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Abstract

Objectives: To develop a physiologically based pharmacokinetic (PBPK) model of voricona-
zole for pediatric patients with hepatic impairment, evaluate the effects of varying degrees
of hepatic impairment on voriconazole pharmacokinetics, and provide a rational basis
for dose optimization. Methods: PBPK models of voriconazole were developed using
GastroPlus™ version 9.9. An adult model was first developed and extrapolated to children.
Physiological parameters of different hepatic impairment (Child—Pugh class A, B, and C)
were then integrated to develop models for both pediatric and adult patients with hepatic
impairment. The models were further adjusted and verified using data from pediatric
patients with or without hepatic impairment at our hospital, followed by population simu-
lations and pharmacodynamic evaluation. Results: The models demonstrated satisfactory
predictive performance. For the literature datasets, the fold error (FE) ranged from 0.6 to 2.0
and the geometric mean fold error (GMFE) < 2.0; for in-hospital datasets, the mean absolute
prediction error (MAPE) was 15.13% (normal hepatic function) and 17.27% (hepatic impair-
ment). Simulations showed that area under the concentration-time curve (AUC) increased
progressively with worsening hepatic impairment, with increases of 49-83% in Child-Pugh
class A and 74-86% in class B compared with normal hepatic function. Pharmacodynamic
evaluation showed that at minimum inhibitory concentration (MIC) < 2 mg/L, optimized
regimens and the Child-Pugh class C regimen achieved target trough concentrations with
probability of target attainment (PTA) > 90% and > 80%, respectively. Conclusions: A
PBPK model of voriconazole was successfully developed for pediatric patients with hepatic
impairment, which may be useful for providing guidance for individualized dosing.

Keywords: voriconazole; hepatic impairment; pediatric; physiologically based pharmacokinetic
model; dose optimization

1. Introduction

Voriconazole is a broad-spectrum triazole antifungal agent used clinically to treat
or prevent invasive fungal infections, including those caused by Aspergillus and Candida
species [1]. It has a narrow therapeutic window with a recommended target trough concen-
tration of 0.5-5.5 mg/L, exhibits marked interindividual pharmacokinetic (PK) variability,
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and can be administered either orally or intravenously [2]. The complex pharmacokinetics
of voriconazole are influenced by nonlinear saturable metabolism, cytochrome P450 2C19
(CYP2C19) genetic polymorphisms, and time-dependent inhibition (TDI) of CYP3A4, all of
which contribute to significant interindividual variability in plasma concentrations [3].

Voriconazole is extensively metabolized in the liver by CYP2C19 (accounting for ap-
proximately 70-80% of its metabolism), with minor contributions from cytochrome P450
3A4 (CYP3A4) (10-20%) and cytochrome P450 2C9 (CYP2C9) (5-10%) [4]. CYP2C19 genetic
polymorphisms are another important factor influencing voriconazole pharmacokinetics,
and enzyme activity differs significantly among different metabolic phenotypes (ultra-rapid
metabolizers (UM), rapid metabolizers (RM), normal metabolizers (NM), intermediate
metabolizers (IM), and poor metabolizers (PM)) can lead to significant interindividual
variations in voriconazole exposure [5]. Voriconazole exposure is highly dependent on
hepatic function. Clinical studies have shown that its clearance of voriconazole decreases
and half-life increases with worsening hepatic function, resulting in elevated drug expo-
sure [6]. However, pharmacokinetic data in pediatric patients with hepatic impairment
remain scarce, and current dosing recommendations rely largely on empirical extrapolation
from adult data.

Relevant physiologically based pharmacokinetic (PBPK) models for voriconazole in
adults have been developed. Saleh et al. constructed a parent-metabolite PBPK model
incorporating autoinhibition, metabolite-mediated CYP inhibition, and CYP2C19 polymor-
phisms, which accurately described voriconazole pharmacokinetics in healthy adults [7].
For patients with hepatic impairment, Mu et al. applied a whole-body PBPK approach to
predict the pharmacokinetics of CYP2C19 and CYP3A4 substrates in cirrhosis, and Yun et al.
developed a population pharmacokinetic model for voriconazole in a cirrhosis cohort,
identifying serum retinol-binding protein as a novel marker for clearance and dose opti-
mization [8,9]. In children, Cleary et al. emphasized that ontogeny data are essential for
reliable PBPK predictions, while Zhang et al. extrapolated an adult voriconazole PBPK
model to children to support dose optimization [10,11]. However, no PBPK model has
yet been established specifically for pediatric patients with hepatic impairment, in whom
the overlapping effects of ontogeny and hepatic dysfunction are particularly important.
This highlights the need for a dedicated PBPK model to guide individualized voriconazole
dosing in this special population.

The total body clearance of voriconazole in children is approximately 2 to 3 times
higher than that in adults. Oral bioavailability in children is also significantly lower
(44-65%) than in adults (approximately 96%), suggesting stronger intestinal metabolic func-
tion in children [11]. In addition, metabolic enzyme activity in children shows significant
age-related differences, particularly in those aged 2-6 years, and the pathophysiological
mechanisms of different hepatic impairment in children may also lead to different drug
disposition patterns in the body [12].

PBPK models integrate drug-specific properties, physiological parameters, and en-
zyme/transporter characteristics to quantitatively describe the absorption, distribution,
metabolism, and excretion (ADME) of drugs in vivo. By modifying relevant physiological
or pathological parameters, such as hepatic blood flow, metabolic enzyme abundance, and
plasma protein levels, PBPK models can simulate pharmacokinetic changes in different
disease states. They are particularly valuable for predicting pharmacokinetics in special
populations, such as patients with hepatic impairment and pediatric patients, in whom
large-scale clinical trials are often difficult to conduct [13,14]. Previous researchers have
successfully constructed a systemic pharmacokinetic model by integrating time-dependent
CYP3A4 inhibition and CYP2C19 genetic polymorphisms, which effectively predicted adult
pharmacokinetic characteristics [15].

https://doi.org/10.3390 / pharmaceutics18111359


https://doi.org/10.3390/pharmaceutics18111359

Pharmaceutics 2026, 18, 1359

30f22

Therefore, the objectives of this study are: (1) to develop and validate a PBPK model for
voriconazole in healthy adults and children with normal hepatic function; (2) to establish an
adult PBPK model for varying degrees of hepatic impairment and extrapolate it to children
using an age-related scaling method; and (3) to construct and validate a PBPK model for
hospitalized pediatric patients with hepatic impairment based on the simulation results,
thereby providing guidance for clinical dosing in this specific population.

