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ABSTRACT The aim of this study was to investigate the variability of the voricona-
zole plasma level and its relationships with clinical outcomes and adverse events
among liver transplant recipients to optimize the efficacy and safety of their treat-
ment. Liver transplant recipients treated with voriconazole were included, and vori-
conazole trough levels were quantified by a validated high-performance liquid chro-
matography method. Cytochrome P450 genotypes for CYP2C19 were evaluated in
allograft liver tissues. A total of 832 voriconazole trough levels from 104 patients
were measured. Proven, probable, and possible invasive fungal infections were re-
ported for 8/104 (7.7%), 42/104 (40.4%), and 54/104 (51.9%) patients, respectively.
Receiver operating characteristic (ROC) curve analysis indicated that trough concen-
trations of �1.3 �g/ml minimized the incidence of treatment failure (95% confi-
dence interval [CI], 0.68 to 0.91 �g/ml) (P � 0.001) and that those of �5.3 �g/ml
minimized the incidence of any adverse events (95% CI, 0.83 to 0.97 �g/ml) (P �

0.001). Voriconazole trough levels were significantly higher for heterozygous exten-
sive metabolizers, poor metabolizers, and individuals receiving coadministration with
proton pump inhibitors. For ultrarapid metabolizers, oral administration of voriconazole,
and concomitant use of glucocorticoids, voriconazole blood concentrations were signifi-
cantly reduced. Furthermore, there was no statistically significant association of patient
age, weight, or gender or coadministration of tacrolimus and cyclosporine with the vori-
conazole trough level. In conclusion, the results of our analysis indicate large inter- and
intraindividual variabilities of voriconazole concentrations in liver transplant recipients.
Voriconazole trough concentrations of �1.3 �g/ml and �5.3 �g/ml are optimal for
treatment and for minimization of adverse events. Optimization of drug efficacy and
safety requires the use of rational doses for voriconazole therapy.
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Invasive fungal infections (IFIs) are common life-threatening complications in liver
transplant recipients (LTRs), with incidence rates ranging from 4 to 50% (1). Systemic

candidiasis accounts for over half of all IFIs (68 to 78.7%) in this population, and invasive
aspergillosis occurs in 1 to 9.2% of cases (2–4). Voriconazole, a broad-spectrum triazole,
is an effective agent for the treatment of invasive aspergillosis (5). It has potent activity
against a broad range of clinically significant fungal pathogens (6–9). Smith et al.
detected a relationship between disease progression and voriconazole drug concen-
tration (P � 0.025) (10). Several factors may lead to large inter- and intraindividual
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variations in voriconazole plasma concentrations, including age, sex, weight, drug
interactions, genetic polymorphisms in CYP2C19, and gastrointestinal abnormalities
(11, 12). According to the literature, low voriconazole levels (below 1.0 �g/ml) are
associated with therapeutic failure, and elevated levels (over 5.5 �g/ml) are correlated
with an increased risk for toxicity (visual disturbance, skin rash, hallucination, and
hepatotoxicity) (13, 14). Limited data have demonstrated the association between
voriconazole plasma concentration and related factors among LTRs. The aim of this
study was to investigate the variability of the voriconazole serum level and its rela-
tionships with clinical outcomes and adverse events among LTRs in order to optimize
the use of voriconazole in such patients.

RESULTS
Patient characteristics. During the observation period, 104 patients had suspected

fungal infections and were treated with voriconazole and monitored by therapeutic
drug monitoring. Demographic and clinical characteristics are summarized in Table 1.
The mean patient age and weight were 36 � 13.71 years and 61 � 13.46 kg,
respectively. The female-to-male ratio was 44/60. Proven, probable, and possible IFIs
were reported for 8/104 (7.7%), 42/104 (40.4%), and 54/104 (51.9%) patients, respec-
tively. Among patients receiving voriconazole for proven or probable IFIs (n � 50),
Aspergillus species were the most common fungal pathogens (42/50 patients [84%]),
and Aspergillus fumigatus was the most commonly identified species. Eight patients
(8/50 patients [16%]) were treated for candidemia due to Candida krusei (n � 4) or
Candida glabrata (n � 4).

