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Abstract

Background and Objectives The effect of ontogeny in
drug-metabolizing enzymes on pediatric pharmacokinetics
is poorly predicted. Voriconazole, a potent antifungal, is
cleared predominantly via oxidative metabolism and
exhibits vastly different pharmacokinetics between adults
and children. A physiologically based pharmacokinetic
(PBPK) model was developed integrating hepatic in vitro
metabolism data with physiologic parameters to predict
pharmacokinetic parameters of voriconazole in adult and
pediatric populations.

Methods Adult and pediatric PBPK models integrated
voriconazole physicochemical properties with hepatic
in vitro data into the models. Simulated populations con-
tained 100 patients (10 trials with 10 patients each). Trial
design and dosing was based on published clinical trials.
Simulations yielded pharmacokinetic parameters that were
compared against published values and visual predictive
checks were employed to validate models.

Results  All adult models and the pediatric intravenous
model predicted pharmacokinetic parameters that corre-
sponded with observed values within a 20 % prediction
error, whereas the pediatric oral model predicted an oral
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bioavailability twofold higher than observed ranges. After
incorporating intestinal first-pass metabolism into the
model, the prediction of oral bioavailability improved
substantially, suggesting that voriconazole is subject to
intestinal first-pass metabolism in children, but not in
adults.

Conclusions The PBPK approach used in this study
suggests a mechanistic reason for differences in bioavail-
ability between adults and children. If verified, this would
be the first example of differential first-pass metabolism in
children and adults.

Key Points

Previous clinical trials have shown marked
differences in voriconazole pharmacokinetic
parameters between adults and children without
providing a mechanistic basis for these disparities.

The simulations using the physiologically based
pharmacokinetic (PBPK) models suggest that
intestinal first-pass metabolism is an important factor
that contributes to lower oral bioavailability of
voriconazole in children compared with adults.

This study provides a new paradigm for predicting
therapeutic doses in children, in which adult in vitro
metabolism are related to in vivo pharmacokinetics
to create and validate a PBPK model and then
adapted to use in vitro metabolism by pediatric tissue
for predicting pharmacokinetics in children.

The most important use of this approach is to
develop safe and effective pediatric dosing regimens,
despite limited clinical data.
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1 Introduction

Voriconazole (ernd®; Pfizer, New York, NY, USA) is a
potent triazole antifungal commonly used in patients with
life-threatening invasive fungal infections [1]. Since its
approval in 2002, studies demonstrated that voriconazole
improves survival and produces fewer severe adverse
effects compared with amphotericin B, the original stan-
dard of care for invasive aspergillus infections [2], making
it first-line treatment for patients of all ages. However,
voriconazole displays wide variability and significant
pharmacokinetic differences in clearance, exposure, and
bioavailability between adults and children, with no con-
sensus on pediatric doses that match adult exposures,
thereby limiting successful therapy [3-6].

Voriconazole is extensively metabolized by the liver,
with only 2 % of the parent excreted in urine [7]. Oral
bioavailability of voriconazole in adults is ~96 %, while
pediatric bioavailability is 45-66 % [4, 6, 7]. Voriconazole
exhibits threefold higher clearance in pediatric patients
compared with adults, and over a narrow dose range of
3-5 mg/kg, it displays non-linear pharmacokinetics in
adults but not in children suggesting saturation of meta-
bolic enzymes [6, 7]. Developmental changes in these
drug-metabolizing enzymes (DMEs) have been implicated
in the pharmacokinetic differences between children (aged
2-10) and adults [8—11]. In vitro studies in our laboratory
revealed developmental changes in these DMEs showing
that two cytochrome P450 enzymes (CYP), CYP3A4 and
CYP2C19, and flavin-containing mono-oxygenase (FMO)
3 contribute to 50, 35 and 15 % of voriconazole metabo-
lism in adults, respectively, vs. 20, 50 and 30 % in chil-
dren. Hepatic intrinsic clearance (CL;,) scaled to in vivo
clearance accounted for 80 % of clinically observed values,
suggesting that the above differences conferred the
increased clearance of voriconazole in children [12].