2. Methods
2.1. Modeling Workflow and Software

The PBPK models for voriconazole were developed using GastroPlus™ version 9.9
(Simulations Plus Inc., Lancaster, CA, USA). The models were developed with the processes
shown in Figure 1. Considering that voriconazole is characterized by a low molecular
weight, high lipophilicity, and good tissue penetration [1], a perfusion-limited tissue
distribution model was employed to describe voriconazole’s pharmacokinetic processes
in adults, children, and patients with hepatic impairment. An adult PBPK model was
first established and validated against published clinical pharmacokinetic data. This
model was then extrapolated to the pediatric population by incorporating age-dependent
anatomical and physiological parameters. Individualized PBPK models were further
developed using clinical data collected from pediatric patients receiving voriconazole
at our hospital. Population simulations were then performed to evaluate the predictive
performance of the model in this specific patient population. This retrospective study was
approved by the institutional ethics committee. The requirement for written informed
consent was waived, as the study used anonymized clinical data and did not involve any
intervention or collection of new samples.

Physicochemical Parameters Data Literature Blood Concentration Data
and Biopharmaceutical Parameters Collection and Pharmacokinetic Parameters

a. Oral or intravenous administration:

b. Single dose / Multiple doses: Build Initial PBPK Model

c. Build initial model using built-in (Adults with Normal Liver Function)
modeling software parameters

Optimize CYP2C19: Vmax. Km
Optimize CYP3A4: Vmax. Km
Optimize CYP3A4 Inhibition Parameters: Ki. Kinact

Model Optimization (CYP Enzyme Parameters) { Extranolate to Children }
xtraj ren

with Normal Liver Function

Model Validation:
a. Validate using literature blood

concentration data:
b. Evaluate FE, GMFE values

Adult Patients
with Hepatic Impairment
Optimize Liver
Injury Parameters J
Pediatric Patients
with Hepatic Impairment Model Validation:

a. Validate using blood concentration
data from pediatric patients in our
hospital:

b. Evaluate FE. GMFE values

and Dose Optimization in Pediatric Patients
with Hepatic Impairment

t Predict Voriconazole Exposure J

Figure 1. Workflow of the physiologically based pharmacokinetic (PBPK) model development and
validation for voriconazole in adult and pediatric patients with hepatic impairment.

2.2. Modeling Parameters and Pharmacokinetic Data

Drug-specific parameters governing the absorption, distribution, metabolism, and
excretion (ADME) of voriconazole—including its physicochemical properties, pharmacoki-
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netic characteristics, and the Michaelis-Menten constants (Km) and maximum reaction
rates (Vmax) of the principal metabolizing enzymes CYP2C19, CYP3A4, and CYP2C9—
were obtained from the published literature, predicted by GastroPlus™ version 9.9, or
optimized during model construction. The reference values, final values, and sources of all
parameters are summarized in Table S1 [11,15,16]. Tissue-to-plasma partition coefficients
were estimated using the Rodgers, Leahy, and Rowland approach. The enzyme-mediated
clearance process was described using Michaelis-Menten kinetics. The Ki and kinact values
used for TDI are listed in Table S1. TDI of CYP3A4 was incorporated into the healthy adult
model and the literature-based pediatric model but not into the in-hospital pediatric models
(children with normal hepatic function and children with hepatic impairment) or the adult
hepatic impairment model. The rationale for this decision is provided in the Discussion. A
separate quantitative sensitivity analysis for the inclusion or exclusion of CYP3A4 TDI was
not performed; this is acknowledged as a limitation. Plasma concentration-time profiles
were digitized from published figures using GetData Graph Digitizer software (version
2.26). Published pharmacokinetic data for voriconazole encompassing healthy adults,
pediatric patients, and adults with hepatic impairment, were retrospectively collected
and compiled [6,17-22]. For each model, the datasets used for model development and
parameter optimization were strictly separated from those used for independent validation.
The source, population, dosing regimen, sampling scheme, and role of each dataset are
summarized in Table S2. The physiological changes incorporated into the hepatic impair-
ment model are quantitatively summarized in Table S3 [23-25], with scaling factors for
Child-Pugh class A, B, and C. The clinical sampling design for the hospitalized pediatric
patients is summarized in Table 54 and Table S5, and the sampling protocols of the literature
datasets are summarized in Table S6. For the hospitalized pediatric patients, area under
the concentration-time curve (AUC) values are model-predicted only, as the sparse trough
sampling did not allow for direct calculation of observed AUC. CYP2C19 genotype data
were unavailable for all hospitalized pediatric patients; therefore, CYP2C19 polymorphisms
were not incorporated into the pediatric or hepatic impairment models. FMO3 was also
not included because reliable evidence for its clinical relevance in voriconazole oxidative
metabolism is lacking.

2.3. Healthy Adults” Voriconazole PBPK Model

PBPK models were developed for both oral and intravenous administration in healthy
adults. Simulations of single-dose and multiple-dose regimens in healthy adult subjects
were conducted using available PK data. The PBPK model for voriconazole in healthy
adults was validated against clinical PK data derived from previously published inves-
tigations. The datasets used for model development and independent validation are
summarized in Table 52. The dosing regimens used for model development and validation
included: single-dose intravenous administration of 3 mg/kg, 6 mg/kg, and 400 mg; single-
dose oral administration of 3 mg/kg, 4 mg/kg, 400 mg; multiple-dose intravenous regimens
of 3 mg/kg; multiple-dose oral regimens of 3 mg/kg and 4 mg/kg; and multiple-dose
intravenous regimens consisting of a 6 mg/kg loading dose with subsequent mainte-
nance dosing at 3 mg/kg and 4 mg/kg, respectively. The model was validated against
both single- and multiple-dose regimens to confirm its ability to reproduce the nonlinear
pharmacokinetics of voriconazole.

