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Abstract

Antifungal agents may be associated with significant toxicity or drug interactions leading

to sub-therapeutic antifungal drug concentrations and poorer clinical outcomes for

patients with haematological malignancy. These risks may be minimised by clinical

assessment, laboratory monitoring, avoidance of particular drug combinations and dose

modification. Specific measures, such as the optimal timing of oral drug administration in

relation to meals, use of pre-hydration and electrolyte supplementation may also be

required. Therapeutic drug monitoring (TDM) of antifungal agents is warranted, espe-

cially where non-compliance, non-linear pharmacokinetics, inadequate absorption, a

narrow therapeutic window, suspected drug interaction or unexpected toxicity are

encountered. Recommended indications for voriconazole and posaconazole TDM in the

clinical management of haematology patients are provided. With emerging knowledge

regarding the impact of pharmacogenomics upon metabolism of azole agents (particularly

voriconazole), potential applications of pharmacogenomic evaluation to clinical practice

are proposed.

Introduction

The following guideline has been developed to assist cli-
nicians in the identification of potential drug interact-

ions and to minimise drug toxicity when antifungal
therapies are administered to patients with haemato-
logical malignancy. Recommendations for therapeutic
drug monitoring (TDM) of voriconazole and posacona-
zole are also provided. During the formulation of this
guideline, a review of literature published between 2008
and 2014 was performed, and previously published Aus-
tralian recommendations1 were updated. Further to the
guidelines published in 2008,1 the relevance of
pharmacogenomic evaluation to administration of azole
therapy has been reviewed, and content has been
assessed for consistency and relevance to paediatric
populations. In accordance with National Health and
Medical Research Council standards, grading (A–D) has
been applied to recommendations.
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Methodology

Questions asked

In preparing this update, we aimed to address the follow-
ing questions:
1 Which antifungal drug interactions relevant to patients
with haematological malignancy have been identified
over the last 6 years?
2 Which antifungal toxicities and treatment strategies to
ameliorate or reduce these toxicities have been reported
over the last 6 years?
3 What is the role of voriconazole and posaconazole drug
monitoring in patients with haematological malignancy
requiring antifungal prophylaxis or treatment?
4 What is the role of pharmacogenomics evaluation in
patients with haematological malignancy requiring
administration of azole antifungal agents?

Search strategy

A literature review was performed using PubMed and
Medline to identify papers published since 2007 that per-
tained to antifungal drug interactions, antifungal drug
toxicities, antifungal TDM and pharmacogenomics evalu-
ation in patients with haematological malignancy and
patients of haemopoietic stem cell transplantation.

Antifungal drug interactions

When considering the potential for a drug–drug interac-
tion, it is important to be aware that individual drugs
within each antifungal class may be metabolised by spe-
cific (and different) metabolic pathways. Therefore, a
‘class effect’ cannot always be assumed.

Azole drug interactions

In general, the azole class of antifungal agents is metabo-
lised by the cytochrome P450 (CYP450) system, although
posaconazole primarily undergoes uridine diphosphate
(UDP) glucuronidation2 and fluconazole is largely renally
excreted.3 The potential for drug–drug interactions is

higher for itraconazole and voriconazole, as these are
metabolised to a greater extent by cytochrome
isoenzymes than fluconazole and posaconazole (Table 1).

Co-administration of an azole agent with drugs that
induce CYP450 metabolism (e.g. carbamazepine, pheny-
toin, phenobarbitone, rifampicin and rifabutin) can result
in substantial reduction in the plasma concentrations
of the azole antifungal agent and reduce antifungal
efficacy.6–8 For this reason, co-administration of rifampicin
is contraindicated with itraconazole and voriconazole and,
where possible, should be avoided with fluconazole.9

Induction of glucuronidation by rifampicin may lead to a
reduction of posaconazole plasma levels; therefore,
co-administration with posaconazole should also be
avoided.10

Most drug interactions observed with azole antifungal
agents arise from the inhibition of CYP3A4, which is
involved in the metabolism of a wide array of therapeutic
drugs, including drugs used to treat cardiovascular disease,
diabetes, psychiatric disorders, cancer and infectious dis-
eases (e.g. blood glucose levels should be monitored
closely when patients on oral hypoglycaemic agents are
also prescribed an azole drug because of the increased risk
of hypoglycaemia).11–13 The magnitude of these drug inter-
actions may be more pronounced if the interacting
drug has high presystemic elimination (low oral bioa-
vailability), is primarily metabolised by CYP3A4 and
is administered orally.14 The azole antifungal agents
may also increase the plasma concentrations of the
following antineoplastic CYP3A4 substrates: anastrazole,
bexarotene, cytarabine, docetaxel, doxorubicin, etopo-
side, exemestane, letrozole, paclitaxel, teniposide,
tretinoin and topotecan. However, published data describ-
ing the clinical significance of these interactions are
lacking. Fluconazole and voriconazole are significant
inhibitors of CYP2C9, resulting in reduced clearance
of CYP2C9 substrates, including warfarin and pheny-
toin.6,15–19 Fluconazole also inhibits sulfamethoxazole
metabolism.20 If fluconazole or voriconazole is co-
administered with warfarin or phenytoin, dose reduction
of these drugs may be required, and close monitoringof
international normalised ratio and phenytoin plasma con-
centrations, respectively, is necessary.15,21