Although scaling of intrinsic clearance values explains
differences in voriconazole clearance between adults and
children, it does not provide insights into differences in
other pharmacokinetic parameters between these two
populations. This study describes a physiologically based
pharmacokinetic (PBPK) model for voriconazole that
integrates in vitro hepatic metabolism data, voriconazole
physicochemical properties, and physiologic parameters
associated with adult and pediatric populations. The mod-
els were tested against clinically observed data. The model
predictions of pharmacokinetics in children led to a
hypothesis that intestinal first-pass metabolism of vorico-
nazole in children would explain its lower bioavailability in
children compared with adults. PBPK modeling has proven
to be useful in understanding mechanisms underlying the
differences in pharmacokinetics of voriconazole between
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adults and children, and can be applied to predict the
influence of drug-drug interactions, genetic polymor-
phisms, and other factors on voriconazole disposition in
children.

2 Materials and Methods
2.1 Model Structure

Metabolic assays to generate hepatic in vitro pharmacoki-
netic parameters, V., (maximum rate of metabolism) and
K., (Michaelis—Menten constant), for voriconazole from
healthy adult and pediatric tissues were adapted from
previously published work [12].

Intial models were created in Berkeley Madonna (ver-
sion 8.3.18; University of California at Berkeley) to assess
linearity. A perfusion-limited model (Supplementary Fig-
ure 1) incorporated physicochemical properties (Table 1),
with tissue distribution compartments based on published
data [13]. Age-dependent physiologic characteristics were
averaged between male and female patients [14, 15]. To
assess linearity, multiple intravenous infusion doses of
3-6 mg/kg were simulated for both adult and pediatric
populations and area under the plasma-concentration curve
was calculated using Phoenix WinNonlin (version 6.2,
Certara). The proportionality of the models was assessed
by dividing the area under the plasma concentration-time
curve (AUC) of 4, 5, and 6 mg/kg doses by AUC of the
3 mg/kg dose, and comparing it with the fold change in
dose. Finally, clearance and bioavailability were assessed
for these simulations.

Next, a population-based model was developed
employing Simcyp (version 12.1; Certara) using a step-
wise approach (Fig. 1). A perfusion-limited model incor-
porating adult clearance values and physiologic charac-
teristics was created first using adult intravenous infusion
dosing of 3, 4, and 5 mg/kg infused over 1 h and dispensed
every 12 h for 7 days. Fasting oral dosing was simulated
for 200 mg dispensed every 12 h for 7 days. Similarly, a
pediatric model was created using in vitro V.« and K,
generated from pediatric (2-10 years old) liver microsomes
and the Simcyp Paediatric Simulator®. Pediatric intrave-
nous infusion simulated doses of 4 and 6 mg/kg infused
every 12 h for 7 days at a maximal rate of 3 mg/kg/h and
oral dosing of 4, 6, and 8 mg/kg dispensed every 12 h for
4 days. Trial designs and dosing were based on published
clinical trials and simulated populations contained 100
patients each (10 trials with 10 patients per trial) [5, 16,
17]. Simulations integrated the age ranges and male-to-
female ratios recorded for each respective trial. Physiologic
characteristics were predicted applying Method 1 (Poulin
and Theil). Method 1 best describes unionized compounds



A PBPK Model of Voriconazole for First-pass Metabolism in Children

1173

Table 1 Summary of voriconazole intrinsic pharmacokinetic
parameters and physiochemical properties used for model develop-
ment. The model structure depicts the full PBPK model used in
Simcyp [39]

Parameter Input

Molecular weight (g/mol) 349.3 [7]

Compound type Monoprotic base [40]
LogP 2.56 [39]

pKa 1.76 [40]

Absorption model First order

F, 0.96 (CV: 10 %) [40]
k, (L/h) 0.849 (CV: 40 %) [4]

Full PBPK model
Poulin and Theil (method 1)

Distribution model
Prediction model

Va (L/kg) 4.6 [7]
Plasma f, 0.42 [7]
Fy mic predicted 0.711
Renal clearance (L/h) 0.096 [7]
Adult Pediatric
Elimination: whole organ clearance
Hepatic CL;,,, (uL/min/mg) [12] 4.3 10.9
Hepatic CV (%) 35.0 82.0

F, fraction of voriconazole absorbed in intestines, V,; volume of dis-
tribution, Plasma f, fraction unbound in the plasma, F, . fraction
unbound in microsomal incubation, CL;,, intrinsic clearance, CV
coefficient of variation, PBPK physiologically based pharmacokinetic,
Pka acid dissociation constant, k,, first-order absorption rate constant

in plasma, such as voriconazole, and predicts compound
distribution based on tissue-specific parameters [18, 19].
Physicochemical properties and absorption values, along
with in vitro data, were combined into a full PBPK model
using whole organ metabolic clearance. In vitro vorico-
nazole metabolic rates generated are listed in Table 1 along
with other pertinent parameters employed in model
development [4, 7, 12, 20, 21].