The median time interval between liver transplantation and the first voriconazole
trough level measurement was 39 days (range, 21 to 50 days). The mean duration of
treatment with voriconazole was 54 days (range, 29 to 98 days). The majority of patients
(80/104 patients [77%]) received voriconazole orally; for 23% of patients, treatment was

TABLE 1 Demographic, clinical, and laboratory data for 104 liver transplant recipients
with therapeutic drug monitoring of voriconazole

Variable Value

Mean (range) age (yr) 36 (18–62)
Sex (no. [%] of males, no. [%] of females) 60 (58), 44 (42)
Mean (range) wt (kg) 61 (34–90)

No. (%) of patients with invasive fungal infection
Proven 8 (7.7)
Probable 42 (40.4)
Possible 54 (51.9)

No. (%) of patients with route of administration
Intravenous 24 (23)
Oral 80 (77)

No. (%) of patients with CYP2C19 genotypea

Homozygous extensive metabolizer 30 (40)
Heterozygous extensive metabolizer 24 (32)
Poor metabolizer 7 (9.3)
Ultrarapid metabolizer 14 (18.7)

Mean (range) duration of therapy (days) 54 (29–98)
Median (range) duration of voriconazole therapy posttransplantation (days)b 39 (21–50)

Median (range) voriconazole daily dose (mg/kg/day)
Intravenous 8.0 (6–10)
Oral 7.35 (4–9.4)

Median (range) voriconazole trough level (�g/ml) 2.49 (0–11.86)
aGenotypes were evaluated by use of allograft liver biopsy specimens from 75 liver transplant recipients
(72% of patients).

bMedian time interval between liver transplantation and the first voriconazole trough level measurement.
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given by the intravenous route. The median voriconazole trough level was 2.49 �g/ml
(range, 0 to 11.86 �g/ml).

Measurement of voriconazole trough concentration. A total of 832 voriconazole
trough levels from 104 patients were measured (median, 8 episodes per patient; range,
5 to 10 episodes per patient). Figure 1 shows the trough level and its relationship with
voriconazole daily dose (standard dose/patient weight). A large intradose variability in
voriconazole levels was observed, and no correlation was found between voriconazole
trough levels and daily doses (r � 0.014). Variations in trough levels among patients
and within the same patients were substantial for all dosage groups. The interindividual
coefficient of variation (CV) was 87%, whereas the median intraindividual coefficient of
variation was 38%. Intraindividual variability of the voriconazole trough level during
therapy with identical daily doses was seen for 72/104 (69%) patients, among whom
levels increased in 52 patients (median increase, 50%; range, 5% to 95%) and decreased
in 20 patients (median decrease, 19.2%; range, 6% to 35%).

CYP2C19 genotyping. Genotyping was performed for 72% of the patients (75/104
patients). The wild-type CYP2C19 genotype (homozygous extensive metabolizer) was
the most commonly identified genotype (30/75 patients [40%]), followed by the mutant
types heterozygous extensive metabolizer (24/75 patients [32%]), ultrarapid metabo-
lizer (14/75 patients [18.7%]), and poor metabolizer (7/75 patients [9.3%]) (Table 1).

Relationships of voriconazole concentration to response to and safety of
treatment. Serum voriconazole concentrations were �1.3 �g/ml for 34 patients, 1.3 to
5.3 �g/ml for 46 patients, and �5.3 �g/ml for 24 patients. The relationships between
median voriconazole trough levels and responses to treatment are shown in Table 2.
The majority of patients had successful treatment (70/104 patients [67%]). Receiver
operating characteristic (ROC) curve analysis (Fig. 2) indicated that the optimal cutoff
value for voriconazole trough level associated with treatment success and with mini-
mizing the incidence of treatment failure was �1.3 �g/ml. The area under the ROC
curve was 0.81 (95% confidence interval [CI], 0.68 to 0.91) (P � 0.001). At the time of
the clinical assessment process, the voriconazole concentration was �1.3 �g/ml in 34
cases (33%) and �1.3 �g/ml in 70 cases (67%). A lack of response to therapy was
observed in 24 patients with levels of �1.3 �g/ml and 10 patients with levels of �1.3
�g/ml (P � 0.002) (Table 2).

