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Objective: The objective of the study was to characterise the populationAbstract
pharmacokinetic properties of itraconazole and its active metabolite hydroxy-
itraconazole in a representative paediatric population of cystic fibrosis and bone
marrow transplant (BMT) patients and to identify patient characteristics influenc-
ing the pharmacokinetics of itraconazole. The ultimate goals were to determine
the relative bioavailability between the two oral formulations (capsules vs oral
solution) and to optimise dosing regimens in these patients.
Methods: All paediatric patients with cystic fibrosis or patients undergoing BMT
at The Royal Children’s Hospital, Brisbane, QLD, Australia, who were prescribed
oral itraconazole for the treatment of allergic bronchopulmonary aspergillosis
(cystic fibrosis patients) or for prophylaxis of any fungal infection (BMT patients)
were eligible for the study. Blood samples were taken from the recruited patients
as per an empirical sampling design either during hospitalisation or during
outpatient clinic visits. Itraconazole and hydroxy-itraconazole plasma concentra-
tions were determined by a validated high-performance liquid chromatography
assay with fluorometric detection. A nonlinear mixed-effect modelling approach
using the NONMEM software to simultaneously describe the pharmacokinetics of
itraconazole and its metabolite.
Results: A one-compartment model with first-order absorption described the
itraconazole data, and the metabolism of the parent drug to hydroxy-itraconazole
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was described by a first-order rate constant. The metabolite data also showed one-
compartment characteristics with linear elimination. For itraconazole the apparent
clearance (CLitraconazole) was 35.5 L/hour, the apparent volume of distribution
(Vd(itraconazole)) was 672L, the absorption rate constant for the capsule formula-
tion was 0.0901 h–1 and for the oral solution formulation was 0.96 h–1. The lag
time was estimated to be 19.1 minutes and the relative bioavailability between
capsules and oral solution (Frel) was 0.55. For the metabolite, volume of distribu-
tion, Vm/(F • fm), and clearance, CL/(F • fm), were 10.6L and 5.28 L/h, respec-
tively. The influence of total bodyweight was significant, added as a covariate on
CLitraconazole/F and Vd(itraconazole)/F (standardised to a 70kg person) using allo-
metric three-quarter power scaling on CLitraconazole/F, which therefore reflected
adult values. The unexplained between-subject variability (coefficient of variation
%) was 68.7%, 75.8%, 73.4% and 61.1% for CLitraconazole/F, Vd(itraconazole)/F,
CLm/(F • fm) and Frel, respectively. The correlation between random effects of
CLitraconazole and Vd(itraconazole) was 0.69.
Conclusion: The developed population pharmacokinetic model adequately
described the pharmacokinetics of itraconazole and its active metabolite,
hydroxy-itraconazole, in paediatric patients with either cystic fibrosis or undergo-
ing BMT. More appropriate dosing schedules have been developed for the oral
solution and the capsules to secure a minimum therapeutic trough plasma concen-
tration of 0.5 mg/L for these patients.

Background hydroxy-itraconazole simultaneously. The pharma-
cokinetics of itraconazole are highly variable, espe-

Itraconazole is a broad-spectrum antifungal agent cially after oral administration. Although the oral
with potent activity against many pathogenic fungal bioavailability from capsules is significantly lower
species including those of the Aspergillus and than from a liquid cyclodextrin solution, it can be
Candida.[1] In cystic fibrosis, itraconazole is often enhanced by acidic drinks, such as cola and by
used for allergic bronchopulmonary aspergillosis food.[8-10] Both cystic fibrosis and BMT patients
(ABPA), which is an IgE-mediated hypersensitivity may have significantly altered pharmacokinetic
reaction to the A. fumigatus antigens, from colonised profiles. Cystic fibrosis patients have naturally al-
A. fumigatus in the lungs. ABPA occurs in approxi- tered physiology and body composition, while BMT
mately 10% of cystic fibrosis patients.[2,3] Bone mar- patients receiving cytotoxic chemotherapy (e.g.
row transplant (BMT) patients also are prescribed fluorouracil, methotrexate) may exhibit disruption
itraconazole because of their enhanced susceptibili- of drug absorption if they develop mucositis, which
ty to opportunistic fungal infections during cytotox- is a distressing, gross inflammation of the intestinal
ic chemotherapy.[4-6] Itraconazole selectively inhib- tract.
its ergosterol biosynthesis in the fungal cell mem- To attempt to guide therapy, routine plasma drug
brane, which results in cell death.[7,8] In patients monitoring of itraconazole is now performed in
undergoing BMT it is often used as part of the some patients.[11] In BMT, several studies showed
protocol for oral prophylaxis against fungal infec- that minimum plasma concentrations at steady state
tions. (Cmin,ss) of at least 0.25 mg/L are needed to secure

