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ABSTRACT

Objectives: This systematic review and meta-analysis was designed to determine the optimal trough
concentration of voriconazole for children with invasive fungal infections (IFIs).

Methods: We searched electronic databases (PubMed, Cochrane Central Register of Controlled Trials,
ClinicalTrials.gov and Japana Centra Revuo Medicina) for clinical studies describing the voriconazole
trough concentration. We used stepwise cut-off values of 1.0—2.0 mg/L for efficacy and 3.0—6.0 mg/L for
safety. The efficacy outcomes were treatment success and all-cause mortality, and the safety outcomes
were hepatotoxicity, neurotoxicity and all-cause adverse events.

Results: Nine studies involving 211 patients were included in the analysis. The probability of treatment
success against IFIs was significantly increased at cut-off values of >1.0 mg/L (odds ratio [OR] = 2.65, 95%
confidence interval [CI] = 1.20—5.87). Our analysis did not find any relationship between the trough

Children concentration and survival. Concerning safety, the occurrence of any outcomes did not significantly differ
according to the voriconazole trough concentrations at any cut-off value. However, in a subgroup analysis
of Asian study locations, a significantly higher risk of hepatotoxicity was demonstrated at voriconazole
trough cut-off values > 3.0 mg/L (OR = 8.40, 95% CI = 1.36—51.92). Although a significant correlation
between the voriconazole concentration and hepatotoxicity was evident in regression curve analysis,
(y = 0.1198e%22%8%) no correlation was demonstrated for neurotoxicity (y = 0.3913e~%008x),
Conclusion: Our findings suggest that the optimal trough concentration for increasing clinical success
and minimizing hepatotoxicity during voriconazole therapy in children with IFIs, particularly for Asian
populations, is 1.0—3.0 mg/L.

© 2020 Japanese Society of Chemotherapy and The Japanese Association for Infectious Diseases.
Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The prevalence and severity of invasive fungal infections (IFIs)
are increasing, and these infections are associated with significant
morbidity and mortality in children or patients with haemato-
logical malignancies [1,2]. The second-generation triazole anti-
fungal voriconazole is a broad-spectrum agent that is commonly
used in the treatment and prevention of invasive aspergillosis in
both children and adults [3,4]. The pharmacokinetics of vor-
iconazole is highly variable because of drug—drug interactions,
CYP2C19 (and to a lesser extent CYP3A4 and CYP2C9) genetic
polymorphisms and physiological conditions associated with un-
derlying diseases [5—7]. Voriconazole also exhibits non-linear
pharmacokinetic behaviour; specifically, saturable clearance has
been observed in children receiving higher than recommended
drug doses [8]. The oral bioavailability of voriconazole is lower in
children than in adults, and it is further reduced when consumed
with food [9]. These pharmacokinetic variabilities have important
implications for dosage adjustment because of unpredictable
changes in drug exposure, and therapeutic drug monitoring (TDM)
using trough samples is recommended in children receiving vor-
iconazole to ensure that doses equivalent to those with demon-
strated efficacy, safety and tolerability in adults are delivered.

There have been no randomized trials assessing voriconazole
target trough concentrations or efficacy and safety in paediatric IFI.
However, a few paediatric studies demonstrated an association
between trough concentrations of <1—2 mg/L and poor outcomes
[10—12]. In a single-centre retrospective study, voriconazole trough
concentrations of <1 mg/L were associated with a 2.6-fold
increased risk of death [10]. Similarly, a correlation between
treatment failure and sub-therapeutic trough concentrations at 6
and 12 weeks was reported in two retrospective studies [11,12].
Current Japanese guideline issued in 2012 and 2016 recommend
voriconazole target trough concentrations of >1—2 mg/L for effi-
cacy and <4—5 mg/L for safety [13], whereas two large meta-
analyses suggested that TDM should be used to achieve vor-
iconazole concentrations of 1—6 [14] and 0.5—4 mg/L [15] during
therapy to optimize efficacy and minimize toxicity, respectively, in
both children and adults. However, data on the target range of
voriconazole concentrations in children are lacking because the
majority of studies are limited by small sample sizes, the inclusion
of only a single centre, observational and retrospective designs and
other factors.

