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Abstract The objectives were to develop a population
model for placebo-corrected moxifloxacin QT interval in
healthy subjects using non-linear mixed effects modeling
and to examine effect of covariates on the observed QT.
Based on the parameters of interest, optimizations of
observation times and number of subjects were proposed.
A pool of four thorough QT studies was used, representing
99 subjects receiving placebo and moxifloxacin. The data
was modeled using Monolix. The placebo effect on QT was
satisfactorily described using a 2-oscillator model. It
reflected the circadian rhythm variability which is taken
into account when assessing the time-matched mean dif-
ference on QT between treatment and baseline. Based on
this model, the moxifloxacin effect on QT was satisfacto-
rily described by the same equation with the adjunct of a
direct and proportional drug concentration-effect. The
Emax model provided the best description of the effect.
The unique covariate was gender for both baseline QTc and
individual heart rate correction factor. The present design
included up to 16 observations for pharmacodynamics.
Using this model, 9 observation times for pharmacody-
namics provided satisfactory estimates for the parameters
of interest (Emax). With 15% precision limit on Emax, 60
subjects was optimal. The simultaneous placebo-moxifloxacin
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QT model proposed is an interesting alternative to the ICH
E14 guideline in assessing QT prolongation effect. This
approach provides accurate information over a range of
concentrations using different relationships (slope or Emax
models) to quantify the drug-response relationship versus
placebo. This allowed optimizing the observation times and
number of subjects.
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Introduction

As detailed in the International Conference on Harmoni-
zation (ICH) E14 Guidance for Industry, a clinical evalu-
ation of QT/QTc interval prolongation and proarrhythmic
potential of new drugs in development should be conducted
[1]. Both a placebo arm and a positive control arm should
be included in any “Thorough QT” (TQT) trial in order to
validate the results of the study. The placebo group not
only allows determination of the effects of spontaneous
variability, but it also provides the comparison group by
which to determine more accurately the drug effect. The
positive control should be an agent that consistently results
in an effect at the level of regulatory concern in order to
demonstrate study sensitivity to detect such an effect.
Therefore, a typical TQT study is comprised of four
treatment arms of which placebo and 400 mg of the fluo-
roquinolone antibiotic moxifloxacin [1, 2]. Standardization
of study conditions can also help to minimize the influence
of confounding factors. It is crucial that experimental
conditions be uniform across all treatment groups to pro-
vide assurance that effects observed in both the placebo
and positive control arms occurred under the same
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conditions as for the investigational medicinal product
arms. The relationship between drug concentration and QT/
QTec effects is routinely assessed during regulatory reviews
[3-5]. The moxifloxacin effect on QT was previously sat-
isfactorily described with a direct and proportional con-
centration effect [6].

The objectives of this study were to develop a popula-
tion PD model for placebo-corrected moxifloxacin QT
interval in healthy subjects using non-linear mixed effects
modeling and to examine possible effect of covariates on
the observed QT interval such as gender, adult females
having been shown to exhibit longer baseline QT/QTc
intervals and a greater propensity to develop torsade de
pointes (TdP) upon exposure to drugs that prolong the QT/
QTec interval than males [7]. Based on the parameters of
interest optimizations of observation times and number of
subjects were proposed.

Methods

Four TQT studies that collected ECG data after placebo
and moxifloxacin treatment were pooled for this assess-
ment providing a sample size of 99 healthy male and
female subjects and rich PD data.

All studies were conducted according to the GCP and
local regulations and were approved by a local Ethics
Committee or an Independent Review Board. Written
informed consent was obtained from each subject before
any study procedure was carried out. Certified healthy
subjects aged 18-45 years were eligible. All subjects
underwent a screening process after which eligibility was
assessed by the investigators before randomization.

All studies were randomized, double-blind, double-
dummy of parallel design. In order to allow the double-
dummy, the moxifloxacin tablets were over-encapsulated
in a size 00 gelatin capsule and were undistinguishable
from the placebo. The over-encapsulation did not yield
different PK results in this pool when compared to pub-
lished data [8]. Only the moxifloxacin arm was used,
comprising a single dose of placebo the day before moxi-
floxacin in order to establish a 24-hour “baseline” ECG

profile, the same subjects receiving a single oral dose of
400 mg of moxifloxacin the next day under the same
conditions. ECGs were performed at the same time points
on both treatment days. The number of evaluable subjects
in each study ranged from 22 to 29.