Itraconazole is metabolised to more than 30 com- effective anti-fungal prophylaxis.[12-15] Others con-
pounds, one of these being hydroxy-itraconazole, cluded that itraconazole plasma concentration
which has similar anti-fungal activity but shows should exceed 0.5 mg/L and even though it is gener-
higher plasma concentrations than the parent ally well tolerated, trough concentrations should be
drug.[7,8] Therefore, where possible, it is of interest <2 mg/L and patients should be observed for ad-
to study the pharmacokinetics of itraconazole and verse effects such as hepatotoxicity, gastrointestinal
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disorders and nerve sensation.[11,16,17] Because the Australia. Written consent was obtained from all
metabolite is microbiologically active, a combined patients and their parents if the patients were under
Cmin,ss of itraconazole plus hydroxy-itraconazole of 18 years of age prior to blood sampling.
1.0–1.5 mg/L has been suggested in some monitor-
ing guidelines.[11,18] However, none of these target Blood Sampling Protocol
concentrations have been evaluated regarding the
pharmacodynamic effect of itraconazole in patients

At least four blood samples (0.5mL each) werewith cystic fibrosis and it has been shown to be
requested from each patient: two samples whiledifficult to achieve these target trough concentra-
receiving capsules and two samples while receivingtions using the current recommended dosing regi-
the oral solution; however, data from patients whomen of 5 mg/kg/day,[19] particularly in paediatric
provided 1–3 samples were not excluded from thecystic fibrosis patients.[20] In the present study, a
analysis. Sampling was permitted from the first dos-clinically applicable population pharmacokinetic
ing interval when initiated on itraconazole, but whenmodel was developed for itraconazole and hydroxy-
switching formulations they were required to haveitraconazole to improve knowledge of its complex
taken at least three consecutive doses on the mostpharmacokinetics, principally in paediatric cystic
recent formulation. In some cases, a child was notfibrosis and BMT patients receiving solution and/or
old enough to swallow capsules, thus was notcapsule products. These findings were applied to
switched from their regular prescription of oral solu-develop alternative revised dosing recommenda-
tion. Most samples were drawn during  regulartions that have the potential to improve the use of
hospital  visits  or  at admission and were oftenitraconazole in these patients.
piggybacked with routine blood sampling, other-
wise a minimum of 0.5mL was taken by fingerprick.Patients and Methods
Preferred sampling times were for one sample per
patients to be within the first 6 hours after dosing

Patients and one sample within 4 hours of the next dose.
However, these times were not fixed and were ar-

All paediatric cystic fibrosis and BMT patients of ranged to suit individual patients.
The Royal Children’s Hospital, Brisbane, QLD,
Australia, who were taking oral itraconazole (Spora-

Drug Analysisnox, Janssen-Cilag Ltd, North Ryde, NSW, Aus-
tralia)1 as part of their treatment from April 2003 to
April 2005 were eligible to participate. For this Plasma concentrations of itraconazole and hy-
study, patients were asked to change from capsules droxy-itraconazole were assayed by a reverse-phase,
to oral solution, or vice versa, for a minimum of high-performance liquid chromatographic method
three doses. Neither the itraconazole dose nor any recently developed by our group, which involved
other current treatment was changed during the protein precipitation cleanup and fluorescence de-
blood sampling period. Adult cystic fibrosis patients tection.[21] An itraconazole analogue (R 051012,
(n = 5) from The Prince Charles Hospital, Brisbane, Janssen-Cilag Ltd) was used as the internal stan-
QLD, Australia, who were taking itraconazole for dard. The imprecision (% coefficient of variation
the treatment of ABPA at the time were also recruit- [CV]) and inaccuracy (%) ranged from 4.6% to
ed and their data were included in the analysis for 18.4% and from –14.7% to 0.1%, respectively. The
comparison. Prior written approval was obtained lower limit of quantification (LLQ) for both mole-
from The Royal Children’s Hospital Ethics Com- cules was 0.075 mg/L. For modelling, concentra-
mittee, The Prince Charles Hospital Human Re- tions less than the LLQ were assigned a value of half
search Ethics Committee and the Ethics Committee the LLQ (0.0375 mg/L), which has pragmatic and
of The University of Queensland, Brisbane, QLD, statistical justification.[22]