2.2 Model Validation

Simulations yielded pharmacokinetic parameters that were
compared against published values expressed as geometric
means. First, models were validated by comparing the
predicted pharmacokinetic parameters against observed
pharmacokinetic parameters. Given the immense clinical
variability in voriconazole pharmacokinetics in both the
adult and pediatric population, differences <50 % were
considered acceptable. If the predicted parameters were
within 50 % of the observed values, then visual predictive
checks were employed to confirm that the model predicted
observed concentrations and standard deviation. Concen-
tration-time profiles from a food effect trial conducted in
healthy volunteers and a trial in immunocompromised

children were digitized using GetGraph data digitizer ver-
sion 2.25.0.32. Observed voriconazole concentrations were
superimposed on predicted mean and 90 % confidence
intervals. Last, a distributional analysis of hepatic and
intestinal CYP enzymes from simulated trials was gener-
ated [22].

2.3 Sensitivity Analysis

Sensitivity analyses, used to assess factors that could
influence model performance, were performed for gastric
emptying time and small intestinal transit time, both of
which could significantly influence pharmacokinetic
parameters after enteral absorption. Both values were
replicated with a tenfold change in the mean to determine if
either parameter significantly affected pertinent pharma-
cokinetic parameters of AUC and maximum concentration

(Cinax)-

3 Results
3.1 Simulations to Assess Linearity

In Berkeley Madonna, non-linear behavior was predicted
by the adult model as evidenced by greater than propor-
tional increase in AUC (1.7-, 2.7-, and 4.2-fold) when the
doses increased from 3 to 6 mg/kg (1.3-, 1.7-, and 2-fold,
respectively). In contrast, the pediatric model displayed
linear kinetics with proportional increase in AUCs (1.4-,
1.8-, and 2.3-fold, respectively), (Supplementary Figure 2).
Predicted clearance was 3.1 and 6.0 mL/min/kg, which
were within 25 and 11 % of the published values of 2.0 and
6.7 mL/min/kg, respectively. Preliminary analysis of oral
bioavailability yielded a prediction of 88 % for adults and
approximately 100 % for children, showing appropriate
prediction for the adults but over-prediction for children.
Predictions in the adult and pediatric populations, using
Berkeley Madonna, used average physiologic and in vitro
parameters, and omitted ranges and standard deviations.
Because of this limitation and the unusual preliminary
result of predicting nearly double the observed pediatric
oral bioavailability, a population-based approach was
deemed essential.

3.2 Model Simulations in Healthy Adult Volunteers

Initial population-based model development used standard
Simcyp parameters from the healthy adult volunteer sim-
ulator. The model was customized for voriconazole
(Fig. 2) based on specific hepatic in vitro metabolism and
physicochemical properties (Table 1). The pilot simula-
tions tested both intravenous infusions and oral doses as
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described in Sect. 2. The output demonstrated a biphasic
profile indicating a two-compartment model, consistent
with published data [4]

Initially, simulations were used to test the model’s
capacity to describe voriconazole plasma concentration after
multiple intravenous infusion doses in adults. Table 2 lists
pharmacokinetic parameters predicted by the model relative
to corresponding published values. Model output for

Fig. 1 Experimental workflow
for the bottom-up approach to
scaling voriconazole from
adults to the pediatric
population. /V intravenous, PK
pharmacokinetic, PBPK
physiologically based
pharmacokinetic

