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Abstract

Background and Objectives Empirical antifungal therapy
prevents invasive fungal infections in patients with cancer.
This study assessed the empirical efficacy of intravenous
itraconazole in pediatric patients undergoing hematopoietic
stem cell transplantation, and investigated the pharma-
cokinetics and clinical implications.

Methods Oral itraconazole syrup was started (2.5 mg/kg
twice daily) for prophylaxis, and patients with persistent
neutropenic fever for more than 2 days were switched to
intravenous itraconazole (5 mg/kg twice daily for 2 days
for induction and 5 mg/kg daily for maintenance) as em-
pirical treatment. Empirical antifungal efficacy was asses-
sed retrospectively in 159 transplantations, and a full
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pharmacokinetic study was prospectively conducted in six
of these patients. Successful antifungal efficacy was de-
fined as the fulfillment of all components of a five-part
composite end point.

Results The overall empirical antifungal success rate ful-
filling all criteria was 42.1 %. No death or drug-related se-
rious adverse events occurred during the study. Mean trough
plasma concentration of itraconazole after oral prophylaxis
and intravenous induction were 577.2 and 1659.7 pg/L, re-
spectively. Mean area under the concentration-time curve of
itraconazole and its metabolite at steady state were
42,837 £ 24,746 pg-h/L and 63,094 £ 19,255 pg-h/L.
Conclusions Intravenous itraconazole was effective and
safe as an empirical antifungal agent in pediatric patients;
this was due to the fast and satisfactory increase in drug
concentration by switching from oral to intravenous therapy.

Key Points

Mean trough plasma concentrations of itraconazole
after oral prophylaxis and intravenous induction
were 577.2 and 1659.7 ng/L, above the sufficient
plasma concentration for antifungal activity.

Dose adjusted areas under the concentration-time
curve of itraconazole and its metabolite in children
were approximately twice that of adults, and the
relatively smaller clearance of itraconazole needs to
be considered for pediatric use.

An antifungal regimen with intravenous itraconazole
preceded by oral itraconazole showed empirical
antifungal efficacy and safety in a large number of
patients undergoing hematopoietic stem cell
transplantation.
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1 Introduction

Invasive fungal infections are one of the most serious
causes of death in cancer patients with neutropenia or in
patients undergoing hematopoietic stem cell transplanta-
tions. The incidence of invasive fungal infection is 247 %
during neutropenia, and the mortality rate ranges from 35
to 90 % based on associated risk factors [1]. The incidence
of invasive fungal infection has been increasing with the
use of broad-spectrum antibiotics during neutropenia, and
persistent neutropenic fever may be the only clinical
manifestation of an invasive fungal infection [2]. Thus,
empirical antifungal therapy has become the standard of
care in order to reduce invasive fungal infections in pa-
tients with persistent neutropenic fever [3, 4].

Itraconazole is a broad-spectrum triazole antifungal
agent that has a reliable effect on Aspergillus and Candida
species, and has shown a comparable effect and less toxi-
city compared to amphotericin B in a controlled study [1].
Previously, the capsule formulation of itraconazole showed
poor absorption and unpredictable pharmacokinetics, and
was difficult for cancer patients to swallow due to che-
motherapy-related gastrointestinal toxicity. To overcome
pharmacokinetic disadvantages of the capsule formulation,
new formulations of an oral and intravenous solution,
which were combined with hydroxy-propyl-B-cyclodextrin,
were developed [5-7].

Empirical antifungal therapy is usually initiated with
intravenous formulations to rapidly increase plasma con-
centrations [8]. With the increasing risk of invasive fungal
infections, suitable empirical antifungal usage to rapidly
increase plasma concentration for effective antifungal ac-
tivity is necessary [9]. The optimal usage of itraconazole
according to pharmacokinetic data has been proposed in
adults [1, 5, 10-12]. However, pharmacokinetics in chil-
dren are less known and the pharmacokinetics of repeated-
dose intravenous itraconazole has not been reported, so that
prediction is difficult in pediatric cancer patients [6, 7, 13].