1 The use of trade names is for product identification purposes only and does not imply endorsement.

 2006 Adis Data Information BV. All rights reserved. Clin Pharmacokinet 2006; 45 (11)



1102 Hennig et al.

Pharmacokinetic Analysis
+ κ )exp( ipopijP i•= θ η 

(Eq. 2)Modelling was performed using the first-order
where, Pij represents the true but unknown value of aconditional estimation method with interaction in
pharmacokinetic parameter for the ith individual onnonlinear mixed-effect modeling software
the jth occasion, and κ is a BOV sampled from aNONMEM, version 5.1.1 (GloboMax LLC, Hano-
normal distribution with a mean of zero and vari-ver, MD, USA) in conjunction with a G77 FOR-
ance π2.[24] In modelling the BOV it was assumedTRAN compiler and Wings for NONMEM.[23]

that the variances describing variability on differentItraconazole and hydroxy-itraconazole pharmacoki-
occasions were sampled from the same distribution.netics were modelled simultaneously. Compartmen-

The residual unexplained variability (RUV) fortal models with first- or zero-order absorption and
itraconazole and hydroxy-itraconazole was evalu-linear and/or non linear elimination were evaluated.
ated as exponential, additive and combined expo-The pharmacokinetic  parameters of the  model
nential and additive models. Equation 3 shows anwere parameterised so  that  the apparent clearance
exponential model:and the apparent  volume  of distribution  for  both

parent and metabolite were estimated. The fraction
of itraconazole metabolised (fm) to hydroxy- Cik = Cpred,ik • exp(εik)

itraconazole has not been reported and could not be (Eq. 3)
presently estimated because of ethical and logistical where, εik is the deviation of the kth observed drug
restrictions. For the same  reasons a first-pass concentration for the ith individual (Cik) from the
metabolism of  itraconazole  to the  metabolite was respective model-predicted concentration (Cpred,ik).
not included  into  the  model. Therefore,  the ap- εik is a randomly distributed variable with mean of
parent clearance  (CLm) and volume of distribu- zero and variance σ2.
tion (Vd(m)) for hydroxy-itraconazole  were esti-
mated as CLm/(F • fm) and Vd(m)/(F • fm), respec- Model Building
tively, where F is the (unknown) oral bioavailability

To attempt to explain BSV, possible relation-of itraconazole. The relative bioavailability (Frel)
ships between pharmacokinetic parameters and pa-was determined by setting Frel to 1 for administra-
tient characteristics such as total bodyweight, leantion of the oral solution.
bodyweight,[25] age, disease, and effect of acidicThe between-subject variability (BSV) was mod-
beverage and food intake were investigated. Eachelled using an exponential error model as shown in
covariate was introduced into the structural modelequation 1:
separately and the pattern of residuals and changes)exp( ipopiP •= θ η
in the BSV, RUV and the objective function value

(Eq. 1) (OFV) were examined. Nested models were hypoth-
esis tested using the likelihood ratio test in which thewhere Pi represents a pharmacokinetic parameter for
change in OFV approximates the Chi-squared distri-the ith individual, exp(ηi) is the individual deviation
bution (χ2[1, 0.05] >3.8).[26]of Pi from the estimated population typical value,

Categorical covariates such as sex and diseaseθpop. η is assumed to be drawn from a normal
category were modelled as exemplified in equationdistribution with mean of zero and variance ω2,
4:which is estimated simultaneously with θpop.

Covariance between the parameters was also evalu-  
1 Sex + θ2 • (1 − Sex)Pij •= θ

ated. (Eq. 4)
The BSV model was extended to account for where Sex = 0, if female and Sex = 1, if male, θ1 is

elements of the within individual variability in the population pharmacokinetic parameter repre-
pharmacokinetic parameters arising from different senting the male population and θ2 is the population
occasions, i.e. between-occasion variability (BOV), pharmacokinetic parameter representing the female
as per equation 2: population. Continuous covariates were modelled
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around a standardised value or a median value as per • Once-daily dosing of 5 mg/kg/day at steady state
equation 5: (representing the current standard dosing strate-

gy).
• Once-daily dosing of 10 mg/kg/day over 7 daysθ x

stdipopij COVCOVP )/(•=
(day 1 being the day of the first dose and day 7(Eq. 5)
representing steady state).where, COVi is the measured covariate value of the

• Twice-daily dosing of a total daily dose of 5 mg/ith individual, COVstd is the standard or median
kg, 10 mg/kg, 15 mg/kg and 20 mg/kg over 7value of the covariate and θpop is the parameter
days.value in an individual with the standard or median

• Three-times-daily dosing of a total daily dose ofvalue of the covariate. For total bodyweight a stan-
10 mg/kg over 7 days.dard bodyweight (BWTstd) of 70kg was applied and

allometric scaling was used where the exponent x
Resultswas fixed to 0.75 for clearance and 1 for volume of

distribution.[27] By using an exponent of 0.75 on
The characteristics of the study patients are sum-

clearance as shown previously, difference in size
marised in table I. Of the 29 cystic fibrosis patients,

and body composition between adults and children
5 were adults (aged 19–30 years) and all cystic

can be accounted for.[27,28]
fibrosis patients were Caucasian. The median dos-
age of itraconazole was 5.4 mg/kg/day, and two-

