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Interest in antifungal therapeutic-drug monitoring has increased due to studies demonstrating associations between concentra-
tions and outcomes. We reviewed the antifungal drug concentration database at our institution to gain a better understanding of
achievable triazole drug levels. Antifungal concentrations were measured by high-performance liquid chromatography (HPLC),
ultraperformance liquid chromatography and single-quadrupole mass spectrometry (UPLC/MS), or a bioassay. For this study,
only confirmed human bloodstream (serum or plasma) and cerebral spinal fluid (CSF) concentrations of voriconazole, po-
saconazole, and itraconazole were analyzed. The largest numbers of bloodstream and CSF samples were found for voriconazole
(14,370 and 173, respectively). Voriconazole bloodstream concentrations within the range of 1 to 5.5 �g/ml represented 50.6% of
samples. Levels below the lower limit of quantification (0.2 �g/ml) were observed in 14.6% of samples, and 10.4% of samples had
levels of >5.5 �g/ml. CSF voriconazole levels ranged from undetectable to 15.3 �g/ml and were <0.2 �g/ml in 11% of samples.
Posaconazole bloodstream concentrations were >0.7 and >1.25 �g/ml in 41.6% and 18.9% of samples, respectively. Posacona-
zole was detected in only 4 of 22 CSF samples (undetectable to 0.56 �g/ml). Itraconazole levels, as measured by UPLC/MS, were
>0.5 �g/ml in 43.3% and were undetectable in 33.9% of bloodstream samples. In contrast, when measured by a bioassay, itra-
conazole/hydroxyitraconazole bloodstream concentrations were >1.0 �g/ml in 72.9% of samples and were undetectable in 18%
of samples. These results indicate that there is marked variability in bloodstream concentrations achieved with these three
azoles. In addition, many levels within the bloodstream for each azole and for voriconazole and posaconazole in the CSF were
undetectable or below thresholds associated with efficacy.

Over the last 5 years, there has been increased interest in thera-
peutic-drug monitoring of systemic antifungals. Much of this

interest stems from clinical evidence that suggests that this practice
may improve outcomes for patients treated with voriconazole and
posaconazole. For both agents, studies have reported a relationship
between clinical response and certain threshold concentrations (1–
6). In addition, marked interpatient variability has been observed
with both of these antifungals (1, 7–11). For voriconazole, a clear
relationship also exists between elevated concentrations and certain
toxicities (1, 12, 13). Monitoring of voriconazole concentrations has
also been suggested as part of patient management in the fungal men-
ingitis outbreak associated with contaminated steroids due to the
high doses of this agent that are recommended (14, 15). Although this
practice has garnered recent attention, therapeutic-drug monitoring
is not new, as previous studies have suggested relationships between
itraconazole and flucytosine concentrations and clinical outcomes
(16–19).

One limitation of the currently available literature for antifun-
gal therapeutic-drug monitoring is that many of the data come
from small single-center studies (20). The Fungus Testing Labo-
ratory at the University of Texas Health Science Center at San
Antonio is a large mycology reference laboratory that receives
samples for the measurement of antifungal concentrations in dif-
ferent biological tissues from institutions across the United States.
Here we review our experience with clinical samples submitted to
this laboratory for voriconazole, posaconazole, and itraconazole
concentrations within the bloodstream (plasma or serum) and
cerebral spinal fluid (CSF).

MATERIALS AND METHODS

Samples. The antifungal drug concentration database in the Fungus Test-
ing Laboratory at the University of Texas Health Science Center at San
Antonio was queried. Data from clinical samples sent to this laboratory
for measurement from 1 January 2001 to 1 April 2013 were reviewed.
Veterinary samples were excluded, as were results from samples measured
for proficiency testing. Samples were stored frozen until assayed, and all
samples were handled and processed according to established standard
operating procedures.