Coincident thorough PD and moxifloxacin PK time
points were determined based upon the known PK profile
of the investigational medicinal products under develop-
ment and therefore vary slightly between the studies (refer
to Table 1). In this analysis, only the PD data were used.
The population PK parameters determined from a previous
analysis [6] using the same pool were used in this analysis
and their values fixed in the model.

Because they have been shown to exert an effect on the
QT/QTc interval, posture, sleep and food intake were taken
into account when assessing QT/QTc interval. Because of
these predictable changes, subject conditions and timing of
ECG collection were standardized across studies.

However, in 1 out 4 studies of the pool, the subjects
were administered moxifloxacin in fasting condition, a
snack being served 2 h after, followed by a lunch and
dinner at T4H and TI12H, respectively. In the 3 other
studies, the subjects received moxifloxacin 30 min—1 h
after a standard-fat breakfast followed by lunch and dinner
at T4H and T12H, respectively.

Twelve-lead ECGs were recorded in triplicate at each
time point with at least one minute between measurements.
All measurements were performed after a minimum
10-minute supine rest. They were digitized and sent to a
centralized reading center for semi-automatic (“manual’)
reading. The reader was blinded as to time-point, treatment
and replicate number. The average of triplicate ECG at
each time point was used in the analysis. Among the ECG
parameters measured, the mean QT interval and mean heart
rate (HR) were used in this PD analysis. As they are known
to exert influence on the QT interval, the following
covariates were recorded: baseline electrolytes (sodium,
potassium and calcium), age and gender. Race and body
size descriptors (body weight, height, body mass index,
lean body mass and ideal body weight) were also collected
or calculated and tested on both the PK (as previously
reported [6]) and the PD models.

Table 1 Description of moxifloxacin PK sampling times and ECG measurements

Study Time after dose (h)

0.25 0.5 1 1.5 2 2.5 3 35 4 4.5 5 6 8 9 10 12 16 23 24
1 X X X X X X X X X X X X X X
2 X X X X X X X X X X X X X X
3 X X X X X X X X X X X X X X X
4 X X X X X X X X X X
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Pharmacodynamic modeling
Pharmacodynamics

QT interval, HR and QTc exhibit a circadian rhythm.
The rhythmicity of the cycle should be taken into con-
sideration when assessing potential QT prolongation
effect of a drug [9-11]. Although the TQT study con-
ditions are standardized to minimize the influence of
external factors, the reason for this observation could be
inherent to the study conditions (the subjects receiving
meals, their position changing during the day or some
subjects sleeping between assessments, the precision of
measure) or a true circadian rhythm [12]. In rhythmol-
ogy, the most important descriptive method is based on
the periodic regression analysis. This is a sinusoidal
approximation using sine or cosine function, the cosinor
analysis [13]. It provides estimation of rhythm parame-
ters such as mesor, amplitude, and acrophase of circa-
dian rhythmic changes. It helps describe the biological
rhythms and facilitates the statistical comparison between
oscillatory biological phenomenon.

However, many biological rhythms may deviate from a
single periodic function. Assuming a fundamental period of
T = 24 h, a multi-oscillator function can be derived to
describe the deviation from a single function. This includes
several periodic functions with different harmonic com-
ponents. The multiple harmonic model is usually derived
from the fundamental period T and N sub-harmonics whose
periods are T/N [14]. Therefore the general form of the
equation is:

y M+iA(% o)) 1)

In this analysis, 1-4 cosine functions were investigated for
the circadian rhythm (CIRC,—CIRC,), first using the
placebo data. Once validated, the same models were
tested against moxifloxacin data. The different models
were then:

N
OTprLaceBo = QTcoRR” (1 + Z CIRCn)

where QTcy, RR, o, A,, ¢, and t denote the triplicate mean
predose (baseline) corrected QT interval (intercept)(ms),
interval between successive R waves (related to HR),
individual heart rate correction factor, the amplitudes of
circadian rhythm (ms), the phases (h) and the clock time
effect (h), respectively.