Table 1 Potency of cytochrome interactions for azole antifungal agents4,5

CYP3A4 CYP2C8/9 CYP2C19

Inhibitor Substrate Inhibitor Substrate Inhibitor Substrate

Fluconazole ++ 0 ++ 0 + +

Itraconazole +++ +++ + 0 0 0

Voriconazole ++ to +++ + ++ + ++ +++

Posaconazole ++ 0 0 0 0 0

+ , Weak; ++, moderate; +++, potent; CYP, cytochrome.
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Cisapride, terfenadine, astemizole, pimozide and qui-
nidine should not be co-administered with azole antifun-
gal agents due to the risk of QT interval prolongation
and torsades de pointes.22–25 Other medications that may
prolong the QT interval (e.g. ciprofloxacin, co-
trimoxazole, macrolide antibiotics and conventional
antipsychotics) should be used with caution in the setting
of azole therapy because of additive risks of QT interval
prolongation.22,26 Ergot alkaloids are contraindicated with
azoles because of the risk of ergotism.27,28

Variability in CYP enzyme activity between patients
may be observed due to genetic polymorphisms. For
example, CYP2C19 genotype has been identified as an
important determinant of the highly variable pharma-
cokinetics of voriconazole29 and may influence the extent
of drug interactions between voriconazole and other con-
comitant medications.30 Details concerning clinical indi-
cations for pharmacogenomics testing are provided
elsewhere in this guideline.

Drug interactions between the azole class and drugs
commonly used in the haematology population are
summarised in Table 2. Specific interactions with anti-
retroviral medications have recently been reviewed,118

and the University of Liverpool human immunodefi-
ciency virus (HIV) drug interaction chart is also available
for assessment of potential azole drug interactions in
patients with HIV infection.119 Relevant drug–food inter-
actions are outlined in Table 3.

Polyene drug interactions

Amphotericin B (AmB-D) and its lipid-based formula-
tions are renally excreted and may be associated with
nephrotoxicity, hypokalaemia and hypomagnesaemia.
The nephrotoxic potential of amphotericin preparations
is enhanced when used alongside other nephrotoxic
medications (e.g. cisplatin, cyclosporin, ganciclovir,
aminoglycosides and tacrolimus).130,131 Associated
hypokalaemia may be exacerbated by the administration
of other potassium-depleting agents (e.g. hydrocortisone,
non-potassium sparing diuretics). The cardiotoxicity of
digitalis may also be enhanced by this mechanism.132,133

Therefore, renal function and electrolyte levels should be
monitored closely. AmB-D-associated nephrotoxicity is
typically less severe in infants and children.134 Liposomal
AmB-D is also well tolerated in infants.135

Echinocandin drug interactions

The echinocandin class of drugs is not significantly
metabolised by the CYP450 system. Anidulafungin is not
metabolised by these enzymes,136 caspofungin is a poor
substrate for CYP450 enzymes137 and hydrolysis by

CYP3A plays only a minor role in the metabolism of
micafungin.136 These agents can therefore be
co-administered with most drugs without the need for
dose modification or monitoring.138

Concomitant administration of CYP450 inducers (e.g.
rifampicin) with some echinocandins (e.g. caspofungin)
may reduce serum antifungal drug concentration.139 It
has been suggested that the daily dose of caspofungin
should be increased to 70 mg during co-administration
with enzyme inducers (e.g. phenytoin, rifampicin and
dexamethasone).140 Combination therapy with caspo-
fungin and cyclosporin may lead to transient elevations
in transaminases. Caspofungin may also reduce plasma
concentrations of tacrolimus.141

Anidulafungin is not expected to alter the plasma con-
centrations of either cyclosporin or tacrolimus.142,143

Thirty-five healthy subjects were given a single 5-mg
oral dose of tacrolimus 3 days before and on day 10
of a course of intravenous anidulafungin. Anidulafungin
did not have any significant adverse effects on the
pharmacokinetics of tacrolimus, and no serious adverse
effects were reported.143 For cyclosporin, it has been dem-
onstrated both in vitro and in vivo that anidulafungin
is unlikely to affect the metabolism of this drug.142

One study did show that cyclosporine caused a 22%
increase in the steady-state concentration of anidula-
fungin, but this increase was not considered to be clini-
cally significant.142 Rifampicin does not appear to alter
the clearance of anidulafungin.144 Micafungin, however,
may have varied effects on the pharmacokinetics of
cyclosporine; therefore, monitoring of plasma cyclospo-
rine concentration is recommended145 (Table 4).