Based on data from clinical trials, it is important that the
itraconazole trough concentration is maintained over 250
or 500 pg/LL for enhanced efficacy [14]. However, itra-
conazole has large inter- and intra-patient variability in its
pharmacokinetics and is affected by various pathologic
conditions and drug interactions; thus it is difficult to
predict steady-state plasma concentrations in individual
patients [15, 16].

Our institution has been administering oral itraconazole
immediately as antifungal prophylaxis in patients with
neutropenic fever, and switching to the intravenous form as
empirical antifungal treatment when neutropenic fever
persists. This study was conducted to assess the empirical
efficacy of intravenous itraconazole in pediatric patients
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undergoing hematopoietic stem cell transplantation, and to
investigate repeated-dose pharmacokinetics of intravenous
itraconazole in pediatric patients to determine the clinical
implications for antifungal efficacy.

2 Patients and Methods
2.1 Subjects and Study Registration

Patients undergoing hematopoietic stem cell transplanta-
tion at Seoul National University Children’s Hospital,
Seoul, Republic of Korea from January 2007 to June 2011
were included. Among those, patients who were adminis-
tered empirical intravenous itraconazole were retrospec-
tively reviewed for efficacy evaluation. For the
pharmacokinetic study, patients who underwent trans-
plantation during June 2009 to December 2010 were
prospectively enrolled.

This study was approved by the Institutional Review
Board of Seoul National University Hospital (0811-043-
262). Participants in the pharmacokinetic study provided
written informed consent for blood sampling and analysis.

Patients who were enrolled for the pharmacokinetic study
were also included in the efficacy evaluation. The first par-
ticipant was enrolled in January 2010, and this trial was
registered from July 2011 at ClinicalTrials.gov
(NCTO01409018). Registration of the study was delayed be-
cause registration was not uniformly required by institutional
clinical research regulations when this study was started.
However, this prospective study was strictly conducted ac-
cording to applicable standards of procedure, protocol, and
other written instructions and regulatory guidelines.

2.2 Administration of Itraconazole

Prophylaxis with oral itraconazole (Sporanox® oral solu-
tion 10 mg/mL, Janssen Korea Ltd, Seoul, Republic of
Korea) was started on day —2 of the conditioning course of
hematopoietic stem cell transplantation. Oral itraconazole
solution was administered at 2.5 mg/kg every 12 h. After
2 days of oral prophylaxis, patients with persistent neu-
tropenic fever (temperature above 38 °C with an absolute
neutrophil count below 500/pL) received intravenous itra-
conazole (Sporanox® INJ 250 mg/25 mL, Janssen Korea
Ltd) at 5 mg/kg every 12 h for 2 days for induction and at
5 mg/kg once daily for maintenance. Itraconazole was
administered until one of the following occurred: (1) ab-
solute neutrophil count >1000/uL after the nadir absolute
count and resolution of fever, (2) development of proven,
probable, or possible invasive fungal disease, (3) devel-
opment of unacceptable drug toxicity, (4) death, (5)
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withdrawal from study participation (patient’s decision), or
(6) discontinuation of treatment (investigator’s decision).

2.3 Efficacy Evaluation

Empirical efficacy was evaluated with the five-composite
scoring system which was used and validated in other
studies of empirical antifungal therapy [17, 18]. Treatment
was considered successful if all five of the following cri-
teria were met: (1) successful treatment of baseline fungal
infection, (2) absence of breakthrough fungal infection
during therapy or within 7 days after completion of study
therapy, (3) survival for 7 days after completion of study
therapy, (4) resolution of fever (defined as a temperature
below 38 °C for at least 48 h) in the setting of neutropenia,
and (5) no premature discontinuation of study treatment
because of drug-related toxicity or lack of efficacy. Patients
who only partially satisfied the efficacy criteria were ana-
lyzed separately.

Microbiological data and aspergillus galactomannan
tests were also obtained during administration of
itraconazole.