ROC curve analysis (Fig. 3) showed that the optimal cutoff value for voriconazole
trough level associated with minimized adverse events was �5.3 �g/ml. The area under
the curve was 0.90 (95% CI, 0.83 to 0.97) (P � 0.001) (Fig. 3). Voriconazole-related
adverse events were observed in 28/104 (27%) patients, 18 with voriconazole concen-
trations of �5.3 �g/ml and 10 with concentrations of �5.3 �g/ml (Table 2). A
significant proportion of patients with any adverse event (18/24 patients [75%]) had
voriconazole levels of �5.3 �g/ml (P � 0.001). The median time from voriconazole

FIG 1 Distribution of voriconazole trough levels over daily dosages. Numbers of measurements for each
daily dose are reported. Median values of voriconazole trough levels for each dose group are reported
to the right of the horizontal bars.
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administration to the onset of the adverse event was 7 days (range, 5 to 38 days).
Fifty-eight (55%) patients showed baseline liver function test abnormalities due to
hepatocellular injury before starting voriconazole (Common Terminology Criteria for
Adverse Events [CTCAE] grade 1). During voriconazole therapy, 69% of patients (72/104
patients) had liver function test abnormalities (CTCAE grades 1 and 2). The most
common adverse events were hallucination and hepatotoxicity (13.5% [14/104 pa-

TABLE 2 Relationships of lower and upper limits of voriconazole trough concentration to outcomes and adverse events identified from
ROC curve analysis

Treatment outcome or
adverse event

No. (%) of patients with voriconazole trough level of:

P value Odds ratio (95% CI)
<1.3 �g/ml
(n � 34)

>1.3 �g/ml
(n � 70)

<5.3 �g/ml
(n � 80)

>5.3 �g/ml
(n � 24)

Treatment outcomes
Success (n � 70) 10 (29.4) 60 (85.7) 0.005

Complete response 4 (11.8) 50 (71.4) 0.004 0.05 (0.01–0.28)
Partial response 6 (17.6) 10 (14.3) 0.79 1.29 (0.27–6.15)

Lack of response (n � 34) 24 (70.6) 10 (14.3) 0.002
Progression 8 (23.5) 2 (2.9) 0.06 6.8 (0.71–65.16)
Persistent infection 4 (11.8) 2 (2.9) 0.50 4.53 (0.38–53.93)
Death 12 (35.3) 6 (8.5) 0.046 5.81 (1.24–27.3)

Adverse events
Anya (n � 28) 10 (12.5) 18 (75) �0.001 0.05 (0.01–0.23)
Hallucination 2 (2.5) 12 (50) �0.001 0.03 (0.002–0.25)
Skin rash 2 (2.5) 2 (8) 0.250 0.28 (0.02–4.88)
Nervousness 4 (5.0) 6 (25) 0.070 0.16 (0.02–1.09)
Visual disturbance 2 (2.5) 10 (42) 0.005 0.04 (0.004–0.36)
Gastrointestinal syndrome 2 (2.5) 8 (33) 0.030 0.05 (0.005–0.52)
Hepatotoxicityb 4 (5.0) 10 (42) 0.001 0.07 (0.01–0.46)

aEight patients had more than one adverse event.
bHepatotoxicity was defined as follows: grade 1, elevations in alanine transaminase, aspartate transaminase, and alkaline phosphatase levels of �3.0 times the upper
limit of normal; and grade 2, elevations in alanine transaminase, aspartate transaminase, and alkaline phosphatase levels of 3.0 to 5.0 times the upper limit of normal
and in the total bilirubin level of �3.0 times the upper limit of normal.

FIG 2 Receiver operating characteristic curve for predicting treatment success from voriconazole trough
concentrations.

Hashemizadeh et al. Antimicrobial Agents and Chemotherapy

December 2017 Volume 61 Issue 12 e01211-17 aac.asm.org 4

http://aac.asm.org


tients]), followed by visual disturbance (11.5% [12/104 patients]) and nervousness (9.6%
[10/104 patients]).

Factors affecting voriconazole concentration. Diverse factors associated with
variability of the voriconazole trough level were identified using multiple-linear-
regression analysis (Table 3). Compared to those of homozygous extensive metaboliz-
ers, voriconazole trough levels were significantly higher in heterozygous extensive
metabolizers (P � 0.045) or poor metabolizers (P � 0.002) and lower in ultrarapid
metabolizers (P � 0.027).

