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The burden of human disease related to medically important fungal pathogens is substantial. An improved
understanding of antifungal pharmacology and antifungal pharmacokinetics–pharmacodynamics has resulted
in therapeutic drug monitoring (TDM) becoming a valuable adjunct to the routine administration of some anti-
fungal agents. TDM may increase the probability of a successful outcome, prevent drug-related toxicity and
potentially prevent the emergence of antifungal drug resistance. Much of the evidence that supports TDM is cir-
cumstantial. This document reviews the available literature and provides a series of recommendations for TDM of
antifungal agents.
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Introduction
Fungal diseases exact a significant toll on human health and com-
promise clinical outcomes of patients. There has been a progres-
sive understanding of antifungal pharmacology and characterization
of antifungal drug exposure –response relationships. There is
increased recognition that therapeutic drug monitoring (TDM) of
antifungal agents is important in a wide range of clinical set-
tings.1 – 4 This document reviews the available literature and pro-
vides recommendations for antifungal TDM.

The three main classes of antifungal agents in clinical use are
the polyenes, the triazoles and the echinocandins. The polyenes
have a broad spectrum of activity that includes yeasts and
moulds. For the triazoles, susceptibility is more variable and
depends on the specific agent. Fluconazole has no activity
against Aspergillus spp. and the mucoraceous moulds, while vori-
conazole lacks activity against the mucoraceous moulds.
Posaconazole has the broadest spectrum of activity for all the
triazoles, including activity against Aspergillus spp. and the
mucoraceous moulds. The echinocandins are active against
most medically important species of Aspergillus and Candida,
but lack activity against Cryptococcus, Fusarium and the mucor-
aceous moulds. The key pharmacokinetic properties of each
agent are summarized in Table S1 (available as Supplementary
data at JAC Online).

Patients at risk of systemic fungal infections are varied and
include those with neutropenia (caused by haematological malig-
nancy or chemotherapy), bone marrow transplant recipients, solid
organ transplant recipients and a range of critically ill patients.
Other patient groups with more subtle immune dysfunction are
also at heightened risk, including diabetic patients with poor gly-
caemic control and patients with chronic obstructive pulmonary
disease receiving high-dose inhaled corticosteroids.

Methods
References for these guidelines were identified through searches of PubMed,
Embase and Medline by use of the search terms ‘TDM’, ‘therapeutic drug
monitoring’, ‘drug monitoring’, ‘drug concentrations’, ‘tissue concentrations’
and ‘serum levels’ and each term combined with the name of the antifun-
gals: flucytosine, fluconazole, itraconazole, voriconazole, posaconazole,
amphotericin B, caspofungin, micafungin and anidulafungin. References
were retrieved and collated. Secondary references embedded in papers
that were not identified in the original search were retrieved and reviewed.
Following a systematic review of the literature, a series of recommendations
were developed. The GRADE system (Grades of Recommendations
Assessment, Development and Evaluation5) was used to assess the
strength of evidence for each recommendation (the GRADE system is sum-
marized in Table 1). The GRADE system uses either ‘strong’ or ‘weak’ recom-
mendations and generally high or moderate levels of evidence resulted in a
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strong recommendation, with low or very low quality evidence resulting in a
weak recommendation. In areas where the quality of evidence was very
variable or there was limited evidence, the recommendation was based
not only on the available literature but also on the clinical judgement and
experience of the authors. The recommendations for TDM for each com-
pound are summarized in Tables 5–8. The evidence base that supports
each recommendation is discussed in turn.

Overview
The importance of antifungal TDM is increasingly recognized.
Nevertheless, there are no definitive data (and there are never
likely to be any) from large clinical trials that address its use in
every clinical context. Most evidence supporting TDM is circum-
stantial. Antifungal TDM is potentially expensive and time con-
suming, and the ultimate impact on clinical care may be

difficult to estimate. There is debate as to whether TDM should
be routine (as it is for some antimicrobial compounds, such as
aminoglycosides) or used more selectively. This balance depends
to some extent on the clinician, the patient case mix, the severity
of infection, cost, and access to a TDM service. The indications for
potentially recommending TDM for antifungal agents are sum-
marized in Table 2.

There is an increased interest in the use of personalized med-
icines—TDM is completely consistent with this concept. Clinical
input and judgement remain central to the process of TDM.
Clinicians frequently forget that therapeutic concentration ranges
cited by reference laboratories are derived from populations of
patients. A therapeutic target that is appropriate for one patient
may not necessarily be satisfactory for another. Therefore, TDM
requires continuous clinical input to ensure appropriate targets
are chosen rather than using a ‘one size fits all’ approach. The clin-
ical circumstances that may favour the use of TDM are summar-
ized in Table 3. The optimal frequency of TDM for patients on
long-term antifungal therapy is unknown, but will largely depend
upon clinical judgement. Once target concentrations have been
achieved, consideration of the circumstances described in
Table 3 (e.g. compliance, changing pharmacokinetics) should
guide the frequency with which repeat TDM measurements are
made, as well as the context in which the drug is being used.

Several methods have been used for measuring serum concen-
trations of antifungal agents, including bioassay, HPLC and mass
spectrometry. Advantages, disadvantages and examples of each
are summarized in Table 4. A key requirement for any TDM service
is participation in a quality control programme and an inter-
national scheme is available for the triazole antifungals,6 whilst
the UK National External Quality Assessment Service (NEQAS)
runs a scheme for the triazoles and flucytosine in the UK. A further
consideration is the turn-around time. While it may be ideal to
have assays performed on site, the cost of developing and running

Table 1. Quality of evidence and definitions according to the GRADE
system5

Quality of
evidence Basis of recommendation

High quality further research is very unlikely to change our
confidence in the estimate of effect

Moderate
quality

further research is likely to have an important impact
on our confidence in the estimate of effect and may
change the estimate

Low quality further research is very likely to have an important
impact on our confidence in the estimate of effect
and is likely to change the estimate