2.4 Safety Evaluation

Patients were monitored for adverse events daily during the
administration of itraconazole and 7 days thereafter. The
safety of itraconazole was assessed by retrospective chart
review so that the frequency and intensity of adverse events
and the likelihood of their being related to the study drug
during the trial were investigated. Drug-related toxicity
was graded according to the NCI Common Toxicity Cri-
teria (CTCAE v4.0). CTC grades 3 or 4 were reported as
severe grades. Data on concomitant medications during
itraconazole administration were collected in all patients.

2.5 Sample Collection and Assay Methods

Trough concentrations during oral administration were
measured with blood samples drawn before the fifth oral
dose. Blood samples during intravenous administration
were collected prior to every intravenous induction dose
and the first through to the fifth intravenous maintenance
dose. For area under the plasma concentration-time curve
(AUC) analysis, serial blood samples were collected 1, 2,
4, 8, 12, and 24 h after the third intravenous maintenance
dose. Samples were collected from a different central
catheter lumen than the one used for itraconazole infusion.
Collected blood samples were centrifuged at 1000x g for
10 min immediately and the separated plasma was stored at
freezing temperatures for transporting to the pharmacology
laboratory, where they were stored at —20 °C until
analysis.

Plasma concentrations of itraconazole and its active
metabolite, hydroxy-itraconazole, were measured by liquid
chromatography-tandem mass spectrometry assay with a
lower limit of quantitation of 10 ng/ml. High-performance
liquid chromatography was performed using Agilent HPLC
systems 1200 series (Agilent Technologies, Santa Clara,
CA, USA). The analytical column used was a Luna C18
100A (50 x 2.00 mm ID, 5 pum particle, Phenomenex,
Torrance, CA, USA). The mobile phase consisted of
10 mM ammonium acetate:100 % acetonitrile acetonitrile
(30:50 [vol/vol]) and was run at 0.4 mL/min. Mass spec-
trometric detection was performed using Applied Biosys-
tems API 3200 mass spectrometry (Applied Biosystems
Inc, Foster City, CA, USA). The method was validated for
both itraconazole and hydroxy-itraconazole in the linear
range 10-1000 ng/mL with an overall precision of
>85.3 % and accuracy of 91.0-108.5 %.

2.6 Pharmacokinetic Analysis

Noncompartmental methods were used to calculate steady-
state pharmacokinetic parameters of itraconazole and hy-
droxy-itraconazole from plasma concentration data using
WinNonlin®, version 6.0 (Pharsight Corporation, Mountain
View, CA, USA). The maximum plasma concentration
(Cmax) and the time to Cy.x (fmax) Were the observed val-
ues. AUC at steady state (AUC,,) was calculated using the
log-linear method. Clearance (CL) was calculated by di-
viding the dose by AUC,, and volume of distribution at
steady state (V) was calculated by multiplying the clear-
ance by the mean residence time.

2.7 Definition and Statistical Considerations

Proven, probable, or possible invasive fungal infection and
breakthrough fungal infection were defined according to
the Mycology Study Group of the European Organization
for Research and Treatment of Cancer (EORTC/MSG)
criteria (2008) [19]. The characteristics of patients, phar-
macokinetic parameters, and safety data of itraconazole
were summarized using descriptive statistics. Analyses of
the five components of the efficacy criteria were subdi-
vided into each criterion according to the retrospective data
of all patients. Differences in response rates between al-
logeneic and autologous transplantation groups were ana-
lyzed using the chi-squared test or Fisher’s exact test. SPSS
version 19.0 was used for all statistical analyses, and sta-
tistical significance was set at p < 0.05. Data from patients
prospectively enrolled in the pharmacokinetic study were
summarized in the pharmacokinetic profiles. All data are
presented as mean =+ standard deviation unless otherwise
stated.
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3 Results
3.1 Clinical Characteristics

