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Abstract

Drug-induced QTc interval prolongation (DQTc) is a main surrogate for proar-

rhythmic risk assessment. A higher in vivo than in vitro potency for hERG-

mediated QTc prolongation has been suggested. Also, in vivo between-species

and patient populations’ sensitivity to drug-induced QTc prolongation seems to

differ. Here, a systems pharmacology model integrating preclinical in vitro (hERG

binding) and in vivo (conscious dog DQTc) data of three hERG blockers (dofeti-

lide, sotalol, moxifloxacin) was applied (1) to compare the operational efficacy of

the three drugs in vivo and (2) to quantify dog–human differences in sensitivity

to drug-induced QTc prolongation (for dofetilide only). Scaling parameters for

translational in vivo extrapolation of drug effects were derived based on the

assumption of system-specific myocardial ion channel densities and transduction

of ion channel block: the operational efficacy (transduction of hERG block) in

dogs was drug specific (1–19% hERG block corresponded to ≥10 msec DQTc).

System-specific maximal achievable DQTc was estimated to 28% from baseline in

both dog and human, while %hERG block leading to half-maximal effects was

58% lower in human, suggesting a higher contribution of hERG-mediated potas-

sium current to cardiac repolarization. These results suggest that differences in

sensitivity to drug-induced QTc prolongation may be well explained by drug- and

system-specific differences in operational efficacy (transduction of hERG block),

consistent with experimental reports. The proposed scaling approach may thus

assist the translational risk assessment of QTc prolongation in different species

and patient populations, if mediated by the hERG channel.

Abbreviations

Cu,plasma, unbound plasma concentration; Em, maximal hERG-mediated QT prolon-

gation; fu, fraction unbound; hERG, human ether-�a-go-go-related gene; Ikr, repolar-

izing potassium current mediated by the delayed rectifier potassium channel; Ki,

receptor affinity; L, ligand; LR, ligand–receptor complex (receptor occupancy);

LR50, ligand–receptor complex concentration leading to half-maximal system effect;

NONMEM, nonlinear mixed effect modeling; QTc, QT interval corrected for heart

rate and circadian variation; DQTc, drug-induced QTc prolongation; R0, receptor

density; c, slope (sigmodicity) of transducer function; DOFV, difference in NON-

MEM objective function value; s, transducer ratio; fs, relative transducer ratio.
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Introduction

The heart-rate-corrected QT (QTc) interval of the electro-

cardiogram is indicative of the duration of ventricular

repolarization. Delayed ventricular repolarization can lead

to potentially life-threatening ventricular arrhythmias.

Therefore, drug-induced QTc interval prolongation

(DQTc) is a main surrogate biomarker for proarrhythmic

risk assessment and is extensively studied in early preclin-

ical (ICH S7B Guideline, 2005) and clinical (ICH E14

Guideline, 2005; Darpo et al. 2015) phases of drug devel-

opment.

The most common mechanism is a blockade of the

human ether-�a-go-go-related gene (hERG)-encoded chan-

nel, also referred to as Kv11.1 channel, and its repolariz-

ing potassium current (IKr). Pharmacodynamic in vitro

studies therefore systematically evaluate drug interactions

with this ion channel. The mechanistic translation of

respective in vitro potency estimates (affinity Ki) to

in vivo potency (EC50) is not completely understood. In

vitro hERG potency may be used to generate in silico

action potential duration (APD) predictions (O’Hara

et al. 2011; Mirams et al. 2014), or to determine a rough

safety margin for therapeutic exposure (Redfern et al.

2003). It is, however, usually ignored in in vivo QTc

pharmacodynamic data analysis.

Jonker et al. (2005) previously proposed to integrate

in vitro hERG potency data of dofetilide in a pharmaco-

dynamic in vivo analysis to characterize the dynamic

effects of hERG block on clinical DQTc (“transduction”).

To this purpose, the authors applied a simple systems

pharmacology model (“operational model”) proposed by

Black and Leff (1983) (Fig. 1).

They showed that for dofetilide a 10% hERG block

translates clinically already into a 20 msec DQTc (Jonker

et al. 2005). It is, however, not clear if this relationship

holds true also for other hERG-blocking drugs. The oper-

ational efficacy of a drug–receptor interaction can actually

differ between drugs (explaining, e.g., full and partial ago-

nism), and differ between systems (Black and Leff 1983).

Species- (Chain et al. 2013), gender- (Darpo et al. 2014),

and age-related (L€aer et al. 2005) differences in sensitivity

to drug-induced QTc prolongation (“DQTc sensitivity”)

have indeed been reported, and have physiologically been

explained in a qualitative manner by differences in

myocardial ion channel densities (Ebert et al. 1998; Wang

et al. 2000; Obreztchikova et al. 2003; Szab�o et al. 2005;

Szentadrassy et al. 2005; Xiao et al. 2006). These observa-

tions make the application of the discussed systems phar-

macology model (Black and Leff 1983) even more

interesting for quantitative scaling of DQTc effects, since

it explains in vivo differences in DQTc sensitivity by sys-

tem-specific transduction processes, that is:

1 maximal QTc prolongation that can be achieved

in vivo via hERG block (Em)

2 operational efficacy of fractional hERG block (s)
s is also named the transducer ratio and can be inter-

preted as the inverse of fractional hERG block leading to

half-maximal effect, since:

1=s ¼ LR50=R0

where R0 is the in vivo receptor (hERGr) density, and

LR50 is the receptor occupancy leading to a half-maximal

effect. s is introduced since the absolute concentrations of

R0 and LR50 are usually not measurable in vivo. The

higher s, the higher the drug-specific operational efficacy

(lower LR50, i.e., lower hERG block associated with half-

maximal QTc prolongation) and/or the higher the sys-

tem-specific DQTc sensitivity (higher R0).