In the present study, we aimed to examine the optimal con-
centration of voriconazole with TDM in the treatment of paediatric
IFIs. We performed descriptive research for the relationships of
voriconazole trough concentrations with efficacy and safety using a
systematic review and meta-analysis.
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2. Methods
2.1. Search strategy and selection criteria

Following the recommendations of the Meta-analysis of
Observational Studies in Epidemiology group [16], we searched
electronic databases (PubMed, Cochrane Central Register of
Controlled Trials, ClinicalTrials.gov and Japana Centra Revuo
Medicina) for clinical studies published through August 31, 2019
using a combined MeSH heading and text search strategy with the
following terms: “voriconazole”, “vfend”, “drug monitoring”,
“children” and “pediatric”. We also manually checked the reference
lists of relevant original papers and reviews, screened articles in the
PubMed “related citations” section and restricted the search to
human studies.

Studies were included for analysis if they assessed the rela-
tionship between the voriconazole concentration and clinical effi-
cacy and/or safety, if all participants were children (aged <18), if
they were original articles (not review, editorials, research letters
and protocols) and if they provided the incidence of a given
outcome according to the voriconazole concentration.

We excluded studies if the data were generated from simulated
patients or pharmacokinetic models rather than real patients, if the
voriconazole concentration was not the trough concentration and if
the study was a case report. We further excluded studies if only the
abstract was published and if the use of voriconazole was not dis-
cussed. If multiple articles were derived from the same studies and
the same associated events were reported, then we included only
the latest published data for our primary analysis.

2.2. Data extraction

Two reviewers independently screened the titles and abstracts
of the reports, and full copies of potentially suitable studies were
obtained. Study information such as publication year, ethnicity,
number of participants, participants’ baseline characteristics, study
duration, type of fungal infection, type of outcome (efficacy and/or
safety), definition efficacy outcome, cut-off value of the vor-
iconazole trough concentration and type of trough concentration
(initial, mean or highest) was recorded on pre-tested standard
forms. Disagreement on the specific data between two reviewers
was resolved by discussion. We contacted the authors to obtain
data missing from the original publication by email when required.

Some studies in adults reported that drug efficacy increases
when the trough concentration exceeds 1.0 mg/L [17,18], whereas
others found that efficacy increases when the trough concentration
exceeds 2.0 mg/L [19,20]. Accordingly, we set the stepwise cut-off
value for efficacy at a range of 1.0—2.0 mg/L and examined
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Fig. 1. Flowchart of the selection process for the included studies.

outcomes. For safety, we set the step cut-off value at a range of
3.0-6.0 mg/L and examined outcomes in a stepwise manner
because some sources stated that the maximum value should be
between 4.0 and 6.0 mg/L [14,15,21]. We extracted the trough
concentrations for every 1.0 mg/L increase and constructed a
regression curve using the concentration as an independent vari-
able and the outcome incidence rate as a dependent variable.

For efficacy and safety, when the trough concentration was
measured multiple times for each patient, we used the mean of
multiple measurements for each patient, and the median was used
only when the mean was not available. If there were multiple data
for the same outcome in an article, only outcome data with the
longest follow-up were extracted. When required, investigators
were contacted to obtain data missing from the original
publication.

2.3. Quality assessment

We used the Newcastle—Ottawa quality assessment scale to
assess the quality of cohort studies [22]. The scale judges studies
based on selection (four items, one star each), comparability (one
item, up to two stars) and exposure/outcome (three items, one star
each). In this meta-analysis, we graded quality as good (>7 stars),
fair (4—6 stars) or poor (<4 stars).

2.4. Outcomes and definitions

The efficacy outcomes were treatment success and all-cause
mortality. Given the known variation in the definitions of
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treatment success in the literature, we used the criteria from the
majority of included studies to minimize heterogeneity (complete
and partial response). The safety outcomes were hepatotoxicity,
neurotoxicity and all-cause adverse events. Neurological adverse
effects were defined as auditory and visual hallucinations and vi-
sual disorders. For safety outcomes, subgroup analyses according to
study location for comparisons between Asian and non-Asian
countries were also performed. Asians, particularly Japanese and
Korean populations, are known to have a higher proportion of
CYP2C19 poor metabolizers (15%—20%) than Caucasians and Afri-
cans (2%—3%), which may influence the incidence of adverse events
[23].