Very low quality any estimate of effect is very uncertain

Table 2. Overall summary of the need for therapeutic drug monitoring when using antifungal agents (see individual tables for detailed
recommendations in specific indications)

Antifungal

GRADE quality of
evidence and strength
of recommendation5 Prophylaxis Treatment Toxicity

Table with
specific details

Itraconazole evidence quality moderate moderate moderate Table 5
recommendation strong strong weak

Voriconazole evidence quality low high high Table 6
recommendation weak strong strong

Posaconazole evidence quality moderate moderate high Table 7
recommendation strong strong strong against

Fluconazole evidence quality high high high see text
recommendation strong against strong against strong against

Flucytosine evidence quality NA low moderate Table 8
recommendation weak strong

Echinocandins evidence quality high high high see text
recommendation strong against strong against strong against

Polyenes evidence quality high high high see text
recommendation strong against strong against strong against

NA, not applicable.
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assays may mean that many TDM services are only available
in specialist centres. Commercially available assays are now
available from at least two manufacturers (Recipe and
Chromsystems), removing the need to develop in-house assays
that could facilitate the implementation of TDM services in non-
specialist centres where HPLC equipment is available.

Antifungal TDM
Antifungal TDM is generally indicated for the mould-active tria-
zoles (itraconazole, voriconazole and posaconazole) and the
nucleotide flucytosine (5-fluorocytosine). There may be limited
clinical circumstances in which TDM of fluconazole is warranted
(e.g. critically ill patients on haemofiltration), but there is inad-
equate evidence to recommend the routine use of TDM for this
agent. There is no evidence or indication at the current time to
support the routine use of TDM for polyenes (amphotericin B
deoxycholate, liposomal amphotericin B and amphotericin B
lipid complex) or the echinocandins (micafungin, caspofungin
and anidulafungin). Nevertheless, a better understanding of

antifungal exposure –response relationships may mean that
TDM becomes an important adjunct to the routine administration
of these compounds in the future.

Fluconazole

Introduction

Fluconazole is a triazole antifungal that is active against most spe-
cies of Candida (with the notable exceptions of C. krusei and
C. glabrata—the latter often exhibits reduced susceptibility or
overt resistance to fluconazole with MICs ≥32 mg/L). Fluconazole
is also active against Cryptococcus neoformans and various
dimorphic fungi.7 Fluconazole is available as capsules, an oral sus-
pension and an intravenous (iv) preparation.

Fluconazole is used for the prevention of invasive candidiasis8

and the treatment of cryptococcal meningitis, coccidioidomycosis
and both invasive and superficial candidiasis. The licensed dose
varies with the indication, but for systemic infections is usually
400–800 mg/day.9 Higher dosages (1200–2000 mg/day) have
been used for cryptococcal meningitis.

Table 3. Clinical circumstances that may favour the use of TDM

Context Example Comment

Pharmacokinetic variability children, neonates, elderly, obese, organ dysfunction, critical
illness haemodialysis, haemofiltration, extracorporeal
membrane oxygenation, cardiopulmonary bypass

pharmacokinetics of many antifungal agents
very poorly defined in special populations

Changing pharmacokinetics physiological instability, critical illness, diarrhoea, iv-to-oral
switch

Interacting drugs antacids, histamine antagonists, proton pump inhibitors and
itraconazole capsules; agents known to decrease
concentrations of triazoles

drug–drug interactions well defined and
documented for many antifungal compounds

Compliance compliance may be a significant issue for
longer-term consolidation therapy or
secondary prophylaxis

Poor prognostis disease extensive or bulky infection, lesions contiguous with critical
structures (mediastinum), CNS disease; multifocal or
disseminated infection

Persistent and/or significant
underlying immunological
defects

prophylaxis versus established disease

Table 4. Advantages, disadvantages and examples of methods for determining drug levels in serum

Method Advantages Disadvantages References

Bioassay cheap; simple to perform subject to interference from other drugs, including other
antifungals; may measure combined activity of parent
and metabolites (e.g. itraconazole)

32,132

HPLC with ultraviolet
fluorescence detection

technology widely available; commercially
available assays; can quantify multiple
drugs in single sample

subject to interference from miscellaneous substances; run
times maybe slow

133 – 135

Liquid chromatography–
mass spectrometry

very sensitive and specific; can quantify
multiple drugs in single sample

expensive; not widely available 136 – 139
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Fluconazole is highly orally bioavailable and has linear pharma-
cokinetics.10 Most active drug is excreted renally,11 and downward
dose adjustment is required for patients with renal failure.12

TDM of fluconazole is not routinely required. Nevertheless,
there is increasing information related to drug exposure –
response relationships. An AUC:MIC ratio of �100 is associated
with improved clinical outcomes (when the MIC is tested using
EUCAST methodology13). The measurement of fluconazole con-
centrations may be indicated in rare circumstances (e.g. CNS dis-
ease, unstable patient receiving renal supportive care, treatment
of an organism with a high MIC). In this case, there is some uncer-
tainty related to an appropriate target. One potential solution is to
collect several samples throughout the dosing interval to esti-
mate an AUC, and thereby an AUC:MIC. Sampling at 1, 4 and
24 h would enable a reasonable estimate of the AUC in the major-
ity of patients. Dosages can be adjusted to ensure an AUC:MIC
ratio of .100 is achieved.

See Table 2 for recommendations for TDM for fluconazole.

Itraconazole

Introduction

Itraconazole is a triazole antifungal with broad-spectrum antifun-
gal activity. It is active against the commonest medically import-
ant fungal pathogens, such as Candida spp., C. neoformans and
Aspergillus spp.14 Current formulations include capsules, an oral
solution and an iv preparation; the last two are formulated with
hydroxypropyl-b-cyclodextrin. The iv formulation is no longer
available in the USA. A wide range of generic formulations are
available in countries outside the European Union, and pharmaco-
kinetics may differ significantly from the original formulations
developed by Janssen Pharmaceuticals (Sporonox).

