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ARTICLE

Application of Physiologically-Based and Population
Pharmacokinetic Modeling for Dose Finding and
Confirmation During the Pediatric Development of
Moxifloxacin

Stefan Willmann"", Matthias Frei?, Gabriele Sutter?, Katrin Coboeken®, Thomas Wend!®, Thomas Eissing®, Jorg Lippert' and
Heino Stass*

Moxifloxacin is a widely used fluoroquinolone for the treatment of complicated intra-abdominal infections. We applied phys-
iologically-based pharmacokinetic (PBPK) and population pharmacokinetic (popPK) modeling to support dose selection in
pediatric patients. We scaled an existing adult PBPK model to children based on prior physiological knowledge. The result-
ing model proposed an age-dependent dosing regimen that was tested in a phase | study. Refined doses were then tested
in a phase lll study. A popPK analysis of all clinical pediatric data confirmed the PBPK predictions, including the proposed
dosing schedule in children, and supported pharmacokinetics-related safety/efficacy questions. The pediatric PBPK model
adequately predicted the doses necessary to achieve antimicrobial efficacy while maintaining safety in the phase | and Il
pediatric studies. Altogether, this study retroactively demonstrated the robustness and utility of modeling to support dose
finding and confirmation in pediatric drug development for moxifloxacin.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? were successfully predicted by scaling a PBPK model

The antibiotic moxifloxacin is a good candidate for
pediatric populations because of its well-established
pharmacokinetic (PK) properties and well-documented
antimicrobial efficacy in adults. Physiologically-based PK
(PBPK) modeling is a useful tool for predicting safe doses
for first-in-children clinical studies.

WHAT QUESTION DID THIS STUDY ADDRESS?

Can a PBPK model predict safe and efficacious doses
of moxifloxacin in a pediatric population?

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Age-adjusted and body weight-adjusted dosing
regimens of moxifloxacin for two pediatric clinical studies

Moxifloxacin is an eight-methoxy-fluoroquinolone antimicro-
bial with a broad spectrum of activity against most patho-
gens in complicated intra-abdominal infections (clAls)."?
The benefits of moxifloxacin in adults with clAls have been
demonstrated in a number of prospective, randomized,
controlled clinical studies,®>® and the substance is recom-
mended by the Surgical Infection Society and the Infectious
Diseases Society of America for the treatment of adult pa-
tients with mild to moderate community-acquired clAls.”
Current regulations from the US Food and Drug
Administration (FDA) and the European Medicines Agency

from adults to children. Data from two clinical studies in
children were used by means of a pediatric population
PK model to retrospectively validate the PBPK model in a
learn-and-confirm approach.

HOW MIGHT THIS CHANGE DRUG DISCOVERY,
DEVELOPMENT, AND/OR THERAPEUTICS?

The use of modeling and simulation techniques could
lead to fewer subjects, increased efficiency, and less time
and money required to complete early-phase pediatric
drug development programs.

call for development strategies for pediatric dosing recom-
mendations for drugs that have been approved in adults
with the aim to maintain the efficacy and safety of adults
in children younger than 18 years old.®'! One of the main
obstacles to successful pediatric drug development is the
planning of studies that can arrive at safe and effective
doses for various age groups. To recommend these doses,
quantitative tools are required. Physiologically-based phar-
macokinetic (PBPK) modeling is useful for predicting phar-
macokinetic (PK) parameters for pediatric clinical trials as
it can account for developmental changes that affect the
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absorption, distribution, metabolism, and excretion of drugs
in children. Workflows and procedures for scaling adult
PBPK models to pediatric populations have been success-
fully developed and tested.>"®

To best benefit from incorporating PBPK modeling into
the pediatric drug development process, the models should
(i) be able to optimize the design of the pediatric PK study,
(i) be appropriate for a specific age group, and (jiii) determine
the best dose through a learn-and-confirm paradigm.'®'”
Successful PBPK models could help to minimize the num-
ber of pediatric patients and clinical trials necessary for pe-
diatric drug development.