2.5. Statistical analysis

Data were analysed using Review Manager 5.3 (Review Manager
[RevMan] Version 5.3, Copenhagen: The Nordic Cochrane Centre,
The Cochrane Collaboration, 2014), and forest plots were prepared.
The odds ratios (ORs) and 95% confidence intervals (CIs) were
calculated using the random-effects model as an effect size to
assess variations between studies in addition to sampling errors
within studies. For the statistical analysis, the Mantel-Haenszel
method was used. The P statistic was used to assess heterogene-
ity. Strong, moderate and no heterogeneity were indicated by I
values of >50%, 25%—50% and <25%, respectively [24]. If more than
10 studies were included in the analysis of each cut-off value,
publication bias was evaluated using Begg's test [24]. Furthermore,
statistical analysis of the regression curve was performed using the
non-parametric Spearman correlation.
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Table 1

Characteristics of the studies included in the meta-analysis.

Study Year Country Study Number Age (years) Main underlying  Type of fungal infection (%) Duration of Combined Intervention of Type of trough Reported Definition of
design of cases disease (%) therapy (days) therapy following TDM concentration outcome treatment success
Ito et al. 2010 Japan SCP 6 median: 2 haematologic probable (100) NR NR Yes mean or highest successful complete or partial
range: 0.6  disorder outocome response
—13 hepatotoxicity
neurotoxicity
Bruggemann 2011 Netherlands SCR 18 medain: 7  haematologic proven (28) probable (17) NR Yes Yes mean or highest successful complete or partial
et al. IQR: 2.75 disorder possible (22) outocome response
-15 all-cause
mortality
hepatotoxicity
neurotoxicity
others
Goomez- 2012 Spain SCR 4 mean: 12 SOT (75) proven (50) probable (50) mean: 228 Yes Yes median successful complete response
Lopez range: 9-17 range: 28-602 outocome
etal all-cause
mortality
Soler-Palacin 2012 Spain SCP 19 medain: 10 haematologic proven or probable (100) median: 6 Yes Yes NR successful complete or partial
Petal. range: 0.08 disorder (57.9) weeks outocome response
-16 SOT (26.3) range: 1-84 all-cause
weeks mortality
Pieper et al. 2012 Germany  SCR 74 mean: 10.2 haematologic proven or probable or median: 40 NR Yes NR successful complete or partial
range: 0.2  malignancy (66.2) possible (100) range: 6-1002 outocome response
—18 bone marrow
failure (14.9)
Choi et al. 2013 Korea SCR 27 median: 12.2 haematologic proven (29.6) probable median: 60 Yes Yes NR successful complete or partial
range: 1.2 disorder (77.8) (44.4) possible (25.9) range: 10-305 outocome response
—18.9 solid tumer (14.8)
Kang etal. 2015 Korea SCR 31 mean + SD: haematologic proven (32.3) probable 12 weeks NR Yes NR successful complete or partial
8.7+63 disorder (57.9) (35.5) possible (16.1) outocome response
SOT (26.3)
Mori etal. 2015 Japan MCP 21 mean: 9.2  ALL(38) NR NR No No mean or highest hepatotoxicity NR
range: 3-14 AML (33) neurotoxicity
others
Tucker et al. 2015 USA SCR 11 median: 8.0 haematologic proven (55) probable (45) median: 105 Yes Yes initial successful complete or partial
range: 0.8 disorder range: 6-663 outocome response
—14.8

NR, not reported; SCR, single-centre retrospective; SCP, single-centre prospective; MCR, multi-centre retrospective; MCP, multi-centre prospective; IQR, inter-quartile range; SOT, solid organ transplantation; ALL, acute

lymphocytic leukaemia; AML, acute myeloid leukaemia.
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Table 2
Newcastle—Ottawa scoring of studies assessing efficacy and safety.

Study Representativeness Selection of the Ascertainment Outcome of interest Comparability Assessment Was follow-up long  Adequacy of  Score
of the exposed non-exposed  of exposure was not present at start of outcome enough for outcomes follow up of
cohort cohort of study to occur cohorts