Antifungal drug monitoring
in haematology

TDM of azole drugs and flucytosine can be used to
evaluate the adequacy of drug exposure and potential
for drug toxicity (see Table 5). While correlation
between drug concentrations and clinical outcomes
(efficacy/toxicity) has not been well established by
randomised trials, monitoring is beneficial in the pres-
ence of clinical dilemmas or uncertainty. For example,
monitoring may be helpful if poor absorption of an oral
antifungal agent is suspected, in the presence of non-
compliance, if breakthrough invasive fungal infection
(IFD) is thought to be present or if toxicity is suspected.
If TDM reveals consistently low azole blood levels
despite an optimal dosing regimen, adequate absorption
and absence of significant drug–drug interactions, inves-
tigation for CYP450 polymorphism should be considered
(please refer to later discussion on pharmacogenomics
for further information).
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There are currently several methods that can be
employed to determine drug concentrations. These
include bioassays, high-performance liquid chromatogra-
phy and liquid chromatography in conjunction with mass
spectrometry. There are advantages and disadvantages to
each of these assays. Due to inter-method variability,
results are not comparable between assays. Absence of
laboratory standards prevents comparison between
laboratories.

Timing of sample collection is critical in terms of
interpretation and subsequent dose modification. These
considerations together with indications for TDM
are provided in Table 5. Result turnaround time may
limit the use of antifungal TDM. Due to costs and exper-
tise required to perform assays, few laboratories can
offer this service on-site. Turnaround times for results
of assays performed off-site can be 3–7 days. Access
to a local reference laboratory is limited in most
Australian states (see Australian Society for Antimicro-
bials’s website: http://www.asainc.net.au/assays), and
this has also been demonstrated in a recent review
of Australian practice (see accompanying paper by
van Hal et al., 2014 appearing elsewhere in this
supplement).

The clinical value of site-specific drug concentr-
ations (e.g. pulmonary epithelial lining fluid), free or
total drug levels, and intracellular compared with
extracellular levels is not clear. Currently, there are no
data to support additional benefit of these levels and, as
such, total serum trough concentrations remain the test
of choice.

TDM in paediatric populations

In the child population, as in the adult, the voriconazole
dose exposure relationship is not well defined, and there
is significant inter-patient variability. Children have
higher elimination rates of voriconazole than adults,
demonstrated by linear kinetics for lower doses in paedi-
atrics.234 Drug elimination also correlates with CYP2C19
phenotype in children.

Posaconazole pharmacokinetics have not been studied
in children <8 years of age. Older children have compa-
rable pharmacokinetics to adults.235 The main factor that
influences serum posaconazole concentrations is absorp-
tion from the gastrointestinal tract. This is inhibited by
diarrhoea and suppression of gastric acid production.
Administration performed more frequently (6–8 hourly),
and with fatty food, will improve absorption, as will the
use of the delayed-release tablet formulation. No adverse
events related to elevated posaconazole plasma levels
have been described.

Recommendations for TDM during
voriconazole use

Monitoring of voriconazole drug levels has been reported
in several studies, reporting use of this agent for pro-
phylaxis or treatment, and these are summarised in
Appendix I.

Only one randomised (assessor-blinded) single-centre
trial has been performed.236 In this trial, no difference in
voriconazole adverse events (the primary endpoint)
between patients randomised to TDM compared with

Table 3 Azole antifungal agents: drug–food interactions relevant to clinical practice

Drug–food interaction Recommendation for clinical practice

Absorption and bioavailability Pharmacokinetics

Fluconazole Absorption not significantly influenced by concomitant
food intake.120

Nil reported. Administer with or without food.3

Itraconazole Absorption of itraconazole (Sporanox) capsules is
enhanced when taken with or after food,120 whereas
absorption of the oral solution is enhanced when
taken taken on an empty stomach.121 If
hypochlorhydric or concurrently taking gastric
suppressants, co-administration of an acidic solution
enhances the bioavailability of Sporanox capsules.96

The dissolution of itraconazole from Lozanoc (Mayne
Pharma International, Adelaide, SA, Australia)
capsules is unaffected by increased pH. Bioavailability
is unlikely to be reduced by achlorhydria or
concomitant use of gastric acid suppressants.122

Grapefruit juice increased
AUC of itraconazole oral
solution by 17%, through
inhibition of intestinal
CYP3A4123 but reduced AUC
of itraconazole capsules by
43%, probably by impairing
absorption in healthy
volunteers.124 Clinical
significance of this is not
known.125

Itraconazole (Sporanox) capsules: administer
with or after food.