Here, we discuss how two complementary model-based
approaches, PBPK modeling and population PK (popPK)
modeling, synergistically supported dose finding and dose
confirmation for moxifloxacin in pediatric patients.

METHODS

All PBPK models were built using PK-Sim (version 4.2)
and MoBi (version 2.3; both from Bayer AG, Leverkusen,
Germany, and now available as part of the Open Systems
Pharmacology Suite, www.open-systems-pharmacolo
gy.org). All optimizations and batch mode simulations were
done using MATLAB (R2009a; MathWorks, Natick, MA)
and the MoBi Toolbox for MATLAB (version 2.2; Bayer AG,
Leverkusen, Germany).

Data sources

Moxifloxacin PK data were obtained from the following
two clinical studies covering an age range from birth to
18 years: a phase | study (N = 31) in pediatric patients'®
and a phase Il study (N = 451; 301 patients were exposed
to moxifloxacin and 150 to a comparator) in pediatric
and adolescent patients with clAls.'® Briefly, in the phase
| study, subjects received a single dose IV treatment of
moxifloxacin, ranging from 5 to 10 mg/kg. In the phase I
study, 301 subjects received multiple i.v. followed by oral
(p.0.) doses of moxifloxacin, and of those, 155 contributed
samples for PK data. A switch to oral treatment was done
in 28 subjects. The doses were selected to target expo-
sure equivalent to that observed after the recommended
400 mg dose for adults.'® The studies were conducted
in accordance with the Declaration of Helsinki and the
principles of Good Clinical Practice. Study protocols and
amendments were approved by independent ethics com-
mittees in all participating countries of the global study.
All participants provided written informed consent prior
to study enrollment.

Pediatric PBPK model

On the basis of the adult PBPK model, the pediatric PBPK
model for children aged 1 week to 18 years was established
solely by scaling anthropometric and physiological param-
eters (i.e., body weight and height and the resulting organ
volumes and blood flow rates), clearance (CL) processes,
and age-dependent protein binding in children. This infor-
mation was incorporated from the default databases of the
software that was used for the simulations in children (PK-
Sim)."*2% No changes to any of the other input parameters
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of the adult model (e.g., physicochemical parameters) were
made. To scale the intrinsic CLs, the activity of the enzyme
in children was compared with the activity of the enzyme in
adults per surface area (for gastrointestinal organs) or per
organ weight (for all other organs). The calculation of in-
trinsic CL from plasma CL was done assuming well-stirred
conditions®"?? and incorporated physiological information
about the age-dependent changes in body weight, liver/
kidney weight, and hepatic/kidney blood flow.

Hepatic sulfate-conjugation via Sulfotransferase 2A1
(SULT2A1) and glucoronidation via UDP-glucuronosyltransferase
1A1 (UGT1A1) was scaled with age as previously described.?°
It was assumed that both SULT2A1 and UGT1A1 activity in the
gastrointestinal mucosa are fully developed at birth, i.e., the
same activity per gram tissue weight as in adults.

The biliary CL of moxifloxacin and its metabolites is medi-
ated via an unknown enzyme and/or transporter and is cyto-
chrome P450 independent. As no ontogeny information about
enzyme activity was available, this process was scaled to chil-
dren only physiologically (i.e., same activity per gram tissue
weight as in adults). The method of Hayton,?® as modified by
Edginton et al.,?® was used to scale glomerular filtration.

Simulations of metabolite M1 and metabolite M2 are not
shown here; PK data are presented elsewhere.®

The pediatric PBPK model provides a relationship be-
tween dose and the expected exposure of moxifloxacin in
a virtual pediatric target population. In combination with PK
target criteria, for example, an exposure target range based
on efficacy and safety considerations (see later), a dosing
regimen per age or weight group can be derived that fulfills
these criteria.