Efficacy

Bruggemann 1 1 1 1 1 1 1 1 8/9
2011
Choi 2013 1 1 1 1 2 1 1 1 9/9
Gomez- 1 1 1 1 1 1 1 1 8/9
Lopez 2012
Ito 2010 1 1 1 1 1 1 NA 1 7/9
Kang 2015 1 1 1 1 2 1 1 1 9/9
Pieper 2012 1 1 1 1 2 1 1 1 9/9
Soler-Palacin 1 1 1 1 2 1 1 1 9/9
P 2012
Tucker 2015 1 1 1 1 2 1 1 1 9/9
Safety
Bruggemann 1 1 1 0 1 1 1 1 7/9
2011
Ito 2010 1 1 1 0 1 NA 1 7/9
Mori 2015 1 1 1 1 1 1 1 1 8/9
NA, not available.
Cmmgh >1.0mg/L Cu,ough <1.0mg/L Odds Ratio Odds Ratio
Study or Subgroup Events Total _ Events Total Weight M-H, 95% CI M-H, Random, 95% CI
Bruggemann R] 9 13 2 3 8.8% 1.12 [0.08, 16.31]
Choi SH 9 14 2 6 15.4% 2.60 [0.48, 27.11]
Gomez-Lépez A 2 2 1 2 44%  5.00[0.11, 220.862] >
Ito & 4 5 1 1 4.6% 1.00 [0.02, 40.28]
Kang HM 10 11 2 7 9.1% 25.00[1.80, 346.69] >
Pieper s 24 39 7 13 39.2% 1.37 [0.39, 4.87] —r
Soler-Palac in P 6 8 3 7 13.1% 4.00 [0.45, 35.79]
Tucker L 7 10 0 1 5.3% 6.43[0.21, 201.07] >
Total (95% CI) 102 40 100.0% 2.65 [1.20, 5.87] B
Total events 71 18
Heterogeneity, Tau? = 0.00; Chi? = 5.10, df = 7 (P = 0.65); I = 0% k 0?1 110 1001

Test for overall effect: 2 = 2.41 (P = 0.02)

0.01

1
Favours Cy, 0, <1.0mg/L Favours Cyo 0y =1.0mg/L

Fig. 2. Meta-analysis of treatment success among patients with steady-state voriconazole plasma concentrations >1.0 mg/L compared with patients with concentrations <1.0 mg/L.

clrough 22.0mg/L Cmmgh <2.0mg/L 0Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Rand 95% ClI M-H, 95% ClI
Bruggemann R] 6 10 5 6 33.8% 0.30[0.02, 3.63]
Gdmez-Lipez A 2 2 1 2 19.4% 5.00[0.11, 220.62] >
Ito & 2 2 3 4 21.0% 2.14 [0.06, 77.54]
Tucker L [ 7 1 4 25.8% 18.00[0.81, 299.15] s
Total (95% CI) 21 16 100.0% 2.25 [0.33, 15.33]
Total events 16 10

Heterogeneity. Tau? = 1.22; Chi® = 4.39, of = 3 (P = 0.22); I’ = 32% '

Test for overall effect: Z = 0.83 (P = 0.41)

0.01

0.1

- .

10 100

Favours Ctrough <2.0mg/L Favours C(rough =2.0mg/L

Fig. 3. Meta-analysis of treatment success among patients with steady-state voriconazole plasma concentrations >2.0 mg/L compared with patients with concentrations <2.0 mg/L.

ctrough >=1.0mg/L cuough <1.0mg/L Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Bruggemann R| 0 13 1 3 21.1% 0.06 [0.00, 1.99] +
Gimez-Lipez A 0 2 1 2 17.7% 0.20[0.00, 8.82] +
Soler-Palac'in P 4 g8 4 7 61.2% 0.75 [0.10, 5.77] i
Total (95% CD 23 12 100.0% 0.35 [0.07, 1.73] e
Total events 4 3

Heterogeneity, Tau? = 0.00; Chi? = 1.58, df = 2 (P = 0.45); I = 0% k

Test for overall effect: Z = 1.29 (P = 0.20)

0.01

01

10 100

Favours Cy. gy =1.0mg/L Favours Cy,, 0, <1.0mg/L

Fig. 4. Meta-analysis of all-cause mortality among patients with steady-state voriconazole plasma concentrations >1.0 mg/L compared with patients with concentrations <1.0 mg/

L.