Itraconazole is used for the treatment of oral and oesophageal
candidosis, prevention of fungal infections in patients with pro-
found and prolonged neutropenia, and treatment of invasive
aspergillosis and cryptococcosis in patients who are refractory
or intolerant to other first-line antifungal agents.15 In addition,
itraconazole is used for the treatment of allergic aspergillosis,
dermatophyte infections, sporotrichosis, blastomycosis, histo-
plasmosis, coccidioidomycosis and infections with Penicillium
marneffei.16 The licensed dosage of the iv preparation in adults
consists of a loading dose of 400 mg for 2 days followed by
200 mg/day. There is some uncertainty related to regimens in
children that produce equivalent drug exposure to those observed
in adults;17 – 19 dosages of 2.5–5 mg/kg twice daily are generally
used, but the pharmacokinetic studies that underpin these
recommendations are not definitive.20 – 22 The regimen for treat-
ment of oropharyngeal and oesophageal candidiasis with the
oral solution is 200 mg/day in one or two doses, or 200 –
400 mg/day for treatment of infections caused by pathogens
with reduced susceptibility to fluconazole.

The extent of oral bioavailability of itraconazole is variable and
dependent on the specific formulation. The oral bioavailability of
itraconazole capsules is increased by food and gastric acidity.23

Itraconazole has 30% higher bioavailability as an oral solution
than as capsules, the solution is better absorbed in the fasting
state, and its absorption does not appear to be pH dependent.24

Because of the improved oral bioavailability, the oral solution of
itraconazole is generally preferred for treatment, despite the

increased cost and its well-documented unpalatability. The
pharmacokinetics of itraconazole are non-linear (i.e. a fixed
amount of drug rather than a fixed fraction is cleared per unit
time), although this is relatively poorly characterized.25

Itraconazole accumulates slowly and generally reach concentra-
tions of 0.5–1 mg/L after 7–15 days of dosing.26,27 The use of a
loading dose or an iv preparation enables the attainment of con-
centrations likely to be safe and effective within the first days of
therapy.28 Itraconazole is metabolized via oxidative mechanisms
and principally via the isoenzyme CYP3A4.29 Itraconazole also
inhibits CYP3A4, which leads to a number of clinically relevant
drug–drug interactions. Oxidative metabolism generates a multi-
tude of metabolites that are excreted in the urine and faeces.30

One of these metabolites, hydroxy-itraconazole, has antifungal
activity that is comparable to the parent.31 The only practical con-
sequence of this phenomenon is discordance in measurements of
serum itraconazole using bioassay (measures both itraconazole
and hydroxy-itraconazole) versus HPLC (which measures itracon-
azole separately)—serum concentrations measured by bioassay
are �5-fold higher compared with HPLC/mass spectrometry.32

This may be caused by precipitation of itraconazole standards in
bioassays due to poor solubility causing smaller zones and over-
estimation of drug concentrations.32

See Table 5 for recommendations for TDM for itraconazole.

Recommendation 1: TDM should be performed
in the majority of patients receiving itraconazole

The evidence for the potential clinical benefits of TDM for patients
receiving itraconazole is strong, but largely circumstantial. TDM
should be considered in the majority of patients receiving itracon-
azole for both invasive and allergic disease on the basis of: (i) con-
siderable inherent pharmacokinetic variability, a portion of which
is due to variable oral bioavailability that is affected by food intake
and gastric pH; (ii) clinical and experimental evidence suggesting
clinically relevant drug exposure–response relationships; (iii)
potential problems with compliance, especially with use of the
oral solution, which is unpalatable; and (iv) clinical evidence for
drug exposure–toxicity relationships.

The strongest evidence to support TDM of itraconazole is for
the prevention of invasive fungal infections in profoundly
immunocompromised patients. Many early clinical studies ana-
lysing the efficacy of itraconazole were inconclusive, predomin-
antly because they were underpowered. A meta-analysis of
these studies suggests that higher itraconazole serum concentra-
tions are protective against invasive fungal infections and
decrease mortality.33 In addition, an early study of itraconazole
for primary treatment of invasive aspergillosis also suggests
patients with serum concentrations .8 mg/L (measured using
bioassay) tend to have better clinical outcomes.34

Recommendation 2: A lower target concentration for TDM
is a trough of >0.5–1 mg/L measured using HPLC or mass
spectrometry

Breakthrough infections are more common in neutropenic
patients with trough itraconazole concentrations of ,0.25 –
0.5 mg/L.35,36 Furthermore, mortality is significantly higher in
patients with concentrations ,0.5 mg/L.37 Patients with invasive
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infections caused by Aspergillus spp.,38 C. neoformans39,40 and
Histoplasma capsulatum41 all tend to have better clinical out-
comes with higher itraconazole trough concentrations. Patients
with oropharyngeal and oesophageal candidiasis also have better
responses to itraconazole therapy if serum concentrations are
.0.6–1 mg/L.42,43 Collectively, therefore, a target for the preven-
tion and treatment of invasive fungal infections is a trough con-
centration of 0.5 –1 mg/L when measured using HPLC/mass
spectrometry. The precise target that is ultimately chosen by
the clinician depends on the organism, its MIC, the site of infection
and overall clinical context.

Therapeutic concentration targets to optimize the antifungal
effect of itraconazole have been derived exclusively in the context
of prevention or treatment of invasive disease. Itraconazole is
used in the treatment of other fungal diseases, such as treatment
of infections with dimorphic fungi (e.g. Blastomyces, Sporothrix
and Histoplasma), cryptococcal meningitis, chronic pulmonary
aspergillosis, allergic bronchopulmonary aspergillosis (ABPA) and
in some cases of severe asthma with fungal sensitization (SAFS).
There is no evidence that concentration targets derived from the
prevention of invasive fungal infection are necessarily optimal for
these other diseases, although in the absence of specific evidence
to the contrary, use of these same targets is probably reasonable.