Voriconazole and posaconazole concentrations. Samples were as-
sayed for voriconazole by using a previously described high-performance
liquid chromatography (HPLC) analytical method with solid-phase ex-
traction (SPE) (1-ml/100-mg C18 columns) (21). Posaconazole samples
were analyzed by using SPE (Bond Elut Plexa) columns and HPLC. Stan-
dard curves were prepared by spiking blank human plasma with voricona-
zole or posaconazole. An internal standard (UK-115,794 and m-nitrophe-
nol, respectively) was added to each sample. Voriconazole samples were
buffered with 0.2 M borate buffer (pH 9.0) and loaded onto the SPE
columns, followed by independent washings with borate buffer and meth-
anol-water (50:50, vol/vol) to remove retained interferences. The samples

Received 18 July 2013 Returned for modification 24 August 2013
Accepted 25 October 2013

Published ahead of print 4 November 2013

Address correspondence to Nathan P. Wiederhold, wiederholdn@uthscsa.edu.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AAC.01558-13

424 aac.asm.org Antimicrobial Agents and Chemotherapy p. 424 – 431 January 2014 Volume 58 Number 1

http://dx.doi.org/10.1128/AAC.01558-13
http://aac.asm.org


were eluted with 1 ml of an acidic methanolic mixture. Posaconazole
samples were loaded onto the SPE columns, washed independently with
20% and 50% methanol, and eluted with 100% methanol. Both voricona-
zole and posaconazole eluates were dried under a stream of nitrogen. The
dried residues were reconstituted with each assay mixture’s mobile phase
(55:45 N,N,N=,N=-tetramethylethylenediamine [TEMED] buffer–aceto-
nitrile for voriconazole and 35:65 water-acetonitrile for posaconazole).
The reconstituted samples were analyzed isocratically by HPLC with UV
detection (254 nm for voriconazole and 265 nm for posaconazole). The
lowest limit of quantitation (LLQ) was 0.2 �g/ml and 0.125 �g/ml, re-
spectively.

Itraconazole and hydroxyitraconazole concentrations. Itraconazole
concentrations were initially measured by a bioassay (22). Candida kefyr
(ATCC 46764) was added to a solution of yeast nitrogen base (YNB) broth
and incubated at 37°C for 6 h. The Candida kefyr solution was adjusted to
a 2 McFarland standard, and 0.5 ml was added to 35 ml of melted YNB
agar deeps. YNB was poured into 150- by 15-mm petri plates. Each 7-mm
well bored into the agar was filled with 50 �l of standards (0.5, 2, 5, and 20
�g/ml) and controls (1.0 and 10.0 �g/ml), and samples were pipetted into
individual wells. The plates were incubated overnight at 37°C. Diameters
of the zones of inhibition were measured in millimeters, and itraconazole
concentrations were determined by using a standard curve. The bioassay
method is unable to distinguish between itraconazole and the active me-
tabolite hydroxyitraconazole.

An analytical method that uses ultraperformance liquid chromatog-
raphy and single-quadrupole mass spectrometry (UPLC/MS) for the de-
termination of itraconazole and hydroxyitraconazole was developed and
is currently used by our laboratory. Standard curves were prepared by
spiking blank human plasma with itraconazole and hydroxyitraconazole.
An internal standard (valethamate) was added to each sample. All samples
were buffered and loaded onto conditioned SPE columns, which were
then washed with independent washings of 5.0% NH4OH and 15.0%
methanolic water. The samples were eluted with 1.0 ml of methanol and
1.0 ml of an acidic methanolic mixture (2% formic acid in methanol
[MeOH]), and combined eluates were dried under a stream of nitrogen.
The dried residues were reconstituted with a 60:40 dilution of acetonitrile-
water, injected, and analyzed under specified conditions using mass-to-
charge ratios (m/z) for both itraconazole and hydroxyitraconazole of
705.2 and 721.3, respectively. The lowest LOQ is 0.25 �g/ml for both
itraconazole and hydroxyitraconazole.

RESULTS
Voriconazole and posaconazole. The majority of samples (73%)
were received for the measurement of voriconazole concentra-
tions within the bloodstream. As of the beginning of April 2013,
14,923 plasma or serum samples had been submitted to the Fun-
gus Testing Laboratory for this purpose. The median quantifiable
level (i.e., concentrations above the lower limit of quantification)
was 1.86 �g/ml, and overall voriconazole concentrations within
the bloodstream ranged between undetectable and 44.9 �g/ml
(Table 1). As shown in Fig. 1A, the majority of samples had con-
centrations toward the lower end of this range. Concentrations
below the limit of quantification (0.2 �g/ml) occurred in 14.6% of
samples, and 39.2% had levels below 1 �g/ml. Approximately

one-half of concentrations (50.3%) were below 1.5 �g/ml. In con-
trast, voriconazole concentrations above 5.5 �g/ml, a level re-
ported to be associated with central nervous system toxicity in one
study, were observed in only 10.4% of samples.