2.4. Pediatric Patients with Normal Hepatic Function—Independent Validation

Data from 6 pediatric inpatients with normal liver function who received voriconazole
treatment were retrospectively extracted from our hospital’s electronic medical record
database. These 6 patients were used only as an independent validation dataset and
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were not used for model development or parameter optimization. Inclusion criteria were:
(1) age 2-17 years; (2) confirmed normal liver function (alanine aminotransferase and
aspartate aminotransferase <1.5 times the upper limit of normal, and total bilirubin within
the normal range); and (3) received intravenous or oral voriconazole treatment, with
at least one measurable trough plasma concentration (Cmin) during routine therapeu-
tic drug monitoring (TDM). Exclusion criteria were: (1) concomitant use of medications
known to interact significantly with voriconazole and (2) incomplete medical records or
missing plasma concentration data. Blood samples were collected in routine clinical prac-
tice, and plasma voriconazole concentrations were determined using high-performance
liquid chromatography-tandem mass spectrometry (HPLC-MS/MS). The model was sub-
sequently validated by comparing the predicted concentrations with the measured plasma
concentrations. The clinical sampling details for all normal hepatic function hospitalized
pediatric patients are summarized in Table S4.

Published pediatric PK data were used for model development and validation, as
summarized in Table S2. The dosing regimens used for model development and validation
included single intravenous doses of 3—6 mg/kg across pediatric age subgroups (2-5, 6-11,
and 12-17 years), and multiple-dose regimens of 4-8 mg/kg q12 h with or without sequen-
tial oral therapy, as described in published studies. Patient-specific PBPK models were
developed by integrating demographic covariates (age, sex, and body mass index), clinical
parameters (hepatic function), and pharmacotherapy information (dosage frequency, dose,
and route of administration). Published evidence indicates that voriconazole exhibits
nonlinear pharmacokinetics in children at higher dose levels; therefore, Michaelis-Menten
kinetics were used to describe enzyme-mediated clearance in the pediatric model [11].

2.5. Hepatically Insufficient Adults’ Voriconazole PBPK Model

Pharmacokinetic data on intravenous voriconazole in adults with hepatic impairment
were obtained through a systematic literature review. The adult hepatic impairment model
was developed and optimized using the literature dataset, and the same dataset was used
for internal validation; therefore, this validation is not independent. A PBPK model for
intravenous voriconazole in this population was constructed and validated against the pub-
lished data. GastroPlus™ version 9.9 employs the Child-Pugh classification to characterize
different degrees of hepatic impairment. The systemic physiological changes incorporated
into the model—including functional liver volume, CYP enzyme activity in the liver and
intestines, plasma protein levels, hematocrit, hepatic and arterial blood flow, cardiac output,
and glomerular filtration rate—were derived from previously published research stud-
ies [24,26]. Patients with hepatic impairment were classified into three categories according
to the Child—Pugh criteria based on FDA guidance: Child-Pugh class A (mild), Child-
Pugh class B (moderate), and Child-Pugh class C (severe) hepatic impairment [27]. The
quantitative scaling factors for all physiological parameters incorporated into the hepatic
impairment model are summarized in Table S3. Notably, relative CYP2C19 abundance
was kept constant across Child-Pugh classes, consistent with published proteomic data
showing stable protein levels, while the overall reduction in hepatic metabolic capacity is
captured by the scaling of functional liver volume. TDI of CYP3A4 was not incorporated
into this model, and no separate quantitative sensitivity analysis for TDI was performed.
CYP2C19 genotype data were unavailable; therefore, CYP2C19 polymorphisms were not
incorporated into this model.

2.6. Pediatric Patients with Hepatic Impairment—Independent Validation

A total of 14 pediatric inpatients with hepatic impairment who received voriconazole
therapy were identified retrospectively through a review of the electronic medical record
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system at our institution. These 14 patients were used only as an independent validation
dataset and were not used for model development or parameter optimization. The inclu-
sion criteria were: (1) age 2-17 years; (2) diagnosed with hepatic impairment classified
according to the Child-Pugh criteria based on clinical records at the time of voriconazole
administration; and (3) received intravenous or oral voriconazole with at least one measur-
able Cmin during routine TDM. The exclusion criteria were: (1) concomitant use of drugs
known to significantly interact with voriconazole and (2) incomplete medical records or
missing plasma concentration data. Blood samples were collected during routine clinical
practice, and plasma voriconazole concentrations were quantified using HPLC-MS/MS.
This study was approved by the Ethics Committee of Children’s Hospital of Chongqing
Medical University (Approval No. (2026) Ethical Review (Clinical Research) No. 23)). The
requirement for written informed consent was waived by the ethics committee because the
study used de-identified retrospective data and did not involve any intervention or collec-
tion of new samples. The clinical sampling details for all hepatic impairment hospitalized
pediatric patients are summarized in Table S5.

2.7. Population Simulation

To evaluate interindividual variability and model applicability, population simulations
were conducted using the validated model. Population simulations were performed with
40 virtual subjects per group based on the literature-derived datasets, and with 25 subjects
per group across 20 groups based on the hospital datasets, to evaluate interindividual vari-
ability and model applicability. The population characteristics included in the simulations
were as follows: virtual adult individuals aged 18 to 65 years, and pediatric individuals in
the age groups of 2-6 years, 6—12 years, and 12-17 years, with an equal gender distribution
(50% male) [28].

2.8. Pharmacodynamic Evaluation Methods

Previous studies have suggested that a ratio of the steady-state 24 h free drug area
under the concentration-time curve to the minimum inhibitory concentration of 25 or
greater (FAUCy 4 1,/MIC > 25) serves as the pharmacokinetic/pharmacodynamic (PK/PD)
target for predicting the efficacy of voriconazole [29]. The steady-state free AUC over 24 h
was calculated as the steady-state total AUC(_p4 1, multiplied by the unbound fraction (fup).
For healthy individuals, a fixed fup value of 42% was used. For patients with hepatic
impairment, disease-specific fup values were applied according to the degree of hepatic
dysfunction (Child-Pugh class A: 45%; Child-Pugh class B: 55%; Child-Pugh class C: 80%),
as summarized in Table S3. The population simulation module of GastroPlus™ version
9.9 was used, in combination with human physiological parameters and the minimum
inhibitory concentration (MIC) range of voriconazole at our hospital, to evaluate its phar-
macodynamic characteristics. The probability of target attainment (PTA) was simulated
at MIC values of 0.5, 1, 2, 4, and 8 mg/L. A total of 500 simulations were performed for
each dosing regimen, and the corresponding pharmacokinetic parameters were obtained.
Subsequently, pharmacokinetic parameters corresponding to different voriconazole dosing
regimens were examined, and the regimens used in pediatric patients with Child-Pugh
class A and B hepatic impairment at our institution were assessed. The model was also
used to predict intravenous dosing regimens for Child-Pugh class C pediatric patients.

