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Abstract

Background—Selection of the first-dose-in-neonates is challenging. The objective of this proof-
of-concept study was to evaluate a pharmacokinetic (PK) bridging approach to predict a neonatal
dosing regimen.

Methods—We selected fluconazole as a paradigm compound. We used data from PK studies in
juvenile mice and adults to develop population PK models using NONMEM. We also develop a
physiologically-based PK model from in vitro—in silico data using Simcyp. These three models
were then used to predict neonatal pharmacokinetics and dosing regimens for fluconazole.
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Results—From juvenile mice to neonates, a correction factor of maximum lifespan potential
should be used for extrapolation, while a “renal factor” taking into account renal maturation was
required for successful bridging based on adult and in vitro-in silico data. Simulations results
demonstrated that the predicted drug exposure based on bridging approach was comparable to the
observed value in neonates. The prediction errors were -2.2%, +10.1% and -4.6% for juvenile
mice, adults and in vitro-in silico data, respectively.

Conclusion—A model-based PK bridging approach provided consistent predictions of
fluconazole PK parameters in neonates and demonstrated the feasibility of this approach to justify
the first-dose-in-neonates, based on all data available from different sources (including
physiological informations, preclinical studies and adult data), allowing evidence-based decisions
of neonatal dose rather than empiricism.
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Introduction

Pharmacological research in newborn infants is an important component of drug
development programs [1].The overall goal is the determination of safe and effective
regimens for neonates. The introduction of the Paediatric Regulation by the European
Union, together with the renewal of the Pediatric Rule by the Food and Drug Administration
on the requirements for pediatric labeling made it mandatory for sponsors to develop drugs
for the pediatric population, focusing on a rational dosage selection in pediatric clinical trials
[2, 3]. Neonatal drug evaluations present many challenges that are related to rapid
physiological changes during early life as well as a myriad of ethical and practical obstacles
to clinical research [4]. The selection of the first-dose to be given to neonates is a major
challenge that should be based on the optimal use of all available data rather than a “trial and
error method” that is associated with potential risks of inefficacy and/or toxicity.

Neonates cannot be included in dose escalation studies similar to those conducted in adults
or older children. Therefore, in order to optimize dosage selection in neonatal clinical trials,
extrapolation methodologies based on already available data should be promoted [5]. A
valuable approach is pharmacokinetic (PK) bridging, which involves dose selection and
adjustment in the target population based on known PK differences with a “reference”
population [6].

We selected fluconazole as a model compound to conduct a proof-of-concept “bridging
study”. Fluconazole has been used for many years to prevent or treat neonatal candidiasis in
an off-label manner [7, 8]. According to regulatory guidelines from both the Food and Drug
Administration (FDA) and the European Medical Agency (EMA) [9-11], fluconazole is a
good candidate for PK bridging studies because 1) pharmacokinetic-pharmacodynamic (PK-
PD) relationship can be assumed to be similar across all age groups including neonates, and
2) published data clearly show that PK parameters are highly dependent on age with major
changes during the neonatal period [12, 13]. Our objective was to evaluate if selection of the
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first-dose-in-neonates using a PK model-based bridging approach was possible but also
accurate, when based on available data from difference sources of studies (preclinical
studies, adult PK data, and in vitro—in silico data), and knowledge of physiological changes
and developmental PK.

Methods

Four sets of data were available to perform the bridging study (Table 1): juvenile animal PK
data, adult and neonatal PK data and in vitro—in silico data (see appendix 1 for details). The
different steps of the extrapolation approach are summarized in Figure 1.

1. Inthe first step (step 1, population PK parametersin neonates, appendix 1), we
developed and validated a population PK model, based on available data in
neonates (94 fluconazole concentrations in 13 neonates). This model refers to “the
reference model” for all comparisons performed in step 5 (see below).

2. Inasecond step (step 2, from juvenile mice to neonates, appendix 1), we
developed a population PK model based on juvenile animal PK data (60
fluconazole concentrations obtained by pooling of blood of 230 animals) and
performed an extrapolation from juvenile mice to neonates.

3. Inathird step (step 3, from adult health volunteers to neonates, appendix 1), we
identified a population PK model based on adult PK data (180 concentrations in 12
adult volunteers) and performed extrapolation from adults to neonates.