Voriconazole concentrations were also measured in 173 CSF
samples. Within this biological fluid, the median quantifiable level
was 2.47 �g/ml, and concentrations ranged between undetectable
and 15.3 �g/ml. As with the bloodstream concentrations, CSF
concentrations were more heavily distributed toward the lower
end of this range (Fig. 2A). However, concentrations of �5 �g/ml
were observed in approximately 21% of samples. Matched blood-
stream levels were available for 82 CSF samples (Fig. 2B). In these,
the median CSF/bloodstream ratio was 0.52 (range, 0 to 1.22).

Posaconazole concentrations were measured in 1,548 plasma
or serum samples. The median quantifiable concentration was
0.64 �g/ml, and levels ranged between undetectable and 6.57
�g/ml (Table 2). Similar to voriconazole, posaconazole concen-
trations within the bloodstream were positively skewed (i.e., more
heavily distributed toward the lower end of the range) (Fig. 1B).
Levels below the lower limit of quantification (0.125 �g/ml) were
observed in 9.6% of samples. In approximately one-third of sam-
ples, concentrations were below 0.5 �g/ml, and 58% had levels of
�0.7 �g/ml. In contrast, concentrations above 1.25 �g/ml were
observed in �20% of samples. The posaconazole concentration
was also measured in 22 CSF samples, 18 of which had concentra-
tions below the lower limit of quantification. In the four samples
in which posaconazole was quantifiable, the concentrations
ranged from 0.14 to 0.56 �g/ml.

In order to determine if the overall median detectable values
and the percentages of levels below or above certain thresholds
were influenced by changes in practice based on the availability of
newly published studies, we evaluated bloodstream concentra-
tions of voriconazole and posaconazole by year (Fig. 3). Overall,
the median detectable levels and percentages of samples with con-
centrations below the lower limit of quantification and various
thresholds for efficacy and toxicity for both agents remained rel-
atively similar over time, without dramatic changes from year
to year. We also reviewed concentrations of voriconazole and
posaconazole in samples that we received from 6 stand-alone pe-
diatric institutions located in different geographic areas of the
United States, including the East and West Coasts and southern,
midwestern, and western states. As shown in Tables 1 and 2, con-
centrations of voriconazole and posaconazole in these samples
were somewhat lower than the total values. For both agents,
higher percentages of concentrations for the pediatric samples fell
below various threshold levels. In addition, the median detectable
bloodstream level of voriconazole in these pediatric samples (1.46
�g/ml) was significantly lower than the total median value (1.86
�g/ml; P � 0.0001 by the Mann-Whitney test), and there was a

TABLE 1 Total voriconazole concentrations in serum and plasma samples and concentrations in samples received from pediatric hospitalsa

Population

No. of
levels
measured

Concn range
(�g/ml)

Median
quantifiable
concn (�g/ml)

% of measurements below
LLQ (�0.2 �g/ml)

% of measurements
below 1 �g/ml

% of measurements
below 1.5 �g/ml

% of measurements
above 5.5 �g/ml

Total 14,923 Undetectable–44.9 1.86 14.60 39.20 50.30 10.40
Pediatric 1,700 Undetectable–44.9 1.46 21.50 50.80 61.50 9.90
a Concentrations were measured by HPLC. LLQ, lower limit of quantification.
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similar trend with posaconazole (0.52 �g/ml versus 0.64 �g/ml;
P � 0.077).

Itraconazole. As in other laboratories, itraconazole concentra-
tions were initially measured by a bioassay. Recently, a UPLC/MS
assay has been validated and is now used to measure both itra-
conazole and hydroxyitraconazole. As the bioassay is unable to
distinguish between itraconazole and the active metabolite hy-
droxyitraconazole, differences in various pharmacokinetic pa-
rameters were observed (Table 3). These included a wider range of
concentrations and a higher median detectable level by the bioas-

say than by the UPLC/MS method. In addition, fewer levels fell
below the lower limit of quantification for the bioassay (�0.5
�g/ml; 18%) than for UPLC/MS (�0.25 �g/ml; 38%). We also
evaluated the concentration data for hydroxyitraconazole alone as
well as the sum of itraconazole plus hydroxyitraconazole, as mea-
sured by UPLC/MS. Alone, the median quantifiable concentra-
tion of the active metabolite was 1.13 �g/ml, and the median level
of the combined concentrations was 1.71 �g/ml. Approximately
one-quarter of the hydroxyitraconazole levels fell below the lower
limit of quantification, 0.25 �g/ml, and the median hydroxyitra-

