data point on the ROC curves
varies and are summarized in Table 3.

multiple, dog telemetry data are reported by Ewart et al. (2014)
to have a PPV of 0.57 and a NPV of 0.94. This compares with our
values of 0.51 and 0.91 for PPV and NPV, respectively.
Taken together, the concordance data for the 24 compounds
reported here is consistent with those reported by others.

Use of Free Plasma Exposures to Calculate hERG Safety Margins
Comparable reports on hERG safety margins used free rather
than total clinical Cmax values (Gintant, 2011; Wallis, 2010), with
Gintant (2011) stating that, “the relationship between QTc prolongations was more apparent with hERG margins based on free
drug concentrations”. The data reported here support this view,
given the reduced ROC curve AUC values when using Cmax total.
Use of Cmax free values is also consistent with usual practice in
the field of secondary (“off-target”) pharmacology, of which
hERG potency is just one aspect (see Bowes et al., 2012).
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Table 3. Concordance Data for Clinical, Heart Rate-Corrected QT
Interval (QTc) Study Outcome and QTc Effect in Dogs
Parameter/Exposure
Multiple
Number of compounds
Sensitivity
Lower 95% CI
Upper 95% CI
Specificity
Lower 95% CI
Upper 95% CI
PPV
Lower 95% CI
Upper 95% CI
NPV
Lower 95% CI
Upper 95% CI

1

<3

<10

<30

<100

17
0.25
0.03
0.65
1.00
0.66
1.00
1.00
0.16
1.00
0.83
0.76
0.88

14
0.63
0.24
0.91
0.83
0.36
1.00
0.51
0.14
0.87
0.89
0.75
0.95

16
0.73
0.39
0.94
0.80
0.28
0.99
0.51
0.15
0.86
0.91
0.78
0.97

11
0.89
0.52
1.00
0.50
0.01
0.99
0.33
0.11
0.67
0.94
0.61
0.99

11
0.89
0.52
1.00
0.50
0.01
0.99
0.33
0.11
0.67
0.94
0.61
0.99

Limitations of the Dataset
The ideal compound set would be larger than 24 and contain
data from hERG, dog and clinical studies that were conducted
using the same protocol, thus generating a consistent set of
data. However, the data forming the basis for this work come
from preclinical and clinical studies spanning 15 years; a
period of time when QT risk assessment strategies, associated
technology, study design and regulatory guidance have
evolved. The dataset from dog studies is particularly limited;
although it’s comprised of 24 compounds, a lack of data
around the clinical free Cmax reference point for some dog
studies resulted in only 11–17 data points across the exposure
multiples assessed. This is something also evident in the work
of Ewart et al. (2014), although a larger overall dataset limited
the impact of this issue.

Nonconcordant Compounds
Compounds 8, 9, 12, and 13 are noteworthy false negatives:
they are not potent hERG blockers, had large safety margins to
hERG IC50 relative to clinical Cmax free exposures and did not
increase QTc in dog studies. Nor did they have significant activity at other key cardiac ion channels (no activity within a
1500-fold margin from the clinical Cmax free reference point
for: hNav1.5; hCav1.2/b2/a2d; hKv4.3-hKChIP2.2; hKv7.1hKCNE1) (unpublished data). Although as mentioned earlier, a
clinical QTc increase was not unexpected for the long-acting
b2-adrenoceptor agonists (compounds 9 and 12) there was
nothing about the primary pharmacology of compounds 8 and
13 to suggest a QTc risk. Common to all four compounds is the
fact that they increased heart rate (6–9 beat per minute) in
the clinical study from which QTc data were derived. Hence
the clinical QTc effect may relate to modulation of autonomic
tone leading to imperfect heart correction of QT interval and/
or a real effect on repolarization (Magnano et al., 2002). From
an absolute hERG potency perspective, compound 10 (moxifloxacin) and compound 11 are interesting in the sense that
despite increasing QTc in clinical studies, they are not potent
hERG blockers. However, their hERG IC50 to clinical exposure
safety margins are <30-fold and moxifloxacin increased QTc
in dog studies. Although compound 14 could be regarded as a
false positive based on its hERG IC50, its large safety margin to
clinical free Cmax explains the lack of a QTc increase in a TQT
study.
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Use of the Data in the Context of Drug Discovery
It is worth considering how these data could help steer early
drug discovery projects. Such projects are generating novel
chemical entities to find a compound with an overall balance of
properties that is good enough to constitute a candidate drug
for clinical evaluation (Pollard et al., 2010). As well as exploring
structure-activity relationships at the primary target, projects
investigate the pharmacological selectivity of their compounds
via secondary (“off-target”) pharmacology studies (see Bowes
et al., 2012). From a QTc interval prolongation perspective, potency in a hERG channel screen is an important early piece of
secondary pharmacology data. In terms of decision-making
about which compounds should be de-selected at this early
stage, the relevant data are PPV and NPV, rather than sensitivity
and specificity. As indicated in the “Materials and Methods” section, the PPV and NPV are ideally adjusted for prevalence. This
value is not known for compounds yet to be tested in clinical
studies so only an estimate can be applied. In this work a value
of 0.22 was used based on the report of Park et al. (2013).
Although PPV and NPV are high at some multiples of hERG IC50
to clinical Cmax free ratio, in very early discovery, predictions of
the Cmax free plasma levels in clinical studies are not available.
Hence the PPV and NPV of absolute hERG potency are the most
relevant data (see Table 1). The PPV of absolute hERG potency
suggest that if a compound has an IC50 < 10 mM then it would
have a 63% chance of causing a QTc increase in clinical studies.
The corresponding NPV data suggest that if a compound had an
IC50 > 10 mM it would have an 87% chance of not causing a QTc
increase in clinical studies. Hence the data support a pragmatic
approach of having an absolute hERG potency cut-off in very
early discovery, when little information is available for
decision-making, providing it can be applied whilst retaining
desirable compound properties. It would have to be used intelligently, however. For example, if the eventual candidate drug
was going to be given by inhalation and was designed to be rapidly degraded on leaving the lung, compounds more potent
than 10 mM would be acceptable, given the likelihood that
plasma exposure of such a drug would be very low.
Conversely, the absolute hERG potency target would need to
be set higher than 10 mM for a drug class commonly requiring
high free plasma concentrations for efficacy (eg, antibiotics).
Also, it is clear that drug-hunting teams need to be aware of
known links between the pharmacological class of their compounds and nonhERG-mediated increases in QTc, as is the
case for the long-acting b2-adrenoceptor agonists in this
report.
A drug discovery project aims to produce a compound with
properties likely to lead to clinical efficacy but with minimal
side-effects. In the context of QTc interval prolongation, the
data presented support the philosophy of aiming to reduce
hERG potency early in the discovery process via knowledge of
structure-activity relationships whilst designing-in properties
that will lead to a good safety margin between clinical exposure
and hERG potency.
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