Here, we present an extension of the work of Jonker

et al. (2005), with the objective to dissociate drug- and

system-specific characteristics of hERG block transduc-

tion, and to derive scaling parameters allowing transla-

tional clinical DQTc prediction from integrated

preclinical (in vitro and in vivo conscious dog) data. Fur-

thermore, we explore (using literature data) the possible

application of this system-specific scaling approach for

predicting QTc effects in patient populations not regularly

included in early clinical QTc studies (women and pedi-

atrics), and compare predictions with translational meth-

ods integrating either in vitro or preclinical in vivo data

only.

Materials and Methods

Outline

Figure 2 shows an outline of this work:

1 Estimation of scaling parameters: Using in vitro (hERG)

and preclinical in vivo dog (QTc) pharmacodynamic

metadata of three hERG blockers (dofetilide, sotalol,

moxifloxacin) and clinical pharmacodynamic (QTc)

metastudy data of dofetilide, drug- and system-specific

parameters were estimated for translational prediction

of hERG block transduction.

2 External evaluation: The derived scaling parameters

were applied to predict clinical dofetilide, sotalol, and

moxifloxacin DQTc. Those “system- and drug-specific”

translational predictions were externally evaluated using

literature data, and compared with “empirical” predic-

tions (from in vivo data alone) (Gotta et al. 2015) and

in silico predictions (from in vitro data alone) (O’Hara

et al. 2011; Mirams et al. 2014).

3 Refinement: Besides using literature data, differences in

DQTc sensitivity between men and women (Darpo
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et al. 2014) and children and neonates (L€aer et al.

2005) were quantitatively investigated by reestimating

and comparing s ratios in those populations.

Data

Details of the extensive pharmacodynamic metastudy data

of the three hERG channel blockers used for this work

have been published before (Table 1). Total drug concen-

trations were converted to unbound plasma concentra-

tions (Cu,plasma) using the following unbound fractions

(fu); dofetilide: fu,dog = 0.46, fu,human = 0.36 (Smith et al.

1992); sotalol: fu,dog = 1, fu,human = 1 (Campbell and Wil-

liams 1998); and moxifloxacin: fu,dog = 0.71, fu,human =
0.55 (Siefert et al. 1999).

QTc was both in preclinical (Gotta et al. 2015) and

clinical (Jonker et al. 2005) studies centered to a heart

rate of 60 bpm (RR interval of 1000 msec). Clinical QT

intervals were corrected for heart rate using Fridericia’s

formula (QTcF = QT [1000/RR]1/3) (Jonker et al. 2005),

and preclinically using an individual linear correction

with heart rate (QTci = QT –
individual slopei [HR – 60]) (Gotta et al. 2015).

Modeling and statistical analysis

Pharmacodynamic modeling was performed using nonlin-

ear mixed effect modeling (NONMEM software, version

7.3.0; Icon Development Solutions, Ellicott City, MD)

and Perl-speaks-NONMEM scripts (PsN version 3.7.6,

http://psn.sourceforge.net; Keizer et al. 2013). Parameters

were estimated using the first-order conditional estima-

tion (FOCE) method, as an additive error model was

used to describe residual variability. Between-subject vari-

ability (estimated on all parameters) and interoccasion

variability (estimated only on baseline QTc) were

assumed to be log-normally distributed as described pre-

viously (Jonker et al. 2005; Gotta et al. 2015). Statistics

and figures were created using R (version 2.10.1; R Devel-

opment Core Team, Vienna, Austria, http://www.r-projec-

t.org).

Model assumptions

The assumptions of the systems pharmacology model

applied (Fig 1) can be briefly summarized as follows

(Black and Leff 1983; Jonker et al. 2005):

Receptor binding. The concentration of bound hERG

receptors at equilibrium at a given drug concentration

can be derived from the law of mass action

½LR� ¼ ½R0� � ½L�
½Ki� þ ½L� (1 ‘‘binding model”)

where [LR] is the concentration of the ligand–receptor
complex (bound or blocked hERG channels), [R0] is the

receptor concentration (hERG channel density), [L] is the

T

(A)

(B)

Figure 1. (A) General concept of the systems pharmacology model (operational model proposed by Black and Leff 1983). (B) Application to

hERG-mediated QTc prolongation: pharmacodynamic effects on the QTc interval in vivo are a result of receptor binding and transduction. Ki:

receptor affinity, R0: receptor density, LR50: receptor occupancy leading to a half-maximal effect, Em: maximal effect, c: steepness of transducer

function (*the assumption of system specificity was investigated), s: transducer ratio (“operational efficacy”).
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unbound ligand (drug) concentration, and Ki is the affin-

ity of the drug (inhibitory binding constant, measured

in vitro).

Transduction. The extent of QTc prolongation is then

assumed to be mediated by the concentration of bound

or blocked hERG channels:

E ¼ Em � LR½ �c
LRc

50 þ LR½ �c (2 ‘‘transducer function”),

where E is the effect (DQTc), Em is the maximal effect that

can be achieved in vivo by an hERG-blocking drug with high

“operational efficacy”, LR50 is the LR concentration leading

to half-maximal effect, and c is the sigmoidicity parameter

of the transducer function. For c = 1, this function describes

a hyperbolic curve, for LR << LR50 a linear transducer func-

tion and linear in vivo pharmacodynamic (drug concentra-

tion–DQTc effect) relationship would be observed (Black

and Leff 1983).

Figure 2. Outline of workflow (for details, see Materials and Methods section).
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Combining equations (1) and (2) will yield the follow-

ing general expression:

E ¼ Em � s � L½ �ð Þc
Ki þ L½ �ð Þc þ s � L½ �ð Þc (3 ‘‘operational model”)

where s is the transducer ratio, the “operational efficacy”

of a drug in a given system, which is proportional to the

system-specific receptor density R0, and inverse propor-

tional to LR50, a parameter that can be interpreted equiv-

alent, or at least proportional, to the drug-specific

intrinsic efficacy of a drug (Black and Leff 1983):

s ¼ R0

LR50
(4)

Estimation of drug- and system-specific model parame-

ters

The system- and drug-specific parameters were estimated

by fitting the integrated “operational model” (eq. 3)

(Black et al. 1985) to preclinical dog (eq. 5) and clinical

(eq. 6) pharmacodynamic data:

DQTcdog ¼
Em;dog � ðsdrug;dog � CuÞc;dog

ðK i;drug þ CuÞc;dog þ ðsdrug;dog � CuÞc;dog
(5)

DQTchuman ¼
Em;human � ðsdrug;dog �f s � CuÞc;human

ðK i; drug þ CuÞc;human þ ðs
drug;dog

�f s � CuÞc;human

(6)

Table 1. Pharmacodynamic data (overview).