Then, the effect of moxifloxacin plasma concentration
(Cp) (mg/L) was applied using the possible relationships
below, slope models (slope (ms.L/mg) parameter) and E, .«
model (E,.x (ms) and ECsq (mg/L) parameters).

Structural models

Slope models Additive relationship:

QTnmoxiapp = QTpraceso + slope, Cp
Proportional relationship:

QTyoxipror = QTpraceso (1 + slopepCp)

E,... models
Additive relationship:

Emax Cp
QTmox1.ADDE,,, = QTpLAcEBO ECso + Cp
Proportional relationship:
EmaxCP >
QTwvoxtprOPE,,, = Q PLACEBO( ECso + Cp

Once the best model was selected, the placebo-corrected
QT interval difference can be derived from:

AQT = QTMOXI - QTPLACEBO

Variability models

BSV (1) model was modeled as:
P_] = PTV * 6”

Where P;j is the value of PD parameter with the "™ indi-
vidual, Py is the typical value of P for the population, 5
denotes the difference between P; and Pty

The residual variability (¢) was modeled using additive
or proportional error structures as:

Additive error : y;; = Fj; + ¢
Proportional error : y;j = Fij * (1 + &;)

Where y; is the j* observation in the i individual, F; is the
corresponding model prediction and &; is a normally distrib-
uted random error with a mean = 0 and a variance ¢°.

Data analysis

Data were analyzed using the nonlinear mixed effect
modeling software program Monolix version 3.1S R2 [15]
(http://wfn.software.monolix.org). The pharmacokinetic
estimates determined in a precedent analysis were fixed in
the model for the pharmacodynamic analysis [6]. The
placebo QT time-courses were analyzed first. Then the QT
time-courses with placebo and with moxifloxacin were
simultaneously analyzed. The parameters were estimated
by computing the maximum likelihood estimator of the
parameters without any approximation of the model (no
linearization) using the stochastic approximation expecta-
tion maximization (SAEM) algorithm combined to a
MCMC (Markov Chain Monte Carlo) procedure. BSVs
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were estimated using an exponential error model. Param-
eter shrinkage was calculated as {1-sd()/w}, where sd(7)
and o are the standard deviation of individual  parameters
and the population model estimate of the BSV, respec-
tively. The Likelihood Ratio Test (LRT) including the log-
likelihood, the Akaike information criterion (AIC) and the
Bayesian information criterion (BIC) was used to test dif-
ferent hypotheses regarding the final model, covariate
effect on pharmacodynamic parameters, residual variability
model (proportional versus additive error model), structure
of the variance—covariance matrix for the BSV parameters.
Diagnostic graphics and other statistics were obtained
using the R program [16]. From the final model, 100
simulations were performed and the predicted data were
compared to the observed data using the visual predictive
check (VPC) method. Briefly, the 5, 50 and 95th percen-
tiles at each time from both the simulated and observed
data were overlaid on the observed data by using the R
program. Then, a visual inspection was performed to
ensure centering of the observed data around the model-
predicted median and if the proportion of observations out
of the model-predicted 5 and 95th percentile curves were
not significantly different from 10%.

Results
Population characteristics

From the 99 healthy subjects investigated, 1,401 ECG were
available for analysis with a mean of 14.2 time points per
subject (range 11-16) during the placebo treatment and
1,403 ECG were available for analysis with a mean of 14.2
time points per subject (range 11-16) during the moxi-
floxacin treatment.

The subject characteristics at entry into the studies are
summarized in Table 2. There were 60 males and 39
females of whom 78 were Caucasian, 9 were Black, 3 were

Table 2 Subjects characteristics (n = 99)

Parameter Mean Median Range

Age (year) 27.4 25.0 18-46
Height (cm) 173.3 172.0 156-196
Bodyweight (kg) 70.2 70.4 48.0-102.3
Lean body mass (kg) 53.9 54.0 38.3-72.5
Ideal bodyweight (kg) 66.7 66.5 48.6-88.7
Body mass index (kg/m?) 23.3 234 17.7-30.6
Serum creatinine (UM) 77.32 79.56 53.0-103.1
Serum sodium (mM) 139.34 139.00 134.00-145.00
Serum potassium (mM) 4.07 4.10 3.20-5.50
Serum calcium (mM) 2.34 2.33 2.13-2.68
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Asian and 9 were multiracial. All subjects were within the
reference ranges established for a healthy population by
each investigational site for laboratory, vital signs and ECG
parameters.