Co-administer an acidic beverage (e.g. cola)
to improve bioavailability in patients who
are hypochlorhydric or who are taking
gastric acid suppressants.

Itraconazole (Lozanoc) capsules: may be
taken with or without food.122

Itraconazole solution: administer on an
empty stomach at least one hour before
food.

Voriconazole In healthy subjects, oral absorption is delayed in the
non-fasted state (AUC reduced by 22%).126

Nil reported. Administer 1 h before or 1 h after food.86

Posaconazole In healthy subjects, oral absorption of posaconazole
suspension is increased when given with acidic
carbonic beverage,72 nutritional supplement72,127 or
high-fat meal.72,128 For tablet and capsule preparations,
posaconazole exposure not markedly affected by
concomitant food intake.129

Nil reported. Administer oral suspension with high-fat
meal or nutritional supplement.90 US
prescribing information recommends
administering delayed-release tablet with
food.74

AUC, area under the curve; CYP, cytochrome.
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Table 4 Toxicity and adverse effects of currently available systemic antifungal agents†

Antifungal agent Commonly reported
side-effects

Evidence and suggestions for risk reduction

AmB-D
L-AMB
ABLC
ABCD

Nephrotoxicity • Reported rates of renal toxicity: AmB-D 32–33%; L-AMB 15%; ABLC 16%; ABCD 21%146,147

• Nephrotoxicity may be minimised by pre-hydrating with sodium chloride 0.9% (500 mL over 1 h in adult patients) and avoiding
hyponatraemia and hypovolaemia148–150

• Similar rates of nephrotoxicity are observed for AmB-D through continuous infusion and L-AMB although no adequately powered direct
comparison has been performed151

• Renal toxicity is substantially more likely in patients receiving more than two nephrotoxins concomitantly or undergoing HSCT; consider a
lipid-based product in these circumstances152,153

IRAE • IRAE occur frequently with AmB-D: fever 34–51%; chills or rigors 28–74%; nausea 18–19%.147,153–155 More severe IRAE occur less frequently:
bronchospasm 7%; hypotension 1–11%147,153,156,157

• Premedication is frequently used to help reduce the incidence of IRAE, although data supporting this practice are limited154,155

• AmB-D through continuous infusion causes significantly less IRAE compared with standard therapy151

• L-AMB is responsible for less IRAE compared with other lipid preparations: fever 11%; chills or rigors 37%; nausea 12%147,153,158,159

• Rates of IRAE with ABLC are similar to AmB-D whereas ABCD is associated with higher rates of IRAE147,158,160–162

• Tolerance to IRAE generally develops within the first seven days of initiating therapy154,155

Electrolyte abnormalities • Electrolyte disturbances (particularly hypokalaemia and hypomagnesaemia) commonly occur with AmB-D because of renal losses (serum
potassium ≤2.5 mmol/L: 12–31%); monitor electrolyte levels closely and replace if necessary153,159

• Electrolyte disturbances are observed less frequently with L-AMB and ABLC compared with AmB-D; monitor electrolyte levels closely and
replace if necessary153,159,160

• Consider using amiloride (10 mg daily) to decrease urinary potassium loss, increase serum potassium and reduce potassium replacement
requirements163

Hepatotoxicity • Hepatotoxicity (bilirubin or transaminases >3 times baseline) occurs in 16% of patients receiving AmB-D; this is not significantly different to
rates observed with the lipid preparations147

Other • Rash is reported in 1–5% of patients receiving amphotericin products156,164–166

• A reversible normochromic, normocytic anaemia (mediated by a suppression of erythropoietin production) may occur with prolonged
use167,168

Fluconazole Gastrointestinal toxicity • Gastrointestinal symptoms (nausea, vomiting and diarrhoea) occur in a minority of patients; 0–9%156,169–173

Hepatotoxicity • The rate of hepatotoxicity varies greatly depending on the patient population and definition used. Most trials report rates between 1–18%;
this is not significantly different to AmB-D and L-AMB147,156,169,172–176