Pharmacodynamic data used to establish scaling factors for translational predictions

Data type and reference Data details

In vitro hERG pharmacodynamics* (Yu et al. 2015) • Affinity estimates (Ki) from hERG equilibrium binding assay of

dofetilide, sotalol, and moxifloxacin

Preclinical in vivo QTc pharmacodynamics (Gotta et al. 2015) • 14 pooled preclinical cardiovascular safety studies of dofetilide,

sotalol, and moxifloxacin

• QT interval corrected for individual heart rate and circadian variation (QTc) along

with unbound plasma concentration (or effect side concentration, if applicable)

• 10–32 freely moving telemetered beagle dogs per compound

Clinical in vivo QTc pharmacodynamics (Jonker et al. 2005) • 5 pooled clinical studies of dofetilide

• Friederica-corrected QTc interval along with unbound effect side concentration

• 97 subjects from 5 clinical studies (3% women)

○ 80 healthy volunteers

○ 17 patients with ischemic heart disease

Clinical pharmacodynamic data used for external evaluation of translational predictions

Drug and reference Study details

Dofetilide† (Allen et al. 2000) 25 healthy volunteers (all men)

Dofetilide† (Allen et al. 2002) 18 healthy volunteers (all men)

Dofetilide (Le Coz et al. 1995) 10 healthy volunteers (all men)

Dofetilide (Abel et al. 2000) 16 healthy volunteers (all men)

Sotalol (Barbey et al. 1999) 34 healthy volunteers (24 men/10 women)

Sotalol (Somberg et al. 2010) 15 healthy volunteers (gender not reported)

Sotalol (Kimura et al. 1996) 18 healthy volunteers (all male)

Sotalol‡ (L€aer et al. 2005) 32 pediatric patients with incessant or periodic supraventricular tachycardia

9 neonates

8 infants/toddlers, 12 children, 3 adolescents

Sotalol (Darpo et al. 2014)‡ 34 healthy volunteers (28 men/11 women)

Moxifloxacin (Bloomfield et al. 2008) 20 healthy volunteers (10 men/10 women

Moxifloxacin (Dixon et al. 2008) 152 healthy volunteers (97 men/55 women)

Moxifloxacin (Hulhoven et al. 2007) 54 healthy volunteers (52 men/2 women)

Moxifloxacin (Malik et al. 2009) 44 healthy volunteers (24 men/20 women)

Moxifloxacin (Florian et al. 2011) 1045 healthy volunteers from 20 thorough QT studies (0–100% women)

*Ki was assumed to be equivalent to the drug concentration at which half of hERG channels are occupied (IC50), and to be the same in dogs and

in human, since the amino sequences of the canine and human ERG channel are 100% homolog (Zehelein et al. 2001).
†These studies were also included in the meta-analysis of Jonker et al. (2005).
‡Studies used to investigate gender- and age-dependent ΔQTc sensitivity.
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Equation (6) thus predicts the drug-induced clinical

QTc prolongation (DQTc) as a function of:

1 unbound drug plasma concentration (Cu),

2 in vitro potency (affinity Ki,drug) and preclinically esti-

mated reference transducer ratios sdrug,dog. (drug-speci-
fic parameters), and

3 maximal hERG-mediated QTc prolongation (Em,human)

sigmoidicity of transducer function (c, human), and rela-

tive in vivo DQTc sensitivity (fs) in human (system-

specific parameters).

The latter was estimated as a fraction from dofetilide,

assuming that this cancels out all drug-specific compo-

nents and allows to conclude about relative tissue-specific

properties (see Black and Leff 1983):

f s ¼
sdofetilide;human

sdofetilide;dog
¼

R0;human

LR50;dofetilide

R0;dog

LR50;dofetilide

� R0;human

R0;dog
(7)

It can be seen that fs > 1 reflects increased DQTc sensi-

tivity conceptually because of higher hERG channel den-

sity in human (R0,human ≥ R0,dog). As it cannot be proven

that LR50,dofetilide is equal in dog and human, however,

only its relative consistency across drugs can be assumed

(Black and Leff 1983); it could also generally be inter-

preted as a higher net contribution of hERG-mediated IKr
current to cardiac repolarization.

The feasibility of assuming a single system-specific c
value was evaluated in dogs. To the QTc baseline

(QTcBL), additive (eq. 8) and proportional (eq. 9) drug

effect models were tested:

QTc ¼ QTcBL þ DQTc½ms� (8)

QTc ¼ QTcBLð1þ DQTc½%�Þ=100; (9)

The pharmacodynamic parameters describing simply

the pharmacodynamic concentration–DQTc relationship

in vivo (drug-specific maximal DQTc Emax, EC50, hill

coefficient n)

DQTc ¼ Emax � C g
u

EC g
50 þ Cg

u

(10)

were derived as follows (Black et al. 1985):

Emax ¼ Em � sc
sc þ 1

(11)

EC50 ¼ ji

ð2þ scÞ 1
c�1

(12)

G ¼ 0:576 � c � ð2þ scÞðð2þ scÞ1c � 1Þ
ð2þ scÞ1c � ð1þ scÞ

(13)

where G is the midpoint gradient of equation 10 on a

semilogarithmic scale (base 10), which can be used to

approximate the slope parameter n. For s > 1,

G ? 0.576 ∙ n, and n = G/0.576.