Model Validation thirds of the patients received this as a once-daily
dose, the remainder as a twice-daily regimen. The
patients were receiving an average of 12.5 co-medi-The modelling diagnostics included an assess-
cations, including fat-soluble vitamins, intravenousment of the goodness-of-fit plots, precision of the
and nebulised tobramycin, oral sodium chloride,parameter estimates, change in the OFV and a de-
pancreatic enzymes, ondansetron, ciprofloxacin, ny-generate visual predictive check (VPC) on the final
statin, paracetamol (acetaminophen), inhaled salbu-model using ActivePerl (version 5.8.4). The VPC
tamol (albuterol) and fluticasone propionate, and co-involved generation of 1000 simulated concentra-
trimoxazole (trimethoprim/sulfamethoxazole). Fortions for parent drug and metabolite from the final
those receiving itraconazole capsules, 75% took thepopulation model parameters for once-daily and
dose with food. In 65% of patients the capsules weretwice-daily dosing. The simulated concentrations
taken with a cola drink, in 15% with orange juicewere dose-normalised to the average prescribed dos-
(alternative option of acidic beverage) and the re-age of 200 mg/day (either given once daily or twice
mainder with water. For the oral solution, 91% ofdaily). The 10th and 90th percentiles as well as the
doses were taken on an empty stomach and the drug50th (median) percentiles were plotted against post-
was taken with cola, orange juice and water in 29%,dose time, and the dose-normalised raw study data
10% and 61% of patients, respectively.were superimposed.[29] The stability and perform-

ance of the final model also were assessed via an
Pharmacokinetic Modellinginternal validation method that involved a

nonparametric bootstrap with resampling and re-
Forty-nine patients (29 cystic fibrosis, 20 BMT)placement.[30,31]

provided 227 blood samples. The sampling window
ranged from 0.33 hours to 56 hours after the last

Simulated Dosing Regimens dose. Median concentrations of 0.264 mg/L (n =
227) and 0.531 mg/L (n = 192) were measured for

Itraconazole and hydroxy-itraconazole plasma itraconazole and hydroxy-itraconazole, respective-
concentrations arising from several alternative dos- ly. A one-compartment model for itraconazole with
ing regimens for a 35kg patient were obtained by first-order absorption from the gut was sufficient to
simulation and compared with reported target con- describe the itraconazole population pharmacokinet-
centrations for anti-fungal therapy as follows: ic data. The conversion to hydroxy-itraconazole was
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described by a first-order rate constant and the me- itraconazole, age on CLitraconazole and Vd(itraconazole),
disease on CLitraconazole, and the influence of colatabolite data were described by a one-compartment
and  food  on  Frel. However, only  bodyweightmodel with elimination from the body by a first-
had  a significant  influence on CLitraconazole andorder pathway (figure 1). A two-compartment
Vd(itraconazole). The final estimated populationmodel or nonlinear components did not improve the
pharmacokinetic parameters of all fixed and randommodel significantly. An allometric size model for
effects  of  the  final model are  summarised inclearance and volume of distribution parameters of
table II and diagnostic  plots  are presented  inthe parent drug was added into the model as a
figure 3 and figure 4. Plots of  the predicted versuscovariate. Inclusion of relative bioavailability (Frel)
observed plasma concentrations showed a slightof capsule to oral solution improved the fit of the

data (∆OFV –24.8). The typical population value of
Frel (BSV) was estimated to 0.55 (CV 61.1%). The
final model could discriminate between the first-
order absorption rate constant (ka) for capsules
(0.0901 h–1) and the solution (0.96 h–1), indicating
more rapid absorption from the liquid product. In-
clusion of BSV for ka was not supported. The preci-
sion of estimation of ka for capsules was better than
that for the solution (relative standard error 21.7%
vs 67.4%), but estimating the variability as separate
parameters was supported by the data. Lower preci-
sion in the estimation of ka is common, especially
with sparse data, but was robust enough to be sup-
ported by the bootstrapping (table II). The addition
of a lag time (19.1 minutes) for the oral absorption
of itraconazole (same value for capsule and solu-
tion) improved the fit (∆OFV –4.6). The estimates
of CLm and Vd(m) were 10.4 L/h and 5.22L, respec-
tively, with a BSV of 72% for CLm. The inclusion of
BOV (κ) on Frel and volume of distribution of
itraconazole (Vd(itraconazole)) resulted in non-conver-
gence, possibly due to over-parameterisation of the
variance model. The results of the basic
pharmacokinetic model are summarised in table II.