Coadministration of proton pump inhibitors (omeprazole and pantoprazole) re-
sulted in significantly increased voriconazole serum concentrations (P � 0.001). The

FIG 3 Receiver operating characteristic curve for predicting risk of toxic adverse events from voricona-
zole trough concentrations.

TABLE 3 Multivariate analysis of factors associated with low and potentially toxic
voriconazole plasma concentrationse

Variable Coefficient SE P value

Age �0.004 0.008 0.642
Weight �0.007 0.007 0.345
Oral administrationa �0.005 0.335 0.034
Sex �0.100 0.198 0.618

CYP2C19 genotypeb

Heterozygous extensive metabolizer 0.610 0.295 0.045
Ultrarapid metabolizer �0.661 0.288 0.027
Poor metabolizer 1.383 0.421 0.002

Concomitant medication
Glucocorticoidsc �3.175 0.433 �0.001
Tacrolimus/cyclosporine �0.161 0.221 0.469
Proton pump inhibitorsd 1.291 0.309 �0.001

aCompared to intravenous administration.
bCompared to homozygous extensive metabolizers.
cMethylprednisolone, prednisone, and prednisolone.
dPantoprazole and omeprazole.
eR2 � 0.932; n � 832 voriconazole trough measurements.
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factor significantly associated with reduced voriconazole concentrations was found to
be the concomitant administration of glucocorticoids (prednisone/prednisolone and
methylprednisolone) (P � 0.001). Immunosuppressive therapies, including tacrolimus
and cyclosporine, had no effect on subsequent voriconazole trough concentrations
(P � 0.469). Similarly, there were no significant associations between patient age,
weight, or gender and voriconazole trough levels. Lower concentrations of voricona-
zole were reported for oral administration of voriconazole than for intravenous admin-
istration (P � 0.034).

DISCUSSION

Voriconazole is an azole that is active against a large variety of fungi and is the drug
of choice for the treatment of invasive aspergillosis and systemic candidiasis caused by
resistant species (6, 8, 15). Its administration in therapeutic doses leads to extremely
varied serum levels from patient to patient, and even in the same patient (16). The
voriconazole serum concentration (measured by high-performance liquid chromatog-
raphy [HPLC] or bioassay methods) plays an important role in patient outcomes (17).
The present study investigated the factors associated with the variability of voricona-
zole serum concentrations. Despite the homogeneity of the population studied, sig-
nificant variations in voriconazole trough level, clinical efficacy, and adverse events
were demonstrated.

The incidences of proven, probable, and possible IFIs in LTRs using voriconazole in
our study were 7.7%, 40.4%, and 51.9%, respectively. The corresponding rates in the
study of Dolton et al. were 22%, 11.5%, and 29%, respectively (18).The differences may
be due to the use of different diagnostic methods or public management strategies in
each region.

In the present study, using ROC curve analysis, voriconazole trough levels of �1.3
�g/ml were demonstrated to be a significant predictor of treatment success, and those
of �5.3 �g/ml were associated with an enhanced risk of adverse events. In a study of
patients with hematological malignancy who received voriconazole for the treatment
of known or suspected IFIs, a higher treatment success rate was reported for voricona-
zole concentrations of �1.7 �g/ml. All patients experiencing neurotoxic adverse events
had voriconazole trough levels above 5 �g/ml (18). Pascual et al. noted that treatment
failure was more frequent in cancer patients with voriconazole levels of �1 �g/ml and
that neurological adverse events (encephalopathy) were reported among those with
voriconazole concentrations of �5.5 �g/ml (19). Voriconazole monitoring for patients
with hematological disorders revealed that successful treatment was more likely among
patients with median voriconazole trough levels of �2 �g/ml, and a greater incidence
of hepatotoxicity was reported for voriconazole concentrations of �6 �g/ml (20). The
lower and upper limits of the voriconazole concentration for treatment in various
studies were reported to be �1 to 2.2 and �4 to 6 �g/ml, respectively (21–23). The
differences may be related to the populations in the studies. In our study, LTRs were
investigated, while the most frequent underlying disease in other studies was cancer or
hematologic malignancy.