Population pharmacokinetic data

A two-compartment open model with a transit-effect delay
in absorption was used [17]. The population PK parameters
as determined in a previous population PK analysis [6]
with the same pooled subjects were included in the final
model (see appendix). The PK covariate effect (body size
i.e. lean body weight) was included in the model as a
regression variable.

Pharmacodynamic modeling

Among the 4 models tested the 2, 3 and 4-oscillator models
were satisfactory (see Table 3) for placebo QT interval
circadian rthythm. A model with 2 oscillators (summation
from ¢ = 2 to N = 3, equation 1) provided the best BIC
value. The parameters of the model were then QTc,
baseline corrected QT interval (intercept); o, individual HR
correction factor; A; and A,, the amplitudes of circadian
rhythm; ¢, and ¢,, the phases. A proportional error model
was finally used to describe the residual variability (lowest
BIC, better precision of the estimates), and the between-
subject (BSV or #) variabilities could be estimated for all

Table 3 Placebo QT circadian modeling

Model Details AIC/BIC

g, proportional 1 oscillator 9931/
QTeq, @, Ay, 9954
3 oscillators 9889/

QTco, o, Ay, ¢y, Az, ¢, Az, ¢5 9933

4 oscillators 9877/
QTcy, o, Ay, ¢y, Ay, ¢a, Ag, 9932
D3, Ay, @y

2 oscillators 9826/
QTco, o, Ay, ¢y, Az, P 9860
2 oscillators + QTcy(Male), QTco(Female) 9813/
Effect of gender % Ar, ¢, As, by 9849
QTcp(Male), QTcy(Female) 9794/
«(Male), & (Female) 9833

Al» (:bl’ AZs ¢2
Test g, additive model QTcy(Male), QTco(Female) 9840/
a(Male), a(Female) 9879

AL ¢y, Az, §y

%rse percent relative standard error, ¢ residual variability error
model, QTc, baseline corrected QT interval (intercept), o individual
heart rate correction factor, A; amplitudes of circadian rhythm, ¢;
phases, AIC Akaike information criterion/BIC Bayesian information
criterion, NA not applicable