2.9. Method Validation and Statistical Analysis
2.9.1. Model Validation

The predictive performance of the model was evaluated separately for the literature
datasets and the in-hospital pediatric datasets, as these datasets differed in sampling scheme
and available pharmacokinetic parameters.
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For the literature datasets, which used intensive sampling, the fold error (FE) and
geometric mean fold error (GMFE) were calculated from AUC and maximum plasma
concentration (Cmax). A prediction was considered acceptable if the FE fell within the
0.5-fold to 2.0-fold range and the GMFE was less than 2.0.

For the in-hospital pediatric datasets, which consisted of Cpi, obtained during routine
therapeutic drug monitoring, model-predicted Cp,in values at the actual sampling times
were compared with the observed Cp,, values. The FE and percentage error (PE) were
calculated to assess bias, and the mean absolute prediction error (MAPE) was calculated to
assess precision. The MAPE < 30% was considered acceptable. The number of observed
concentrations falling within the 95% prediction interval was also reported. The FE, GMFE,
PE and MAPE were calculated using Equations (1)-(4) [30-33]:

oIt et

GMEE — 10Tt 118(Gh 7 afameter ) 1)/ 2
MAPE = i; predie;i‘ie;;zserved x 100% @3)
PE — predicted — observed < 100% )

observed

2.9.2. Parameter Sensitivity Analysis

To systematically evaluate the influence of model parameters on the pharmacokinetic
predictions of voriconazole, a local sensitivity analysis was conducted using the Parameter
Sensitivity Analysis (PSA) module in GastroPlus™ version 9.9. The following key parame-
ters were evaluated: the metabolic enzyme activities (Vmax,2C19, Km,2C19, Vmax,3A4,
Km,3A4), liver volume (Vol-Liver), blood-to-plasma concentration ratio (Rbp), fraction
unbound in plasma (fup), and effective intestinal permeability (Peff). The pharmacoki-
netic evaluation endpoints included the area under the plasma concentration-time curve
(AUCq.ins, AUCq¢), the maximum plasma concentration (Cpax), the time to reach Cpax
(Tmax), and the maximum liver concentration (Liver-Cmax). The parameter range was set
to 0.5-2 times the software’s default baseline values to avoid inappropriate parameter
settings. The sensitivity coefficient (SC, absolute value) was classified as high, medium,
or low sensitivity according to the following criteria: 1SC| >0.5,0.2 < ISC| < 0.5, and
ISC| <0.2. The calculation method is shown in Equation (5) [27,34-36]. This sensitivity
analysis evaluated key model parameters but did not specifically evaluate the inclusion or
exclusion of CYP3A4 TDIL

(Y — Ybaseline) / Ybaseline
SC = 5
(X - Xbaseline) / Xbaseline ( )

2.9.3. Bioanalytical Method Validation

Voriconazole plasma concentrations were determined using a validated high-perfor-

mance liquid chromatography—tandem mass spectrometry (HPLC-MS/MS) method. The
method was validated according to the Guidance on Validation of Bioanalytical Methods
(9012) of the Chinese Pharmacopoeia (2015 edition) [37]. The calibration curve was linear
over the range of 0.25-12.3 ng/mL (r? > 0.99). The lower limit of quantification (LLOQ) was
0.25 ng/mL. Intra- and inter-day accuracy (expressed as relative error, RE) were within
+15%, and intra- and inter-day precision (expressed as coefficient of variation, CV) were
<15%. Plasma samples were processed by protein precipitation, and chromatographic
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separation was performed on an Aston SC2 column using a two-dimensional HPLC system
with a validated mobile phase composition.

3. Results

3.1. Establishment, Validation, and Population Simulation of Healthy Adult Voriconazole
PBPK Model

Figure 2 shows the simulated and observed mean plasma concentration-time curves
after single-dose and multiple-dose voriconazole administration in healthy adults, and
Table S7 summarizes the corresponding PK parameters. The FE values ranged from 0.6
to 1.8, and all GMFE values were <2.0. Population simulations showed that all observed
concentrations fell within 95% prediction interval.
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Figure 2. Observed and predicted plasma concentration-time curves and population simula-
tion of voriconazole in healthy adults. The purple curve represents the model-predicted plasma
concentration—-time profile from the literature-based model incorporating CYP3A4 time-dependent
inhibition (TDI); the small squares represent observed plasma concentrations extracted from the
literature. The black curve represents the mean predicted plasma concentration (Mean Cp-Venous
Return) from the population simulation based on the literature model. In the population simulation,
the green shaded area represents the 90% confidence interval (90% C.I. mean Cp-Venous Return);
the pink squares represent the observed mean concentrations (Observed Mean); the blue upper and
lower curves represent the 95% probability interval (Probability 95%).
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3.2. Establishment, Validation, and Population Simulation of the Literature-Based Pediatric
Voriconazole PBPK Model for Patients with Normal Hepatic Function

Figure 3 presents the simulated and observed mean plasma concentration-time curves
for pediatric patients with normal hepatic function after single- and multiple- dose voricona-
zole administration. As presented in Table S8, for the different dosing regimens in pediatric
patients, after incorporating CYP3A4 TDI into the literature-based pediatric model, most
FE values ranged from 0.6 to 2.0, and all GMFE values were <2.0. The model was vali-
dated against both single- and multiple-dose regimens, and it reproduced the nonlinear
pharmacokinetics of voriconazole in children, with FE values within the acceptance range.
The population simulation results showed that all observed concentrations fell within the
95% prediction interval. Minor discrepancies were observed in a limited subset of dosing
regimens. In the 6 mg/kg followed by 8 mg/kg multiple-dose intravenous administration,
the FE for AUC (2.054) exceeded the 2.0-fold acceptance criterion. In the single 3 mg/kg
intravenous dose scenario, the FE for Cpax (1.941) approached but did not exceed the
2.0-fold acceptance criterion, while the FE for AUC remained within the acceptable range.
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Figure 3. Observed and predicted plasma concentration-time curves and population simulation of
voriconazole in pediatric patients from the published literature. The purple curve represents the
model-predicted plasma concentration—time profile from the literature-based model incorporating
CYP3A4 time-dependent inhibition (TDI); the small squares represent observed plasma concentrations
extracted from the literature. The black curve represents the mean predicted plasma concentration
(Mean Cp-Venous Return) from the population simulation based on the literature model. In the
population simulation, the green shaded area represents the 90% confidence interval (90% C.I. mean
Cp-Venous Return); the pink squares represent the observed mean concentrations (Observed Mean);
the blue upper and lower curves represent the 95% probability interval (Probability 95%).
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3.3. Independent Validation of the Hospitalized Pediatric Voriconazole PBPK Model for Patients
with Normal Hepatic Function