Using multiple-linear-regression analysis of voriconazole concentrations, we found
different factors contributing to changes in voriconazole trough level in this study.
Voriconazole is a major substrate for the CYP2C19 enzyme and is metabolized by it.
Polymorphic expression of the gene encoding the CYP2C19 enzyme may change the
voriconazole pharmacokinetics and significantly affect its concentration (24). In LTRs,
the polymorphisms of CYP2C19 found in liver tissue and the expression of the final liver
graft genotypes are dependent on the donor graft (25, 26). Therefore, to determine
patient CYP2C19 genotypes in our study, liver graft biopsy specimens were examined
after transplantation. The results of the current study show significantly higher vori-
conazole trough levels in poor metabolizers and heterozygous extensive metabolizers,
and lower levels in ultrarapid metabolizers, than those in homozygous extensive metabo-
lizers. Our findings are in agreement with recently published data on a cohort of LTRs by
Johnson et al., who reported significantly lower voriconazole blood levels in the presence
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of deficient CYP2C19*2 alleles (23), but the CYP2C19 genetic analysis in this population did
not include ultrarapid metabolizers. Studies have shown that voriconazole concentrations
were increased 4-fold in poor metabolizers and 2-fold in heterozygous metabolizers versus
those in homozygous extensive metabolizers (27, 28).

Potential drug-drug interactions may also be another factor responsible for the
interindividual variability of voriconazole exposure in LTRs. These patients receive many
therapeutic agents for prophylaxis or treatment. Since these compounds are metabo-
lized predominantly by a CYP2C19 enzyme, concomitant administration of medications
which are inducers and/or inhibitors of CYP2C19 can influence the voriconazole phar-
macokinetic profile (29). Our results suggest that receiving glucocorticoids (prednisone,
prednisolone, and methylprednisolone) is associated with reduced voriconazole serum
concentrations. Previous in vivo studies identified an association between glucocorti-
coid receptor binding sites in the CYP2C19 gene promoter and their important roles in
the high expression of the CYP2C19 gene (30, 31). Dote et al. proposed that glucocor-
ticoids can increase voriconazole metabolism as a result of CYP induction and thus
reduce the voriconazole concentration (32). Our result is also consistent with the work
of other studies which reported that coadministration of glucocorticoids significantly
reduces the voriconazole exposure, to below the therapeutic range (18, 33). Data from
other studies did not support such an interaction (27, 34), given the heterogeneity of
the studied populations and the type and dose of the received glucocorticoids.

Conversely, coadministration of known CYP2C19 inhibitors, such as proton pump
inhibitors (for the treatment of acid-related gastrointestinal disorders), was associated
with increased concentrations of voriconazole in our population. Our results are in
agreement with previous findings by Li et al., who demonstrated that all proton pump
inhibitors are known to be able to affect voriconazole metabolism as competitive
inhibitors (35). In contrast, Ueda et al. did not report proton pump inhibitors as a factor
influencing voriconazole pharmacokinetics (20).

Based on our results, the voriconazole trough concentration was not influenced by
comedication with tacrolimus in LTRs. This finding is consistent with the results of
Gautier-Veyret et al., who revealed that immunosuppressive therapies, including cal-
cineurin inhibitors, had no effect on voriconazole serum level (27). There was no
relationship of age and weight with voriconazole serum concentration in the present
analysis because there were limited overweight and no elderly patients in our study,
consistent with the results of some other studies (20, 27). A study of a geriatric
population showed that voriconazole concentrations in elderly patients aged �65
years were approximately 80 to 90% higher than those in younger patients (36).

According to previous studies, voriconazole oral bioavailability is 80% to 95% (37,
38). Dolton et al. showed reduced voriconazole trough levels following oral dosing (33).
In the present study, significantly lower voriconazole concentrations were seen with
oral than with intravenous administration (P � 0.034). Changes in motility of the
gastrointestinal tract after any transplant surgery, mucositis, variations in bile flow
(voriconazole is highly lipophilic, and its absorption is dependent on the secretion of
bile), and diarrhea after use of some antirejection medications (tacrolimus) can cause a
decrease in absorption, leading to the reduced voriconazole blood level (39, 40).

The present study had a few limitations. We were unable to evaluate the effects
of other factors influencing voriconazole concentrations, e.g., dosing in relation to
food or comedication with other drugs that many LTRs had received depending on
their condition. These types of potential confounders were also difficult to deter-
mine because a limited number of patients received additional medications con-
currently with voriconazole and most coadministered drugs were used only inter-
mittently.