J Pharmacokinet Pharmacodyn (2012) 39:205-215 209
Table 4 Placebo: parameter estimates of the final population QT Table 5 Moxifloxacin-placebo QT model building
model
Model Details AIC/BIC
Parameter Covariate  Estimate BSV (%rse)
effect (%rse) [shrinkage] Emax models
T Mal 377 1 0.04 (7) 10.01 Proportional effect 2 oscillators 90146/
QTco (ms) ale 377 (D 04 (7) 10.01] o proportional QTco, o, Ay, ¢y, Az, ¢, Enaxs 90202
Female 392 (1) ECso
o Male 026 (4 0204 [029]  Additive effect 4 oscillators 90252/
Female 0.30 (4) o proportional model  QTcy, o, Ay, @;...As, Pus Emaxs 90335
A, NA 0.054 (15)  0.80 (18) [0.29] ECso
¢, (h) NA 22.15 (5) 0.22 (23) [0.55] 3 oscillators 90222/
A, NA 0.009 (9)  0.44 (24) [0.44] QTeo, o, Ay, ¢y... As, s, 90291
¢, (h) NA 147 (5)  0.30 (14) [0.34] Enmaxs ECso
Residual var., prop.  NA 0.0161 2)  NA 1 oscillator 90235/
: — QTco, %, Ay, ¢y, Emnaxs ECso 90278
%rse percent relative standard error, BSV between-subject variability, 5 ” 90099/
QTc, baseline corrected QT interval (intercept), o individual heart osciilators 90155
rate correction factor, A; amplitudes of circadian rhythm, ¢; phases, QTco, o, Ay, ¢y, Az, ¢35 Emaxs
NA not applicable ECso
2 oscillators QTcy(Male), QTcy(Female) 90083/
+ Effect of gender a(Male), a(Female) 90146
. . A A E E
parameters (Table 4). As expected, the main covariate was BOV b o ; d)z’ "’O“X’ Cso 00033/
gender for baseline corrected QT and to a lesser extent on + e b2, ecso fixed to 90092
individual heart rate cgrrgctlon factor o [7, 18]. Gender was Test o additive model  QTeg(Male), QTcy(Female) 90035/
not found to have a significant effect on the other param- 90095
. . . a(Male), a(Female)
eters of the models. No covariance terms were identified to Av &1, Ay, by, Eupns, EC
be significant between the parameters. The proportional ) b T e W Pmaxe TR0
. . . Compare with slope
error model of residual variability provided better results models
than the constant error model, with similar shrinkages Additive effect 2 oscillators 90256/
estimator. ) . . @ proportional QTcy, o, Ay, ¢y, Az, ¢, Slopea 90305
The m0x1ﬂ0xa01n. plus placebo data were analyzec.i using  pyosortional effect 2 oscillators 90170/
th;: san(;efappioactl)l in orde;ir t.o collllﬁrn;l tllmatd the oscﬂlz.lt(l)lrs & proportional QTeo, % Ar, b1 As, by, Slopep 90219
?’F e;te . OrdP aceho :ere ttllggbt edw O.s dat;" eilpema Y 2 oscillators QTco(Male), QTcy(Female) 90153/
if the circadian rhythm cou e. escribed by the same + Effect of gender 2(Male), a(Female) 90206
model as placebo. As shown in Table 5, the same
. . . Ay ¢y, Az, s, slopep
2-oscillator model provided the lowest values in terms of 4, fixed t0 0
AIC and BIC. Thus, it was selected for the analysis of the 192
. + BOV vy¢, N, rcso fixed to 0 90083/
covariates effects.. ’ 90139

The effects of moxifloxacin on the QT interval were
investigated using direct concentration-QT (C-QT) ten-
dency analysis. Slope and Emax models were investigated
[6]. For the Slope models, the proportional relationship with
the slope and concentration provided a better description of
the effect than did the additive effect model where the slope
estimate was not significantly different from zero. Thus, this
model was discarded. The proportional effect Slope model
was selected to assess the effect of covariates on the model.
The parameters of the model were then QTcg, o, A; and A,,
¢, and ¢, and the slope effect.

The additive effect E,,,x model (parameters E.x and
ECsp), provided a better description of the effect than did
the proportional E,,x and the Slope models based on the
AIC and BIC values and was retained as the best covariate-
free model (see Table 5).

%rse percent relative standard error, 1 between subject variability,
7 between-occasion variability, ¢ residual variability error model,
QTc, baseline corrected QT interval (intercept), o individual heart
rate correction factor, A; amplitudes of circadian rhythm, ¢; phases,
E,... maximum effect, ECsy concentration producing 50% of the
maximum effect, slope,, p linear relationship between moxifloxacin
concentration and QT increase, AIC Akaike information criterion/BIC
Bayesian information criterion, NA not applicable

For both the slope and E.., models, the BSVs were
estimated for all structural parameters but ¢,. The
between-occasion variability (BOV or y) was tested on
each parameter of the models, but was significant on the ¢,
parameter only. No covariance terms were significant. The
parameter estimates of the proportional effect Slope model
with a proportional error model of residual variability is
provided in Table 6. For the additive effect E,,,x models
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Table 6 Proportional effect slope model: parameter estimates of the
population QT model with a proportional residual variability model

Table 7 Additive effect E,,,x model: parameter estimates of the final
population QT model with a proportional residual variability model

Parameter Covariate  Estimate BSV (%rse) Parameter Covariate  Estimate BSV (%rse)
effect (Yorse) [shrinkage] effect (Yorse) [shrinkage]

QT (ms) Male 378 (1) 0.042 (7) [0.02] QTcg (ms) Male 378 (1) 0.042 (7) [0.01]
Female 395 (1) Female 395 (1)

o Male 0.26 (4) 0.19(12) [0.25] o Male 0.26 (4) 0.17 (14) [0.25]
Female 0.32 (4) Female 0.32 (4)