Virtual target populations
The following two virtual pediatric target populations
were generated using the population module of PK-Sim:2*

e Target population A: age range from 7 days to 14 years
split into 22 age groups (7 and 14 days; 1, 2, 3, 6, and
9 months; 1, 1.5, 2, 3,4, 5,6, 7, 8,9, 10, 11, 12, 13, and
14 years), body weight less than 45 kg.

e Target population B: age range from 12-18 years split into
7 age groups (12, 13, 14, 15, 16, 17, and 18 years), body
weight more than 45 kg. Each age group consisted of
500 male and 500 female virtual individuals summing up
to a total of 29,000 simulated virtual children.

Various different dosing schemes (absolute and normal-
ized to body weight) have been explored by simulation in-
cluding, e.g., administration as i.v. infusion for 60 minutes
for a hypothetical dose of 5 mg/kg for target population A
and 400 mg p.o. for target population B.

The population module creates a number of virtual indi-
viduals within a given age, body weight, and body height
or body mass index range on a stochastic approach using
age-dependent distributions of demographic and physio-
logical parameters.?*

Target exposure ranges for moxifloxacin
Target exposure ranges to interpret the modeling results
were based on the FDA Pediatric Study Decision Tree.?®
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For diseases with comparable progression, response to in-
tervention, and PK/pharmacodynamic (PD) relationship, a
clinical dose can be defined by equivalence in exposures
between adults and pediatric patients in combination with
phase Il safety studies.?®

The main clinical surrogate parameter for fluoroquino-
lones is the 24-hour area under the concentration-time
curve (AUC(0_24 h))/minimum inhibitory concentration, which
correlates with antimicrobial efficacy. AUC,_,, ,,/minimum
inhibitory concentration ratios exceeding a clinical break-
point indicate clinical efficacy, whereas values below this
threshold indicate an increased risk of therapeutic failure
and development of resistant bacteria. Conversely, the
maximum plasma concentration (C_,.) is predominantly
used to evaluate clinical safety (e.g., cutoff to avoid con-
centration-related side effects); however, there is often no
established PK/PD relationship available to enable con-
crete dosing decisions. Although the predictions based on
AUC o, 1y May suggest clinical dosing schedules, C, .-
based predictions are more likely to be safety indicators
for concentration-related side effects (e.g., central ner-
vous system). The latter must therefore be confirmed in
phase Il clinical trials.

In this modeling study, AUC estimates were used as primary
parameters; C . data were considered secondary. Target ex-
posure ranges were defined based on the observed distribu-
tions of AUC: AUC, ,, 1, after study drug administration at
steady state and C_, in the pooled adult phase | population
following i.v. (as 60-minute infusion) or p.o. administration of
400 mg moxifloxacin:'®?” The minimum and maximum that
were observed in adults were 11.8 and 71.7 mg - hour/L for
AUC o4pyand 1.5and 6.9 mg/L for C ., with more than 95%
between 20-60 mg-hour/L and 2-6.5 mg/L, respectively.?®

The primary target achievement criterion for predicting
a clinically effective dose was a narrower AUC range of
30-60 mg - hour/L (representing more than 90% of the ob-
served study values?®). In relation to the PK/PD relationship,
this is a more conservative approach to avoid dose predic-
tions that may increase the risk of emerging resistance in
clinical trials as a result of exposure and decrease the like-
lihood of exceeding the maximum exposure observed in
adults. For C_ ., an unchanged range of 2-6.5 mg/L was
defined, as model predictions for this parameter are rather
descriptive because of the reasons outlined previously.

Dose predictions in children
For target population A, the plasma concentration-time
courses of moxifloxacin were predicted following a single i.v.
infusion for 60 minutes for a hypothetical dose of 5 mg/kg.
For target population B, the plasma PK were predicted
following a single p.o. dose of 400 mg moxifloxacin. From
these predictions, the distributions for AUC from time 0 to
infinity (AUC, ) and C_ ., CL (CL = DOSE/AUC,,, following
i.v. administration), and the volume of distribution at steady
state (V,, = CLemean residence time, following i.v. adminis-
tration) of moxifloxacin were calculated.