In conclusion, the results of our analysis indicated large inter- and intraindividual
variabilities of voriconazole concentrations in LTRs. Optimization of drug efficacy and
safety for this population demands rational doses for voriconazole therapy. Voricona-
zole trough levels of �1.3 �g/ml and �5.3 �g/ml are optimal for treatment and for
minimizing the incidence of adverse events. Potential influencing factors, such as the
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type of administration, CYP2C19 genotype, and concomitant use of proton pump
inhibitors and glucocorticoids, should be considered within the algorithm of voricona-
zole treatment for this population. Voriconazole therapeutic drug monitoring of LTRs is
suggested as an important strategy to decrease adverse events and improve treatment
outcomes.

MATERIALS AND METHODS
Study design and population. This prospective study was conducted from January 2014 to April

2017 in Namazee Hospital, which is affiliated with the Shiraz University of Medical Sciences, Iran. This
center is the largest liver transplant center in the country. Liver transplant recipients aged 18 years and
older and treated with oral or intravenous voriconazole were eligible for this study. All patients received
voriconazole by only one route, either intravenous or oral, based on the recommended dosing regimen
during the study period. Patients receiving voriconazole prophylaxis or combination antifungal therapy
(voriconazole and other antifungal agents) were excluded from the study. Combination therapy may
affect sub- and supratherapeutic levels of voriconazole and may influence therapeutic outcomes.

Voriconazole (Vfend; Pfizer Inc., New York, NY) was prescribed for patients with known or suspected
IFIs and symptoms, such as persistent fever for �72 h, not responsive to broad-spectrum antibacterial
treatment. The definitions for proven, probable, and possible IFIs in immunocompromised patients are
as follows. Proven IFI requires a positive culture for a pathogenic fungus from a biopsy specimen or
normally sterile site, at least one positive blood culture for Candida species or other pathogenic fungi,
and confirmation of fungal invasion by histopathology study. Probable IFI requires the isolation of fungi
from nonsterile infected sites, radiological evidence of fungal infection (typical radiological shadows, halo
sign, or air crescent sign), and/or positive blood samples for the galactomannan antigen test. Possible IFI
is defined as the presence of immunocompromised host factors with sufficient clinical or radiological
evidence consistent with IFIs but without mycological support (5, 41). For oral administration, a loading
dose of 400 mg twice daily the first 24 h, followed by 200 mg every 12 h, was prescribed, and for
intravenous therapy, 2 loading doses of 6 mg/kg of body weight at 12-h intervals for the first day,
followed by 4 mg/kg every 12 h, were prescribed (42). Demographic information, including gender, age,
weight, clinical characteristics, the time interval between liver transplantation and the first voriconazole
trough level, and current comedications for each patient, was collected from patient medical records.
Data on liver function tests prior to and after voriconazole treatment, histological biopsy studies, and
immunosuppressive medications were available in the records for all recipients. The patients received
corticosteroids (methylprednisolone, prednisone, or prednisolone), calcineurin inhibitors (tacrolimus/
cyclosporine), and the antiproliferative agent mycophenolic acid (Cellcept), depending on their condi-
tion.

Ethical considerations. This study was carried out in accordance with the guidelines of the
Declaration of Helsinki as revised in Edinburgh (1975). The study protocol was approved by the ethics
committee of the Shiraz University of Medical Sciences, Shiraz, Iran. Written informed consent was
obtained from all patients for sample collection.

Examination for fungal infection. As the clinical signs and symptoms of filamentous and yeast
fungal infections are similar, the diagnosis was based on all mycological and serological methods
(galactomannan test). The etiologic agents of fungal infections are yeasts (Candida species) and filamen-
tous species (most Aspergillus species and other rare filamentous fungi). First, all clinical samples (urine,
cerebrospinal fluid, pleural and abdominal fluids, bronchoalveolar lavage fluid, biopsy specimens, blood,
and sputum) from the patients with clinically suspected fungal infections were collected under aseptic
conditions. Blood samples were cultured by bedside inoculation onto Bactec medium (Becton Dickinson,
Sparks, MD, USA). Specimens were examined by direct microscopic examination using potassium
hydroxide and cultured on Sabouraud dextrose agar (Merck, Darmstadt, Germany) for 14 days at room
temperature. Second, for patients with suspected invasive aspergillosis, the galactomannan test (Bio-Rad,
France) was done on blood and bronchoalveolar lavage fluid.