FIG 1 Bloodstream concentration distributions for voriconazole (A), posaconazole (B), itraconazole as measured by UPLC/MS (C), and itraconazole/hydroxyi-
traconazole as measured by bioassay (D). Antifungal concentrations were measured in clinical plasma or serum samples sent to our reference laboratory by
validated assays.

FIG 2 Distribution of voriconazole concentrations within the cerebral spinal fluid (CSF) (A) and voriconazole bloodstream and CSF concentrations in matched
clinical samples (B).
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conazole/itraconazole ratio for matched samples was 1.59. As was
observed for voriconazole and posaconazole, itraconazole con-
centrations, as measured by both bioassay and UPLC/MS, were
more heavily distributed toward the lower end of the concentra-
tion range. In contrast, only 3% of concentrations that were mea-
sured by bioassay were above 17.1 �g/ml, a threshold previously
reported to be associated with significant toxicities with this agent
(23).

DISCUSSION

Therapeutic-drug monitoring of any drug involves the measure-
ment of concentrations within biological fluids or tissues and the
interpretation of the concentrations based on well-described
pharmacokinetic parameters (24). In order for therapeutic-drug
monitoring to be considered, certain criteria must be met. These
include the availability of a valid and timely assay for the drug in
question and a clear relationship between the concentration that is
achieved and a clinical outcome (24–27). This practice may also be
of value when significant intra- and/or interpatient variability ex-
ists between the dose that is administered and the drug concen-
tration that is achieved.

Antifungal therapeutic-drug monitoring has recently gained
much attention, and this practice is routinely used at some insti-
tutions. Although assays to measure flucytosine concentrations
are available, the majority of antifungal therapeutic-drug moni-
toring is with the azoles voriconazole, posaconazole, and itracona-
zole. In this study, we report our experience with measuring con-
centrations of these three azoles in clinical samples sent to our
reference mycology laboratory.

Several groups have reported associations between voricona-
zole concentrations and both clinical efficacy and toxicity. A po-
tential relationship between bloodstream concentrations and
outcomes was initially suggested in an early open-label, noncom-
parative, multicenter study of voriconazole for the treatment of
invasive aspergillosis (13). Several single-center studies have also
described associations between voriconazole concentrations and
clinical outcome. In a retrospective analysis of patients who un-
derwent voriconazole therapeutic-drug monitoring, Smith et al.
reported that 44% of patients with voriconazole levels of �2.05
�g/ml failed therapy, in comparison to none with levels higher
than this value (2). Similarly, Pascual et al. reported that 6 of 13
patients failing therapy had voriconazole trough concentrations
of �1 �g/ml, compared to only 5 of 39 with higher trough con-
centrations (1). Following dose escalation, the median trough
concentration in the 6 patients who were failing therapy increased
to 2.1 �g/ml, and all patients had a complete or partial response.
In addition, a significant association between neurotoxicity (e.g.,
encephalopathy) and voriconazole trough concentrations of �5.5
�g/ml was also observed, which is consistent with other reports
(12, 28). Using multivariate regression analysis, that group re-
cently identified an independent association between voricona-

zole troughs and the probability of response or neurotoxicity (11).
In that study, a therapeutic range of between 1.5 �g/ml (�85%
probability of response) and 4.5 �g/ml (�15% probability of neu-
rotoxicity) was suggested. This range is similar to the voriconazole
trough/MIC ratio of 2 to 5 estimated by Troke et al. to be associ-
ated with a near-maximal probability of response (29). In addition
to the exposure-neurotoxicity relationship, there is some evidence
that high voriconazole levels may be associated with hepatotoxic-
ity (1, 13, 30). However, this is controversial and has not been
consistently demonstrated (11, 12).

In the current study, a wide range of voriconazole bloodstream
concentrations was observed. However, in many of the samples,
the voriconazole levels were either below the lower limit of quan-

FIG 3 Voriconazole and posaconazole median bloodstream concentrations
and percentages of samples above or below a certain threshold by year.