A potential limitation of using a standard trough concentration
is that it does not incorporate the MIC of the fungal pathogen in
question. Experimental models of aspergillosis44 – 46 and candido-
sis47,48 have demonstrated that greater drug exposure is required
for successful outcomes for infections caused by isolates with
higher MICs. The identification of concentration targets for TDM
occurred in an era when resistance to anti-Aspergillus triazoles
was uncommon. The most appropriate target value for treatment
of pathogens with elevated MICs is not known. Furthermore, the
relationship between this target and the emergence of drug

resistance is not known, and may be important for chronic and
allergic forms of aspergillosis, both of which require long-term
antifungal therapy. These areas require further research.

Recommendation 3: Itraconazole TDM should be
performed to minimize drug-related toxicity

Adverse events associated with itraconazole include gastrointes-
tinal disturbances, neurological problems and hepatitis.16 Some
of the gastrointestinal intolerance may be primarily caused by
the osmotic effects of the hydroxypropyl-b-cyclodextrin compo-
nent of the oral or iv solution.49 Two studies have demonstrated
an increased incidence of toxicity at higher concentrations. Both
studies used a bioassay to quantify itraconazole concentra-
tions.50,51 An average concentration of 17 mg/L (bioassay) is a
reasonable upper concentration bound to minimize the probabil-
ity of drug-related toxicity. The equivalent target using HPLC has
not been specifically determined, but is �5-fold lower.32

Recommendation 4: Itraconazole concentrations should
be measured in the first week of therapy and regularly
thereafter

Because itraconazole exhibits non-linear pharmacokinetics, the
time to steady state cannot be expressed in terms of half-life (i.e.
itraconazole does not have a half-life). Itraconazole concentrations
steadily increase and reach 0.5–1 mg/L in the first 2 weeks of ther-
apy.OneapproachforTDMistodrawapre-dosesampleattheendof
the first weekof therapyand then at regular intervals that are appro-
priate to the clinical context. More frequent sampling may be
required if there is great clinical urgency, or there is a change in dos-
age and/or formulation. Moreover, a change in other clinical

Table 5. Recommendations for TDM for itraconazole

Patient group Specific indication
Quality of
evidence

Strength of
recommendation

Immunocompromised patients
receiving itraconazole for prevention
of invasive fungal infection

target trough concentration for prophylaxis is 0.5 mg/L high strong
measurement of trough serum concentrations 5–7 days after

initiation of therapy or dose adjustment
high strong

when interacting drugs start or stop (either inhibiting absorption
or affecting metabolism)

high strong

uncertain compliance with oral therapy high strong
concerns about gastrointestinal absorption low weak
potential clinical or laboratory manifestations of toxicity occur moderate strong

Patients receiving itraconazole for
established invasive and allergic
fungal diseases

target trough concentration for treatment is .0.5 mg/L moderate stronga

measurement of trough serum concentration 5–7 days after
initiation of therapy or dose adjustment

high strong

when interacting drugs start or stop (either inhibiting absorption
or affecting metabolism)

high strong

uncertain compliance for oral therapy high strong
concerns about gastrointestinal absorption, especially for

prolonged periods of time
low weak

potential clinical or laboratory manifestations of toxicity occur low weak

aThe target concentration for treatment is inferred from prophylaxis data, although there are few treatment studies that have addressed this.
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parameters, such as the development of achlorhydria, the addition
of agents that decrease gastric acidity (e.g. concomitant use of itra-
conazole capsules with antacids, histamine antagonists or proton
pump inhibitors52) or the addition of agents that interact via hepatic
oxidative mechanisms (e.g. rifampicin, carbamazepine, pheny-
toin53–55) may also mandate more frequent sampling. The require-
ment for repeated sampling for a patient who is stable and on
longer-term itraconazole therapy is less clear. Nevertheless, inter-
mittent measurements may be helpful to exclude issues with com-
pliance or unanticipated changes in pharmacokinetics.

Voriconazole

Introduction

Voriconazole is a broad-spectrum second-generation triazole
antifungal agent that has activity against Candida (including
fluconazole-resistant species), C. neoformans, Aspergillus, many
dimorphic fungi and several other medically important fungi.7

Voriconazole is a structural congener of fluconazole, but has sig-
nificantly diminished aqueous solubility.56 A number of formula-
tions are available for clinical use, including an iv preparation
(containing sulfobutyl ether b-cyclodextrin sodium) and oral cap-
sules (available as 50 and 200 mg), as well as a suspension
designed for oral use in children.56

Voriconazole is a first-line agent for the treatment of invasive
aspergillosis, invasive candidiasis caused by Candida spp. with
reduced susceptibility to fluconazole, and serious infections
caused by Scedosporium or Fusarium spp.15 Voriconazole is the
drug of choice for CNS aspergillosis.57 Voriconazole may poten-
tially be used in combination with other antifungal agents for the
treatment of invasive aspergillosis.58 Despite several clinical
studies demonstrating the safety and efficacy of voriconazole
for the prevention of invasive fungal infections,59,60 it is not cur-
rently licensed for this indication. The currently licensed dose is
6 mg/kg iv twice daily for two dosages, followed by 4 mg/kg iv twice
daily. If therapy is initiated with oral voriconazole, a loading dose
of 400 mg twice daily for two doses is used (for individuals
.40 kg), followed by 200 mg twice daily, and in individuals
,40 kg the maintenance dose is 100 mg twice daily. The dosage
can be increased to 300 mg twice daily if clinically indicated.
Recently, population-based pharmacokinetic studies have sug-
gested that higher oral doses than those currently recommended
may be needed to achieve optimal plasma concentrations and
therapeutic responses.61 There has been considerable debate
about appropriate paediatric regimens that produce equivalent
drug exposures to those observed in adults, for which efficacy
has been established in Phase II and III clinical trials. A loading
dose of 9 mg/kg twice daily for two doses followed by 8 mg/kg
twice daily is now recommended for the iv preparation, with
oral dosing maintained at 9 mg/kg twice daily, and reflects the
higher weight-adjusted clearance of voriconazole that is observed
in paediatric patients.62,63