The PBPK-predicted AUC,  and C__ distributions for chil-
dren were compared with the target exposure ranges for moxi-
floxacin from adult data to provide appropriate starting doses

for the phase | clinical trial.'®?® During and after conclusion
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of the phase | trial followed by an assessment of the PK and
safety data observed for the starting doses, the dosing regi-
mens for a subsequent phase Il clinical trial were defined as
described in detail in ref.19 In addition to the PBPK predic-
tions that related pediatric doses to the expected exposure of
moxifloxacin in children, a plethora of other aspects relevant
for safety and efficacy were also taken into consideration.®

Pediatric popPK model

Data from the pediatric phase | and lll trials were pooled for
a popPK analysis to characterize the variability of moxiflox-
acin PK in pediatric patients and to quantify the influence
of potential covariates on variability. Model development
was guided by previously developed popPK models for
moxifloxacin.?**? Model selection was done on the basis
of (i) successful minimization and covariance step, (ii) num-
ber of significant digits, (iii) standard error of estimates, (iv)
acceptable gradients at the last iteration, (v) correlation
between model parameters, (vi) objective function value,
and (vii) visual inspection of diagnostic plots.®® Structurally,
linear two-compartmental and three-compartmental mod-
els with first-order elimination and intercompartmental CL
were tested. As suggested by an exploratory analysis (for
details, see the Supporting Information), all CL and vol-
ume parameters were a priori scaled by body weight using
an allometric model with commonly accepted scaling coef-
ficients of 0.75 (for CL) and 1.0 (for volumes). In the covariate
analysis, the influence of age, serum creatinine, estimated
glomerular filtration rate, study (phases | or lll), and sex on
the PK of moxifloxacin were investigated by the stepwise
forward inclusion/backward elimination procedure at a P
value of < 0.01 and < 0.001, respectively.®* During model
development, the assessment of outlier concentrations was
done according to Byon et al.>® PopPK analysis was car-
ried out using nonlinear mixed effects modeling (NONMEM)
(version 7.2; ICON Development Solutions, Dublin, Ireland)
with the Navigator workbench (version 9.1.5146; Mango
Solutions, London, UK) on a Red Hat Enterprise (Raleigh,
NC) Linux 6.3 environment. The final popPK model was qual-
ified using prediction-corrected visual predictive checks by
comparing the 90% prediction interval of simulated con-
centrations with the observed moxifloxacin concentrations
valid for the final model estimation.® Goodness-of-fit plots
were created on the basis of all data and stratified for study
and route of administration (phase I/i.v. administration only,
phase lll/i.v. administration only, and phase lll/p.o. admin-
istration only).

Retrospective evaluation of the PBPK model

For the retrospective evaluation of the precision of the
PBPK model, the individual PK parameter estimates for CL
and V_ derived from the final popPK model were plotted
against age and body weight together with the CL and Vg
predictions previously derived from the PBPK model.

Confirmation of dose predictions

Individual AUC;_,,,and C, ., at steady state were estimated
from the final popPK model and plotted along with the
adult antimicrobial and safety target ranges for AUC;_,, 1,

and C_ ., respectively. The proposed age-dependent and



weight-dependent dosing scheme in the phase Il study
was assessed by the percentage of pediatric patients that
fall within or outside of the target ranges for AUC, ,, , and
C,ax @s established based on the pooled adult phase | data.

RESULTS

Demographic analysis

In the phase | study, two subjects were >12 years and 29
were <12 years of age. In the phase Il study, 98 subjects
were >12 years and 57 were <12 years of age. In total, only
11 subjects younger than 3 years of age contributed PK in-
formation (10 from phase | and 1 from phase IlI).

Prediction of the phase | starting doses

The PBPK predictions for the virtual target population A
show that the moxifloxacin AUC, ; for an exemplary 5 mg/
kg iv. dose was at the lower end of the efficacy target
range, but still above the observed minimum of the adult
phase | population for AUC ,_,, , at steady state for almost
all children (Figure S2). Only some 2-year-old and 3-year-
old female and male individuals were predicted to be ex-
posed to less than 11.8 mg - hour/L, and some 7-day-old
male individuals were predicted to be exposed to more
than 71.7 mg - hour/L. If the hypothetical dose is doubled
(i.e., 10 mg/kg as 1-hour infusion), the population median
for AUC,  would still be within the target exposure range
for efficacy in children down to 2 months of age. Higher
doses were associated with an increased risk for C_ . ob-
servations outside of the safety exposure range unless the
infusion time was prolonged and/or the daily dose was split
into two or more doses.