Graphical plots of  individual predicted CL-
itraconazole versus bodyweight, and individual pre-
dicted Vd(itraconazole) and bodyweight of the basic
model showed a positive correlation. The positive
correlation was also seen in the ηs of CLitraconazole
and Vd(itraconazole) in the base model, but then van-
ished as  seen  by  a  reduction in  the  BSV  for
CLitraconazole by 3.8% and  for Vd(itraconazole)  by
9%  (see  also table II  and figure 2). Therefore,
some of  the  BSV  within  this population can  be
explained  by the influence of total  bodyweight
on  clearance  and volume of  distribution of the
parent drug.  Other covariates were introduced
one at  a time into the model, e.g. sex on CL-

Table I.  Patients characteristics and summary of doses and plas-
ma concentrations

Characteristic Value

Disease (n)

cystic fibrosis 29

bone marrow transplant 20

Sex (n)

female 19

male 30

Race (n)

Caucasian 47

other 2

Age (y) 8 (0.4–30)a

Total bodyweight (kg) 29.3 (6.8–83.5)a

Lean bodyweight (kg) 25.5 (6–63.8)a

Height (cm) 132.5 (31.3–182.0)a

Itraconazole daily dose (mg/kg) 5.4 (1.5–12.5)a

Time after last dose taken (h) 10 (0.33–55.9)a

Itraconazole plasma concentration 0.264 (0.0375b–2.23)a

(mg/L)

Hydroxy-itraconazole concentration 0.531 (0.0375b–3.84)a

(mg/L)

Doses taken with food (%)

capsules 75

oral solution 9

Doses taken on an empty stomach (%)

capsules 25

oral solution 91

Doses taken with cola (%)

capsules 65

oral solution 29

Doses taken with orange juice (%)

capsules 15

oral solution 10

Doses taken with water or no drink (%)

capsules 20

oral solution 61

a Values are expressed as median (range).

b 0.0375 mg/L is half the lower limit of quantification.
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Gut

Metabolite
central compartment

Dose · F

ka(capsule), ka(oral solution)

kpm = CLitraconazole/Vd(itraconazole) · fm

k30 = (CLm/Vd(m))

Parent
central compartment

Fig. 1. The final pharmacokinetic model for itraconazole and hydroxy-itraconazole. CLitraconazole = clearance of itraconazole; CLm =
clearance of the metabolite hydroxy-itraconazole; F = absolute bioavailability of itraconazole; fm = fraction of parent metabolised to hydroxy-
itraconazole = 1 (in this model); k30 = elimination rate constant of hydroxy-itraconazole; ka(capsule), ka(oral solution) = first-order absorption rate
constant for itraconazole capsules or oral solution; kpm = the first-order transformation rate constant from parent to metabolite; Vd(itraconazole)

= volume of distribution of itraconazole; Vd(m) = volume of distribution of the metabolite hydroxy-itraconazole.

under-estimation (figure 3); however, this minor ters in the final model were accurate and that the
error of model misspecification is still considered model was stable. The results of 500 bootstrap repli-
acceptable because 98% of weighted residuals fall cates are summarised in table II.
within –5 and 5 with no marked deviation from the

Visual Predictive Checknull ordinate (see figure 4). The few outliers have
been examined and were found to be from five

The VPC was performed for itraconazole as wellpatients, mostly representing lower concentrations
as for the hydroxy-itraconazole concentration data.(but not below the LLQ) and all at different times
Some patients were taking itraconazole in two divid-after the dose. Therefore, no trend was observed and
ed doses daily instead of once daily and, therefore,none of the data points could be justifiably omitted
the simulations were done for twice-daily dosing asfrom the dataset. As shown in table II, most of the
well as for once-daily dosing. The dataset was alsoestimated parameters had acceptable relative stan-
spilt into capsules and oral solution categories fordard errors of estimation.
this exercise.

The 10th and 90th percentiles as well as theRandom Effects Model
median (50th percentile) of these simulations and

A proportional residual error model was shown the patient’s data (dose-normalised) over a 24 hour
to be sufficient to characterise the residual unknown interval are shown in figure 5 (a–h) for the scenarios
variability for both the parent drug and the metabo- described earlier. These graphs, representing a visu-
lite. al internal validation of the model, show that ap-

Correlation between subject random effects of proximately 80% of the data of itraconazole and
CLitraconazole, Vd(itraconazole), CLm and Frel were ob- metabolite concentrations fit well within the
served but the full variance-covariance model did 10th–90th percentiles and were symmetrically dis-
not converge, probably due to over parameterisa- tributed around the median. However, for
tion.  The  model  converged successfully only itraconazole (mainly for the once-daily dosing regi-
when  the  covariance  between  CLitraconazole and men) a slight overprediction by the model was no-
Vd(itraconazole) was modelled, the correlation coeffi- ticed.
cient was 0.69 between these two parameters.