Voriconazole exhibits classical Michaelis–Menten (non-linear)
pharmacokinetics in adults that are related to saturable clearance
mechanisms. This has important implications for dosage adjust-
ment because of unanticipated and unpredictable changes in
drug exposure (i.e. significantly greater or smaller than antici-
pated). Voriconazole is highly orally bioavailable, with current esti-
mates of �80%–86% in children and adults,64,65 although

estimates as low as 60% have recently been reported.61 Oral bio-
availability may also be lower in children, hence TDM is especially
important in this setting.64 – 66

Voriconazole is metabolized via oxidative mechanisms. The
predominant cytochrome P450 isoenzymes involved in this pro-
cess are CYP3A4, CYP2C19 and CYP2C9.67 CYP2C19 exhibits a
number of clinically relevant polymorphisms that have been asso-
ciated with differing rates of enzyme activity and therefore clear-
ance of voriconazole. These polymorphisms account for a portion
of the observed variance in serum concentrations, which is other-
wise extensive (e.g. 100-fold in healthy volunteers). Voriconazole
inhibits CYP3A4 activity (as well as CYP2C19 and 2C9), which
results in a number of clinically relevant drug–drug interactions
that have been extensively reviewed elsewhere.68

See Table 6 for recommendations for TDM for voriconazole.

Recommendation 5: TDM should be performed
in the majority of patients receiving voriconazole

There is an increasing evidence base that supports TDM for vori-
conazole. The British Society for Medical Mycology (BSMM) working
party recognizes that it is possible to use voriconazole without
TDM and that the definitive trials used for registration were all per-
formed using a fixed regimen. Nevertheless, the case supporting
TDM as a routine adjunct to the use of voriconazole is increasing
and rests with the following arguments: (i) concentration–effect
and concentration–toxicity relationships are consistently
reported in both experimental69 – 72 and clinical contexts,73 – 75

and, in patients, these relationships have been defined in both
adults73,76,77 and children;65,78 (ii) the pharmacokinetic variability
of voriconazole is extensive, and has been rigorously quantified
using non-parametric population pharmacokinetic modelling
techniques,64 and a consequence of this pharmacokinetic vari-
ability is that an unacceptably low proportion of patients receiving
a fixed regimen have drug exposures associated with a high prob-
ability of success and low probability of toxicity; and (iii) dosage
adjustment results in fewer cases of toxicity, and may improve
clinical responses.73 More recently, a prospective, randomized
controlled trial compared clinical outcomes in patients who had
voriconazole dosages adjusted based on serum concentrations
with the outcomes in those who received a fixed voriconazole
regimen.77 Outcomes (complete or partial response) in patients
undergoing TDM (who had plasma concentrations maintained
between 1.0 and 5.5 mg/L) were significantly better (81%) than
those in the non-TDM group (57%).

Recommendation 6: A minimum lower target
concentration for TDM for treatment of established
disease is a trough concentration of >1 mg/L or a
trough:MIC ratio of 2–5

The potential relationship between voriconazole serum concen-
trations and clinical outcome was initially described in a Phase
II clinical study of voriconazole for invasive aspergillosis. In that
study, a serum concentration of ,0.25 mg/L was associated
with a higher probability of clinical failure.79 Subsequently, a num-
ber of retrospective studies from single centres also suggested a
relationship between drug exposure and clinical outcome.80,81

These studies are all limited by difficulties in estimating voricon-
azole drug exposure in individual patients and controlling for the
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myriad of clinical factors that also have an impact upon clinical
outcome. Studies variously identified target concentrations of
≥173,81 or ≥2 mg/L74 – 76,80,82 as being associated with improved
outcomes, whilst one large study found no relationship between
exposure and clinical outcome.83 Recent experimental and retro-
spective clinical studies have incorporated the MIC into targets for
TDM;72,75 both suggest that a trough concentration:MIC target of
2–5 (when the MIC is estimated using CLSI methodology) is ten-
able and this may be useful if the MIC of the invading pathogen
is known.

The most appropriate concentration target for prevention of
invasive fungal infections in immunocompromised patients is
less clear. A study of allogeneic haematopoietic stem cell trans-
plant recipients suggests breakthrough infections only occur in
patients with serum concentrations ,2 mg/L.84 Similarly, lung
transplant recipients who are colonized (with various fungi) or
who develop invasive fungal infections have lower median trough
concentrations compared with patients without colonization or
infection (0.92 versus 1.72 mg/L).85 More studies are required to
further define these relationships.

Collectively, therefore, a trough concentration of .1 mg/L is
required to maximize efficacy for patients with invasive fungal
infections. The probability of a clinical response increases with
higher concentrations, but only incrementally.61,73 The target
that is chosen for dosage adjustment depends on the clinical con-
text. A higher target (e.g. 2 mg/L) should be used if there is disease
with a poor prognosis (e.g. CNS infection, bulky disease, multifocal
infection; see Table 3).