Ay NA 0.0052 (14)  0.69 (23) [0.36] Ay NA 0.0061 (12) 0.54 (27) [0.38]

¢, (h) NA 20.5 (6) 0.33 (19) [0.35] ¢, (h) NA 20.8 (6) 0.44 (13) [0.35]

Aj NA 0.01 (7) 0.38 (21) [0.38] As NA 0.0098 (8) 0.44 (19) [0.38]

¢, (h) NA 14.2 (5) Fixed to 0/IOV ¢, (h) NA 14.3 (6) Fixed to 0/IOV

0.44 (10) [0.31] 0.47 (10) [0.31]
Slopep (ms L/mg) NA 0.075 (8) 0.63 (11) [0.21] Epax (ms) NA 9.8 (14) 0.066 (11) [0.31]
Residual var., NA 0.0185 (2) NA ECso (mg/L) NA 1.2 (33) Fixed to 0
prop. Residual var., prop. NA 0.018 (2) NA

%rse percent relative standard error, BSV between-subject variability,
QTc, baseline corrected QT interval (intercept), o individual heart
rate correction factor, A; amplitudes of circadian rhythm, ¢; phase,
slopep proportional effect between moxifloxacin concentration and
QT increase, NA not applicable

the proportional error model of residual variability pro-
vided similar results as the constant error model, including
similar shrinkages (refer to tables 7 and 8). The propor-
tional residual error model was finally chosen on the basis
of better statistics when comparing the models relative to
the bias, precision, correlation, slope (= 1) and intercept
(=0) between observed (OBS) and model-predicted
(PRED) data.

The main covariate effect was gender for baseline cor-
rected QT interval and individual heart rate correction
factor. No other covariate (e.g. electrolytes, race, age) were
found to significantly influence our model.

Table 7 summarizes the final population estimates for
this model in which the QT interval increase related to drug
concentration is described by an additive E,,x model. All
parameters were well estimated with low relative standard
errors. The empirical Bayesian estimate shrinkages were
generally high except for QT and a.

The QT time-courses using the final model are depicted
in Fig. 1 for the circadian rhythm (placebo) and moxi-
floxacin effects on the QT interval. The visual predictive
check (VPC) for females and males are depicted separately
in Figs. 2 and 3 for the placebo and moxifloxacin treat-
ment. For both, the observed QT intervals were centered
around the model-predicted median and the proportion of
observations out of the model-predicted 5 and 95th per-
centile curves were not significantly different from 10%.

The comparative QT time-courses, moxifloxacin versus
placebo, as well as the placebo-subtracted QT using the
final model are depicted in Fig. 4 for men and women.

@ Springer

Yorse percent relative standard error, BSV between-subject variability,
IOV inter-occasion variability, QTc, baseline corrected QT interval
(intercept), o individual heart rate correction factor, A; amplitudes of
circadian rhythm, ¢; phase, E,,,, maximum effect, ECsy concentra-
tion producing 50% of the maximum effect, NA not applicable

Table 8 Additive effect E,,,x model: parameter estimates of the
population QT model with a constant residual variability model

Parameter Covariate Estimate BSV (%rse)
effect (Yorse) [shrinkage]

QTcg (ms) Male 378 (1)  0.043 (7) [0.02]
Female 395 (1)

o Male 0.26 (4)  0.18 (13) [0.28]
Female 0.32 (4)

Ay NA 0.0066 (12) 0.54 (26) [0.37]

¢, (h) NA 21.0 (6)  0.44 (13) [0.34]

Ay NA 0.01 (8)  0.44 (19) [0.39]

¢, (h) NA 14.3 (5)  Fixed to 0/I0OV

0.46 (10) [0.31]

Eax (ms) NA 8.7 (13) 0.067 (11) [0.36]

ECs0 (mg/L) NA 0.81 (33) Fixed to O

Residual var., NA 6.86 (2) NA

const. (ms)

%rse percent relative standard error, BSV between-subject variability,
IOV inter-occasion variability, QT baseline QT interval (intercept), o
individual heart rate correction factor, A; amplitudes of circadian
rhythm, ¢; phase, E,,. maximum effect, ECsy concentration pro-
ducing 50% of the maximum effect, NA not applicable