Adult physiologic
parameters

e

Pediatric physiologic )
parameters J

intravenous infusions generated a predicted clearance value
of 2.4 mL/min/kg (range 1.0-4.8 mL/min/kg), agreeing well
with the clinically observed clearance of 2.0 mL/min/kg, a
17 % prediction error. Predicted Vy varied from 3.39 to
3.65 L/kg, which differed from the observed values of 4.6
L/kg by 20.7-26.3 %. The prediction error for AUC and
Cnax 10 adults increased from 2.6 to 82 % and 2.6 to 39.7 %,
respectively, as the dose decreased from 5 to 3 mg/kg. This
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is because of the known inability of the model to simulate
non-linearity of metabolism. For the 200-mg oral dose in
adults, the predicted AUC and C,,, values corresponded
well with observed values (Table 3). The model predicted
the mean oral bioavailability of 83 % in adults, which agrees
well with the clinically observed mean value of 87 %. The
predicted 90 % confidence interval for oral bioavailability
was 69-93 %, matching the clinically observed range of
75-96 % [23-25]. Thus, with the exception of AUC pre-
diction at the low dose of 3 mg/kg, the errors for predictions
of all pharmacokinetic pararmeters were within the accepted
limit of <50 %, indicating the validity of the model.

After validating the predictions of the pharmacokinetic
parameters, the plasma concentrations of the intravenous
infusion and oral simulations were overlaid on observed
data for visual predictive checks. Figure 3a shows plots of
plasma concentrations as a function of time for 4 mg/kg
dose, yielding good fit to observed plasma concentration.
Despite differences in the visual predictive checks for an
oral dose of 200 mg, the 90 % confidence interval of pre-
dicted plasma concentrations encompassed most of the
variability (shown as standard deviation) observed in
clinical trials in both dosing regimens (Fig. 3b). The model
prediction of the individual plasma concentrations for oral
dosing captures the concentrations at the early time points,
but not the concentrations at later time points owing to the
software’s inability to simulate non-linearity. Despite this,
the model accurately predicted the pharmacokinetic
parameters, including AUC, C,.., and bioavailability,
demonstrating that the adult model adequately describes
voriconazole in the adult population.

3.3 Initial Model Simulations in the Pediatric
Population

Using a similar approach to the adult model, a pediatric
model was created by integrating appropriate in vitro data
and physiologic parameters. The pharmacokinetic param-
eters generated by the pediatric intravenous infusion model

are listed in Table 2. The model predicted a clearance of
5.0 mL/min/kg (range of 1.3-12.3 mL/min/kg) compared
with the clinically observed clearance of 6.7 mL/min/kg,
representing a 25 % error. The value for Vy in adults was
used, as a pediatric-specific Vy value is unavailable. The
model predicted the values for AUC and C,,,x that corre-
sponded well to the observed values with an error of
2.5-32.3 % and 1.0-22.4 %, respectively. Simulated AUC
of the 8 mg/kg dose was similar to pharmacokinetic
parameters of the adult 4 mg/kg dose.

For the oral doses, the predicted AUC and C,,x were
overestimated by more than 100 and 30 %, respectively
(Table 3). Furthermore, the model over-predicted the bio-
availability by 24-82 %, with the predicted values of
60-94 % within 90 % confidence interval, nearly twofold
higher than observed clinical values. The overestimates for
AUC and bioavailability suggest that the initial model does
not adequately account for the factors that contribute to
poor oral bioavailability, e.g., intestinal permeability and/
or first-pass metabolism, during the absorption phase.

The visual predictive checks for the pediatric population
are shown in Fig. 4a— and represent the multiple intrave-
nous infusions at doses of 4, 6, and 8 mg/kg, respectively.
These profiles show that the simulated mean concentrations
for both doses yielded good fit to observed plasma con-
centrations. Conversely, the calculated profiles for oral 4 and
6 mg/kg doses (Fig. 4d and f, respectively) over-predict
plasma concentrations over the entire time period, indicating
that the model does not account for all pediatric metabolism
and/or absorption barriers, at early or later time points.
However, the shapes of the predicted profiles resemble the
shape of the profiles for the observed data, suggesting that
the absorption parameters are appropriate.

3.4 Incorporation of Intestinal Metabolism Improves
Predictions of Oral Bioavailability in Children

Because the oral bioavailability of voriconazole in adults is
nearly 90 %, it is reasonable to conclude that first-pass

Table 2 Summary of voriconazole pharmacokinetic parameters in the pediatric and adult populations for multiple intravenous infusion dosing

regimens
Population Dosing AUC Cnax Tmax
(mgrkg) ; - ; ; ; -

Observed Simulation Error Observed Simulation Error Observed Simulation Error

(mg-h/L) (mg-h/L) (%) (mg/L) (mg/L) (%) (h) (h) (%)
Adult 3 13.9 25.3 82.0 3.0 4.2 39.7 1.1 1.0 10.3
Adult 4 29.5 33.2 12.6 54 5.5 2.6 1.0 1.0 7.7
Adult 5 43.4 422 2.6 7.2 7.0 2.6 1.0 1.0 59
Pediatric 4 11.8 15.7 323 32 32 1.0 1.4 1.4 0.0
Pediatric 6 22.9 23.5 2.5 44 4.2 4.2 2.0 2.0 0.5
Pediatric 8 29.8 30.6 2.7 5.8 4.5 22.4 2.8 2.7 3.6