4. Inafourth step (step 4, fromin vitro - in silico data to neonates, appendix 1), we
developed a physiologically based pharmacokinetic (PBPK) model of fluconazole
and performed prediction to neonates.

5. During step 5 (predictive performance in dosage prediction, appendix 1), we used
the models developed during steps 2 to 4 and extrapolation methods to predict
fluconazole exposure (AUC) obtained at steady-steady with a standard loading-
dose schedule in neonates. The predicted AUC was compared with reference AUC
obtained in step 1.

The predictive performance was evaluated by calculating the prediction error (PE) using
equation 1:

_ Predicted AUC — Reference AUC

PE
Reference AUC (Ee- 1)

The PE was expressed as a percentage.

Results

Step 1. Reference PK parameters in neonates

A one-compartment model with first order elimination was fitted to the neonatal PK data.
An exponential model best described inter-individual variability of CL and V. A
proportional model best described residual variability. An analysis of covariates suggested
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that weight and gestational age had a significant impact on CL and only weight had a
significant impact on V. Model diagnostics showed an acceptable fit of the model to the
data. As shown in figure 2 A1-2, predictions were unbiased. In the diagnostic plots of
conditional weighted residuals (CWRES) versus time and population predictions (PRED),
no trends were observed (Figure 2 A3-4). In addition, the mean parameter estimates
resulting from a bootstrap procedure (500 iterations) closely agreed with the respective
values from the final population model, indicating that the estimates of the population
pharmacokinetic parameters in the final model were accurate and that the model was stable
(Table 2). Figure 2 A5-6 presents the results of normalized prediction distribution error
(NPDE). NPDE distribution and histogram met the required theoretical N (0, 1) distribution
and density, indicating a good fit of the model to the individual data. The mean and variance
of NPDE were -0.02 (Wilcoxon signed rank test p=0.7) and 0.88 (Fisher variance test 0.4),
respectively. The median values of estimated CL and V were 0.016 L/h/kg and 1.03 L/kg,
respectively. These values were the “reference neonatal PK values” used for the last step of
comparison.

Step 2. PK model juvenile mice and extrapolation to neonates

A one-compartment model with first order elimination was fitted to the PK data from
juvenile mice. An exponential model best described inter-individual variability of apparent
CL. A proportional model best described residual variability. The covariates analysis
identified that current weight and postnatal age had a significant impact on CL and only
weight had a significant impact on V. Table 2 presents the PK parameters of juvenile mice.
The model was also validated by goodness-of-fit plots, bootstrap and NPDE (Figure 2
B1-6). The mean and variance of NPDE were 0.05 (Wilcoxon signed rank test p=0.7) and
1.13 (Fisher variance test 0.5), respectively.

Three methods of extrapolations were evaluated and compared

1. Weight normalized CL and V: The median individual Bayesian estimates for CL and V,
which were calculated by population PK model in juvenile mice, were 0.076 L/h/kg and
0.91 L/Kkg, respectively.

2. Simple allometry for CL and V: After plotting individual Bayesian estimated CL and V
as a function of bodyweight, the estimated coefficients and exponents using allometric
equations (equations 3 and 7 in appendix 1) were 0.00005 and 1.2932 for CL, and 0.0018
and 0.6282 for V, respectively. After 100 simulations with these estimated parameters, the
median predicted neonatal CL and V were 0.528 L/h/kg and 0.09 L/kg, respectively.

3. Simple allometry with a corrected factor of maximum lifespan potential (MLP) for
CL: After plotting individual Bayesian estimated CL multiplied by the mean MLP value as
a function of bodyweight on a log-log scale. The estimated coefficient and exponent using
allometric equation (equation 4) were 1.2133 and 1.2932, respectively, After 100
simulations with these estimated parameters and a corrected factor of MLP, the median
predicted neonatal CL was 0.016 L/h/kg,
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The extrapolation approach using 0.91 L/Kg for V (weight normalized value of
extrapolation method 1) and 0.016 L/h/kg for CL (allometry with corrected factor of MLP
extrapolation method 3) gave the most consistent prediction of observed values (0.016
L/h/kg and 1.03 L/kg) in neonates (Table 3).