Simulations
Model Validation

1000 simulations of a 35kg patient were per-
The mean estimates resulting from the bootstrap formed on the final model to evaluate possible new

procedure were very similar to the population esti- dosing strategies for itraconazole in paediatric pa-
mates of the final model, indicating that the esti- tients with cystic fibrosis, and for paediatric patients
mates for the population pharmacokinetic parame- undergoing BMT.
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Because the final model produced an itracona- Discussion
zole terminal elimination half-life in this group of

For the first time the population pharmacokinet-patients of approximately 10 hours, we also tested
ics of itraconazole and hydroxy-itraconazole using aseveral twice-daily dosing regimens for both the
simultaneous population modelling approach ofcapsules and the oral solution. A daily dosage of 10
sparse data collected from young cystic fibrosis andmg/kg, which was split in two daily doses, appeared
BMT children is reported. Only one other study has

necessary to achieve the target concentrations for
reported a similar approach for pharmacokinetic

the oral solution. With this dosing regimen it is modelling of itraconazole; however, those data were
possible for 50% of the patients to gain Cmin,ss >0.5 from 11 HIV-infected Thai adult subjects.[32]

mg/L after day 4 (figure 6 and figure 7). To be able The capsule and oral solution pharmacokinetics
to achieve the minimum target concentration with of itraconazole and hydroxy-itraconazole were ade-
the capsule formulation, a dosage of 20 mg/kg/day, quately described with the one-compartment model.
in two divided doses, is needed (figure 6). For the Some previous studies in healthy adults reported

that itraconazole disposition could be modelled us-capsules a three-times-daily dosing of 3.5 mg/kg
ing a two-compartment model[8,32,33] and, in some(≈10 mg/kg/day) was not predicted to be successful
instances, a nonlinear component was characterised.in achieving the target concentration.
We considered both these possibilities during the

For all scenarios, simulations were also per- model development, but neither of them was sup-
formed for the metabolite (as shown in figure 6 and ported by the data.
figure 8), but despite concentrations of the metabo- The allometrically scaled typical oral clearance
lite being higher the combined target concentration estimate of itraconazole (35.5 L/h per 70kg) was
of itraconazole and hydroxy-itraconazole (1.5 mg/L) similar to that in adult subjects following intrave-
can only be achieved where the itraconazole concen- nous infusion[34] or capsules, assuming an oral
trations reach the minimum of 0.5 mg/L. bioavailability of approximately 50%.[32,35] Like-

Table II. Population pharmacokinetic parameter estimates from the base and the final model and from 500 bootstrap replicates

Parameter Base model Final model 500 Bootstrap replicates
mean (RSE%) mean (RSE%) mean (90% CI)

Structural model parameters

CLitraconazole (L/h) 17.3 (13.7) 35.5 (13.8)a 34.7 (27.0, 43.3)a

Vd(itraconazole) (L) 244.0 (28.2) 672.0 (27.3)a 656.0 (407, 944)a

CLm (L/h) 10.4 (14.4) 10.6 (14.1) 10.4 (7.9, 13.1)

Vd(m) (L) 5.22 (30.8) 5.29 (34.1) 5.97 (3.11, 11.1)

Frel 0.52 (13.5) 0.55 (12.7) 0.59 (0.42, 0.69)

ka(Capsule) (h–1) 0.088 (19.3) 0.09 (21.7) 0.17 (0.05, 0.51)

ka(Oral solution) (h–1) 1.01 (56.3) 0.96 (67.4) 0.95 (0.38, 5.34)

tlag (min) 19.1 ( 2.6) 19.1 ( 3.3) 23.9 (14.3, 47.3)

Variability parameters

ωCLitraconazole 72.6 (32.4) 68.8 (40.2) 65.7 (41.2, 83.7)

ωVd(itraconazole) 84.8 (59.2) 75.8 (90.0) 75.7 (33.2, 115.3)

ωCLm 72.0 (40.6) 73.4 (36.5) 70.1 (47.9, 90.6)

ωFrel 59.8 (32.2) 61.1 (34.2) 59.9 (38.7, 76.8)

σitraconazole 49.5 (14.1) 49.9 (14.0) 49.6 (43.6, 54.8)

σm 47.6 (18.9) 47.0 (18.5) 47.3 (38.7, 53.9)

a These estimates are standardised to a 70kg person using an allometric size model.