A total of 143 patients were included in the efficacy
evaluation (Table 1). There were 83 males and 60 females,
and the median age at the time of transplantation was
7.8 years (range 0.9-23 years). Fifty-seven patients
(39.9 %) underwent allogeneic hematopoietic stem cell
transplantations, and 86 patients (60.1 %) received au-
tologous transplantation. Among 86 patients who under-
went autologous transplantation, 16 received a second
transplantation so that a total of 159 transplantations oc-
curred in 143 patients. There was a predominance of brain
tumor and acute lymphoblastic leukemia. All patients re-
ceived concomitant antibacterial agents during itraconazole
administration. The median number of doses of oral

itraconazole before intravenous administration was 9
(range 4-32), and the median days of intravenous itra-
conazole treatment was 10 days (range 1-26 days). Medi-
an time to absolute neutrophil count over 1000/uL was
11 days (range 7-52 days), and the median duration of
fever was 7 days (range 2-32 days).

For the pharmacokinetic study, six patients were en-
rolled during the study period (Table 2). The median age
was 12 years (range 9.4—-14.8 years). Mean body weight
and body surface area were 29 kg and 1.05 m?, respec-
tively. All six patients received autologous stem cell
transplantations for medulloblastoma or lymphoma. The
median number of oral itraconazole doses before empirical
intravenous administration was 15 (range 9-23). One of the
patients (Patient 4) discontinued the study after four doses
of intravenous itraconazole for induction because of im-
provement in his medical condition. The trough plasma

Table 1 Characteristics of the

Characteristic Value
total patient population
evaluated for efficacy Age (years) 7.8 (0.9-23)
V= 143) Sex. 1 (%)
Male 83 (58)
Female 60 (42)
Type of transplantation and stem cell source, n (%) (total 159 transplantations)
Allogeneic 57 (35.8)
Peripheral blood stem cell 32 (20)
Cord blood transplantation 20 (12.6)
Bone marrow transplantation 5@3.2)
Autologous 102 (64.2)
Diagnosis, n (%)
Brain tumor 37 (25.9)
Acute lymphoblastic leukemia 28 (19.6)
Neuroblastoma 23 (16.1)
Acute myeloid leukemia 17 (11.9)
Aplastic anemia 9 (6.3)
Osteosarcoma 7 (4.9)
Lymphoma 6 (4.2)
Acute biphenotypic leukemia 4 (2.8)
Ewing sarcoma 4 (2.8)
Other hematologic diseases® 321
Other solid tumors® 5@3.5)
Number of oral itraconazole doses before IV form 9 (4-32)
Days of IV itraconazole 10 (1-26)
Days from dO to ANC over 1000/puL 11 (7-52)
Duration of fever (days) 7 (2-32)

Values are expressed as median (range) unless specified otherwise

ANC absolute neutrophil count, /V intravenous

# This category included hemophagocytic lymphohistiocytosis, juvenile myelomonocytic leukemia, and

myelodysplastic syndrome

> This category included Wilms tumor, rhabdoid tumor, and retinoblastoma
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Table 2 Characteristics of six patients enrolled for pharmacokinetic analysis

Patient Sex  Diagnosis Age (years) Weight (kg) Height (cm) Body surface  Doses of PO ITZ  Duration of IV
area (mz) before IV start ITZ (days)

Pt 1* M Medulloblastoma 10.8 28.1 141.1 1.05 15 10

Pt 2 M Medulloblastoma 11.8 30.4 144.8 1.11 15

Pt3 M NK-T cell lymphoma 9.5 25 118.2 0.91 23 8

Pt 4° M Medulloblastoma 144 40 151.9 1.30 21

Pt5 F Medulloblastoma 12.1 27 132.7 1.00 13 10

Pt 6 F Medulloblastoma 10.2 239 135.5 0.95 9 15

ITZ itraconazole, IV intravenous, PO per oral, Pt patient
* Trough sample of fourth maintenance dose was not collected
® Discontinued after first maintenance dose

concentration after oral prophylaxis and intravenous in-
duction were evaluated including this patient, and steady-
state pharmacokinetic analysis was performed using data of
the remaining five patients.