Step 3. From adults to neonates

Roos JF et al. developed a one-compartment model with lag-time and first-order elimination
in adults [14]. We performed simulations based on the reported PK parameters and
extrapolation using fix-exponent allometry with a corrected factor for postmenstrual age
using NONMEM. The median predicted CL and V were 0.014 L/h/kg and 0.80 L/kg
respectively (Table 3).

Step 4. From in vitro - in silico data to neonates

Table 4 shows input drug parameters for fluconazole. Its physicochemical properties
including molecular weight, pKa and logarithm of the octanol-water partition coefficient
(logP) were obtained from the product monograph and published information [15, 16].
Parameters of the PBPK model were included as follows:

The blood and plasma concentrations of fluconazole being equivalents, the blood to plasma
partition ratio (B/P) was set to 1 [15]. Fraction unbound in plasma (Fu) has been reported as
0.89 [17]. In order to describe tissue distribution, a full PBPK distribution model was used
with a fixed tissue/plasma partition coefficient of 10 in skin [15]. Data to define elimination
was obtained from the PK study of intravenous fluconazole in adult healthy volunteers,
where the total CL at steady state was 1.38 + 0.24 L/h [18]. As the renal excretion is the
major route of fluconazole elimination and the mean urinary recovery of unchanged
fluconazole was 80% [15], fluconazole renal clearance (CLg) was fixed to 1.1 L/h to
account for 80% of total systemic CL.

These parameters were entered in the Simcyp program (Table 3). The median predicted CL
and V values for the 100 simulated clinical trials were 0.016 L/h/kg and 0.96 L/kg,
respectively.

Step 5. Prediction of fluconazole AUC with different models (Steps 2, 3 and 4) and
extrapolation methods. Comparison with the reference value obtained by the neonatal
model (Step 1)

Using a “loading dose regimen’ of 25 mg/kg followed by 12 mg/kg fluconazole daily over
2 hours, the median predicted AUCs obtained at steady state, determined with the three
models (step 2 juvenile mice, step 3 adults, and step 4 PBPK), were 766, 862 and 747
mgeh/L, respectively (Table 4). These values were in close agreement with the AUC of 783
mgeh/L, calculated from neonatal population PK model (step 1). The PEs were -2.2%,
+10.1% and -4.6% for juvenile mice, adults and in vitro-in silico data, respectively.
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Discussion

The dosage regimen used in the very first studies in neonates is often based on empirical
scaling methods. The commonly used method for initial dosing selection in children is to
normalize the adult dose by body weight or body surface area (i.e. mg/kg or mg/m?),
assuming a linear relationship between weight and/or surface area and dose [19]. Evaluation
of these empirical methods has already shown that scaling based on body weight tended to
under-predict drug CL in children and those based on body surface area frequently over-
predict drug CL in young children. The prediction bias is even more pronounced in neonates
[20]. Therefore, there is an urgent need to improve selection of the first dose by developing
and evaluating bridging studies based on the optimal use of already available information
when time for neonatal studies has come. To try to reach this goal, we evaluated how PK
bridging studies could be used to support dose selection to conduct drug evaluation for a
neonatal indication. Our results highlight the important methodological aspects of applying
the PK bridging approach in neonates, namely, the correction for inter-species differences,
developmental physiological aspects (i.e. renal maturation) and the need to include prior PK
informations available in preclinical and adult studies. Taking these prerequisites into
account, our results strongly support the use of all available sources of pharmacokinetic
information to predict neonatal pharmacokinetics and initial dosage to be proposed for
neonatal studies and/or recommended for therapeutic use.

It is currently stated that data from juvenile animals are better than data from adult animals
to predict pediatric PK [21]. As this statement has never been validated, comparing juvenile
and mature animals to predict the neonatal dose remains necessary. Previous research has
shown that the inter-species PK extrapolation between mature i.e. mature animals and adults
using the simple allometry without correction factor overestimated CL in humans [22]. In
the present study, we have also shown that a bias exists in the extrapolation process from
juvenile mice to neonates. The MLP factor (defined as the maximum observed life span of
one species), was required to correct this bias. By including the correction MLP factor for
CL and weight normalized V, we demonstrate for the first time that population PK based
extrapolation from juvenile mice to neonates, using allometry is possible. Indeed, with an
identical dosage regimen, fluconazole exposure calculated with the juvenile animal model
was close to neonatal “real” exposure obtained with a model derived from “real neonatal
data”. These data demonstrate good predictive performances of the juvenile animal model.