On the basis of these PBPK simulations, the following
age-adjusted and body weight-adjusted moxifloxacin doses
were recommended for the pediatric phase | trial: 5-6 mg/
kg for school children (>6 to <14 years), 7-8 mg/kg for pre-
school children (>2 to <6 years), and 9-10 mg/kg for infants
and toddlers (>3 months to <2 years).'® As starting doses,
the lower end of the recommended dose range per age co-
hort (i.e., 5 mg/kg for school children, 7 mg/kg for preschool
children, and 9 mg/kg for infants and toddlers) were tested.

The corresponding predictions for virtual target popula-
tion B show that the centers of the distributions for moxi-
floxacin AUC, ; and C_,. were within the target ranges for
efficacy and safety for all of these age groups (Figure S3).
Only some female and male 12-year-olds and 13-year-olds
were predicted to be exposed to a slightly higher AUC,  than
the observed adult phase | maximum of 71.7 mg - hour/L.
For C, .., only some 12-year-old females were predicted to
be exposed to a marginally higher C,_ .. than 6.9 mg/L.

PopPK model in children
A total of 186 pediatric subjects with 1,562 moxifloxacin
plasma concentrations were available for popPK model
development. During model development, 33 concen-
trations were identified as influential outliers and thus
excluded from the final model. Furthermore, 14 concen-
trations from 12 subjects were maintained as noninfluen-
tial outliers.

The final popPK model of moxifloxacin in the pediatric
population aged 3 months to <18 years consisted of a linear
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three-compartment model with elimination from the central
compartment. Interindividual variability was identified for CL
and the central volume of distribution (Table S2). Residual
variability was described by a proportional error model, with
separate estimates for the different studies and routes of ad-
ministration. The covariate analysis did not yield any signif-
icant effect on top of the relation between body weight and
the disposition parameters, which was a priori included in
the model. Goodness-of-fit plots and prediction-corrected
visual predictive checks show that the pediatric popPK
model adequately described the data observed in the pedi-
atric clinical phase | and Il trials (Figures S4-S6).

Retrospective evaluation of the PBPK model

The comparison of PBPK predictions with the individual
popPK post hoc estimates shows that the individual popPK
parameter estimates of V_, over age and body weight
were consistent with the PBPK predictions (Figure 1a,b).
Similarly, the individual popPK parameter estimates of V
normalized to body weight over age were consistent with
the PBPK predictions (Figure 1c). With regard to CL, the
individual popPK parameter estimates vs. age and body
weight were also in accordance with the PBPK predictions
(Figure 1d,e). Similarly, the individual popPK parameter
estimates of CL normalized to body weight over age were
consistent with the PBPK predictions (Figure 1f).

Confirmation of dose predictions

Plotted PK parameters at steady state derived from the
popPK model showed that for AUC(O_24 hy the median of all
i.v. treatment groups combined was 41.7 mg - hour/L, with
a deviation of —7.3% from the median of the target range of
45 mg - hour/L (Figure 2a,b). Of the 143 subjects, 117 sub-
jects (81.8%) were within the target range for AUC(O_24 hy 10
subjects (7.0%) were below the lower end, and 16 subjects
(11.2%) were above the upper end of the target range for
AUC,_,, 1, indicating a nearly even distribution (Table 1).
For C,,,,, the median value of all i.v. treatment groups com-
bined was 4.83 mg/L. Of the 143 subjects, 103 subjects
(72.0%) were within the target range for C_, of 2-6 mg/L,
and none were below the lower end. Of the 40 subjects
(28.0%) that were above the upper end of the target range
for Cmax, 39 were aged between 12 and 18 years, more than
45 kg body weight, and received 400 mg once daily as an
i.v. treatment (Table 1). If peak concentrations outside the
target range pose a safety risk, switching from once daily to
twice daily dosing could be reasonable to avoid peak con-
centrations above the upper limit of the target range while
maintaining the AUC, ,, ;. To test this concept, the effect
of a 200 mg twice daily regimen on C__ concentrations
was simulated for the subjects in the phase Il study who
had been actually administered with 400 mg once daily. As
expected, a 200 mg twice daily regimen improved the at-
tainment with respect to the C,_, target range (Figure 3).