3.2 Empirical Antifungal Efficacy of Intravenous
Itraconazole

Table 3 reports response rates according to each of the five
criteria. There were two and one patients who developed
breakthrough fungal infections in the allogeneic and au-
tologous transplantation groups, respectively. One patient
with acute lymphoblastic leukemia who underwent um-
bilical cord transplantation and one patient with acute
myeloid leukemia who underwent unrelated bone marrow
transplantation developed pulmonary aspergillosis after 7
and 15 days of intravenous itraconazole, respectively. One
patient with brain tumor developed systemic invasive
aspergillosis after 3 days of intravenous itraconazole in the
autologous transplantation group. These patients were
treated with amphotericin B liposome complex, caspo-
fungin, and/or voriconazole. The patient with acute mye-
loid leukemia recovered from pulmonary infection, and

Table 3 Outcomes of empirical antifungal therapy

others died due to additional lung complications and in-
vasive pulmonary infection, respectively.

All patients survived for 7 days after itraconazole. Fever
was resolved before the absolute neutrophil count recovered
to at least 1000/pL in 79 transplantations (49.7 %). There was
no premature discontinuation due to toxicity or lack of effi-
cacy in 118 patients (74.2 %). Among 41 transplantations in
which itraconazole was discontinued prematurely, itracona-
zole was changed to liposomal amphotericin B or voricona-
zole due to persistent fever in 38 patients, and was changed to
intravenous micafungin in three patients because they could
not take oral itraconazole syrup due to nausea or vomiting.
Premature discontinuation occurred more frequently in the
allogeneic transplantation group, which was mainly due to
persistent fever. There was one patient whose serum galac-
tomannan test for aspergillus infection was positive (index:
1.33) at the beginning of the conditioning chemotherapy, but
subsequent galactomannan tests were negative at the end of
itraconazole treatment. Sixty-seven patients fulfilled all cri-
teria so that the overall success rate was 42.1 %. There was
no significant difference in the overall efficacy rate between
allogeneic and autologous transplantation groups except for
the rates of premature discontinuation.

Response indicator

No. of HSCTs (%)

Total (%) Allo (%) Auto (%) p value
(n = 159) (n = 57) (n = 102)
No breakthrough fungal infections within 7 days of end of therapy 156 (98.1) 55 (96.5) 101 (99) 0.34
Survival for 7 days after therapy 159 (100) 57 (100) 102 (100) 1.00
Resolution of neutropenic fever 79 (49.7) 32 (56.1) 47 (46) 0.33
No. of premature discontinuations due to toxicity or lack of efficacy 118 (74.2) 35 (61.4) 83 (81.4) 0.01
Complete or partial response of patients with baseline fungal infections by end of 1/1 (100) 0/0 (100) 1/1 (100) 1.00
treatment, no./total no. (%)
Overall response 67 (42.1) 22 (38.6) 45 (44.1) 0.82

No. number, HSCT hematopoietic stem cell transplantation, Allo allogeneic, Auto autologous
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3.3 Safety

Itraconazole was generally well tolerated. Three patients
developed grade III-IV nausea possibly related to itra-
conazole. Symptoms were relieved after changing itra-
conazole to micafungin. All other patients tolerated oral
and intravenous itraconazole well so that no apparent
toxicity was recorded.

3.4 Pharmacokinetics of Itraconazole and its
Metabolite

Figure 1 shows trough concentrations of itraconazole and
hydroxy-itraconazole after 2 days of intravenous induction
administration and subsequent daily maintenance admin-
istration. After oral itraconazole prophylaxis at 2.5 mg/kg
twice a day for more than 4 days, mean trough plasma
concentrations of itraconazole and hydroxy-itraconazole
were 577.2 £ 456.5 and 1387.8 £ 784.4 pg/L, respec-
tively. Upon reaching steady state, the mean trough plasma
concentrations of itraconazole and the metabolite were
1659.7 £ 789.4 and 2995.6 + 883.6 pg/L, respectively.
Since one patient discontinued intravenous maintenance,
his data could not be included for steady-state pharma-
cokinetic analysis. Mean trough concentrations of both
itraconazole and its metabolite during the maintenance
period were retained up to day 7 in five patients.