The average individual predose baseline QTc (QTcBL)

measurement was used in the clinical dofetilide meta-ana-

lysis to calculate drug-induced QT prolongation

(DQTc = measured QTc – average measured predose

QTcBL) (Jonker et al. 2005). In the preclinical studies,

baseline was measured over 24 h (following vehicle

administration), and before each drug administration.

DQTc was therefore calculated by subtracting the occa-

sion-specific estimated baseline and individual circadian

variation (DQTc = measured QTc – estimated occasion-

specific QTcBL – estimated individual baseline circadian

variation) (Gotta et al. 2015). The latter, thus, corre-

sponds to a model-based equivalent of the double-delta

QTc (DDQTc), which is corrected for predose baseline

and time-matched placebo variation.

Preclinical model development. The pharmacodynamics of

the three hERG blockers in conscious dogs was analyzed

simultaneously. In vitro Ki estimates (Yu et al. 2015) were

used as priors during model estimation and standard

errors were used as variance of these priors (Langdon

et al. 2007).

Model evaluation. The preclinical model was evaluated

internally using standard goodness-of-fit plots (residual

diagnostics, observations vs. predictions) and visual pre-

dictive check (VPC) diagnostics. The objective function

value (equal to �2�log-likelihood) was used to compare

nested models (likelihood ratio test for DOFV, decrease
by 3.84 corresponds to a significant improvement in the

model fit for one additional parameter at the 5% signifi-

cance level). 95% confidence intervals (95% CI) of the

parameter estimates were additionally derived from the

2.5th and 97.5th percentiles of the parameter distribution

from a nonparametric bootstrap of 200 resampled data

sets (stratified by drug), along with the bootstrap mean to

assess the potential bias in typical parameter estimates.

Clinical model and derived scaling parameters. A clinical

transduction model has previously been developed for

dofetilide (Jonker et al. 2005), and dofetilide was thus used

as the model compound to establish the scaling factor fs,

and to obtain Em and c estimates in human. We refitted

the operational model to these data by fixing Ki to the pre-

clinically estimated (“posterior”) Ki value (instead of previ-

ously estimated Ki of 5.13 ng/mL = 11.6 nmol/L) (Jonker

et al. 2005), because we wanted to use in vitro data from

one laboratory only to make s values estimated for the

three drugs more comparable. As can be seen from the rela-

tionship between Emax and Em in equation (11), the result-

ing system-specific Em estimate is expected to remain

almost unchanged for a drug with strong operational effi-

cacy (s > 2) with Emax close to Em.
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The preclinical and clinical NONMEM model code files

are provided for reference in the supplemental data (Data

S1 and S2). To facilitate visual evaluation of the clinical

model and comparison to single-dose preclinical studies,

clinical observations after multiple dosing were corrected

for tolerance development (Jonker et al. 2005) in the

graphical display.

External evaluation

Comparison with clinical references. Derived scaling factors

were applied to predict clinical DQTc after dofetilide,

sotalol, and moxifloxacin administration (“system- &

drug-specific scaling”). Those translational predictions

were contrasted with actual reported clinical DQTc from

literature. If possible, literature data were digitized using

WebPlotDigitizer, version 3.4, Ankit Rohatagi, http://aro-

hatgi.info/WebPlotDigitizer).

Comparison with empirical predictions. The “system- &

drug-specific” scaling was compared with simple “empiri-

cal” scaling that predicted equal DQTc[%] in human and

dog at matching Cu,plasma, using previously published

pharmacodynamic models (Gotta et al. 2015). From both

methods, DQTc predictions at therapeutic exposure were

calculated.

Comparison with in silico predictions. The predicted clini-

cal hERG block transduction was contrasted with in sil-

ico-predicted action potential duration at 90%

repolarization (endocardial human APD90; O’Hara et al.

2011), which integrate only in vitro data. The model was

downloaded from the CellML repository (https://www.-

cellml.org/electrophysiology), and simulations were per-

formed using Matlab (The MathWorks, Inc., Natick, MA,

2000). This model appeared to show the best predictive

performance in a recent publication compared to two

other electrophysiology models (Mirams et al. 2014). Still,

a range of other models was also simulated online (Car-

diac Electrophysiology Web Lab© University of Oxford

2013–2015) and predicted hERG block transduction is

summarized for completeness in Data S3.

Prediction discrepancies. The prediction discrepancies

(pds) between clinical literature and translational predic-

tions were calculated using clinical literature DQTc pre-

dictions (typical DQTcclinical) as reference:

prediction discrepancy ¼
DQTcclinical � DQTctranslational

(14)

where DQTctranslational is the prediction from preclinical

data only.

Model refinement for special patient populations

Quantitative differences in hERG block transduction were

explored between neonates and children (L€aer et al. 2005)

and men and women (Darpo et al. 2014) respectively, by

reestimating s for each subpopulation from digitized data

(nonlinear fixed effect least square regression). Derived s
ratios were used to predict the pharmacodynamics of

moxifloxacin and dofetilide in neonates and women. Pre-

dictions for gender-related differences in moxifloxacin

pharmacodynamics could be compared with literature

(Malik et al. 2009; Florian et al. 2011)

Results

Estimation of scaling parameters

The pharmacodynamic in vivo data used to derive drug-

and system-specific scaling parameters of hERG-mediated

QTc prolongation (Table 1) are illustrated in Figure 3

along with model predictions. Final model parameter esti-

mates and derived parameters are summarized in Table 2.

Figure 4 illustrates corresponding predicted in vitro

(hERG) and in vivo (QTc) pharmacodynamic relation-

ships, and system-specific hERG block transduction for all

three drugs.

Preclinical transduction model

A proportional drug effect model provided a slightly bet-

ter model fit than an additive drug effect model (DOFV
�11) and decorrelated individual baseline (QTcBL) and

Em effects (decrease in correlation from 19% to 5%). The

typical QTcBL was best characterized by a mixture distri-

bution: QTcBL was particularly low in two moxifloxacin

studies (26 msec lower, already previously observed;

Gotta et al. 2015). This corrected for a bias in QTcBL
prediction and better predicted overall variability (ob-

served in visual predictive check diagnostics), since it

decreased between-subject variability in QTcBL from 6.4%

to 4.8%. In a sensitivity analysis, the sigmoidal opera-

tional model provided a better model fit than alternative

transducer functions evaluated (linear or power relation-

ships, showing a bias at higher hERG block and a higher

OFV: DOFV +1000 and +600 for 1 and 2 removed

parameters).