Figure 4 shows the mean plasma concentration-time curves and population simulation
results for the six hospitalized pediatric patients with normal hepatic function after multiple
voriconazole doses, including both simulated and measured data. As presented in Table S9,
for the different dosing regimens in these pediatric patients, the FE values ranged from 0.8
to 1.4 and the MAPE was 15.13%. Five of the six observed C i, values fell within the 95%
prediction interval. For the remaining patient, the measured Cy, fell near the upper boundary
of the simulated probability range. Notably, this patient’s blood sample was collected before
steady state was reached, whereas all other samples were obtained at steady state.
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Figure 4. Observed and predicted plasma concentration—time curves and population simulations
of voriconazole in hospitalized pediatric patients with normal hepatic function. Subfigures (al-f1)
represent the individual model predictions for Patients a—f, respectively; subfigures (a2-f2) represent
the corresponding population simulations. (al) Patient a (individual prediction): The blue curve
represents the individual model-predicted plasma concentration—time profile, and the small squares
represent the observed plasma concentrations from that patient. (a2) Patient a (population simulation):
The black curve represents the mean predicted plasma concentration (Mean Cp-Venous Return) from
the population simulation based on the individual patient model. The green shaded area represents
the 90% confidence interval (90% C.I. mean Cp-Venous Return); the pink squares represent the
observed mean concentrations (Observed Mean); and the blue upper and lower curves represent
the 95% probability interval (Probability 95%). (b1,b2) Patient b: Same as (al,a2), but for Patient b.
(c1,c2) Patient c: Same as (al,a2), but for Patient c. (d1,d2) Patient d: Same as (al,a2), but for Patient d.
(el,e2) Patient e: Same as (al,a2), but for Patient e. (f1,f2) Patient f: Same as (al,a2), but for Patient f.

https://doi.org/10.3390/pharmaceutics18111359


https://doi.org/10.3390/pharmaceutics18111359

Pharmaceutics 2026, 18, 1359

11 of 22

3.4. Establishment and Validation of the PBPK Model of Voriconazole in Adult Patients with
Hepatic Impairment

Figure 5 presents the mean plasma concentration-time curves and population simula-
tion results following multiple intravenous doses of voriconazole in adults with hepatic
impairment. Table 1 summarizes the FE and the GMFE values for multiple intravenous
voriconazole doses in adults with hepatic impairment. The FE values ranged from 0.8
to 1.9 and all GMFE values were below 2.0. All observed voriconazole concentrations
after intravenous dosing fell within the 95% prediction interval of the model, indicating
acceptable predictive performance. Specifically, compared with healthy adults, under the
same dosing regimen, the AUC values were 1.79-fold, 3.41-fold, and 6.97-fold higher in
patients with Child-Pugh class A, Child—Pugh class B, and Child-Pugh class C hepatic
impairment, respectively.
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Figure 5. Observed and predicted plasma concentration-time curves of intravenous voriconazole in
adults with hepatic impairment from the published literature. For each Child-Pugh type of patient,
the blue curve represents the individual model-predicted plasma concentration-time profile, and
the small squares represent the observed plasma concentrations from that patient. The black curve
represents the mean predicted plasma concentration (Mean Cp-Venous Return) from the population
simulation based on the literature model. In the population simulation, the green shaded area
represents the 90% confidence interval (90% C.I. mean Cp-Venous Return); the pink squares represent
the observed mean concentrations (Observed Mean); the blue upper and lower curves represent the
95% probability interval (Probability 95%).

Table 1. Observed and predicted plasma concentrations of voriconazole in adult patients with
Child-Pugh class A, B and C (development and internal validation).

AUCy.¢ (ug-h/mL) Cmax (ug/mL)

Population
Observed Predicted FE GMFE Observed Predicted FE GMFE
Child-Pugh A 322.770 586.700 1.818 6.351 6.252 0.984
Child-Pugh B 528.680 980.850 1.855 1.720 9.444 8.031 0.850 1.101
Child-Pugh C 888.540 1336.500 1.504 12.644 11.729 0.928

Note: AUCy., area under the plasma concentration-time curve from time zero to the last measurable
time point; Cmax, maximum plasma concentration; FE, fold error; GMFE, geometric mean fold error.
Observed values were obtained from published clinical studies; predicted values were generated by
the PBPK model. Acceptable prediction: FE 0.5-2.0 and GMFE < 2.0.
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3.5. Independent Validation of the PBPK Model of Voriconazole in Hospitalized Pediatric Patients
with Hepatic Impairment

Figure 6 shows the mean plasma concentration-time curves after multiple voricona-
zole doses in the 14 hospitalized pediatric patients with Child-Pugh class A or B hepatic
impairment. Table 2 summarizes the FE and MAPE for this population across different
dosing regimens: FE values ranged from 0.6 to 1.4, and MAPE was 6.5%, indicating that
the model performed well in this group. The population simulation results are presented
in Figure 7. After voriconazole dosing, all observed Cp,i, concentrations in hospitalized
pediatric patients with hepatic impairment fell within the 95% prediction interval of the
model, indicating acceptable predictive performance. Based on model-predicted AUC val-
ues, the AUC increased by 49-83% for Child-Pugh class A and by 74-86% for Child-Pugh
class B compared with pediatric patients with normal hepatic function.
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Figure 6. Observed and predicted plasma concentration-time curves of voriconazole in hospitalized
pediatric patients with hepatic impairment. (a-h) Child-Pugh class A. (i-n) Child-Pugh class B.
(a) Patient a: the blue curve represents the individual model-predicted plasma concentration—time
profile, and the small squares represent the observed plasma concentrations from that patient.
(b) Patient b: Same as (a), but for Patient b. (c) Patient c: Same as (a), but for Patient c. (d) Patient d:
Same as (a), but for Patient d. (e) Patient e: Same as (a), but for Patient e. (f) Patient f: Same as (a), but
for Patient f. (g) Patient g: Same as (a), but for Patient g. (h) Patient h: Same as (a), but for Patient
h. (i) Patient i: Same as (a), but for Patient i. (j) Patient j: Same as (a), but for Patient j. (k) Patient k:
Same as (a), but for Patient k. (1) Patient I: Same as (a), but for Patient 1. (m) Patient m: Same as (a),
but for Patient m. (n) Patient n: Same as (a), but for Patient n.
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Table 2. Observed and predicted plasma concentrations of voriconazole in hospitalized pediatric
patients with hepatic impairment (independent validation dataset).