Figure 2 shows the concentration profiles for plasma
itraconazole and hydroxy-itraconazole after the third in-
travenous maintenance dose. Table 4 reports correspond-
ing pharmacokinetic parameters. The mean area under the
curve at steady state (AUC,4 ) and the half-life (#,,) of

4000 -
3500 A
3000 -
2500
2000 -
1500 A

1000 -

Plasmatrough concentrations (ug/L)

500 -

Days of IV administration

Fig. 1 Trough plasma concentrations of itraconazole and hydroxy-
itraconazole. Mean (£SD) plasma trough concentrations of itracona-
zole (circles) and hydroxy-itraconazole (squares) as a function of
time during induction and maintenance periods. Closed circles and
squares are the means of five patients who completed the study; open
circles and squares are means of the total six patients. /V intravenous
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itraconazole were 42,837 £ 24,746 ng-h/L and
39.5 + 33.5 h, respectively. The maximum plasma con-
centration (Cy,,x) of hydroxy-itraconazole in plasma was
3778 £ 722 pg/L, and occurred after a median of 4 h post
dosing. Mean AUC,4 s was 63,094 + 19,255 pg-h/L and
hydroxy-itraconazole was eliminated from plasma with a
mean ti, of 51.0 &= 17.9 h.

4 Discussion

The aim of this study was to investigate empirical anti-
fungal efficacy and pharmacokinetics of intravenous itra-
conazole for evaluating clinical implications of the
pharmacokinetics on antifungal efficacy in pediatric
patients.

Our empirical antifungal regimen had a sufficient effect
to prevent breakthrough fungal infections and resolve
baseline fungal infection. The overall response rate was
42.1 %. According to previous randomized trials compar-
ing empirical antifungal efficacy in adult cancer patients
with neutropenic fever, voriconazole and liposomal am-
photericin B showed overall response rates of 26 and
30.6 %, respectively [17]; caspofungin and liposomal am-
photericin B showed response rates of 33.9 and 33.7 %,
respectively, in another study [18]. Although our assess-
ment for efficacy was a not prospective study, intravenous
itraconazole showed an equivalent efficacy with other an-
tifungal agents.

Cancer patients have lower antifungal steady-state
concentrations than do healthy volunteers [16, 20]. De-
creased absorption in case of oral administration due to
chemotherapy-related gastrointestinal complications and

5000 -
4000 -

3000 H

2000 -

Plasma concentrations (ug/L)

1000 -

Time (hr)

Fig. 2 Pharmacokinetic curve of intravenous itraconazole. Mean
(£SD) plasma itraconazole (closed circles) and hydroxy-itraconazole
(open circles) concentrations in five patients after the third intra-
venous maintenance dose
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Table 4 Steady-state pharmacokinetic parameters after intravenous
administration of itraconazole

Parameter Itraconazole Hydroxy-itraconazole

AUCy4 ¢ (ng-h/L) 42,837 £ 24,746 63,094 £+ 19,255

Crmax (ng/L) 4429 £ 1072 3778 £ 722
CLg (L/h) 3.807 £ 1.639 2311 £ 0.772
Vs (L) 201.8 £ 200.0 164.1 + 67.9
ty, (h) 39.5 £ 335 51.0 £ 179
tmax (h) (Not applicable) 4 (1.0-7.6)
Metabolic ratio (Not applicable) 1.7+ 04

All values except f,,,, are presented as mean =+ standard deviation
(SD)

AUC;4 area under the plasma concentration-time curve at steady
state, C,,,, maximum plasma concentration, CLy, clearance at steady
state, Vi, volume of distribution at steady state, ., half-life, t,,,, time
to maximum plasma concentration