Preclinically estimated drug-specific parameters

Estimated (posterior) Ki values were close to prior

in vitro estimates (Table 2). Transducer ratios were

similar for dofetilide (sdofetilide,dog = 1.6, bootstrap 95%

CI: 1.1–1.9) and sotalol (ssotalol,dog = 2.3, bootstrap 95%
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CI: 1.4–3.1), and were highest for moxifloxacin

smoxifloxacin,dog = 20.3, bootstrap 95% CI: 9–28).

System-specific parameters (dog)

The maximal DQTc that can be achieved in dogs via

hERG inhibition (Em,dog) was estimated to 28% (boot-

strap 95% CI: 22–46) from baseline (typical estimate:

249 msec). Estimating sigmoidicity coefficients of the

transducer function for each drug separately indicated

that a common dog-specific sigmoidicity coefficient (cdog)
could be assumed (range of drug-specific cdrug,dog esti-

mates: 1.43–1.74). Accordingly, estimating only one com-

mon cdog did not worsen the model fit (OFV +4.8 for 2

removed parameters, P > 0.05).

System-specific parameters (clinical)

Using the preclinical posterior Ki estimate of 6.8 nmol/L

(Table 2), instead of previously estimated Ki of

11.6 nmol/L (Jonker et al. 2005), did not change the pre-

vious main model predictions: The Em[%],human estimate

(29%, corresponding to 113 msec at a typical baseline of

390 msec) was very similar to its previous estimate (Jon-

ker et al. 2005) (107 msec, 95% CI: 80–134 msec). Also,

while the sdofetilide,human estimate was expectedly lower,

the model still predicted that a %hERG block close to

10% (=previous estimate [Jonker et al. 2005]; here: 13%)

leads to 20 msec DQTc. Estimated as a fraction (fs), sdofe-
tilide,human was 2.4 times (95% CI: 2.06–2.72) higher than sdofetilde,-

dog.

Derived system- and drug-specific scaling
approach

The following relationships were used to predict hERG

block transduction in human for sotalol and moxi-

floxacin from integrated (in vitro and in vivo) preclinical

data:

Ki;human ¼ posterior Ki;dog ð� in vitro hERG-potencyÞ
sdrug;human ¼ fs � sdrug;dog ð� R0;human=R0;dog � sdrug;dogÞ

Em½%�;human ¼ 29% ð� Em½%�;dogfrom baselineÞ
chuman ¼ 2:4 ðvs: cdog ¼ 1:6Þ

External evaluation

The agreement between translational predictions and clin-

ical DQTc (observed and/or predicted from different clin-

ical studies) is illustrated in Figure 5A. Corresponding

prediction discrepancies (pds) between clinical and trans-

lational predictions are shown in Figure 5B and summa-

rized in the following.
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Figure 3. Pharmacodynamic data used to derive system-specific scaling parameters (preclinical = conscious telemetered dog). (A) In vivo QTc

pharmacodynamics. (B) In vivo transduction of hERG block. Dots: observed ΔQTc from individual baseline. Solid lines: Typical model predictions

(median). Dashed lines: 80% prediction intervals. 95% CI of the median and 80% prediction intervals comprised the observed median, 10th and

90th percentiles of the data and are not illustrated to improve clarity. Clinical QTc multiple dose observations were corrected for tolerance

development to make them more comparable to single-dose preclinical data.
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Comparison with “empirical” predictions

Both the “empirical” scaling (based on preclinical

in vivo data only, assuming equal DQTc[%] from base-

line in dog and human) and the “system- and drug-spe-

cific” scaling (integrating both in vitro and in vivo data)

predicted DQTc of >10 msec within therapeutic expo-

sure (dofetilide [0.4–2 nmol/L]: 3–20 msec vs. 5–

49 msec, respectively; sotalol [3.7–11 lmol/L]: 22–
45 msec vs. 37–83 msec; moxifloxacin [2.9–5.6 lmol/L]:

7–19 msec vs. 22–53 msec). Predictions and pds are

compared in Figure 5.

Dofetilide. A systematic underprediction of clinical data

was observed from the empirical method for predicted

DQTc of >10 msec, whereas pds of the estimated

Table 2. Parameter estimates of the systems pharmacology model.

Parameter Dog estimate (RSE%) Human estimate (RSE%)

Typical values

Baseline QTcBL (msec) 249 (0.6%)

222 (2%) in 2 moxifloxacin studies

390 (�)

Em [%] from baseline 0.274 (10%) ? Em,dog 0.29 (10%) ? Em,human

c (sigmoidicity) 1.64 (11) ? cdog 2.4 (4%) ? chuman

Transducer ratios (�) sdrug
sdofetilide 1.61 (19%) 3.85 (predicted)

fs 2.39 (7)

ssotalol 2.26 (18%) 5.4 (predicted)

smoxifloxacin 20.3 (33%) 48.4 (predicted)

Ki (posterior*) (lmol/L free)

Ki,dofetilide 0.0068 (11%) Fixed to 0.0068

Ki,sotalol 24.8 (5%) Fixed to 24.8

Ki,moxifloxacin 281 (31%) Fixed to 280

Variability

IOV QTcBL 1.8% (6%) –

BSV QTcBL 4.8% (9%) –

BSV Em 53% (14%) 85% (10)

BSV c 83% (9%) 56%†

BSV s 57% (15%) 44% (12)

Correlation Em–c �0.42 (37%)‡ �0.28†

Correlation Em–s �0.53 (47%)‡ �0.93 (24)‡

Correlation s–c 0.49 (40%)‡ 0.57†

Residual error

Additive residual (msec) 6.3 (1%) 15.2 (1%)

Derived parameters

hERG–block (%) leading to half-maximal Em (=1/s = LR50/R0)

Dofetilide 62% 26%

Sotalol 44% 18%

Moxifloxacin 5% 2%

hERG block (%) leading to 2.5% QTc prolongation =6 msec =10 msec

Dofetilide 19% 12%

Sotalol 13% 8%

Moxifloxacin 1.3% 0.8%

Pharmacodynamic parameters of concentration–ΔQTc relationship

Emax (%)/EC50 (mol/L free)/n (�)

Dofetilide 19%/0.0048/1.3 28%/0.0023/1.9

Sotalol 22%/12.9/1.3 29%/5.5/2.0

Moxifloxacin 27%/14.4/1.6 29%/5.9/2.4

BSV, between-subject variability; reported as CV% =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ex2 � 1
p

; IOV, interoccasion variability.