ω = coefficient of variation of interindividual parameter; σ = proportional residual error; CI = confidence interval; CL = apparent clearance;
Frel = relative bioavailability; ka = the first-order absorption rate constant; m = metabolite (hydroxy-itraconazole); RSE = relative standard
error of estimation; tlag = lag time; Vd = apparent volume of distribution.
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bodyweight (kg) for the base model (a) and (b) and the final model (c) and (d). CL = apparent clearance; Vd = apparent volume of
distribution.

wise, the typical volume of distribution (672L per hydroxy-itraconazole concentrations exceeded
70kg) compared favourably with that reported in those of the parent drug by approximately 1.5- to
adults.[32,34] The itraconazole terminal elimination 2.5-fold throughout the dosing interval as reported
half-life of approximately 10 hours was similar to previously in adults,[36] and in infants and chil-
that reported after oral administration to healthy dren.[37,38] This may be partly explained by a sub-
adult volunteers,[9] but shorter than the 18–30 hours stantial, but unknown fraction of the itraconazole
reported in some other studies, where a two-com- dose converted in cystic fibrosis and BMT children
partment model could be applied.[8,32,33] to hydroxy-itraconazole. In rats, three quarters of

systemically available oral itraconazole is convertedThe estimates of clearance and volume of distri-
to hydroxy-itraconazole,[39] while in human tracerbution of the metabolite depend on the oral bioavai-
studies it was shown that approximately 90% of alability (F) of the parent drug and the fraction (fm) of

the parent drug converted to the metabolite. Plasma single oral itraconazole dose was recovered as la-
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could be explained by enterohepatic recycling since
it is known to be substantially excreted in bile,[7]

perhaps via phase II conjugation at the hydroxyl
group. Interestingly, the metabolic clearances of
drugs undergoing phase II reactions are enhanced in
cystic fibrosis and it also has been suggested that the
excretion in bile of some compounds is enhanced in
cystic fibrosis.[40] The volume of distribution of
hydroxy-itraconazole was almost 2-fold lower than
the volume of distribution for itraconazole (assum-
ing a 100% conversion from the parent drug), sug-
gesting less extensive tissue binding of the more
polar metabolite. A similar pattern was reported
following intravenous dosing with both compounds
in the rat (6.0 L/kg and 2.4 L/kg for itraconazole and
hydroxy-itraconazole, respectively).

The oral solution had a 10-fold increased absorp-
tion rate compared with the capsules, and a 2-fold
comparative bioavailability (see table II). Although
most patients find its taste unpalatable, the solution
has distinct advantages for young children who can-
not swallow capsules and in whom fine dosage
adjustments need to be made.

The unexplained variability in CLitraconazole,
Vd(itraconazole), CLm and Frel and the residual error
were appreciable. These were most likely inflated
by the BOV, but unfortunately the data did not
support inclusion of this element of the variability.
This high BSV has been reported in the only other
pharmacokinetic study of itraconazole in patients
with cystic fibrosis as well, but that study was not
done using a population approach.[20]

Some of the drugs prescribed to the study patients
might have interacted with itraconazole (e.g. cyto-
chrome P450 enzyme inhibition, gastric pH
changes) and could, therefore, have contributed to
the relatively high pharmacokinetic variability.[41-43]

However, the number of possible interactions in this
patient group was too large to be coded separately
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Fig. 3. Individual predicted plasma concentrations (a) and popula-
tion predicted plasma concentrations (b) vs observed plasma con-
centrations for both itraconazole and hydroxy-itraconazole in the
final model.

into the model and none appeared to be specifically
associated with any obvious outlying data points.

belled hydroxy-itraconazole in urine and faeces af- Other unidentified factors may include compli-
ter 7 days.[7] Although limited intravenous ance with respect to taking the correct dose at the
itraconazole data are available elsewhere,[34] no designated time, and food and beverage effects. Our
human pharmacokinetic data exist for the intrave- data suggested a modest trend towards higher plas-
nous administration of hydroxy-itraconazole that ma concentrations when the capsules were taken in
would facilitate estimation of fm. The relatively the clinic with a cola drink and a main meal com-
lower apparent clearance of hydroxy-itraconazole pared with water and on an empty stomach, but this
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Fig. 4. Weighted residuals vs individuals (a); vs time after the last dose (b); vs population predicted plasma concentrations (c); and as a
histogram (d) for both itraconazole and hydroxy-itraconazole using the final model.