Quantification of voriconazole trough level. In this study, clinical care for all patients was done
according to the guidelines, and dosing adjustments were not performed. Blood samples were taken on
days 3, 5, and 7 following the initiation of voriconazole treatment and repeated once a week (43). Blood
samples (3 ml) were collected 30 min before the next voriconazole dose and centrifuged at 3,000 rpm
for 10 min. Serum was separated and frozen at �20°C until analysis. Voriconazole trough levels were
quantified by a validated high-performance liquid chromatography (HPLC) method. Reversed-phase
HPLC (RP-18) analyses were performed using a Knauer analytical HPLC (PDA 2800; Knauer, Berlin,
Germany) with a K-1001 pump and a variable-wavelength UV spectrophotometric detector. The assay
intraday and interday variability precisions were 0.8% to 6.0% and 3.01% to 6.54%, respectively. The
linearity range was 0.25 to 16 �g/ml (R2 � 0.998).

Genotyping. Genomic DNAs in allograft liver biopsy specimens from 75 LTRs with suspected acute
rejection were extracted using an Invisorb Spin DNA microkit III (Invitek, Berlin, Germany) according to
the manufacturer’s protocol. Genotyping was performed using a TaqMan Drug Metabolism SNP geno-
typing assay kit (Applied Biosystems, USA) for the G681A, G636A, and C806T polymorphisms. Individuals
with polymorphisms of CYP2C19 were classified as follows: homozygous extensive metabolizers
(CYP2C19*1/*1), heterozygous extensive metabolizers (CYP2C19*1/*2, -*1/*3, -*2/*3, and *2/*17), ultra-
rapid metabolizers (CYP2C19*17/*17), and poor metabolizers (CYP2C19*2/*2 or -*3/*3). The homozygous
extensive metabolizer genotype was considered wild type, and all other genotypes were considered
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mutant genotypes. Real-time PCR was done using an ABI 7500 Fast real-time PCR system (Applied
Biosystems, USA).

Definition of treatment outcomes and adverse events. A successful treatment was defined by
partial or complete improvement in clinical symptoms (fever and/or blood markers), radiological signs
(changes in chest X-ray, computed tomography, and magnetic resonance imaging findings), and
evidence of mycological cure, such as negative results of culture and antigen assay. Treatment failure was
defined by persistent or progressive infection based on the same parameters, continuing positive
cultures, or death of the patient (44). Outcomes were analyzed at the following two points: 6 weeks of
antifungal therapy for invasive filamentous fungal infection and 4 weeks for invasive candidiasis (44).
Adverse events were monitored with a questionnaire and assessed by investigators blinded to the
voriconazole level. The type and severity of adverse events, according to voriconazole therapy, were
graded based on the Common Terminology Criteria for Adverse Events (CTCAE), version 4.0. In most of
the LTRs, alanine transaminase, aspartate transaminase, alkaline phosphatase, and total bilirubin values
were over the normal range (about CTCAE grade 1) before voriconazole initiation, and hepatotoxicity was
defined as a level of grade 2 or higher within 14 days after commencing voriconazole therapy (45).

Statistical analysis. The median voriconazole trough levels were used to assess the relationships
between concentration and treatment outcome. The chi-square test or Fisher’s exact test was used to
compare proportions, as appropriate. The nonparametric Mann-Whitney U test and the Kruskal-Wallis
test were used to compare continuous variables, including laboratory values during therapy. The inter-
and intraindividual variabilities of voriconazole serum concentrations were determined by calculation of
%CV. The nonparametric Spearman correlation was used to study the relationship between clinical or
laboratory data and daily dose. The cutoff value for the voriconazole trough concentration (therapeutic
or toxic level) was derived by receiver operating characteristic (ROC) curve analysis. Multiple-linear-
regression analysis was used to identify factors that contribute to the variability in voriconazole trough
level. Data analysis was performed using SPSS, version 18, and P values of �0.05 were considered
significant.
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