*Prior Ki values (relative standard errors) from in vitro experiments – dofetilide: 5.4 nmol/L (15%), sotalol: 24.6 lmol/L (5.6%), moxifloxacin:

252 lmol/L (48%).
†BSV/correlation terms were estimated from a full covariance block for individual random effects. Since the uncertainty could, however, not be

estimated, these values are only reported to make the comparison between dog and human estimates more complete.
‡Relative standard error of respective covariance reported.
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operational model were <5–10 msec over the whole

dynamic range of plasma concentration, and until a pre-

dicted DQTc of 30 msec compared to one small study

(Le Coz et al. 1992).

Sotalol. Pds were small (<5–10 msec) until a predicted

ΔQTc of 35 msec using both methods, with one excep-

tion (neonatal DQTc data [L€aer et al. 2005]: pds

>20 msec / >100%). Above predictions of 35 msec,

empirical scaling tended to underpredict clinical QTc

more than system-specific scaling tended to overpredict

clinical effects (pds up to +40 msec vs. �20 msec).

Moxifloxacin. Pds were small (<5–10 msec) using both

methods in the range of typically observed clinical ΔQTc
(up to 20 msec). Above predictions of 25 msec, the sys-

tem-specific method tended to overpredict clinical DQTc,
whereas no predictions >20 msec (and thus pds) were

obtained from the empirical method.

Comparison with “in silico” predictions

“In silico” DAPD90 simulations (using only in vitro data

and the O’Hara model) predicted for sotalol similar

DQTc as the “system- and drug-specific” scaling approach

(integrating both in vitro and in vivo data), but clearly

underpredicted moxifloxacin DQTc, and slightly overpre-

dicted dofetilide data (Fig. 3). A comparison of the pre-

dictions of other electrophysiology models is given in

Data S3. All other models predict a less steep increase in

APD90 than the O’Hara model and would thus mostly

underpredict the observed in vivo transduction.

Refinement of scaling parameter s for
special patient populations

A 77% higher s was estimated in neonates receiving sota-

lol compared to children (fs,neonates = 1.77, 95% CI: 1.62–
1.92) resulting in 38 msec higher DQTc prediction in

neonates (DQTcchildren = 39 msec) at a drug exposure of

5 lmol/L. The estimated s in children (schildren = 4.6,

95% CI: 4.3–4.9) and resulting predicted pharmacody-

namic profile were very similar to the one predicted for

adults (black line in Fig. 6A). In women receiving sotalol,

a 9% higher s was estimated (fs,women = 1.09, 95% CI:

1.03–1.15) compared to men (smen = 4.1, 95% CI: 4.0–
4.3) (Fig. 6B), resulting in a 15 msec higher DQTc
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prediction at a drug exposure of 5 lmol/L

(DQTcmen = 33 msec).

Simulation of predicted dofetilide and moxifloxacin

pharmacodynamic profiles within therapeutic concentra-

tions (Fig. 6C) showed that an observable gender difference

in DQTc is expected for dofetilide (predicted DQTcmen at

2 nmol/L free, corresponding to a hERG block of 23%:

71 msec, DQTcwomen: 11 msec) but not for moxifloxacin

(predicted DQTcmen at 3 lmol/L free, corresponding to a

hERG block of 1.1%: 18.8 msec; DQTcwomen: 3.6 msec).

An observable developmental difference, that is a clearly

higher DQTc (+30 msec) in neonates, was predicted in

contrast for both drugs at this exposure.

Discussion

In this work, we extended the use of a previously pro-

posed integrated pharmacodynamic model (Black et al.

1985; Jonker et al. 2005) to dissociate and quantify drug-

and system-specific characteristics in the transduction of

hERG block to QTc prolongation (DQTc). Three hERG

blockers were used as model compounds (antiarrhythmic
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Figure 5. External evaluation of translational ΔQTc predictions. Blue lines: translational predictions from integrated preclinical in vivo and in vitro

data (“system-specific” scaling). Red lines: translational predictions from preclinical in vivo data only (“empirical” scaling). (A) Agreement between

model predictions and literature data. Gray dots: clinical observations (digitized data from references detailed in Table 1). Black lines: typical

clinical QTc predictions (taken from indicated references). (B) Calculated prediction discrepancies between published clinical and translational

ΔQTc predictions. Gray band: �10 msec prediction discrepancy. Dotted lines: neonatal sotalol study (L€aer et al. 2005).
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compounds dofetilide and sotalol, and fluorochinolone

antibiotic moxifloxacin), and in vivo hERG block was

predicted from in vitro potency (Ki) and in vivo unbound

plasma concentration (Cu,plasma). System-specific scaling

parameters were derived for translating the relationship

between %hERG block and in vivo DQTc effects (“hERG

block transduction”) from preclinical species (conscious

dog) to clinical populations.

In vitro–in vivo translation

An in vitro hERG block as low as <1–12% (human) and 1–
19% (dogs) was already associated with a 2.5% DQTc, cor-
responding to 10 msec in human and 6 msec in dogs. This

is consistent with previous observations (Redfern et al.