DISCUSSION

Pediatric drug development remains a challenge for the
pharmaceutical industry because of the various ethical,
technical, regulatory, and legal requirements.*®~%8 Clinical
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Figure 1 Comparison of PBPK-predicted V__ to popPK model-derived V_ vs. (a) age or (b) body weight and (c) V, normalized
to body weight vs. age. Comparison of PBPK-predicted CL to popPK model-derived CL vs. (d) age or (e) body weight and (f)
CL normalized to body weight vs. age. Bold solid line indicates median of PBPK prediction; gray shaded area, percentiles
5-95 of the population PBPK prediction; symbols, popPK model-derived individual PK parameters for the subjects of the
phase | study with single-dose intravenous (i.v.)Jadministration of 5-10 mg/kg (open squares), the subjects of the phase Il
study with multiple-dose i.v./oral (p.o.) administration of 400 mg once daily (open circles), the subjects of the phase Il study
with multiple-doses i.v./p.o. administration of 4-6 mg/kg twice daily (filled circles), and the subjects of the phase Il study
with any treatment and with at least one noninfluential outlier concentration included in the analysis (filled circles). CL,
clearance; PBPK, physiologically-based pharmacokinetic; popPK, population pharmacokinetic; V_,, volume of distribution
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trials in pediatric patients should be designed to maximize
the amount of generated information while minimizing the
risks for the patient. However, because of the difficulties
of performing well-conducted PK and PD studies in chil-
dren, many drugs are used “off-label,”3%*° and dosing is
often only based on body weight or body surface area.
This allometric scaling approach ignores age-related de-
velopmental changes in children such as enzyme ontog-
eny, CL, and protein binding. PBPK modeling takes these
changes into account and allows for a more accurate
prediction of PK parameters in children.*! The “learn and
confirm” approach of PBPK modeling is suitable for future
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applications and allows optimization of dosing and sam-
pling times in clinical studies. Recommended by US and
European regulatory bodies,®"" pediatric PBPK modeling
could lead to fewer subjects, increased efficiency, and
less time and money required to complete drug develop-
ment programs.

Here, we present how PBPK modeling and popPK mod-
eling supported dose finding and dose confirmation in pe-
diatric patients for the fluoroquinolone moxifloxacin. The
mechanism of action of moxifloxacin and PK/PD param-
eters that correlate with efficacy for the treatment of clAls
in adults should theoretically be similar for children. If we
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target range. AUC; ,, ),

assume an identical exposure-response relationship in chil-
dren and adults, dose optimization is reduced to the predic-
tion of an age-related and/or weight-related dose-exposure
relationship. This aims to obtain pediatric doses that result
in the same exposure as observed in adults at therapeu-
tically effective doses.*? To achieve antimicrobial efficacy
while maintaining safety, pediatric dosing should lead to
PK parameters (i.e., AUC, C within the 90% confidence

m ax)

24-hour area under the concentration-time curve; C

max» Maximum plasma concentration.

intervals of the adult reference model. A dose of 400 mg
moxifloxacin once daily is effective in treating bacterial in-
fections including clAls in adults®>® and was used as the
basis for establishing the target ranges for AUC and C__,
in children.