Pedi'atric Child- Trough Plasma Concentration (Cpjn, Hg-mL) Predicted
Patient Ag Puch Dosage - 0 AUCy (ug-h/mL)
Number g Observed Predicted FE PE% MAPE 0-t (Ug
a 2y A po.120 mg 1.120 0.684 0.611 —38.93 438.41
b 3y A iv.128 mg 1.420 1.988 1.400 40.00 577.64
C S5y A iv.130 mg 2.900 3.060 1.055 5.52 939.61
d 5y A iv.160 mg 9.510 9.246 0.972 —2.78 2702.1
iv.280 mg + 8.250 6.219 0.754 —24.62
e oy A 0.200 mg 3.370 3.083 0.915 852 1899.5
f 10y A po.100 mg 3.980 2.996 0.753 —24.72 482.39
g 11y A po-250 mg 2.510 1.843 0.734 —26.57 17.27% 510.51
h 15y A iv.200 mg 1.820 2.407 1.323 32.25 532.13
i 4y B po.100 mg 5.830 4.897 0.840 —16.00 534.64
i 4y B piov'llg%nn‘é * 7.820 6595 0843 1567 2018.9
k 6y B iv.100 mg 5.060 5.212 1.030 3.00 823.69
1 11y B iv.200 mg 9.770 9.671 0.990 —1.01 618.37
m 12y B iv.200 mg 5.920 4977 0.841 —15.93 906.99
n 13y B iv.200 mg 3.630 3.501 0.964 —3.55 806.6

Note: Data are presented for individual patients. Cpyip, trough concentration; FE, fold error; PE, per-
centage error; MAPE, mean absolute prediction error. The predicted concentrations were compared
with the observed concentrations at the actual sampling times. Because clinical sampling was sparse
(one sample per patient), AUC values were model-predicted rather than experimentally observed.

3.6. Pharmacodynamic Evaluation

Pharmacodynamic evaluations were performed in pediatric inpatients with normal
hepatic function and in those with Child-Pugh class A or B hepatic impairment. Figure 8
shows the pharmacodynamic evaluation results of the PBPK model in hospitalized pedi-
atric patients receiving voriconazole. Based on PBPK model predictions, dosing regimens
with higher exposure risk were optimized for patients with Child-Pugh class A. PTA was
simulated at MIC values of 0.5, 1, 2, 4, and 8 mg/L (Figure 8). At an MIC of 2 mg/L, the
probability of target attainment (PTA, fAUCy_541,/MIC > 25) was > 90% for the optimized
regimens, and the predicted PTA for Child-Pugh class C was > 80%. When MIC decreased
below 2 mg/L, PTA further increased. When MIC increased to >4 mg/L, PTA decreased
substantially for both regimens, suggesting that combination therapy or alternative antifun-
gal agents should be considered for infections caused by pathogens with MIC > 4 mg/L.
Overall, at MIC < 2 mg/L, PTA was >80% in all groups, indicating that the model can be
used to predict voriconazole pharmacokinetics in the studied pediatric patients.

No hospitalized pediatric patients with Child-Pugh class C hepatic impairment were
identified in our cohort. Therefore, a PBPK model for intravenous voriconazole was
developed for this population by extrapolating from the existing adult and pediatric
models. The predicted pharmacokinetic parameters were compared with published studies.
In addition, a pharmacodynamic evaluation of the simulation results was conducted. Due
to the lack of in-hospital data from pediatric patients with Child-Pugh class C hepatic
impairment for model validation, the dose recommendations for this group were derived
from adult model extrapolation. The predicted intravenous maintenance doses were:
50 mg q12 h for children aged 2-6 years, 75 mg q12 h for children aged 6-12 years, and
100 mg q12 h for children aged 12-17 years. As presented in Figure 9 and Table 510, at
an MIC of 2 mg/L, 91.2%, 95.5%, and 97.8% of simulated pediatric patients receiving the
recommended dosing regimens achieved the PK/PD targets, respectively.
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Figure 7. Population simulation of voriconazole in hospitalized pediatric patients with hepatic
impairment. (a-h) Child-Pugh class A. (i-n) Child-Pugh class B. (a) Patient a: The black curve
represents the mean pre-dicted plasma concentration (Mean Cp-Venous Return) from the population
simulation based on that individual patient model. For each patient, In the population simulation,
the green shaded area represents the 90% confidence interval (90% C.I. mean Cp-Venous Return);
the pink squares rep-resent the observed mean concentrations (Observed Mean); the black curve
represents the mean predicted concentration (Mean Cp-Venous Return); and the blue upper and
lower curves represent the 95% probability interval (Probability 95%). (b) Patient b: Same as (a), but
for Patient b. (c) Patient ¢: Same as (a), but for Patient c. (d) Patient d: Same as (a), but for Patient d.
(e) Patient e: Same as (a), but for Patient e. (f) Patient f: Same as (a), but for Patient f. (g) Patient g:
Same as (a), but for Patient g. (h) Patient h: Same as (a), but for Patient h. (i) Patient i: Same as (a),
but for Patient i. (j) Patient j: Same as (a), but for Patient j. (k) Patient k: Same as (a), but for Patient k.
(1) Patient 1: Same as (a), but for Patient 1. (m) Patient m: Same as (a), but for Patient m. (n) Patient n:
Same as (a), but for Patient n.