2003; Jonker et al. 2005), and in silico APD90 (O’Hara

et al. 2011), which predict a 2.5% DAPD90 at ≥4–5% IKr
inhibition (Fig. 4, Data S3). While this stresses the impor-

tance of characterizing this low pharmacodynamic range

in vitro, it also indicates that predictions from in vitro data

alone can be difficult because of drug-specific intrinsic effi-

cacy: almost identical transducer ratios were estimated for

the structurally similar compounds dofetilide and sotalol in

dog, while it was 10 times higher for moxifloxacin, consis-

tent with a recent publication (Marostica et al. 2015). The

transducer ratio differences between drugs are supported

by experimental data suggesting that the mechanism of

moxifloxacin binding in the inner cavity of the hERG chan-

nel differs from antiarrhythmic drugs regarding, for exam-

ple, interaction with specific amino acid residues, state and

voltage dependency of hERG block (Thomas et al. 2004;

Alexandrou et al. 2006; Witchel 2007). Interestingly, the

larger smoxifloxacin value also explained the steeper sigmoidal

concentration�DQTc relationship estimated previously

(compared to dofetilide and sotalol; Gotta et al. 2015),

since both s and the curve-shape parameter c influence the

steepness (i.e., Hill coefficient) of this pharmacodynamic

relationship (eq. 13) (Black et al. 1985).

We hypothesized that drug tissue distribution could

explain such differences in transducer ratios between

drugs, and/or observed higher in vivo than in vitro

potency (Redfern et al. 2003; Mirams et al. 2014). Drugs

mainly bind from the inside of the cell to the hERG

channel (Thomas et al. 2004; Witchel 2007), where basic

drugs accumulate due to a lower intra- than extracellular

pH. Additionally, the general distribution into heart tissue

may be relevant. However, we found that Cu,plasma seems

to be a better predictor of in vivo hERG binding and

QTc prolongation than intracellular or heart tissue con-

centrations predicted from physiologically based pharma-

cokinetic approaches (Rodgers et al. 2005; Rodgers and

Rowland 2006; Yun and Edginton 2013) (data not

shown). This is consistent with the observation that hERG

potency estimates from equilibrium binding (cell frag-

ment) assays correlate well with those from patch-clamp

(whole cell) experiments (Pollard et al. 2010), in which

different drug concentrations are extracellularly added.

For translational predictions from in vitro data, both the

use of Cu (Polak 2013; Mirams et al. 2014) and tissue

concentration (Chetty et al. 2014) have been proposed.

Interestingly, the hyperbolic (at higher concentrations

or hERG block saturating) transducer function could best

describe the hERG block–DQTc relationship that is con-

sistent with the previously observed exposure–DQTc rela-

tionship in vivo (Gotta et al. 2015). It should be noted

that based on electrophysiology principles, a saturating

QTc prolongation following increasing hERG block

would, however, not be expected as can be seen from the

APD90 simulations (Fig. 4 and Data S3). This discrep-

ancy between mechanistic electrophysiological expecta-

tions and empirical observations could indicate that other

processes than hERG block are involved (such as block of
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Figure 6. Estimated difference in hERG block transduction between patient populations. (A) Children (blue line) and neonates (orange line):

estimated sneonates = 1.8�schildren; sotalol data digitized from L€aer et al. (2005). (B) Men (blue line) and women (pink line): estimated swomen =
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other ion channels at increasing concentrations), or that

although QTc is supposed to reflect the APD, both are

not proportional because the surrogate QTc interval may

be affected by additional factors.

Dog–human translation

Three typical system-specific parameters (Em, c, fs) char-

acterizing the transduction of hERG block in vivo were

estimated from preclinical and clinical dofetilide metas-

tudy data, and provided good translational DQTc predic-

tions also for sotalol and moxifloxacin. Resulting

predicted human DQTc[ms] was up to 4.4 times higher

than in dog (overall range: 1.7–4.4, Fig. 4), with the lar-

gest difference observed around EC50. Interestingly, the

absolute maximal DQTc[ms] that can be achieved through

hERG block (Em[ms]) by a drug with high operational effi-

cacy in human was �1.55 times higher than in dog

(110 msec vs. 70 msec), corresponding to an allometric

relationship using an exponent of 0.25 as suggested for

time scales (Boxenbaum 1982; Mager et al. 2009). An

allometric relationship would also be applicable to scale

baseline QTc. Accordingly, the maximal relative prolonga-

tion from baseline (Em[%]) was almost identical both in

dog and human (27% vs. 29%), and this good propor-

tional agreement, already found previously (Gotta et al.

2015), was used as comparative “empirical” scaling

method over the whole pharmacodynamic range (instead

of the up to 2.7 times higher DQTc[%] in human pre-

dicted by the operational model, Fig. 4).

Higher sensitivity to drug-induced QTc prolongation

was, however, estimated in human: the transducer ratio

(sdofetilide) was estimated to be 2.4-fold higher than in

dog, resulting in higher DQTc at same %hERG block.

Also, along with a higher sigmoidicity parameter (chuman),

the DQTc increase around EC50 was predicted to be clini-

cally steeper than in preclinical dog studies.

The parameters estimated by the transduction model

can be converted to the parameters of a sigmoidal Emax

model relating simply Cu to DQTc (Black et al. 1985).

For these three compounds, the derived EC50 in human

were accordingly 41–47% of their estimates in dog, and

hill coefficients were 1.5-fold higher (range in dog:

1.3–1.6 vs. human: 1.9–2.4). Emax and EC50 can frequently

not be estimated clinically but from preclinical studies, in

which a higher concentration range is used (Gotta et al.

2015; Sparve et al. 2014).

Empirical versus drug- and system-specific
scaling

While both evaluated translational scaling methods pre-

dicted clinical DQTc of >10–20 msec for all three drugs

at therapeutic exposure, clinical predictions were clearly

improved for dofetilide using the “system-specific” com-

pared to the simple “empirical” scaling approach. This

was of course partly expected, as transduction parameters

were estimated from pharmacodynamic data of this drug.