TABLE 2 Total posaconazole concentrations in serum and plasma samples and concentrations in samples received from pediatric hospitalsa

Population

No. of
levels
measured

Concn range
(�g/ml)

Median
quantifiable
concn (�g/ml)

% of measurements below
LLQ (�0.125 �g/ml)

% of measurements
below 0.5 �g/ml

% of measurements
below 0.7 �g/ml

% of measurements
below 1.25 �g/ml

Total 1,548 Undetectable–6.57 0.64 9.60 34.60 58.40 81.10
Pediatric 152 Undetectable–3.99 0.52 12.50 54.60 63.80 80.30
a Concentrations were measured by HPLC. LLQ, lower limit of quantification.
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tification of our assay or less than the thresholds associated with
clinical response, as described above. Previous studies have re-
ported both significant inter- and intrapatient variability with
voriconazole levels (1, 7, 8, 31). As several factors influence vori-
conazole pharmacokinetics, it is difficult to predict what levels will
be achieved based on the dose that patients receive. These factors
include drug-drug interactions, nonlinear pharmacokinetics in
adults, and CYP 2C19 polymorphisms. A weak correlation be-
tween the dose administered on a weight basis and the voricona-
zole concentration that is achieved in the bloodstream has been
reported (8). In addition, it was recently reported that the oral
bioavailability of this agent in patients may be less than previously
thought (11). Previous studies also suggested that autoinduction
of voriconazole metabolism may lead to subtherapeutic concen-
trations. Although this is known to occur in rodents, this was
thought not to occur in humans (32). However, others have sug-
gested that autoinduction, sometimes referred to as accelerated
metabolism, of voriconazole may occur in some individuals (7,
31, 33).

We also report our experience with voriconazole concentra-
tions in the CSF. Antifungal concentrations within the central
nervous system (CNS) have recently been in the spotlight due to
the outbreak of Exserohilum rostratum fungal meningitis associ-
ated with contaminated corticosteroids (15). Lutsar et al. previ-
ously reported that in a group of 14 matched CSF and plasma
samples collected from patients with CNS fungal infections, the
median voriconazole CSF/plasma ratio was 0.46 and ranged from
0.22 to 1.0 (34). A similar ratio was found in our 82 matched CSF
and bloodstream samples, where the median ratio was 0.52. It is
important to note that there are no clinical data correlating vori-
conazole CSF concentrations with response in patients with fun-
gal CNS infections.

Members of our group have briefly reported this laboratory’s
experience with posaconazole bloodstream concentrations (35).
In that report, 202 posaconazole concentrations were measured,
and 70% were �0.7 �g/ml. Here we expand upon our experience
and provide information on 1,548 posaconazole bloodstream
concentrations. Of note, concentrations within the serum or
plasma were more heavily distributed toward the lower end of the
range of measured concentrations, and high percentages were be-
low levels previously reported to be associated with prophylactic
(58.4% were �0.7 �g/ml) or treatment (81.1% were �25 �g/ml)
efficacy (4, 6). Others have also reported that a large percentage of
patients may be achieving low bloodstream concentrations of

posaconazole (3, 36). Several factors may influence the bioavail-
ability of the currently available oral suspension, including the use
of agents that raise gastric pH or promote gastric motility, and
nausea and vomiting (37, 38). New formulations of posaconazole
are currently under development, including both a solid oral tab-
let and an intravenous formulation. Higher and more consistent
posaconazole bloodstream concentrations have been reported for
these new formulations, which have the potential to improve pa-
tient outcomes with this agent (39–41).