3.7. Parameter Sensitivity Analysis Results

The results of the sensitivity analysis are shown in Figure 10. fup, Vmax,3A4, and
Vmax,2C19 were identified as the three key parameters influencing the pharmacokinetic predic-
tions of voriconazole, although their relative importance varied with disease state and age. fup
exhibited high sensitivity across all populations and disease states. The sensitivity of Vmax,3A4
shifted from moderate in healthy subjects to high to extremely high in hepatic impairment. For
Vmax,2C19, sensitivity dropped from high in the healthy subjects to low in those with hepatic
impairment. In pediatric populations, Vmax,3A4 and Km,3A4 remained highly sensitive even in
the healthy state, while adults showed this only after hepatic impairment. Rbp was moderately
to highly sensitive only under complex dosing conditions; Peff influenced Tmax only after single
oral doses; and Km,2C19 exhibited low to moderate sensitivity across all settings.
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Figure 8. Pharmacodynamic evaluation of voriconazole dosing regimens in hospitalized pediatric
patients. PTA was simulated at MIC values of 0.5, 1, 2, 4, and 8 mg/L.
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Figure 9. Model-predicted plasma concentration-time curves and population simulation of voricona-
zole in pediatric patients with Child—Pugh class C hepatic impairment. For different doses of virtual
patients, the blue curve represents the individual model-predicted plasma concentration-time profile.
The black curve represents the mean predicted plasma concentration (Mean Cp-Venous Return) from
the population simulation based on the literature model. In the population simulation, the green
shaded area represents the 90% confidence interval (90% C.I. mean Cp-Venous Return); the blue
upper and lower curves represent the 95% probability interval (Probability 95%).
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Figure 10. Comparison of sensitivity analysis results across healthy individuals and patients with
Child-Pugh class A, B, and C hepatic impairment.
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4. Discussion

In this study, GastroPlus™ version 9.9 was used to construct PBPK models for voricona-
zole in healthy adults, adults with hepatic impairment, and children with normal or im-
paired liver function. Literature-derived data were used for model development and
parameter optimization, while hospital TDM data from six children with normal hep-
atic function and 14 children with Child-Pugh class A or B hepatic impairment served
as an independent clinical validation dataset. All hospitalized pediatric samples were
TDM trough samples; therefore, model-predicted Cp,i, were compared with observed
Chin concentrations. The model was further applied to explore dose optimization for
regimens associated with increased exposure risk. A pharmacodynamic evaluation based
on the fAUC/MIC target provided supportive evidence for target attainment; the free
fraction was assumed to be fixed in healthy subjects but disease-specific in patients with
hepatic impairment. These findings are consistent with recent PBPK and clinical studies
showing reduced voriconazole clearance and increased exposure in patients with hepatic
impairment [6]. Overall, this model provides a quantitative framework for evaluating
voriconazole exposure and proposing provisional dose adjustments in hepatic impairment,
while the pediatric Child-Pugh C recommendation requires prospective validation.

Studies have shown that as hepatic impairment worsens, the AUC of voriconazole
increases and its clearance decreases [6]. This is primarily attributed to reduced CYP
enzyme abundance and activity, as well as an increase in the free fraction (fu) caused by
hypoalbuminemia [38,39]. Child—Pugh-specific changes in liver volume, hepatic blood flow,
cardiac output, glomerular filtration rate, and CYP enzyme abundance were incorporated
into the hepatic impairment models; the scaling factors are summarized in Table S3 of the
Supplementary Materials. CYP3A4 abundance decreases to 55% and 45% of normal in
Child-Pugh B and C, respectively, whereas CYP2C19 remains relatively stable [25]. The
pediatric PBPK models in this study were developed primarily using data from immuno-
compromised children, in whom inflammatory factors may reduce baseline CYP enzyme
activity [40—43]. A recent 3D human liver spheroid study showed that IL-13, IL-6, and
TNFo rapidly downregulate CYP3A4 and, to a lesser extent, CYP2C19 [43], supporting the
possibility that baseline CYP activity is lower in immunocompromised children. Therefore,
CYP3A4 TDI was included in the healthy adult and literature-based pediatric models, but
not in the in-hospital pediatric models (normal hepatic function and hepatic impairment)
or the adult hepatic impairment model; Table S1 of the Supplementary Materials pro-
vides the Ki/Kinact values and literature sources. CYP2C19 genetic polymorphisms were
not incorporated into the pediatric or hepatic impairment models. Previous population
pharmacokinetic studies suggest that CYP2C19 polymorphisms do not significantly affect
voriconazole pharmacokinetics in patients with hepatic impairment, possibly because the
reduction in enzyme activity caused by hepatic impairment outweighs the effect of the
polymorphisms [44]. Currently, there is no reliable experimental evidence demonstrating
the clinical relevance of FMO3 in the oxidative metabolism of voriconazole, and studies
have shown only a weak correlation between FMO3 genotype and voriconazole plasma
concentrations [45].

During model validation, the limited published pediatric data and the small hospital
validation cohort contributed to relatively large discrepancies between predicted and
observed data for a limited subset of dosing regimens. For the literature-derived pediatric
model, the AUC FE in the 6 mg/kg followed by 8 mg/kg multiple-dose IV group was 2.054,
exceeding the 2-fold acceptance criterion. In the single 3 mg/kg IV dose group, the AUC
FE remained within the acceptable range, whereas the Ciyax FE (1.941) approached but did
not reach the 2.0-fold threshold. For the hospitalized pediatric validation dataset (n = 6), all
available samples were TDM trough samples; therefore, model-predicted Cp, values at the
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actual sampling times were compared with observed Cp,in, values. Five of the six observed
concentrations fell within the 95% prediction interval, and one fell near the upper boundary.
However, because a wide prediction interval does not rule out bias, quantitative predictive
performance was further evaluated (FE = 0.993, PE = —0.71%). Due to sparse clinical
sampling, AUC values for these children were model-simulated rather than experimentally
observed. Table 54 and Table S5 summarizes the sampling design, including dosing history,
dosing intervals, route of administration, and time from dosing to blood collection; because
this was a retrospective study, the duration of intravenous infusion was not recorded in the
medical records. The pediatric hepatic impairment model may also be subject to bias, as
children in clinical settings often have multiple comorbidities. Although patients receiving
concomitant CYP inhibitors or inducers were excluded, it remains challenging to isolate the
specific effects of hepatic impairment on voriconazole pharmacokinetics. These limitations
are consistent with recent pediatric PBPK studies, which highlight the impact of sparse
sampling, disease state, and uncertainty in CYP3A4 ontogeny on predictive performance
and the need for validation against independent data [46,47].