3. Results

3.1. Studies retrieved and characteristics

Our initial search returned 216 articles. After we screened titles
and abstracts, 59 articles qualified for a full review (Fig. 1). We

finally included nine articles [11,12,25—31] featuring 211 patients
for meta-analysis. Six articles only reported efficacy outcomes
[11,12,27—29,31], one article only reported safety outcomes [30]
and two articles reported both efficacy and safety outcomes [25,26].
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Table 1 provides the key characteristics of the included studies.
All studies included paediatric populations with most patients
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Clrough 23.0mg/L Cm,ugh <3.0mg/L Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Bruggernann RJ 1 10 2 8 35.9% 0.33 [0.02, 4.55] -
o & 1 1 0 5 20.8% 33.00[0.44, 2470.58]
Mori M 5 9 2 12 43.3% 6.25 [0.84, 46.57] L
Total (95% CI) 20 25 100.0% 3.09 [0.27, 34.66]
Total events 7 4
Heterogeneity, Tau® = 2.47; Chi®? = 4.42, df = 2 (P = 0.11); I = 55% I } t |
) 0.01 0.1 1 1 100
Test for overall effect: 2 = 0.91 (P = 0.36) Favours Cy,o,,0p =3.0mg/L Favours Cy,, 0, <3.0mg/L
(B) Cut-off value of 4.0 mg/L
Cirough Z4-0mg/L  Cp o0y <4.0mg/L Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Bruggemann RJ 0 & 3 12 32.2% 0.21[0.01, 4.78] ¢
Ito 5 1 1 8] 5 22.5% 33.00[0.44, 2470.58] ol +
Mori M 4 7 3 14 45.3% 4.89 [0.68, 34.96] L
Total (95% CI) 14 31 100.0% 2.72 [0.21, 35.48]
Total events 5 6
Heterogeneity. Tau® = 2.78; Chi? = 4.36, df = 2 (P = 0.11); I* = 54% I t t {
- 0.01 01 1 10 100
Test for overall effect: 2 = 0.76 (P = 0.45) Favours Cmugh >4.0mg/L Favours C[mugh <4.0mg/L
(C) Cut-off value of 5.0 mg/L
ctrough =5.0mg/L cxrough <5.0mg/L Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Bruggemann RJ 0 5 3 13 46.6% 0.27 [0.01, 6.29] -
Maori M 3 4 4 17 53.4%  9.75[0.78, 121.84] ]
Total (95% CI) 9 30 100.0% 1.84 [0.05, 63.32]
Total events 3 7
Heterogeneity, Tau? = 4.43; Chi? = 3.10, df = 1 (P = 0.08); I = 68% I } } |
- 0.01 0.1 1 1 100
Test for overall effect: 2 = 0.34 (P = 0.73) Favours c"wgh =5.0mg/L Favours Ctrough <5.0mg/L

Fig. 5. Meta-analysis of the incidence of hepatotoxicity at a cut-off value of 3.0—5.0 mg/L.

Table 3
Summary of subgroup analyses for hepatotoxicity.
Subgroup Cut-off value (mg/ Odds Ratio (M — H, Random, 95% No. No. Event rate ofexperimental group Event rate ofcontrol group P
L) (@) ofStudies  ofpatients (%) (%) (%)
Asian location <3.0 versus >3.0 8.40[1.36, 51.92] 2 27 60.0 11.8 0
<4.0 versus >4.0 6.79 [1.13, 40.68] 2 27 62.5 15.8 0
<5.0 versus >5.0 9.75[0.78, 121.84] 1 21 75.0 235 —
non-Asian <3.0 versus >3.0 0.33 [0.02, 4.55] 1 18 10.0 25.0 -
location <4.0 versus >4.0 0.21[0.01, 4.76] 1 18 0.0 25.0 —
<5.0 versus >5.0 0.27 [0.01, 6.29] 1 18 0.0 23.1 —

having haematologic disorders or a history of solid organ trans-
plantation, and four studies were conducted in Asia [11,12,25,30].
Four studies included only patients diagnosed with proven or
probable IFls [25,27,28,31], and the other five studies included
patients with concomitant use of other anti-fungals [11,26—28,31].
According to the quality assessment using the Newcastle—Ottawa
scale, all studies were of good quality. The quality appraisal of
included studies is summarized in Table 2.