The pursued strategy is shown in Figure 4. In short,
the starting point was a previously developed adult PBPK
model for moxifloxacin®® that had been further refined and
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Table 1 Attainment rates with respect to the target ranges for AUC(0_24 n and C_ . following i.v. and p.o. treatments, excluding subjects with
noninfluential outlier concentrations

i.v. treatment p.o. treatment

Within Below Above Within Below Above
Target range for AUC,_,, 1,
(30-60 mg - hour/L) N % N % N % N % N % N %
12 to <18 years (=45 kg) 72 86.7 6 7.2 5 6.0 20 95.2 0 0.0 1 4.8
Dose: 400 mg o.d.
12 to <18 years (<45 kg) 39 75.0 10 19.2 3 5.8 3 50.0 2 33.3 1 16.7
6 to <12 years (all BWs)
Dose: 4 mg/kg b.i.d.
2 to <6 years (all BWs) 5 7.4 0 0.0 2 28.6 0 0.0 0 0.0 1 100.0
Dose: 5 mg/kg b.i.d.
3 months to <2 years (all BWs) 1 100.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
Dose: 6 mg/kg b.i.d.
All treatments 117 81.8 16 1.2 10 7.0 23 82.1 2 71 3 10.7
N =143 (iv);N = 28 (p.o.)

i.v. treatment p.o. treatment

Within Below Above Within Below Above
Target range for C__ (2-6 mg/L) N % N % N % N % N % N %
12 to <18 years (=45 kg) 44 53.0 0 0.0 39 47.0 21 100 0 0.0 0 0.0
Dose: 400 mg o.d.
12 to <18 years (<45 kg) 52 100.0 0 0.0 0 0.0 1 16.7 5 83.3 0 0.0
6 to <12 years (all BWs)
Dose: 4 mg/kg b.i.d.
2 to <6 years (all BWs) 6 85.7 0 0.0 1 14.3 1 100.0 0 0.0 0 0.0
Dose: 5 mg/kg b.i.d.
3 months to <2 years (all BWs) 1 100.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
Dose: 6 mg/kg b.i.d.
All treatments 103 72.0 0 0.0 40 28.0 23 82.1 5 17.9 0 0.0

N =143 (i.v.); N = 28 (p.o.)

maximum plasma concentration; i.v., intravenous;

AUC ;_y, 1, 24-hour area under the concentration-time curve; b.i.d., twice daily; BWs, body weights; C, .,

o.d., once daily; p.o., oral.
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Figure 3 Simulated C__ at steady state after intravenous (i.v.Jadministration of 200 mg moxifloxacin twice daily for subjects
in the phase Ill study who actually had been administered with 400 mg once daily vs. C . at steady state after actual twice
daily i.v. administration. Open circles indicate C_ . _at steady state after i.v. administration of 200 mg twice daily for subjects
in the phase lll study who actually had been administered with 400 mg once daily; filled circles, C__ at steady state after
actual twice daily i.v. administration of 4 mg/kg to 6 mg/kg in the phase lll study; dashed lines, limits of the C__ targetrange.

Cmax, maximum plasma concentration.
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Models Data and Information  Use in development
—
Adult PBPK ( Clinical PK data
model in adults (phase I-111)
v
S—
Scaling Prior physiological
knowledge
v
Learning step
Pediatric PBPK Dose-exposure Definition of safe
model relationship starting doses

Final refined €
pediatric model

Analysis of
underlying causes
(if required)

Refined dose
predictions

Confirmation of
pediatric Phase | [<€=
starting doses

Phase Il with

Vs

Confirmation of
clinical doses

PBPK—predicted [
clinical doses

Pediatric
popPK model

Confirmation step

PK data for popPK
model development

Retrospective
evaluation of
the PBPK model

9 Definiton/confirmation of
age-appropriate dosing

; Support in PK-related clinical
safety/efficacy questions

Figure 4 Schematic diagram of the modeling and simulation steps during pediatric development of moxifloxacin. PBPK,
physiologically-based pharmacokinetics; PK, pharmacokinetics; popPK, population pharmacokinetics.