AUC area under the plasma concentration-time curve, C,,,, maximum concentration, f,,,, time to Cyax
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a 4™, IV Dose

0.1

4 6 8
Time (hours)

Plasma concentration (mg/L)

o 1
N

Fig. 3 Concentration vs. time profiles for a 4 mg/kg intravenous
(infusion) dose and b 200 mg oral dose. The squares represent observed
data with the associated standard deviation. The solid line represents the
simulated mean concentrations as predicted by the PBPK model for the

b 200 mg PO Dose

Plasma concentration (mg/L)

0 2 4 6 8
Time (hours)

adult population, and the dashed lines show the simulated 90 %
confidence interval. Adult visual predictive checks were based on the
dosing regimen reported by Purkins et al. [16, 17]. IV intravenous, PO
oral, PBPK physiologically based pharmacokinetic

Plasma concentration (mg/L)

a

4 M9, 4 IV Dose

Time (hours)

Plasma concentration (mg/L)

b

6 ™9q IV Dose c 8 ™9yq IV Dose

Plasma concentration (mg/L)
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(without intestinal metabolism)

Plasma concentration (mg/L)

Time (hours)

f 6 ™95 PO Dose

(without intestinal metabolism)

Plasma concentration (mg/L)

o 2 4 6 8 10 12
Time (hours)

Fig. 4 Concentration vs. time profiles for an intravenous dose of
a 4 mg/kg, b 6 mg/kg, and ¢ 8 mg/kg, and 4 mg/kg oral dose
d without and e with intestinal metabolism (intestinal clearance of
2.7 pL/min/mg), and 6 mg/kg oral dose without f and with
g intestinal metabolism (intestinal clearance of 2.7 pL/min/mg).

Time (hours)

4 ™9}, PO Dose

(with intestinal metabolism)

Plasma concentration (mg/L)

4 6 8 10 12
Time (hours)

g 6 M9/, 4 PO Dose

(with intestinal metabolism)

Plasma concentration (mg/L)

o 2 4 6 8 10 12
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Squares represent the experimental values with the associated
standard deviation reported by Walsh et al. [5]. The solid lines
represent the simulated mean and the dashed lines show the
simulated 90 % confidence interval. IV intravenous, PO oral
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The allometric scaling performed by Yanni et al. [12]
showed that hepatic microsomal data, obtained using tis-
sues from children (aged 2-10 years) and adults, could
predict the striking differences in in vivo clearance of vo-
riconazole between these two populations. This work was
able to show that differences in contribution and capacity
of the enzymes allow children to metabolize voriconazole
more efficiently, leading to the increased clearance. How-
ever, this work did not provide an explanation for the
differences in the oral bioavailability. The PBPK model
developed in the present study represents a further refine-
ment by integrating the ontogeny of DMEs with changing
physiologic parameters.

We demonstrate the proof of concept for this approach
using voriconazole as a model drug because (1) clinical
pharmacokinetic data are available for adult and pediatric
populations for intravenous and oral doses, (2) the phar-
macokinetic behavior in children is different from adults
with respect to clearance and oral bioavailability, and (3)
the current approaches have not produced a satisfactory
dosing strategy for children. In this approach, after con-
firming the dichotomy of pharmacokinetic behavior
between two populations in Berkeley Madonna, Simcyp
was used because of the availability of both standardized
adult and pediatric populations. Differences in physiology
between these two populations were included in Simcyp;
therefore, only those parameters reflecting age-related
changes in DMEs would be considered.