3.2. Evaluation of efficacy outcomes

We set the stepwise cut-off values for the voriconazole trough
concentration within a range of 1.0—2.0 mg/L, and we compared the
efficacy rates for values above and below the cut-off values. The
random-effects model analysis illustrated that treatment success
against IFIs significantly increased at cut-off values of >1.0 mg/L
(OR = 2.65, 95% CI = 1.20—5.87, I = 0%, Fig. 2). The overall pooled
rate of successful treatment at this threshold was 69.6%, compared
with 45.0% at concentrations of <1.0 mg/L. Among reported studies
using a cut-off value of 2.0 mg/L, no statistically significant differ-
ence was observed at this threshold despite the high OR of 2.25
(95% CI = 0.33—15.33, I = 32%, Fig. 3).
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Concerning all-cause mortality, there was no significant differ-
ence at a cut-off value of >1.0 mg/L (OR = 0.35, 95% CI = 0.07—1.73,
P = 0%, Fig. 4). Conversely, the overall pooled rate of all-cause
mortality at this threshold was 17.4%, versus 50.0% at concentra-
tions of <1.0 mg/L.

3.3. Evaluation of safety outcomes

Although no studies reported outcomes at a cut-off value of
6.0 mg/L, we finally set the stepwise cut-off values for the vor-
iconazole trough concentration at a range of 3.0—5.0 mg/L and
assessed safety outcomes. Concerning hepatotoxicity shown in
Fig. 5, the meta-analysis illustrated that its rate of occurrence did
not significantly differ when using cut-off values of 3.0 (OR = 3.09,
95% Cl = 0.27—34.66, ° = 55%), 4.0 (OR = 2.72, 95% Cl = 0.21—35.48,
P = 54%) and 5.0 mg/L (OR = 1.84, 95% Cl = 0.05—63.32, I° = 68%).
However, subgroup analysis of the Asian study locations revealed a
significant increase in the incidence of hepatotoxicity at vor-
iconazole trough cut-off values of >3.0 (OR 8.40, 95%
Cl 136—51.92, P = 0%) and >4.0 mg/L (OR = 6.79, 95%
Cl = 1.13—40.68, P = 0%, Table 3). There was no significant differ-
ence in its incidence at non-Asian study locations at any cut-off
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(A) Cut-off value of 3.0 mg/L

C[mugh =3.0mg/L Cirough <3-0mg/L Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Ito & Q 1 1 5 18.2% 1.00 [0.02, 40.28] $
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Fig. 6. Meta-analysis of the incidence of neurotoxicity at a cut-off value of 3.0—5.0 mg/L.
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Fig. 8. Regression curves for the incidence of (A) hepatotoxicity, (B) neurotoxicity and
(C) all-cause adverse events according to the voriconazole trough concentration.

The closed circles indicate the hepatotoxicity, neurotoxicity or all-cause adverse events
rate extracted from trials included in the meta-analysis.

values. Concerning neurotoxicity (Fig. 6) or all-cause adverse
events (Fig. 7), the meta-analysis also demonstrated that its
occurrence did not significantly differ according to the voriconazole
trough concentrations at any cut-off value.

We plotted regression curves for safety outcomes using the
voriconazole trough concentration as an independent variable and
the outcome incidence as a dependent variable. The regression
curves for the incidence of hepatotoxicity (y = 0.1198e%2298%
P =0.007), that of neurotoxicity (y = 0.3913e~%%08% p — 0.936)and
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that of all-cause adverse events (y = 0.3783e%0231X p — 0.711) are
shown in Fig. 8.

3.4. Publication bias

Owing to the limited number of studies, we only examined
publication bias at a cut-off value of 1.0 mg/L for treatment success
(Fig. 9). The visual examination of the funnel plots showed a high
likelihood of publication bias, but statistical examination using
Begg's test did not performed.

4. Discussion

This is the first systematic review and meta-analysis of the re-
lationships of voriconazole target trough concentrations with effi-
cacy and safety, and the analysis included 211 children from nine
observational studies. The most important finding of this study is
that voriconazole trough concentrations of >1.0 mg/L significantly
increase the treatment success rate against IFls in children. Because
the voriconazole dosage and frequency were unknown or they
varied widely, the dosing schedule was not apparent in this study.
However, the optimal trough concentration of voriconazole in
children should be set at a cut-off value of >1.0 mg/L as the result of
the TDM-based dose adjustment. This breakpoint is consistent with
several reports in adults [14,17,18].