Adult pharmacokinetic data are frequently, but not always available prior to any
administration of a drug to neonates. In order to extrapolate PK from adults to pediatrics the
fixed-exponents allometric model (with exponents of 0.75 for CL and 1 for V), has been
proposed, considering size as a major determinant reflecting maturation [23]. Although used
for extrapolation from adults to adolescents and children with “acceptable” results,
systematic biases were found in neonates and infants [20, 24]. This might reflects the
continuous and rapid changes in PK that occur during the neonatal period as consequences
of developmental changes affecting body compaosition, organ function and maturation of
drug metabolic and excretion pathways. For fluconazole, it is known that renal maturation
has an impact upon dose prediction in neonates [12] and this factor must be considered. We
used the glomerular filtration rate (GRF) maturation model developed by Rhodin MM et al
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[25], based on a population meta-analysis of GFR (measured in 923 patients from very
premature neonates to adulthood). The sigmoid hyperbolic model precisely describes the
nonlinear relationship between GFR maturation and postmenstrual age after standardizing
size effect using allometric scaling [25]. Extrapolation based on adult population PK model
incorporating the renal maturation model gave satisfactory drug exposure in neonates.

In vitro-in silico extrapolation to neonates was based on a PBPK model, that offers a
mechanistic approach to assess neonatal drug exposure. The PBPK approach establishes
virtual populations by building up a mechanistic and physiological model, which
incorporates known variabilities in demographic and biological parameters linked to drug-
specific physico-chemical properties and data on drug ADME (absorption, distribution,
metabolism and elimination) [26, 27]. The age-dependent changes in enzyme activities,
blood flow, tissue size and composition (phospholipid, water and neutral lipid content) and
their correlation with demographic factors (including weight, height and/or body surface
area) were included in the Simcyp pediatric simulator [28]. A full PBPK distribution model
to predict V is based on parameters describing 14 key organs using a PBPK tissue / plasma
partition coefficient model. For drugs that are extensively eliminated by the kidneys,
maturation of clearance reflects maturation of the glomerular filtration rate (GFR) and
tubular function [29-31]. The renal maturation model in Simcyp was developed based on the
changes of inulin, mannitol and 51Cr-EDTA clearance with age. This renal maturation
model has predicted vancomycin CL successfully in neonates [28] and similarly showed
good prediction of fluconazole CL in neonates.

In order to confirm that the dosage prediction was possible by using at least one of the
proposed strategies, a loading dose treatment schedule was tested in the three models and
compared to the “real neonatal model” developed from data obtained in neonates receiving
fluconazole. The PEs varied from -4.6% to 10.1%, indicating a good predictive performance
of model-based extrapolations from juvenile mice, adults and in vitro-in silico data.

Some limitations should be underlined. As a proof-of-concept study, our positive results are
obtained with a kidney eliminated drug, for which the developmental changes have been
extensively studied in neonates. This approach has been proposed for other drugs, including
highly metabolized drugs, although modeling developmental metabolic processes will likely
be much more complex than modeling renal maturation changes, as data of ontogeny of drug
metabolism and transport are still limited. The present study gave consistent predations of
neonatal PK from different sources. We cannot arbitrarily decide which approach is better
than others. Given the complex in the prediction of first dose in neonate, we suggest an
optimal use of all available sources. The final decision should also consider the safety of
evaluated drugs and prior knowledge of developmental PK-PD in neonates.

Conclusion

We successfully used model-based PK bridging approaches to predict the pharmacokinetics
of fluconazole in neonates from juvenile mice, adults and in vitro-in silico data. Our results
firstly support the feasibility of PK bridging approach in neonates. Whichever the
difficulties, such bridging approaches should be further tested and validated, as it looks
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being the only way to select the first dose in neonates using a scientific “evidence based”
approach.
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Appendix 1
Methods

We derived the population PK models from juvenile mice and adult healthy volunteers, and
PBPK model from in vitro — in silico data to predict fluconazole dose in neonates.