% tmax 1s presented as median (range)

possible drug interactions are the major causes of lower
drug concentrations in cancer patients, especially in
transplantation recipients. Thus, special considerations for
transplantation recipients are needed to achieve effective
pharmacokinetics. Most previous analyses were conducted
with adult patients [21, 22]. Hennig et al. [13] reported a
population pharmacokinetic study with pediatric bone
marrow recipients; however, they used various dosages and
two different formulations (capsule or oral) of itraconazole
so that variables might not have been controlled com-
pletely. The present analysis was conducted in a homoge-
neous group of patients undergoing hematopoietic stem
cell transplantation with an identical dosage, and this an-
tifungal  regimen  showed  generally  consistent
pharmacokinetics.

The rapid attainment of therapeutic itraconazole con-
centrations in high-risk patients is a major advantage of
intravenous itraconazole [14]. The intravenous formulation
achieves effective concentrations much faster with fewer
side effects than oral administration [23, 24]. The
therapeutic range for itraconazole was suggested from
several studies reporting that trough plasma concentrations
at a steady state of over 250 pg/L are needed to secure
effective antifungal prophylaxis [11, 14, 16]. Some inves-
tigators concluded that itraconazole plasma concentrations
should exceed 500 pg/L [14, 25]. When itraconazole is
administered as loading dose with 200 mg twice daily for
2 days in adults, this therapeutic concentration was
achieved in most patients within 48 h [26]. In our study,
the plasma concentration of itraconazole already ap-
proached 500 pg/L after prophylaxis with oral itraconazole
syrup formulation, and plasma itraconazole concentrations
rapidly rose during intravenous induction and was main-
tained above sufficient plasma concentrations for

antifungal activity so that there was no vulnerable window
of fungal infection due to insufficient antifungal plasma
concentrations.

In addition, our regimen was feasible considering pa-
tients’ clinical course during transplantation. In most
studies, intravenous loading to oral maintenance was pre-
ferred for full therapeutic concentrations [27]. However,
these loading regimens were associated with a high inci-
dence (>35 %) of nausea and diarrhea [28]. Moreover, the
use of oral maintenance doses of itraconazole is often not
feasible in patients with chemotherapy-induced nausea and
vomiting or mucositis. In this study, an oral to intravenous
switch strategy was tolerable with regard to patients’
clinical course during hematopoietic stem cell transplan-
tation. In the early stage of the conditioning regimen,
gastrointestinal complications are not marked so that the
administration of an oral formulation is usually possible.
However, mucositis, nausea, or vomiting become more
severe with continuation of the transplantation regimen,
and usually recover along with hematologic recovery. This
pre-engraftment period is also highly vulnerable to inva-
sive fungal infection so that an intravenous formulation to
maintain effective antifungal plasma concentrations is
critical for transplantation recipients.

There is limited data on itraconazole pharmacokinetics
among children. Only one pediatric itraconazole intra-
venous pharmacokinetic study is reported, where pediatric
pharmacokinetic characteristics were investigated after a
single intravenous administration [29]. However, the
steady-state pharmacokinetics could not be simulated from
single-administration data due to the complex pharma-
cokinetic behavior such as the increase in half-life with
increasing duration of therapy observed in oral formulation
studies.

In our study, the trough concentrations of itraconazole
and hydroxy-itraconazole were increased during four doses
of intravenous administration. The steady-state plasma
concentrations of itraconazole and hydroxy-itraconazole
during intravenous dosing were reached after intravenous
induction, with the mean steady-state trough concentration
of itraconazole being well above the minimum concentra-
tion of 500-1000 pg/L known to be associated with posi-
tive clinical outcomes [30]. Considering the pediatric #.,
(39.5 £ 33.5 h) found in this study, it would take more
than 5 days to reach steady state with intravenous admin-
istration if there was no induction phase. Since the serum
concentration of itraconazole is related to both prophylactic
efficacy and treatment outcome, our regimen was favorable
for the attainment and maintenance of appropriate drug
concentrations [30, 31].