We further explored the optimal cut-off value for efficacy over a
range of 1.0-2.0 mg/L as recommended in some publications.
However, a trough concentration of >2.0 mg/L was not significantly
associated with treatment success. The reasons may be complex
and may include immunological or physiological differences such
as age, underlying disease, type of fungal infection, duration of
therapy, etc. Table 1 presents some of the cofactors that might have
been associated with unexpectedly treatment failure rate. Our
analysis did not find any relationship between voriconazole con-
centrations and survival, but the voriconazole concentration were
lower in deceased patients. A survival benefit is considered the
most important clinical outcome for therapeutic intervention.
However, it is difficult to form a firm conclusion because of the
small number of studies on which the analysis is based. Recent
studies on the pharmacokinetics and safety of voriconazole in
children demonstrated that, unlike in adults, the elimination of
voriconazole was linear in children, and the capacity for elimina-
tion was higher than that in adults. This finding was possibly
attributable to the greater systemic metabolism and greater first-
pass metabolism with higher hepatic blood flow in children than
in adults [10,32,33]. Therefore, we should note that these differ-
ences could contribute to misleading predictions such as low vor-
iconazole levels in children when dosage regimens are based on
adult recommendations.

For safety outcomes, our meta-analysis could not indicate the
optimal cut-off value within a voriconazole concentration range of
3.0—5.0 mg/L, although the sample size was limited. Several meta-
analyses in adults reported that voriconazole trough concentration
>4—6 mg/L are associated with increased risk of toxicity [14,15,18],
although targets have not been validated for paediatric patients.
However, in subgroup analysis, we detected that the incidence of
hepatotoxicity differed between Asian and non-Asian populations,
specifically that a concentration of >3.0 mg/L was associated with
an increased risk of hepatotoxicity. In addition, a significant cor-
relation between the voriconazole concentration and hepatotox-
icity was evident in the regression curve analysis. These results may
explain the possibility that the relationship between the vor-
iconazole concentration and hepatotoxicity differs by ethnicity. The
latter meta-analysis in adults detected a similar relationship be-
tween the incidence rate of hepatotoxicity and racial differences to
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Fig. 9. Funnel plot of treatment success at a cut-off value of 1.0 mg/L.

The odds ratio is plotted against the SEM. Dotted lines indicate the pooled effect estimate.

our study [15]. Asian populations feature a higher proportion of
CYP2C19 poor metabolizers than Caucasian or African populations
[24]. Drug exposure is significantly higher in poor metabolizers
than in homozygous extensive metabolizers [34,35]. Thus, vor-
iconazole trough concentrations in Asian children might be higher
than those in Caucasian or African children. For this reason, a
reduced upper limit of the target concentration should be consid-
ered for Asian children. Published population pharmacokinetic
studies provide useful references for dosing of children in various
regions of the world [36]. However, extremely limited data exist for
children of Asian origin, especially infants and toddlers <2 years of
age. Because of the narrow therapeutic window, differences in
genetic backgrounds and pharmacokinetic variability place these
children at risk of treatment failure or toxicities, and thus TDM will
be avalid tool to guide dosing to achieve our target concentration of
1.0—3.0 mg/L.

This study had several limitations. First, because of the absence
of evidence from randomized studies, our conclusions were based
only on evidence from observational studies. Second, by design,
there was poor reporting of the dosage, methods of administration,
assay of trough concentration, definition of outcome and CYP2C19
genotype status. Thus, inherent biases because of confounding and
shortcomings of these studies may have affected our findings.
However, there was no strong heterogeneity associated with effi-
cacy outcomes, supporting the consistency of the results, and most
of the studies were adequate in the majority of quality variables
evaluated using the Newcastle—Ottawa scale. Third, the number of
relevant studies identified for inclusion in the meta-analysis was
relatively small. Therefore, we could not perform detailed analyses
according to the pathological condition, fungal strains, combined
therapy, or targeted/empirical therapy. Moreover, the visual ex-
amination showed a high likelihood of publication bias, and the
target ranges of voriconazole concentrations for some outcomes
remain uncertain because of the limited sample size. Our study
might have limited applicability; hence, more evidence from large,
well-designed prospective studies is required to further examine
the optimal trough concentration of voriconazole with TDM in
children.
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5. Conclusions

Evidence from this meta-analysis suggests that a trough con-
centration of >1.0 mg/L provides optimal clinical success during
voriconazole therapy in children with IFIs and reinforces the
importance of TDM. High trough concentrations significantly in-
crease the risk of hepatotoxicity; hence, 3.0 mg/L has been sug-
gested to be the upper limit of the target concentration to minimize
toxicity, especially for Asian populations with a relatively higher
proportion of CYP2C19 poor metabolizers. Because the majority of
evidence was taken from observational studies, further high-
quality studies are needed to confirm our findings.
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