Population pharmacokinetic parameters in neonates

The data used to develop the population pharmacokinetic model was obtained from a
prospective, single-center, open-label pharmacokinetic trial at Duke University Medical
Center in Durham, NC. Thirteen neonates and young infants were given an intravenous
loading dose (25 mg/kg administered over 2 hours via a syringe pump) followed by
maintenance therapy (12 mg/kg/day over 1 hour every 24 hours). Blood samples were taken
at the following time points after the end of the infusion: 0 to 30 minutes, 2 to 4 hours, 6 to
12 hours, and 18 to 24 hours after the first dose and peak and trough samples at doses 3 and
5 [32]. A summary of study characteristics and the demographic variables is provided in
Table 1.

A total of 94 fluconazole concentrations ranging from 6.9 to 47.2 pg/mL were available. The
population PK analysis was carried out using the nonlinear mixed effects modeling program
NONMEM V 7.2 (Icon Development Solutions, USA). We used first order conditional
estimation (FOCE) method with interaction option to estimate pharmacokinetic parameters
and their variability. We estimated inter-individual variability of the pharmacokinetic
parameters using an exponential model, which was expressed as follows:

6izgmean x el

where 0 ; represents the parameter value of the it" subject, Omean the typical value of the
parameter in the population and mi the variability between subjects which is assumed to
follow a normal distribution with a mean of zero and variance ®2.

Covariate analysis followed a forward and backward selection process. We used stepwise
covariate modelling [33] and likelihood ratio test to evaluate the effect of each variable.
During the first step of covariate model building, a covariate was included if a significant
(p<0.05, %2 distribution with one degree of freedom) decrease (reduction>3.84) in the
objective function value (OFV) from the basic model was obtained. All the significant
covariates were then added simultaneously into a ‘full” model. Subsequently each covariate
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was independently removed from the full model. If the increase in the OFV was lower than
6.635 (p<0.01, %2 distribution), the covariate was considered significantly correlated to the
pharmacokinetic parameter and was therefore included in the final model.

Model validation was based on graphical and statistical criteria. Goodness-of-fit plots,
including observed (DV) versus individual prediction (IPRED), DV versus population
prediction (PRED), conditional weighted residuals (CWRES) versus time and CWRES
versus PRED were used initially for diagnostic purposes [34]. The stability and performance
of the final model were also assessed by means of a nonparametric bootstrap with re-
sampling and replacement. Re-sampling was repeated 500 times and the values of estimated
parameters from the bootstrap procedure were compared with those estimated from the
original data set. The entire procedure was performed in an automated fashion, using PsN
(v2.30) [35]. The final model was also evaluated graphically and statistically by normalized
prediction distribution errors (NPDE) [36]. 1000 datasets were simulated using the final
population model parameters. NPDE results were summarised graphically by default as
provided by the NPDE R package (v1.2) [37]: (i) QQ-plot of the NPDE; (ii) histogram of the
NPDE. The NPDE is expected to follow the N (0, 1) distribution.

From juvenile mice to neonates

The PK data in juvenile mice (Swiss strain) was obtained from an open-label, repeated-
doses PK study within the FP7 TINN project (Treatment Infection in NeoNates). The mice
were born at 19 days gestation age. Two dosing regimens 6 mg/kg or 60 mg/kg once daily
were given subcutaneously since postnatal day 2 (Table 1). PK samplings were obtained at
times of T0.5h or T23h on day 1, T23h on day 5, T23h on day 10, or T0.5h or T23h on day
11.

Population PK analysis was carried out using NONMEM. Modeling and validation
processes were similar to neonates, as described above.

We used the following extrapolation approaches to predict PK parameters in neonates from
juvenile mice [22, 38-40]:

Clearance (CL)

Method 1: Weight normalized CL
CLyy=axWTy. (Eq.2

where CLpy is the predicted CL in neonates, WTyy is the bodyweight in neonates; a is the
estimated weight normalized CL in juvenile mice.

Method 2: Simple allometry

CLyy=bx WT, . (Eq.3)
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where CLpy is the predicted CL in neonates, WTyy is the bodyweight in neonates; b and ¢
are the estimated coefficient and exponent obtained from the population PK model derived
from juvenile mice.