Based on model predictions, this study proposes dose optimization for regimens asso-
ciated with a significant increase in voriconazole exposure and, using adult hepatic impair-
ment regimens as a reference, provides provisional intravenous dosing recommendations
for pediatric patients with Child-Pugh class C hepatic impairment. The pharmacodynamic
endpoint was fAUCy—4 1, /MIC > 25. Free AUC was calculated using a fixed fu in healthy
subjects and disease-specific fu in patients with hepatic impairment. Because PTA is highly
dependent on MIC, the high predicted PTA at MIC = 2 mg/L should be interpreted with
caution; future simulations should evaluate clinically relevant MIC values below and above
2 mg/L. However, these recommendations lack direct pediatric pharmacokinetic data
for validation, primarily because few pediatric patients with Child-Pugh class C hepatic
impairment received voriconazole monotherapy, and most received concomitant CYP
inhibitors or inducers and were excluded. A systematic review [48] recommended dose
reduction, extended intervals, and TDM for Child-Pugh class C patients, with a typical
adult regimen of 200 mg loading followed by 100 mg maintenance. Therefore, the pro-
posed pediatric Child-Pugh class C doses should be considered provisional and require
prospective validation with TDM.

There were several limitations to this study. First, this was a retrospective, single-center
study with a limited sample size, which may affect the generalizability of the findings.
Second, the number of pediatric patients with Child-Pugh class C hepatic impairment who
received voriconazole monotherapy was very small, because most received concomitant
CYP450 inhibitors or inducers and were excluded. Consequently, the dose recommenda-
tions for the pediatric Child-Pugh class C model were derived from theoretical extrapolation
of adult hepatic impairment models, which introduced inherent uncertainty; these recom-
mendations should therefore be considered provisional and require prospective validation
with TDM. Third, CYP2C19 genotype data were unavailable because this was a retrospec-
tive study and no local genotyping platform for pediatric voriconazole was available at
that time; all hospitalized pediatric patients lacked CYP2C19 genotype data. A genotyping
platform will be established in the future to support prospective genotype-guided dosing
studies when conditions permit. FMO3 was also not included in the models. Fourth, the
physiological parameters for children with hepatic impairment (e.g., hepatic blood flow,
enzyme abundance, and plasma protein) were obtained from software default values or
published data rather than direct patient measurements; the Child-Pugh-specific scaling
factors are summarized in Table S3. Fifth, clinical sampling was sparse, and all available
hospital samples were TDM trough samples; Cax Was not available, AUC values were
model-simulated, and the duration of intravenous infusion was not recorded because of the

https://doi.org/10.3390 / pharmaceutics18111359


https://doi.org/10.3390/pharmaceutics18111359

Pharmaceutics 2026, 18, 1359

19 of 22

retrospective design. Sixth, the validation dataset was limited, and although the observed
concentrations largely fell within the 95% prediction interval, a wide prediction interval
cannot completely exclude bias; quantitative predictive performance was evaluated using
FE, PE, and MAPE for the hospital dataset, and FE and GMFE for the literature dataset. Sev-
enth, the adult hepatic impairment model was developed and internally validated using the
same literature dataset, which may lead to optimistic performance estimates; independent
external validation is needed. Eighth, albumin, renal function, and inflammatory status
were not fully accounted for, making it difficult to isolate the specific contribution of hepatic
impairment to voriconazole pharmacokinetics; these data were incompletely recorded in
the medical records, and the PBPK software (GastroPlus™ version 9.9) could not incorpo-
rate inflammatory markers or albumin, which would be better addressed by population
pharmacokinetic analysis. Ninth, although sensitivity analyses were performed for key
model parameters such as CYP2C19 Vp,y, a separate quantitative sensitivity analysis for
the inclusion or exclusion of CYP3A4 TDI was not performed. CYP3A4 TDI was included in
the healthy adult and literature-based pediatric models but not in the in-hospital pediatric
models (normal hepatic function and hepatic impairment) or the adult hepatic impairment
model, because changes in enzyme abundance and the lack of genotype data made it
difficult to accurately assess the impact of TDI. Tenth, PTA was simulated across MIC
0.5-8 mg/L; at MIC > 4 mg/L, PTA decreased substantially, suggesting that combination
therapy or alternative antifungal agents should be considered. Future multicenter prospec-
tive studies with TDM, CYP2C19 genotyping, inflammatory markers, free drug monitoring,
and quantitative sensitivity analyses are needed.

5. Conclusions

PBPK models of voriconazole were established and validated for pediatric and adult
patients with hepatic impairment using GastroPlus™ version 9.9. The models demonstrated
satisfactory predictive performance. For the literature datasets, the FE values ranged from
0.6 to 2.0, with GMFE < 2.0. For the in-hospital pediatric datasets, the MAPE values were
15.13% and 17.27% for children with normal hepatic function and children with hepatic
impairment, respectively. Simulations showed that, compared with children with normal
hepatic function, the AUC of voriconazole increased by 49-83% in children with Child-Pugh
class A and by 74-86% in children with Child-Pugh class B. Based on the model outputs, a
dose optimization strategy was developed, and specific dose recommendations for Child-
Pugh class C patients were derived by extrapolation from the adult model (e.g., 50 mg IV
q12 h for patients aged 2-6 years, 75 mg IV q12 h for patients aged 6—12 years, and 100 mg
IV q12 h for patients aged 12-17 years). Pharmacodynamic evaluation showed that the PTA
was > 80% when MIC < 2 mg/L. This study has several limitations, including its single-
center design, small sample size, and the lack of CYP2C19 genotyping data. Future research
should incorporate CYP2C19 genotyping and inflammatory markers into voriconazole
PBPK modeling, conduct multicenter studies, and combine in vitro and in vivo experiments
to further refine and enrich voriconazole PBPK research.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pharmaceutics18111359/s1, Table S1: Summary of input parame-
ters of the voriconazole PBPK model; Table S2: Summary of datasets used for model development,
parameter optimization, and independent validation; Table S3: Quantitative information on phys-
iological changes incorporated into the PBPK models for hepatic impairment; Table S4: Summary
of clinical information for hospitalized pediatric patients with normal hepatic function; Table S5:
Summary of clinical information for hospitalized pediatric patients with hepatic impairment; Table S6:
Summary of clinical information from literature datasets used for model development and validation;
Table S7: Observed and predicted pharmacokinetic parameters of voriconazole in healthy adults;
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