qualified using available adult PK data. This adult PBPK
model was scaled to children using knowledge about
age-related changes of anatomical, physiological, and
biochemical processes relevant for the absorption, dis-
tribution, metabolism, and excretion of moxifloxacin. The
output of the resulting pediatric PBPK model was thus a
solely physiologically informed estimation of the dose-ex-
posure relationship of both i.v. and p.o. administered moxi-
floxacin in children of different ages. Based on the known
pharmacological profile of moxifloxacin and a therapeutic
target range established in adults, an age-dependent dos-
ing scheme for moxifloxacin could be proposed (learning
step) and tested in the first-in-children trial.'®** The anal-
ysis of the uncertainties associated with model-based
predictions using phase | results as a reference resulted
in refined doses that were confirmed in the larger phase

Ill study investigating moxifloxacin treatment for clAls in
children.'® After the completion of both trials, a pediatric
popPK model for moxifloxacin was developed, and the re-
sulting PK parameters were compared with the initial PBPK
predictions to (i) retrospectively evaluate the PBPK model
predictability, (ii) confirm the proposed dosing schedule of
moxifloxacin in children, and (iii) support PK-related clinical
safety/efficacy questions (confirmation step).

The pediatric PBPK model for moxifloxacin presented
here well predicted the doses necessary to achieve antimi-
crobial efficacy while maintaining safety in the phase | and
phase lll pediatric studies. In general, the predictions for
the adult population provide a larger volume of distribution
when compared with adolescents, reflecting a higher body
weight for adults. In this study, however, the volume of distri-
bution and CL at steady state from the retrospective popPK
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model were in good agreement with the PBPK predictions.
The PBPK predictions did not cover the full body weight
range, as some pediatric patients in the clinical studies were
heavier than the heaviest predicted virtual patients. On av-
erage, CL was slightly underpredicted in children younger
than 3 years of age; however, there was a very low number
of subjects in this age group, which hampers the conclu-
sions that can be made. No parameter optimization was
performed for the pediatric PBPK model after the PK data in
children became available.

As is often the case in pediatric trials, young children
were underrepresented. In this investigation, there were
only 10 individuals younger than 3 years of age included in
the phase | trial, and only 1 subject in this age group con-
tributed PK information in the phase Il trial. Thus, the age
group younger than 3 years only represented 5.9% of the
total study population.

Comparison of the clinical study results to the antimi-
crobial and safety target ranges for AUC, ,, , and C_,,
established for adults*® showed that the vast majority of
pediatric patients were within these ranges. The upper
limit of the peak plasma concentration target range was
exceeded more often in the age group 12 < 18 years
(more than 45 kg) who received moxifloxacin once daily
when compared with the other age groups who received a
twice-daily administration. There is a risk of underdosing
or overdosing at the edges of the pediatric age range if
only scaling to body weight is performed, and an altered
safety profile is likely to be seen when only body weight is
taken into account. The dose-optimization strategy is dis-
cussed in detail in refs. 19,44. PK simulations based on the
final popPK model show that an alternative dosing scheme
(200 mg twice-daily i.v. administration) can be developed
for subjects aged 12 < 18 years instead of 400 mg once-
daily i.v. administration to achieve lower peak plasma con-
centrations while keeping exposure constant. This may be
used to improve safety margins for concentration-related
adverse effects if clinically indicated.

Thus, the PBPK model provided initial dosing propos-
als for the phase | study. During conduction of the phase |
and lll studies, these dose recommendations were subject
to clinical validation and assessment through independent
safety boards, allowing for the adjustment of the recom-
mended doses if deemed necessary. The details of the
clinical dose adjustment steps are presented in the clinical
papers describing the phase | and lll trials of moxifloxacin in
children. 1944

SUMMARY AND CONCLUSIONS

Modeling and simulation have been extensively applied
during different phases of the pediatric development of
moxifloxacin. Following the “learn and confirm” paradigm,
PBPK modeling (learning step) and popPK modeling (con-
firmation step) have been successfully applied to the devel-
opment of moxifloxacin in children and supported the dose
selection for pediatric patients. This moxifloxacin case
example demonstrates the usefulness of modeling and
simulation approaches to support dose finding and dose
confirmation in pediatric drug development.
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