Method 3: Simple allometry with corrected factor of maximum lifespan
potential

dXWTy,°

CL,,.=
NN 81800

(Eq. 4)

MLP(years)=185.4 x (Brain wiegh, kg)(]ﬁ‘% x (Body Weight, kg)_0'225 (Eq.5)

In this approach, the individual Bayesian estimated CL in mice was multiplied by its
maximum lifespan potential (MLP) value and were plotted as a function of bodyweight on a
log-log scale. The coefficient and exponent (d and e in the equation) were estimated from
the allometric equation. The MLP was calculated by the equation as described by Sacher
[41]. Brain weight values are 120 mg on day 1, 248 mg on day 5 and 314 mg on day 11 [42],
whereas 818000 hours is the MLP in humans.

Volume of distribution (V)

Method 1: Weight normalized V
VNN:f X H"rTNN (Eq. 6)

where Vy IS the predicted V in neonates, WTyy is the bodyweight in neonates; f is the
estimated weight normalized V in juvenile mice.

Method 2: Simple allometry
Van=9g %X H7TNN}L (Eq. 7)

where Vy is the predicted V in neonates; WTyy is the bodyweight in neonates; g and h are
the estimated coefficient and exponent obtained from the population PK model of juvenile
mice.

Although the bioavailability (F) of fluconazole is unknown in juvenile mice whatever the
route of administration, “reference values” do exist showing that fluconazole is almost
completely absorbed both in animals and humans: F was 108% in sea turtles after
subcutaneous administration, >90% in human and 109% in cats after oral administration [43,
44]. Thus, we assumed a value of 100% for F after sub-cutaneous administration in juvenile
mice and oral administration in human.

From adult health volunteers to neonates

The PK data in adult healthy volunteers was identified from literature [14]. In a phase 1
study, 12 healthy male volunteers received a single oral dose of fluconazole 100 mg. An
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average of 15 blood samples per patient was taken between 5 min and 168 h postdose. A
one-compartment population PK model model was developed by Roos et al [14]. which was
used in the present study.

We used the following extrapolation approach to predict PK in neonates from adult healthy
volunteers [23, 25]:

Method: Fix- exponent allometry with corrected factor of postmenstrual age

WTyy
70

0.75
CL , =CLaduits X ( > x MF (Eq.8)

PMAS
MF= S (Eq. 9)
PMA50°+PMSS

WT 1
VNN:Vaduhx( 76”) (Eg. 10)

Where CLyn and Vi are the predicted CL and V in neonates; CLaqyit and Vaqyir are the
observed CL and V in adults, respectively; WTyy is the bodyweight in neonates; MF is
maturation function, PMA is postmenstrual age in weeks, PMAgq is PMA at which CL
reaches half its maximal value and S is sigmoidicity coefficient. To describe renal
maturation, PMAsgg and S were set to 47.7 weeks and 3.4, as previously reported [25].

From in vitro - in silico data to neonates

The PBPK model was carried out using the software Simcyp version 12 release 1 (Simcyp
Limited, Sheffield, UK). Drug data (e.g., drug molecular weight, physico-chemical
characteristics such as log P (octanol-water partition coefficient) and pKa, drug elimination
etc.) was obtained from the literature. The Systems data in children (e.g. physiology,
anatomy, biology, and biochemistry defined based on pediatric population demographics)
was set to default values, as described by Johnson TN et al [28].

Extrapolation approach—The default kidney maturation model in Simcyp was used for
extrapolation [28]:

Glomerular filtration rate(mL/min)=(—6.1604xBSA?)4(99.054xBSA)—17.74

Evaluation of model-based extrapolations

Given our interest in dosage prediction using model-based approaches, we tested the
performance of the proposed approaches via simulation. We extensively evaluated whether
the two population PK models derived from juvenile mice and adults, and the PBPK model
derived from in vitro-in silico data with associated extrapolation approaches could be used
to accurately predict observed PK parameters in neonates. We elected CL and V as
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endpoints for the purpose of this evaluation and performed 100 simulations using
NONMEM and Simcyp, respectively.