Limited sampling strategy

The PFIM program (version 3.2.1) optimises designs in the
context of population pharmacodynamics-pharmacoki-
netics (i.e., the number of samples per subject, the sam-
pling times and the number of subjects) [19]. The aim was
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Fig. 1 Population distribution of QT circadian variations in some placebo (PL) and moxifloxacin (MO) subjects (4 observations, solid line mean
population prediction, dashed lines 90% confidence interval). X axis: time (h) post dose. Y axis: QT interval (ms)

to decrease the number of observations. The optimal
sampling times were determined using 100 subjects, then
the number of subjects was optimized using these times.
The estimated %rse for the parameters were in the range of
about 11-73%. The E,,.x parameter, that contributes most
to the QT interval prolongation, had a particularly accurate

Yorse of 11%. The observation time points for the QT
interval should minimize the %rse of the “E,..” and
“ECs50” parameters, since the difference in QT is a function
of the moxifloxacin concentration via these parameters.
Tables 9 and 10 summarize the results. The following 9
observation times for QT, 0.75, 1.75, 2.5, 3, 3.5, 4, 12, 14
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Fig. 3 Visual predictive check for the effect of moxifloxacin on QT
interval. (o) observed data. The dashed lines denote the 5 and 95th
percentiles from bottom to top of 100 Monte Carlo simulated

and 16 h, provided a 12% rse for the estimation of the E .«
parameter. Deleting 2 time points resulted in a small
increase in the %rse to 15%. Based on a 15% precision
limit on E.x a sample size of 60 subjects was optimal.

Discussion

The circadian rhythm of the QT interval after placebo
dosing was satisfactorily described using a 2-oscillator
model. Based on this model, the moxifloxacin effect on
QT was satisfactorily described by the same equation
with the adjunct of an E,,,x additive drug concentration-
effect. This is the first time the effect of moxifloxacin on
QT is ascribed to an E,,, model with the estimation of
an ECsg, previous studies used a proportional concen-
tration effect.
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The visual predictive check showed that this population
model was accurate in both the description of the phe-
nomenon but also in the description of the variability. As
expected, the gender was a significant covariate in our QT
models. As shown before, adult females exhibited longer
baseline QT/QTec intervals [6]. They also present a greater
propensity to develop torsades de pointes upon exposure to
drugs that prolong the QT/QTc interval than males [7]. No
statistically significant relationship was detected between
gender and parameter E,,,, showing no particular propen-
sity to develop higher QT prolongation when female.
Normal electrolyte concentrations were ensured in the
selected healthy population which may explain why these
covariates had no significant effect.

This study showed the need for a careful placebo control
of QT/QTc investigations and consideration of circadian
rhythm of the QT interval. As shown in Fig. 4, QT
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Table 9 Number of observation times optimized by PFIM and rel-
ative standard errors for E,x and ECsy with 100 subjects

Table 10 Number of subjects optimized by PFIM and relative
standard errors for E,,,x and ECs for the selected 9 observation times

Number of rse (%) rse (%) rse (%) Number of rse (%) rse (%) omega rse (%)
time points Enax omega E .« ECso subjects Eonax Eonax ECso
15 11.4 1.89 374 100 12.0 2.50 39.6
14 11.6 1.96 38.3 90 12.2 2.64 422
13 11.7 2.04 38.7 80 12.9 2.80 447
12 11.9 2.13 414 70 13.8 2.99 47.8
11 12.0 2.24 41.0 60 14.9 3.23 51.6
10 12.4 2.36 40.9 50 16.3 3.54 56.6
9 12.0 2.50 39.6 40 18.2 3.96 63.2
8 13.4 2.67 42.8 30 21.1 4.56 73.0
7 15.0 2.89 46.1 20 25.8 5.59 89.0
6 16.4 3.16 49.8 10 36.4 7.90 126
5 16.7 3.53 65.8 5 51.5 11.2 179
4 20.7 4.08 72.9

variations occurred after placebo dosing. The adjunct of a
baseline placebo assessment of ECG changes greatly
improves the quality of the conclusions drawn on QT
prolongation observed during investigational product
treatment. Incorrect conclusions on QT prolongation can be
made if the drug-induced prolongation is not corrected for

placebo. In this study, the placebo and moxifloxacin
administrations were done on 2 consecutive days. The days
of assessments were close enough to ensure that the study
conditions were similar. Thus, the same diurnal rhythm
evidenced with placebo was deemed applicable to the
moxifloxacin day. It would not have been necessarily the