did not reach statistical significance for inclusion in was reinforced to the outpatients that accurate infor-
the structural model. In many cases, food and bever- mation on dose times was very important to the
age intake could not be strictly regulated by the study. The coadministration of cola drinks with
investigators. Outpatients (and their parents) were itraconazole reportedly increased the oral bioavai-
asked only to report if itraconazole was being taken lability,[44] probably because acidity promotes the
with/without food and with/without an acidic bever- dissolution of very weak bases such as itraconazole.
age. Nonetheless, although the cystic fibrosis cohort But the effect of food per se on absorption is equivo-
comprised both regular outpatients and inpatients, it cal and any increased bioavailability simply may be
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We are aware that for other drugs a changed volume
of distribution has been described in patients with
cystic fibrosis due to a higher proportion of total
bodyweight as lean bodyweight patients. However,
this would affect hydrophilic drugs more than lipo-
philic drugs, such as itraconazole. Because of the
high variability and the frequent long-term prescrib-
ing of itraconazole we recommend routine drug
monitoring, the results of which can guide any dos-
age adjustments. Among other factors, itraconazole
monitoring recently was recommended in patients in
whom there is bone marrow suppression (e.g. BMT
patients) and where there is high interpatient varia-
bility.[11]

In  the final part of  this study  the population
model was used  in  a series of pharmacokinetic
simulations to explore different  dosing  regimens
to try to improve  treatment,  at  the  same time
recognising the comparative treatment costs. Firstly,
predictions were done for the current dosing regi-
men of 5 mg/kg/day and as seen in figure 8 most
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Fig. 6. Median plasma concentration-time profiles of itraconazole
and its metabolite hydroxy-itraconazole over 7 days after (a) 10 mg/
kg/day in two divided doses; (b) 10 mg/kg/day in three divided
doses; and (c) 20 mg/kg/day in two divided doses after either the
capsule or the oral solution formulation.

due to increased gastric secretion as food enters the
stomach. Furthermore, a clear food/beverage effect
in our patients might be dampened by the fact that
gastric acid secretion is already elevated in cystic
fibrosis.[45]

Adherence was ruled out as a source of variabili-
ty in the 20 BMT patients who participated mostly
as inpatients at the time of the study. Gastrointesti-
nal pathophysiology may adversely affect itracona-
zole absorption in BMT patients receiving chemo-
therapy as reported in one small study.[46] However,
the pharmacokinetics in our BMT patients were not
significantly different from those in the cystic fibro-
sis group when disease type was evaluated as an
indicator variable for apparent clearance and Frel.
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Fig. 7. Itraconazole plasma concentration-time profiles over a peri-
od of 7 days with two new suggested dosing strategies, which both
achieve trough concentrations of itraconazole >0.5 mg/L at steady
state. These graphs show itraconazole median concentrations and
the 10th–90th percentile interval (representing the between subject
variability) when itraconazole given as (a) 10 mg/kg/day oral solu-
tion (option 1) and (b) 20 mg/kg/day itraconazole capsules (option
2), both in two divided doses.
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patients would not achieve adequate concentrations
of Cmin,ss >0.5 mg/L.[11] This has been reported
before for a lower target of 0.25 mg/L.[20] Moreover,
using the double dosage (10 kg/kg/day) once daily
did not result in the target trough concentration
being achieved.

We clearly established that higher doses of
itraconazole were required for our study patients to
more reliably achieve target plasma concentrations
required for effective anti-fungal therapy (Cmin,ss
>0.5 mg/L, but <2.0 mg/L). Option 1 involved a 10
mg/kg/day dosage of oral solution in two (12 hour-
ly) divided doses; option 2 involved a 20 mg/kg/day
dosage of itraconazole capsules in two divided
doses. The first option is more expensive, but the
plasma concentration would be maintained within
the supposed steady-state target Cmin,ss of 0.5 mg/L.
Even if minimum plasma concentrations exceeded
the median population concentrations (0.56 mg/L),
they would still be below the maximum of 2 mg/L
(maximum population Cmin,ss = 1.8 mg/L). With
option 2, approximately 10–20% of patients would
have concentrations >2 mg/L within 2 days of start-
ing treatment, and adverse effects of itraconazole
(e.g. liver dysfunction[11]) would impose an in-
creased burden on cystic fibrosis and BMT patients.
Using option 1, a 35kg child would require a 200mg
dose of Sporanox Oral Solution twice daily,
which, at the time of writing, would attract a current
monthly cost of approximately $A930 in the Queen-
sland public hospitals’ system; taking Sporanox

capsules (option 2) the same patient would require
400mg twice daily at a cost of $A630 per month.
Furthermore, with option 2, a 30–40kg subject
would have to take eight Sporanox capsules
(100mg) each day and, since cystic fibrosis and
BMT patients in our study already took an average
of 12.5 other medications daily, this could have an
additional impact for these patients that could influ-
ence long-term compliance and, therefore, clinical
outcomes.

For all simulations done in this study a target
concentration of 0.5 mg/L for itraconazole has been
used; however, as mentioned previously this target
has not been established for assessing the pharmaco-
dynamic effect of this drug in cystic fibrosis patients
with ABPA. The information from the literature in
regards to the pharmacokinetic/pharmacodynamic
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