Recommendation 7: A trough concentration to minimize
drug-related toxicity is <4–6 mg/L

Concentration–toxicity relationships for voriconazole have been
estimated in several key studies.73,86 Voriconazole toxicity may
manifest as visual disturbances (photopsia), liver dysfunction,

skin reactions and neurotoxicity (confusion and visual hallucina-
tions).87,88 Trough concentrations that are associated with greater
probability of toxicity vary from study to study, and include
≥4,61,89 – 91 ≥573,76,88 and ≥6 mg/L.82 Some studies do not define
a specific cut-off value, but note a progressively higher probability
of toxicity with higher voriconazole concentrations.86,92 – 95 There
is a statistically significant (albeit relatively weak) relationship
between average voriconazole concentration and the probability
of elevated bilirubin, alkaline phosphatase, aspartate transamin-
ase and alanine transaminase.86,93,95 Furthermore, there is a rela-
tionship between the trough concentration and the probability of
encephalopathy, which manifests as confusion and hallucina-
tions.73,76,92 Active dosage adjustment to keep serum concentra-
tions ,5.5 mg/L prevents voriconazole-related toxicity.77

Recommendation 8: Voriconazole concentrations should
be measured in the first 5 days of therapy and regularly
thereafter

At the current time, a trough concentration is the most readily
interpretable measure of drug exposure. Voriconazole concen-
trations change faster than those of itraconazole and posacon-
azole, and initial sampling in the first 2 – 5 days of therapy is
reasonable. Some patients sampled at this time may have pro-
gressively accumulating drug concentrations even though the
initial concentration is ‘therapeutic’. This occurs if serum concen-
trations are .Km (the Michaelis constant for that individual),
meaning that clearance mechanisms are saturated. Therefore,
a second sample should be routinely collected to ensure voricon-
azole concentrations are stable and in a desired therapeutic
range. The same sampling strategy is required if there is a
change in dosage, a change in clinical condition or an iv-to-oral
switch.

Table 6. Recommendations for TDM for voriconazole

Patient group Specific indication
Quality of
evidence

Strength of
recommendation

Immunocompromised patients
receiving voriconazole for
prophylaxis of invasive fungal
disease

target trough concentration for prophylaxis is .1 mg/L low weak
measurement of trough serum concentration within the first 7 days

after initiation of therapy, and regularly thereafter
high strong

when interacting drugs start or stop high strong
uncertain compliance for oral therapy high strong
concerns about gastrointestinal absorption, especially for

prolonged periods of time
low weak

potential clinical or laboratory manifestations of toxicity occur higha strong
Patients receiving voriconazole for

invasive fungal diseases
target trough concentration for treatment is .1 mg/L high strong
measurement of serum tough concentration within 7 days of

initiation of therapy or following dose adjustment
high strong

when interacting drugs start or stop high strong
uncertain compliance for oral therapy high strong
concerns about gastrointestinal absorption, especially for

prolonged periods of time
low weak

potential clinical or laboratory manifestations of toxicity occur high strong

aThis is inferred from treatment studies.
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Posaconazole

Introduction

Posaconazole is a broad-spectrum triazole agent that is structur-
ally similar to itraconazole. Posaconazole has activity against a
large number of medically important fungal pathogens, including
Candida, Aspergillus, Cryptococcus and the mucoraceous moulds.7

Posaconazole is currently only available as an oral suspension
(40 mg/mL), although other orally bioavailable and iv formula-
tions are under development.96,97

The current licensed indications for the use of posaconazole
include salvage therapy for aspergillosis, treatment of coccidi-
oidomycosis, chromoblastomycosis, mycetoma or Fusarium
infections. Posaconazole is increasingly used for the prevention
of infections in patients with acute myeloid leukaemia (AML) or
myelodysplastic syndrome (MDS) who are expected to become
neutropenic, and stem cell transplant recipients receiving
immunosuppressive agents for graft-versus-host disease15 The
dose for treatment of established infection is 800 mg/day in
two to four divided doses (i.e. 200 mg four times daily or
400 mg twice daily), with four divided doses providing the best
exposure. A dose of 600 mg/day in three divided doses is used
for the prevention of invasive fungal infections in immunocom-
promised patients (i.e. 200 mg every 8 h).

Posaconazole is primarily metabolized by glucuronidation, with
little involvement of oxidative mechanisms. Metabolites are
excreted in the faeces and urine.68 Posaconazole inhibits
CYP3A4 activity and dosage adjustment of drugs metabolized
via this pathway (most importantly cyclosporine and tacrolimus)
is required. The oral absorption of posaconazole appears saturable
and this may be affected by both the rate and the extent of
absorption. Dosage escalation beyond 800 mg/day does not
result in a proportional increase in systemic drug exposure,
although some studies do suggest there may be some incremen-
tal benefit.98

There is a significant food effect (increased oral bioavailability
with food),99 acid effect (increased absorption with an acidic
environment100) and fat effect (increased oral bioavailability
with administration with fatty food or nutritional supple-
ments99,101). All these characteristics have a potential impact
on the ability to increase systemic drug exposure. Posaconazole
has a long terminal half-life (�34 h) and does not achieve
steady-state serum concentrations until the end of the first
week of dosing. Because the dosing interval is significantly shorter
than the half-life, the concentration–time profile is typically rea-
sonably flat and there is a high degree of concordance between
the average and trough concentrations. Posaconazole is generally
well tolerated, but can cause nausea, vomiting and hepatotox-
icity.102 To date, there are no data that suggest any correlation
between toxicity and drug exposure, but with the newer formula-
tions of posaconazole in development this may change.

See Table 7 for recommendations for TDM for posaconazole.

Recommendation 9: TDM should be performed
in the majority of patients receiving posaconazole

There is an increasing evidence base that supports TDM for posa-
conazole. The BSMM working party recognizes that posaconazole
has been extensively used without TDM, and that the efficacy of
this compound for the prevention of invasive fungal infections
was established without resorting to TDM. Posaconazole TDM
should be considered in the majority of cases in which it is used
and this is based on the following: (i) concentration–effect rela-
tionships are apparent and have been established in experimental
models of invasive fungal infection103,104 and in clinical con-
texts;105,106 (ii) the pharmacokinetic variability is extensive and
has been quantified using a variety of pharmacokinetic modelling
approaches;100,107,108 and (iii) serum concentrations are poten-
tially suboptimal in a relatively high proportion of patients receiv-
ing a fixed regimen. Many studies note the problems of achieving