It has been shown previously that voriconazole is pre-
dominantly metabolized by CYP3A4, CYP2C19, and
FMO3, all of which are highly expressed in the liver and
are localized in the endoplasmic reticulum [29-31].
Therefore, metabolism of voriconazole by hepatic micro-
somes was an appropriate input parameter for the model.
Voriconazole is a lipophilic compound of moderate size
with no net charge at physiologic pH values, and thus its
translocation across cell membranes should occur via
passive diffusion without the assistance of transporters.
The simulated output of the PBPK model corresponded
with previously published pharmacokinetic data in adult
subjects, which determined that voriconazole conforms to a
two-compartment model [4]. Furthermore, the calculated
AUC, Cpax, and Vy values of intravenous infusions in adult
subjects were in agreement with published clinical data
demonstrating that the applied physiologic and metabolic
characteristics could predict clearances and that the liver is
the main organ of elimination. In the multiple oral dosing
regimens, pharmacokinetic values were in accordance with
those published in the literature. The model was also able
to predict bioavailability in adults [7].

However, the bioavailability of voriconazole predicted
by the initial pediatric model (60-94 %) was strikingly
different from the published values of 45-66 % [5-7], and
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closer to the high oral bioavailability observed in adults.
Multiple clinical trials and population pharmacokinetic
analyses have not revealed the underlying mechanism that
contributes to the difference in bioavailability between
children and adults. Many of these reports implicated an
increased ratio of “body mass to liver volume” in children
compared with adults as a potential reason for differences
in clearance and disposition. In apparent agreement with
this hypothesis, the results reported by the Thakker labo-
ratory confirmed that higher hepatic V.« conferred an
increased clearance [12]. Simple allometric scaling of this
work determined that in vitro clearance parameters could
accurately determine liver clearance. Consequently, higher
hepatic clearance was suspected to be the reason for the
decreased bioavailability. The initial pediatric model out-
put included only hepatic metabolism of voriconazole to
confirm that an increased V,,,, conferred higher clearance.
The model demonstrated that clearance in both adult and
pediatric populations agreed with published reports, but it
was unable to predict bioavailability in children, even after
taking into account the increased hepatic clearance and
“liver to body mass” ratio. Because the pharmacokinetic
parameters of the intravenous model and the T« of the
oral models were accurate, this finding suggested that
intestinal first-pass metabolism may contribute to the lower
oral bioavailability of voriconazole in the pediatric
population.

One of the first reports to demonstrate that intestinal
first-pass metabolism by CYP3A4 plays a critical role in
overall first-pass metabolism was conducted in a study by
Kolars et al. [32]. Prior to this pivotal study, cyclosporine
metabolism was widely associated with the liver, but not
the intestine [32]. Their evidence, based on studies with
anhepatic patients during liver transplant procedure,
definitively demonstrated that the intestine can play a
major role in first-pass metabolism. Although Walsh et al.
speculated that developmental differences in intestinal
enzyme activity could be responsible for the decrease in
voriconazole bioavailability [5], experimental or theoreti-
cal evidence that intestinal first-pass metabolism of voric-
onazole reduces oral bioavailability in children is lacking.
To model the intestinal first-pass metabolism, the apparent
Vimax and K, generated from adult and pediatric human
liver microsomes were considered as a starting point to
establish a hypothetical intestinal CL;,,. It is reasonable to
assume that voriconazole would have similar affinity for its
metabolizing enzymes expressed in different tissues.
Therefore, the K, was fixed, but the V,,,, was adjusted to
find the appropriate rate of metabolism in the intestines to
account for the lower observed bioavailability. After
incorporating a hypothetical intestinal metabolism into the
pediatric PBPK model, the bioavailability of voriconazole
was within the range published in the literature, suggesting



A PBPK Model of Voriconazole for First-pass Metabolism in Children

1179

that the intestine could play an important role in vorico-
nazole metabolism.

The successful modeling of pediatric oral bioavailability
that implicates intestinal first-pass metabolism requires that
the source of higher V. of children compared with adults
be investigated. According to Fakhoury et al., increased
CYP3A and P-gp expression in children allude to a marked
difference in the “intestinal pie” compared with adult
profiles reported by Paine et al. [33, 34]. To our knowl-
edge, pediatric intestinal enzyme content and activity has
not been thoroughly studied. Therefore, abundance data
from the adult- and pediatric-simulated populations
(n = 400/group) were entered into SigmaPlot (version
10.0; Systat Software) and a histogram with 10 bins was
created for hepatic and intestinal CYP3A4 and CYP2C19.
A distributional analysis was performed to determine if
differences in enzyme content could account for pharma-
cokinetic differences of voriconazole (Fig.5). In both
populations, CYP3A4 content was higher than CYP2C19
in intestinal and hepatic tissues, and hepatic abundance of
both enzymes was higher as compared with the intestine,
which is consistent with literature reports. This contrasts

with the study revealing that (1) CYP2CI19 contributes
towards a greater percentage of voriconazole metabolism
in children and (2) a trend that pediatric CYP2C19 content
was higher compared with adults [12]. Furthermore,
despite limited published data on pediatric intestinal
CYP2C19 enzyme expression, the distribution plots
showed age-dependent differences in intestinal enzyme
expression [33, 35]. Clearly, the model and distributional
analysis highlight the need to determine both the expres-
sion and activity of DME:s in the intestine as a function of
age.