For sotalol and moxifloxacin, both methods yielded simi-

larly good predictions until a ΔQTc of �25–35 msec.

Above, a trend for underprediction was observed for the

“empirical” method (relative to clinical relationships

reported in literature, Fig. 4), and a smaller overpredic-

tion using the “system-specific” scaling. This suggests that

application of the transduction model could improve

translational DQTc predictions for drugs with significant

QTc prolongation of >5–8% (corresponding to a DQTc
of >20–30 msec in human and >12.5–20 msec in dog).

For the prediction of a thorough QT (TQT) study, which

aims to detect small effects of 10 msec only, the simple

empirical method may be sufficient in a first step. How-

ever, in contrast to the transduction model, this method

does not facilitate a mechanistic scaling of DQTc effects

to patient populations not included in early clinical stud-

ies.

Clinical differences in sensitivity

Without adjusting for population-specific DQTc sensitiv-

ity, both translational methods clearly underpredicted

neonatal sotalol DQTc effects (L€aer et al. 2005). Reesti-

mating s in this patient population suggested that neo-

nates have 1.77 times higher transduction of hERG block

than younger children, whereas the latter showed very

similar ΔQTc sensitivity than adults. Interestingly, the

estimated 1.77 times higher s is in line with a � 1.5–2
times higher IKr density reported in young (25 days old)

canine myocytes than in adult (3–5 years) (Obreztchikova

et al. 2003). A lack of IKs channel expression in young

myocytes probably also contributes to the higher effect of

hERG block. For dofetilide and moxifloxacin, no neonatal

pharmacodynamic data could be found to evaluate that

prediction; the previously discussed study on canine myo-

cytes (Obreztchikova et al. 2003), however, also used

dofetilide as model drug and showed higher neonatal

DQTc sensitivity. The use of moxifloxacin/flurochinolones

is restricted in pediatrics due to the concern about carti-

lage damage (Garazzino et al. 2014). Age-related differ-

ences in drug efficacy and safety are not yet well

understood, but increasing evidence exists for differences

in expression of target proteins in children that may affect

drug response (Moita Santos 2014).

In women, only a small 10% higher s was estimated

compared to men. Interestingly, simulations showed that

this correctly predicted minimal gender differences in

DQTc after moxifloxacin administration (<5 msec)
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(Malik et al. 2009; Florian et al. 2011). In contrast, for

sotalol and dofetilide, a > 10 msec difference was pre-

dicted at therapeutic exposure, probably because their

therapeutic range is very close to EC50, that is, the point

where largest differences would be observed. This predic-

tion could, however, not be further evaluated based on

literature data as mainly men were included in the dofeti-

lide studies.

In summary, interspecies difference in DQTc sensitivity

were, however, still larger than the difference between dif-

ferent patient populations (healthy men, women, and

neonates).

Limitations and perspectives

Unfortunately, not all translational predictions could be

evaluated with actual clinical data. Also, while the system-

specific scaling approach (derived from dofetilide only)

showed good external predictive performance for both a

drug with similar (methansulfonamid sotalol) and differ-

ent structural properties (fluorochinolone moxifloxacin),

it would be valuable to validate or refine the proposed

in vivo preclinical–clinical differences transduction with

more hERG blockers.

The up to 10-fold difference in sdrug estimates indicates

that clinical predictions from only in vitro data are chal-

lenging. Methods to determine drug effects on the hERG

channel and derived in vitro potency can additionally

vary significantly between laboratories (Kirsch et al. 2004;

Milnes et al. 2010). Our in vitro potency measures were

therefore taken from one laboratory only. It should be

acknowledged that measurements were performed at

25°C, and that some drugs may have a different (probably

higher) potency at body temperature (Kirsch et al. 2004).

While standardization of in vitro experiments is war-

ranted to make potency estimates across laboratories

more comparable, consistent pharmacodynamic predic-

tions can be obtained from varying in vivo study designs

when analyzed by systematic pharmacokinetic–pharmaco-

dynamic modeling (Gotta et al. 2015). Further integration

of drug-specific dynamic binding (Milnes et al. 2010)

may also help to better predict the difference in drug-spe-

cific transducer ratios. Those may be explained by state-,

time-, and voltage-dependent hERG binding and conduc-

tance changes (di Veroli et al. 2013). Integration of these

dynamic aspects could also improve predictions of physi-

ologic APD90 simulations, which currently tend to under-

predict clinical DQTc(Mirams et al. 2014). In contrast,

different tissue distribution does not seem to play a role

(see above).

The transduction model could be extended to predict

QTc–drug interactions from in vitro hERG/IKr inhibition

experiments or to characterize the transduction of other

(single) ion channel blockers and ultimately predict DQTc
effects following mixed ion channel block. Scaling factors

for other preclinical species could be also derived or for

human-induced pluripotent stem cells which may further

reduce animal studies (Braam et al. 2010).

Conclusions

Our work not only illustrates the challenges of transla-

tional pharmacology (amplification of the signal was

observed in each of the steps from in vitro ? preclinical

in vivo ? clinical ? patient pediatric population), but

also the utility of a quantitative systems pharmacology

approach as a rational guide for drug discovery and

development (Leishman 2014; Collins et al. 2015; Davies

et al. 2016). We confirmed that a generally low but drug-

dependent fractional hERG block (range: <1–20%) can

result in clinically relevant QTc prolongation (≥10 msec).

In contrast, in vivo dog–human differences in DQTc sen-

sitivity derived from dofetilide appeared consistent (drug

independent). As complementary pharmacodynamic anal-

ysis of phase I studies (Bloomfield 2015) for compounds

showing preclinical DQTc in the conscious dog, the scal-

ing approach may also allow prediction of DQTc effects

in patient populations not regularly included in pharma-

codynamic trials (women, pediatrics), and thus leverage

the information gathered preclinically.

Targets

Voltage-gated ion channels

Kv11.1 (hERG)

http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?

objectId=572&familyId=81&familyType=IC

Ligands

Dofetilide

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?

ligandId=2604

Sotalol

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?

ligandId=7297
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