The exact threshold associated with clinical efficacy with
posaconazole is unknown. As prophylaxis, studies have suggested
that a concentration of 0.5 or 0.7 �g/ml be used as the target level.
Jang et al. reviewed the exposure-response relationship from two
large, prospective, multicenter trials that evaluated posaconazole
as primary prophylaxis in neutropenic patients undergoing che-
motherapy for acute leukemia or myelodysplastic syndrome and
those with severe graft-versus-host disease (4). Using clinical fail-
ure as the endpoint, the primary composite efficacy endpoint in
these two trials, there was a clear relationship between posacona-
zole levels and clinical outcomes, and the incidence of break-
through invasive fungal infections was higher for those patients
with average steady-state concentrations below 0.7 �g/ml. Other
studies have suggested that a level of 0.5 �g/ml may be a suitable
threshold for prophylaxis. In a retrospective review of 17 cardio-
thoracic transplant recipients in which posaconazole therapeutic-
drug monitoring was performed, Shields et al. reported that 3 of 6
patients with consistent plasma concentrations above 0.5 �g/ml
had a favorable response, while 8 of 8 patients with levels at or
below this threshold failed therapy. Three patients were excluded
from the outcome analysis, as therapy was discontinued due to
potential hepatotoxicity. Of the 14 remaining patients, 9 received
posaconazole as primary or secondary prophylaxis, and 5 received
it as primary treatment of a fungal infection. It is noteworthy that
2 of the 3 patients with a favorable response had levels of �1.55
�g/ml. A recent retrospective, multicenter study of 86 patients for
whom posaconazole therapeutic-drug monitoring was performed
reported similar results (3). The median level in those who re-
ceived posaconazole as prophylaxis and had a breakthrough inva-
sive fungal infection (0.289 �g/ml) was significantly lower than
that in those who did not (0.485 �g/ml). Posaconazole concentra-
tions were also lower in the 4 patients who failed treatment for an
indication other than neutropenic fever (0.436 �g/ml) than in
those who had a successful outcome (0.955 �g/ml). The need for
higher levels for the treatment of invasive fungal infections was

TABLE 3 Itraconazole and itraconazole/hydroxyitraconazole concentrations in serum and plasma samples

Assay and drug

No. of
levels
measured

Concn range
(�g/ml)

Median
quantifiable
concn
(�g/ml)

% of
measurements
below LLQa

% of
measurements
below 0.5
�g/ml

% of
measurements
above 17.1
�g/ml

Median matched
hydroxyitraconazole/
itraconazole ratio
(range)

UPLC/MS
Itraconazole 689 Undetectable–7.37 0.84 38 54.60 1.59 (0.2–3.63)
Hydroxyitraconazole 676 Undetectable–7.31 1.13 25.30
Itraconazole �

hydroxyitraconazole
651 Undetectable–14.01 1.71 26.30 42.40

Bioassay
Itraconazole/hydroxyitraconazole 3,105 Undetectable–�20 4.75 18 3.00

a The lower limit of quantification (LLQ) was �0.25 �g/ml for UPLC/MS and �0.5 �g/ml for bioassay.
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suggested in one study that used posaconazole as salvage therapy
for invasive aspergillosis (6). Using a quartile analysis, Walsh et al.
reported that response rates were highest among patients in the
highest posaconazole quartile (75%, with a median level of 1.25
�g/ml). However, it must be noted that not all studies have found
a correlation between posaconazole concentrations and response
(42, 43). Overall, this agent appears to be well tolerated, with an
adverse-effect profile similar to that of fluconazole (9). In addi-
tion, there does not appear to be a clear relationship between
exposure and adverse effects with the currently available formula-
tion (3, 4, 36). It is currently unknown if this will change with the
availability of new posaconazole formulations that result in higher
and more consistent bloodstream levels.

As discussed above, general target concentrations for vori-
conazole and posaconazole have been evaluated clinically. How-
ever, for both agents, the pharmacokinetic/pharmacodynamic pa-
rameters associated with in vivo efficacy have been more
specifically defined (44–49). Therefore, the goal concentrations of
these agents could be individualized in order to optimize re-
sponses while avoiding toxicities based on the denominator of the
pharmacokinetic/pharmacodynamic equation (i.e., the in vitro
MIC of the antifungal against the organism). However, in many
instances of invasive mold infections, the organism responsible
for causing disease is not able to be isolated for susceptibility test-
ing. It is of interest that the bloodstream levels of voriconazole and
posaconazole measured in samples received from pediatric insti-
tutions appeared to be lower than all levels taken together. The
clinical implications of this are unknown, but it suggests that ther-
apeutic-drug monitoring studies in pediatric patients are war-
ranted.