Although incorporation of the first-pass intestinal
metabolism of voriconazole appears to improve the ability
of the model to predict the oral bioavailability of the drug
in children, it does not rule out a potential role of physi-
ologic factors in bioavailability. As voriconazole is tradi-
tionally considered a low extraction compound because of
its high bioavailability in adults, blood flow is not expected
to cause a large difference in its clearance, which implies
that gastric-emptying time and small intestinal transit time
may be implicated as important parameters affecting rate of
drug absorption and systemic exposure in children [36-39].
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CYP2C1? abundange in adults 04 0.6 - Pediatric
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Fig. 6 Sensitivity analysis for small intestinal transit time in adults
and children, showing the effect of alterations in the alpha and beta
parameters of the Weibull distribution for adult oral dosing on a AUC

A sensitivity analysis was conducted to determine if
intestinal physiology could influence voriconazole bio-
availability in the models. Figure 6 shows no changes in
AUC and C,,,, associated with both a 10-fold increase and
a decrease in small intestinal transit time (data not shown
for gastric emptying time), suggesting that they do not
influence absorption.

One limitation was the software’s inability to predict
non-linear pharmacokinetic behavior of voriconazole in
adults, because V,,x and K, are not input options. This is
because of the requirement of Simcyp to employ whole
organ clearance instead of enzyme kinetic parameters.
Hence, the model overestimated concentrations at later
time points because of the inability to account for changes
in metabolic rate as concentrations decrease over time.
However, the adult model was accepted because of the
model’s ability to accurately predict observed adult phar-
macokinetic parameters within 50 % of observed values.
For the pediatric model, visual predictive checks showed

A\ Adis

Cmax (mg/ L)

29.20
/
P /1475

T ——

® o ", &
K3 ,;y'-" ,\9'\ & 029 N
Beta ®

and b C,.«, and for pediatric oral dosing on ¢ AUC, and d C,,,,x. AUC
area under the plasma concentration-time curve, C,,, maximum
concentration

greater accuracy than the adult model, which is not sur-
prising as voriconazole displays linear pharmacokinetics in
children and non-linear pharmacokinetics in adults over the
same dose range.

Last, a published population pharmacokinetic model
attempted to connect the sparse data from pediatic clinical
trials to improve dosing [4]. However in a follow-up clinical
trial assessing these dosing recommendations, it was con-
cluded that they were inadequate [3, 40]. The PBPK models
presented in this paper are the first to identify a potential
underlying cause for the pharmacokinetic differences of
voriconazole in children compared with adults.

5 Conclusion
The contribution of this study is to test a novel paradigm in

developing a rational strategy for pediatric dosing of drugs
extensively cleared by metabolism. By relating in vitro
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metabolism to clinical data, a “bottom-up” approach to
finding doses can be validated and then used to prospec-
tively pick a dose or predict drug-drug interactions [41]. A
large number of pediatric clinical trials fail because of
inadequate dose selection and lack of response. [42].
Modeling has successfully been used to determine optimal
doses and increase the efficacy of pediatric clinical trials
[43, 44]. This study’s algorithm provides an appealing
approach to modeling pediatric drug disposition that can
improve prediction of pharmacokinetic parameters in
children, and thus reduce ineffective therapy and the need
for costly and uncomfortable therapeutic drug monitoring.

In addition, these models are the first important step in
identifying underlying mechanistic reasons for the phar-
macokinetic differences seen between adults and children.
The true significance of this work lies in the fact that our
modeling approach suggests age-dependent differences in
intestinal enzymatic composition with a major impact on
drug bioavailability. Further, it provides a clear path for
future studies to investigate this very interesting possibility
that children have a stronger intestinal barrier to oral drug
absorption.
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