Table 7. Recommendations for TDM for posaconazole

Patient group Specific indication
Quality of
evidence

Strength of
recommendation

Immunocompromised patients
receiving posaconazole for
prophylaxis of invasive fungal disease

target for prophylaxis is .0.7 mg/L at steady state or 0.35 mg/L
48 h after initiation of therapy

low weak

measurement of trough serum concentration 7 days after
initiation of therapy and following dose adjustment

higha strong

when interacting drugs start or stop low weak
uncertain compliance high strong
concerns about gastrointestinal absorption, especially for

prolonged periods of time
high strong

Patients receiving posaconazole for
salvage therapy of invasive fungal
diseases

target for treatment is .1 mg/L moderate strong
within 7 days of initiation of therapy or following dose

adjustment
high strong

when interacting drugs start or stop high strong
uncertain compliance high strong
concerns about gastrointestinal absorption, especially for

prolonged periods of time
high strong

aThis is from a pharmacokinetic model.113
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nominal target concentrations in patients because of sub-
optimal absorption that is compounded by mucositis and/or
graft-versus-host disease of the gut. For example, �50% of
patients receiving posaconazole have serum concentrations
,0.5 mg/L,109 – 111 which are potentially subtherapeutic (see
Recommendation 10). Recent studies have shown that concen-
trations of posaconazole associated with the cellular membranes
in the lung may be many times in excess of those levels found in
the blood,112 which may in future influence the recommendations
for monitoring of blood levels during prophylactic use.

Recommendation 10: A lower target concentration for
TDM for patients receiving posaconazole for prophylaxis
is a trough concentration of >0.7 mg/L

A target trough concentration of 0.7 mg/L for patients receiving
posaconazole for prophylaxis is widely cited (see e.g. Bryant
et al.,109 Jang et al.113 and Tonini et al.114). This target concentra-
tion is derived from analysis by the FDA of pharmacokinetic data
from two Phase III prophylaxis studies that were originally used
for the purposes of registration.115,116 There is a degree of uncer-
tainty about the relevance of this target concentration because a
composite endpoint for successful clinical outcome was used—
there were simply too few patients with microbiologically docu-
mented breakthrough infection in these studies to rely solely on
this as a criterion for success. Because posaconazole concentra-
tions are not at steady state until after the first week of therapy,
a target concentration of 0.35 mg/L after 48 h of treatment has
also been proposed.117 Several other studies have reported a cor-
relation between drug exposure and efficacy98,109 – 111,114,118 in a
range of clinical contexts. Target concentrations vary in these
studies from 0.5 to 0.7 mg/L. Although many of the studies are
small, retrospective in design and generally underpowered, they
all show a general trend towards an increased probability of
response with greater drug exposure. In the absence of more
definitive data, a concentration target of 0.7 mg/L is reasonable,
although the evidence that supports this is relatively weak, and
the BSMM working party have graded this recommendation
accordingly (see Table 7).

Recommendation 11: A lower target concentration for
TDM for patients with established infection is a trough
concentration of >1.0 mg/L

Patients with invasive aspergillosis who are intolerant or refractory
to other licensed antifungal agents receiving posaconazole have a
progressively higher clinical response with higher posaconazole
drug exposures.106 In that study, among patients with a Cmax

and Cavg of 0.142 and 0.134 mg/L, respectively, 24% had a suc-
cessful clinical outcome. In contrast, patients with a Cmax and
Cavg of 1.48 and 1.25 mg/L, respectively, had a 75% response
rate. Thus, there appears to be a progressive increase in the prob-
ability of a response with increasing drug exposure. A pragmatic
approach for TDM is to attempt to obtain the highest possible con-
centration, although suboptimal and saturable absorption may
mean this is simply not feasible even following progressive dosage
escalation. A trough concentration of 1 mg/L can be used as a
lower concentration target for TDM.

The use of a target concentration of 1 mg/L does not specific-
ally incorporate the MIC of the invading pathogen (unlike voricon-
azole; see above). Experimental data suggest that the MIC and
genotype of the invading pathogen are important determinants
of exposure–response relationships.103,104,119

The Antifungal Subcommittee of EUCAST has recently set
breakpoints for posaconazole against Aspergillus spp. and specif-
ically incorporated TDM into the classification of isolates into ‘sus-
ceptible’, ‘intermediate’ and ‘resistant’ categories. Hence, isolates
with MIC ≤0.125 mg/L and .0.25 are deemed susceptible or
intermediate only if adequate drug exposure has been documen-
ted with TDM, with a therapeutic target serum concentration of
1 mg/L at steady state being recommended.120

Recommendation 12: Posaconazole concentrations
should be measured in the first week of therapy and
regularly thereafter

Posaconazole concentrations steadily increase in the first week
and plateau thereafter.121 A steady-state trough concentration
is not apparent until the end of the first week, and changes to dos-
age will take a further 7 days before a new steady state is estab-
lished. Repeat testing is required if the clinical condition changes
or following dosage adjustment. Serum samples can be collected
earlier than 7 days (before the attainment of steady state), but
the use of a lower therapeutic target of 0.35 mg/L after 48 h of
therapy is appropriate.

Flucytosine

Introduction

Flucytosine is a pyrimidine analogue that acts as a subversive sub-
strate within the pyrimidine salvage pathway of a number of clin-
ically important fungal pathogens. Flucytosine is active against
the majority of Candida spp. and C. neoformans, but also has
activity against Aspergillus spp. and rare dematiaceous fungal
pathogens causing chromoblastomycosis.122 Flucytosine should
always be used in combination with other antifungal agents
because of the significant risk of emergent drug resistance
when used as monotherapy.