AUC,y, clearance, and volume of distribution of a single
administration of 2.5 mg/kg itraconazole in pediatric pa-
tients are reported as 4922 pg-h/L, 702.8 ml/h/kg, and
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185 L/kg, respectively [29]. While dose-adjusted plasma
itraconazole AUC,_, (3291.3 pg-h/L/mg) of a single intra-
venous administration calculated from previous data
showed first-degree elimination, dose-adjusted plasma
itraconazole AUC,,,ss (8567.4 ng-h/L/mg) after multiple
intravenous doses of this study showed increased exposure
during multiple administrations. The pharmacokinetics of
itraconazole in this study were non-linear, and similar non-
linear pharmacokinetics of multiple administration of
itraconazole were also reported in an adult study; the AUC
was four to five times greater and the terminal half-life was
slightly longer after 2-3 weeks’ treatment in adult patients,
suggesting Michaelis—Menten metabolism [16].

Compared with the trough concentration of itraconazole
following multiple doses of oral itraconazole (2.5 mg/kg
every 12 h) in adults with hematological malignancies
(715 £ 380 pg/L), the trough concentration after multiple
oral prophylaxis in this study was relatively low [32].
There were similar results in the study of De Repentigny
et al. [6], which showed that the exposure of repeated-dose
administration of an oral itraconazole solution in children
was smaller than that in adults; the authors suggested that a
higher dosage was required for equivalent therapeutic ef-
fects in children.

To explain this lower trough concentration after oral
itraconazole administration in our study, the lower
bioavailability in pediatric patient caused by mucositis,
vomiting, or administration through a feeding tube could be
considered [6, 33]. All patients in the current study had oral
mucositis during hospitalization, and one of them vomited
irregularly during the first 3 days of oral prophylaxis.
However, intravenous administration for empirical treat-
ment produced relatively higher drug concentrations than
oral dosing as in previous adult studies [34]. Dose-adjusted
AUCs of itraconazole and hydroxy-itraconazole after
multiple intravenous doses were about twice that of adults
[34]. The differences between pediatric and adult use need
to be considered based on data reported here, as pediatric
patients showed higher exposure and relatively slower
clearance of itraconazole with multiple intravenous ad-
ministrations compared to adults.

Concomitant use of gastric acid-lowering agents, such as
antacids or H-antagonists, can reduce drug absorption, and
anticonvulsants, including phenobarbital and phenytoin,
and the antimycobacterial agents rifampin and isoniazid
can decrease plasma concentrations of itraconazole by in-
creasing metabolism [16, 32]. In the current study, five of
six participants received an H,-receptor antagonist such as
ranitidine or omeprazole during itraconazole treatment.
Although further controlled studies are needed to elucidate
the precise pharmacokinetic differences between children
and adults, our patients’ clinical condition and/or con-
comitant medication could be the etiology of reduced
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exposure of oral itraconazole administration compared to
adults.

Our study has several limitations in that the number of
patients enrolled for a prospective pharmacokinetic study
was small, and pharmacokinetic analysis was limited to the
pediatric cancer patients, so that these results might not
apply to the children without malignancy directly. Also, for
the safety evaluation, we might not have obtained thorough
data about specific toxicities and grades of those toxicities
due to retrospective data collection.

5 Conclusion

This was the first pharmacokinetic study of repeated-dose
intravenous itraconazole in pediatrics patients, and there
were considerable pharmacokinetic differences between
children and adults. With this usage, sufficient trough
concentrations were achieved during oral prophylaxis, and
concentrations were rising rapidly with successive intra-
venous inductions, so that this regimen showed satisfactory
empirical antifungal efficacy. Although the number of pa-
tients enrolled for the pharmacokinetic study was small,
this antifungal regimen not only showed generally consis-
tent pharmacokinetics in a homogeneous group of patients,
but also showed empirical antifungal efficacy and safety in
a large number of patients who were administered the same
antifungal regimen.
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