Similar to what was observed for voriconazole and posacona-
zole, itraconazole concentrations in this study, as measured by
both bioassay and HPLC, were highly variable and tended to be
more heavily distributed toward the lower end of the concentra-
tion range. In addition, many were below the lower limit of quan-
tification by either assay. Low and variable concentrations of this
triazole have been previously reported (50–52). The literature re-
garding therapeutic-drug monitoring of itraconazole is mixed, as
some studies have shown a relationship between itraconazole
bloodstream concentrations and clinical outcome, while others
have not. In a nonrandomized prospective study in patients with
hematologic disease with severe neutropenia who received itra-
conazole prophylaxis, invasive fungal infections occurred more
frequently in patients in which levels were �0.25 �g/ml for �2
weeks (19). Others have reported that this level may be too low
and that a higher concentration may be needed for prophylactic
efficacy. Glasmacher et al. reported that in hematologic malig-
nancy patients who developed invasive fungal infections while on
itraconazole prophylaxis, the percentage of days with levels of
�0.5 �g/ml was significantly lower than for patients without
breakthrough infections (48% versus 100%) (18). In addition,
patients with fatal invasive fungal infections had lower median
itraconazole levels immediately before the occurrence of the in-
fection than did those with nonfatal mycoses. While those two
studies reported an association between itraconazole concentra-
tions and prophylactic efficacy, other studies have not found such
a relationship (52, 53). Although most studies have evaluated itra-
conazole concentrations when used as prophylaxis, an early clin-
ical trial did suggest that levels might also be important when this
agent is used as treatment. Denning et al. reported that itracona-

zole concentrations were higher in those who had complete re-
sponses against invasive aspergillosis and stable disease than in
those who failed treatment (50). However, these differences were
not statistically significant.

As noted above, both bioassays and analytical assays (e.g.,
HPLC and liquid chromatography/mass spectrometry [LC/MS])
are available for the determination of itraconazole concentrations,
and this may confound the picture regarding therapeutic-drug
monitoring of this agent. As various factors can influence the re-
sults of the bioassays, the results obtained by this method and the
analytical assays are discordant (54, 55). Bioassays are unable to
distinguish between itraconazole and the active metabolite hy-
droxyitraconazole, and concentrations measured by this method
range between 2 and 10 times higher than itraconazole concentra-
tions determined by analytical means (24, 56). Several factors may
contribute to this, including the indicator organism and type of
medium used for the assay. While it was previously reported that
the hydroxyitraconazole-to-itraconazole ratio is approximately
2:1 (57), our results show that this can be highly variable. It has
also been reported that itraconazole and hydroxyitraconazole are
equipotent (54, 56); thus, the results from analytical assays could
be reported as a bioactive level by summing the two concentra-
tions. However, in a large in vitro analysis of the activity of itra-
conazole and hydroxyitraconazole that used 50% inhibition of
growth turbidity as the endpoint for both yeast and molds, vari-
able potency was observed between these two agents against Can-
dida glabrata and dimorphic pathogens (54). Against C. glabrata,
itraconazole MICs were 3 or more dilutions lower than those of
itraconazole against 26.7% of the isolates tested. Although most
studies that evaluated associations between itraconazole levels and
therapeutic responses used HPLC to measure concentrations, one
study utilized a bioassay in order to explore the concentration-
toxicity relationship. Lestner et al. reported that an itraconazole
level of 17.1 �g/ml was an appropriate threshold for therapeutic-
drug monitoring, as concentrations above this were associated
with significant toxicity (23). This included clinical features asso-
ciated with congestive heart failure. Due to the discordance be-
tween itraconazole levels measured by a bioassay and those mea-
sured by analytical assays, it is difficult to translate the
concentration-toxicity relationship when levels are measured by
HPLC or LC/MS.

One limitation of the current study is that in many cases, we do
not have access to other information, including patient outcomes
as well as the doses that were administered. Thus, we cannot eval-
uate relationships between exposure of these agents and either
clinical response or toxicity. In addition, we are unable to com-
ment on the high levels that were observed in some samples with
each agent. However, our collective experience is similar to those
reported from individual centers and in studies involving a few
institutions. For each agent, marked variability was observed. The
range of concentrations was wide, but with each drug, levels were
more heavily distributed toward the lower end of the respective
concentration ranges, and this did not appear to change markedly
over time. Furthermore, with each agent, many of the samples had
concentrations that were below the lower limit of quantification
for our assays, which also fall below threshold levels reported in
the literature to be associated with the clinical response, either as
prophylaxis or as treatment, with these antifungals.
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