@ Springer



214

J Pharmacokinet Pharmacodyn (2012) 39:205-215

case with a cross-over study design with wash-out periods
where subjects or study conditions are more likely to differ.
However, as a single sequence placebo/moxifloxacin was
applied to each study of the pool, this could have lead to a
bias if a given condition influencing the QT interval was
specific to one or the other day. Except PK sampling not
performed on the placebo day, no other difference was
evidenced.

Finally, this PD model allows some proposals for opti-
mized sampling strategies maintaining satisfactory esti-
mates of the parameters of interest. The present design
included up to 16 time points for the pharmacodynamic
evaluations. Using the selected population model, 9
observation times for QT interval could provide satisfac-
tory estimates for the main parameters of interest. Because
drug pharmacokinetics is generally known before a TQT
study and the largest QT variation depends on the peak
drug concentration, some limited sampling strategy
designed to accurately describe the peak drug concentra-
tion could be used in order to investigate maximal QT
variations.

The ICH E14 guidance sets strict limits for the inter-
pretation of drug-induced QTc changes [1]. Because the
interpretation is driven by the upper confidence interval
rather than by the mean QTc change, the sample size of a
TQT study is high [20]. The sample size necessary for a
TQT study depends on the assumed within-subject variance
based on the number of ECGs to be used and the maximum
allowable placebo-adjusted true mean change from base-
line increase in QTc (10 ms according to the E14 guid-
ance). In addition, the sample size requirements for a TQT
study depend on the assumed true effect of the study drug
[21]. When considering the C-QT analysis, the sample size
can be determined by setting an acceptable threshold of
variability on the parameter of interest. The C-QT analysis
and modeling approach proposed in this work is an inter-
esting alternative to the ICH E14 guideline in assessing the
QT prolongation effect. Although our models used one
dose level (400 mg) of moxifloxacin, this approach pro-
vides accurate information over a range of concentrations
using different relationships (slope or E., models) to
quantify the concentration—response relationship. The
development of C-QT analysis as part of TQT studies is an
important step to assess an investigational medicinal
product potential for QT prolongation. Extension to mod-
eling of the C-QT relationship using early phase I studies
data like the first in Man, provides a unique opportunity to
study the effect on QT over a wide range of concentrations
[3, 22]. This would also allow early detection of QT pro-
longation signal and impact further clinical plan, especially
TQT study positioning, or design of studies when a robust
TQT analysis is not yet available.
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Appendix

See Table 11.

Table 11 Parameter estimates of the final moxifloxacin population
model in 99 heathy subjects

Parameter Covariate Estimate BSV (%rse)
effect (Yorse) [shrinkage]

CL,L h7! (LBM/60)**  10.0 (3) 0.213 (8) [0.04]
60 kg~' LBM

Ve, L (LBM/60)" 131.0 (2) 0.148 (9) [0.10]
60 kg~' LBM

Q,Lh! (LBM/60)** 491 (11)  0.502 (23) [0.45]
60 kg~' LBM

Vp, L (LBM/60)" 44.2 (18) 0 (fixed) NA
60 kg~' LBM

kg (A7) none 13.5 (20) 1.54 (10) [0.17]

Mitt (h) none 0.827 (8)  0.709 (8) [0.16]

ka (h™h none 435 (20)  1.41 (11) [0.23]

Residual var., NA 0.069 (6) NA
prop.

Residual var., NA 0.037 (16) NA

const. (mg/L)

Parameters are normalized after a 60 kg subject lean body mass
(LBM) according to allometric scaling

Yorse percent relative standard error, BSV between-subject variability
(1), CL and Q elimination and inter-compartmental clearances, Vc and
Vp central and peripheral volumes of distribution, Clearances and
volumes are apparent parameters clearance/F and V/F where F is the
unknown bioavailability, k7 and ka time rate constants of transit and
absorption, Mt mean transit time, NA not applicable
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