Predictive performance in dosage prediction

Fluconazole PK-PF relationship was best described by using AUC/MIC. The selection of
pediatric dose is based on the target exposure (AUCq_p4) of 800 mgeh/L, reported in adult
intensive care patients or immunocompromised patients treated with fluconazole at 800 mg/
day. This AUC target ensures that exposure exceeds the AUC/MIC PD target of 50 h for
Candida species with a MIC of 8 mg/L [12, 45, 46].

In the next step, we tested different simulation scenarios to evaluate whether model-based
extrapolation could be used to accurately predict drug exposure and support the dosage
prediction in neonates. The loading dose regimen previously recommended for neonates
[32], consisting of a loading dose of 25 mg/kg (intravenous infusion over 2 hours) followed
by maintenance doses of 12 mg/kg (intravenous infusion over 1 hour) was used to perform
100 simulations using our models previously developed: population PK models in mice and
adults, PBPK model and population PK model in neonates to calculate predicted and
reference AUCs, respectively.
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Figure 1. The different modeling and extrapolation approaches available to predict the first dose
in neonates
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Figure 2. Model evaluation in neonates and juvenile mice
A: Neonates B: Juvenile mice (1, 2) Routine diagnostic goodness-of-fit plots: population

predicted (PRED) versus observed concentrations (DV). Individual predicted (IPRED)
versus observed concentrations (DV). (3, 4) Conditional weighted residuals (CWRES)
versus time. Conditional weighted residuals (CWRES) versus population predicted
concentrations (PRED). (5, 6) Normalized Prediction Distribution Errors (NPDE): QQ-plot
of the distribution of the NPDE versus the theoretical N (0,1) distribution. Histogram of the
distribution of the NPDE, with the density of the standard Gaussian distribution overlaid
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Study characteristics and patients' demographics
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Juvenile mice

Neonates and young infants

Adult healthy volunteers

Number of subjects
Gender (Male / Female)
Race (Caucasian / African American)

Dosing regimen

Treatment duration
Administration

Current weight

Birth weight

Gestational age at birth
Postnatal age

Postmenstrual age

Serum creatinin concentration
Total number of samples

Number of blood samples per subject

230

6 mg/kg/day or 60 mg/kg/day

1-11 days
Subcutaneous

6.52 (1.80-10.01) g
19 days

9 (2-12) days

60

13
716
5/8

LD of 25 mg/kg followed by MD of 12
mg/kg once daily

Intravenous

3.0 (1.0-8.0) kg
2.7(0.8-3.5) kg

37 (24 - 39) weeks

19 (5 - 262) days

40.9 (28.7 - 75.7) weeks
0.5 (0.2 - 1.3) mg/dL
94

8(4-8)

12
1270

100 mg

Single dose
Oral
72 kg

24 years

15

Values are expressed as median (range)

LD: Loading dose; MD: maintenance dose
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Table 3
Input variables / parameters for PBPK model of fluconazole (using Simcyp®)

Molecular weight (g/mol) | 306.3

Log P 0.5

pKa (monoprotic base) 1.76

B/P ratio 1
Fu 0.89
CLg (L/h) 1.1

Log P: octanol-water partition coefficient, B/P ratio: blood to plasma concentration ratio

Fu: unbound fraction, CLR: renal clearance

Clin Pharmacokinet. Author manuscript; available in PMC 2016 January 07.

Page 19



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Zhao et al.

Predicted and reference PK parameters of fluconazole in neonates

Table 4

Reference PK parameters in neonates
Extrapolation from juvenile animal

CL

Weight normalized CL

Simple allometry

Simple allometry with corrected factor of MLP
\Y,

Weight normalized V

Simple allometry

Extrapolation from adult

Extrapolation from PBPK model

CL (L/h/kg)
0.016 (0.005-0.029)

0.076
0.528
0.016

0.014
0.016

V (L/kg)
1.03 (0.76- 1.37)

0.91
0.09
0.80
0.96

Values are expressed as median (range)
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Table 5
Predicted and reference AUC_4h Values at steady-state in neonates with the loading dose
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regimen [Piper L et al., 2011]

AUC at steady state (mgeh/L) | PE (%)
Prediction Median (5t-95t")
Juvenile mice 766 (541, 1098) -2.2
Adults 862 (442, 1596) 10.1%
PBPK 747 (406, 1595) -4.6%

Observation

Neonates

783 (403, 2300)

Target value

800
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