The advent of newer antifungal agents and classes has some-
what relegated the importance of flucytosine in many clinical set-
tings. Nevertheless, it remains a cornerstone for induction therapy
of cryptococcal meningitis, in combination with either a polyene
(amphotericin B deoxycholate, liposomal amphotericin B) or flucon-
azole.123,124 Flucytosine is highly orally bioavailable, making it an
especially attractive option for use in resource-poor healthcare set-
tings, although the oral preparation is not available in all countries.
Furthermore, it penetrates the CSF and cerebral parenchyma.
Flucytosine may also be useful in some cases of refractory infections
caused by Candida spp., especially if there is deep infection where
poor drug penetration may compromise the therapeutic response.
The standard dose is 100–150 mg/kg/day, and is usually adminis-
tered in three or four divided dosages. A dosage reduction is required
with renal impairment (creatinine clearance .50 mL/min, 150 mg/
kg/day; creatinine clearance 26–50 mL/min, 75 mg/kg/day; creatin-
ine clearance 13–25 mL/min, 37 mg/kg/day; creatinine clearance
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,13 mL/min, avoid flucytosine125). Alternatively, the normal dose
can be given, but with an increased interval between doses.

Flucytosine is a small polar molecule that is cleared via renal
mechanisms. Flucytosine is generally well tolerated, although
there is well-documented associated toxicity that includes bone
marrow suppression (primarily manifesting as neutropenia),
gastrointestinal intolerance, hepatitis and rash. However, the
more serious liver toxicity and myelosuppression are generally
only seen with prolonged maintenance of high blood levels.
Flucytosine has few (if any) direct drug–drug interactions.
Flucytosine rapidly accumulates with the onset of renal impair-
ment if there is not an appropriate downward revision of dosage.
Historically, the most common agent that leads to renal impair-
ment and subsequent accumulation of flucytosine is amphoteri-
cin B deoxycholate.

See Table 8 for recommendations for TDM for flucytosine.

Recommendation 13: TDM should be performed
in the majority of patients receiving flucytosine

TDM for flucytosine has long been considered a standard of
care.126 A requirement for TDM is predominantly based on the
well-established concentration –toxicity relationships,125 the

most important of which is myelosuppression (see below). There
is also some evidence from reference centres that flucytosine con-
centrations are variable and frequently outside nominal concen-
tration targets for TDM.127,128 There is also a theoretical concern
for the emergence of drug resistance, which occurs rapidly when
Candida is exposed to flucytosine in vitro. There are well-described
drug exposure targets for flucytosine against Candida albicans,
with a requirement for serum concentrations to exceed the MIC
for �45% of the dosing interval.129,130 Nevertheless, the use of
TDM to aid in the optimization of the antifungal efficacy (as
opposed to prevention of toxicity) of flucytosine remains poorly
elucidated.

Recommendation 14: A lower target concentration
for TDM is a trough concentration of >20–40 mg/L

A number of lower target concentrations have been used to direct
flucytosine dosing. The use of this target concentration is princi-
pally based on in vitro findings in which the emergence of drug
resistance is observed when yeasts are exposed to lower concen-
trations.125,131 The clinical relevance of these concentrations for
patients is less clear. Furthermore, the optimal concentration tar-
gets for flucytosine in combination with other antifungal agents—

Table 8. Recommendations for TDM for flucytosine

Patient group Specific indication
Quality of
evidence

Strength of
recommendation

Patients receiving flucytosine in
combination with other
antifungal agents for treatment
of invasive fungal diseases

trough concentration of 20–40 mg/L; peak concentration should
not exceed 100 mg/L

weak weak

within 72 h of initiation of therapy or following dose adjustment high strong
when interacting drugs start or stop high strong
uncertain compliance for oral therapya high strong
potential clinical or laboratory manifestations of toxicity occur high strong

aOral therapy is not widely available.

Table 9. Strategies for dose adjustments for patients with low serum concentrations

Compound Upward dosage adjustment Additional strategies

Itraconazole increase from 200 mg twice daily to 300 mg twice daily † change capsules to solution
† if using capsules, stop or reduce H2 antagonists or proton pump inhibitors
† if using solution check it is being given in the fasting state
† check compliance
† stop interacting drugs

Voriconazole increase iv therapy by 50% to a maximum of 6 mg/kg
twice daily (adults); increase oral therapy from
200 mg twice daily to 300 mg twice daily

† check compliance
† stop interacting drugs

Posaconazole increase from 600 mg/day to 800 mg/day; fractionate
total daily dose and administer every 6 h

† administer with food
† administer with high-fat food (e.g. ice cream)
† remove acid suppression if possible (i.e. stop or reduce H2 antagonists or

proton pump inhibitors
† check compliance
† stop interacting drugs

Flucytosine increase dose by 50%
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which is the way flucytosine is invariably administered—are not
well defined.

Recommendation 15: A concentration target to minimize
flucytosine drug-related toxicity is a peak concentration
of 50–100 mg/L

There is strong evidence that there is an increased risk of myelotoxi-
city with peak concentrations of flucytosine .100 mg/L. This con-
centration target was defined 2 h after an oral dose of flucytosine
in a cohort of patients receiving 0.3 mg/kg/day amphotericin
B deoxycholate and flucytosine. A total of 23/37 patients with a
peak concentration of .100 mg/L over a 2 week treatment period
had flucytosine-related toxicity, whereas only 15/48 patients with
concentrations ,100 mg/L had drug-related toxicity. The implica-
tions of these findings for the current BSMM recommendations are
slightly difficult to interpret because a peak concentration was
defined as the concentration 2 h after an oral dose of flucyto-
sine.125 Comparable concentration targets for peak samples
taken 30 min after the dose in patients receiving iv flucytosine
are not known and require further study. Although the dosage of
flucytosine which produced these concentrations was higher
than that in current use, toxicity is still seen with current dosages,
especially in the setting of renal impairment.

Recommendation 16: Flucytosine concentrations should
be measured in the first 72 h of therapy and regularly
thereafter

Flucytosine has a short half-life. Serum concentrations can
change quickly, especially if renal function changes. Regular mea-
surements are required to prevent persistence or recurrence of
potentially toxic concentrations. Serum concentrations should
be re-measured following dosage adjustment.

Strategies for dose adjustment
Dosage adjustments may be required in patients with low serum
concentrations or other measures may need to be taken, such as
the cessation of interacting drugs. The strategy that is required
varies between drugs and is detailed in Table 9.
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