• Discontinuation due to hepatotoxicity is rare (0–5%)147,156,169,172–175

Dermatological toxicity • Rash is reported in 4–6% of patients156,170

Other • Nephrotoxicity occurs in 1–3% of patients receiving fluconazole (significantly less than AmB-D)156,171,174

• IRAE are rarely reported with fluconazole: fever and/or chills 0–1% (significantly less than AmB-D)156,176

• QT prolongation has been reported23

Itraconazole Gastrointestinal toxicity • Gastrointestinal symptoms are reported in 13–24% of subjects receiving itraconazole147,157,170,171,177,178

• Compared with fluconazole and posaconazole, itraconazole causes significantly more gastrointestinal toxicity170,171,179

• The incidence of diarrhoea increases with higher doses of the oral solution due to the cyclodextrin vehicle; oral-loading doses can be
difficult to tolerate. In practice, it is probably more feasible to load with 400-mg capsules bd (swapping to the oral solution 200-mg bd for
ongoing therapy), or starting the itraconazole solution (200-mg bd) 1–2 weeks before the prophylactic effect is required180

Hepatotoxicity • Rates of hepatotoxicity vary depending on the patient population and definition used (7–32%); this is not significantly different to fluconazole
and posaconazole157,170,171,177,179,181

Dermatological toxicity • Rash is reported in 4–7% of patients170,177

Other • Nephrotoxicity occurs in 5–7% of patients receiving itraconazole157,182

• IV itraconazole is available under the special access scheme in Australia and New Zealand. It is solubilised by hydroxypropyl-b-cyclodextrin
(HPbCD), which is exclusively renally excreted; avoid using IV itraconazole in patients with a creatinine clearance less than 30 mL/min8

Voriconazole Ocular toxicity • Dose-related visual disturbances, including blurred vision, photophobia, and altered visual and colour perception, occur in 22–45% of
patients.165,183,184 The visual disturbances are transient and resolve without intervention, usually within the hour. There is evidence that the
effect is attenuated with repeated dosing. It is generally not necessary to stop therapy

Hepatotoxicity • Significant transaminitis (alanine and aspartate aminotransferases (ALT/AST) >5 times baseline) is observed in 4–9% of patients.165,183,184

Hyperbilirubinaemia (>3 times baseline level) occurs in up to 18% of patients.183 While controversial, some data suggest that increased
serum voriconazole concentrations correlate with the development of hepatitis, and discontinuation may result in normalisation of hepatic
enzymes.185,186 The rate of hepatotoxicity was not significantly different to AmB-D, L-AMB and fluconazole in comparative trials165,183,187

Dermatologic toxicity • Rash, pruritus or photosensitivity occurs in 7–9% of patients.165,184,188 Monitor any rash closely and cease voriconazole therapy if the rash
progresses. Patients should be advised to take adequate precautions to avoid exposure to sunlight during voriconazole therapy, as there
have been reports of squamous cell and melanoma after long-term exposure to voriconazole189–192

Skeletal toxicity • Periostitis, exostosis and elevated serum fluoride levels have been reported in association with long-term voriconazole use in patients with
haematologic malignancy or following solid organ transplantation.193–198 Discontinuation of voriconazole therapy in results in improvement
of pain and normalisation of alkaline phosphatase and fluoride levels199

Other • Nephrotoxicity occurs in 1–7% of patients receiving voriconazole (significantly less than AmB-D)165,183,187

• IRAE occur less frequently compared with amphotericin B preparations: fever and/or chills 3–14%165,183

• IV voriconazole is solubilised by sulfobutylether-b-cyclodextrin (SBECD). SBECD is exclusively excreted by the kidney and accumulates in
patients with renal impairment; use oral voriconazole instead of the IV formulation in patients with a creatinine clearance less than
50 mL/min.35,36 There is evidence that SBECD is dialysable. However, accumulation with repeat dosing has been demonstrated, although the
clinical significance is not clear.200,201 Oral voriconazole may be safely administered to patients undergoing dialysis

• Neurological (agitation, dizziness, confusion, anxiety and tremor) have been reported in 14% of patients. Auditory and visual hallucinations
have also been reported.202 Neurological toxicity is associated with voriconazole levels >5.5 mg/L203

• Cardiovascular events have been reported rarely (including QT prolongation and torsade de pointes), usually in association with other risk
factors (e.g. pro-arrhythmic medications, cardiomyopathy)204,205
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standard therapy was observed. However, patients
undergoing TDM were significantly less likely to have
voriconazole discontinued because of adverse events (P =
0.02). Furthermore, complete and partial responses were
significantly more likely in monitored patients (P = 0.04)
and may reflect drug continuation in this group.

Based on available evidence, the following re-
commendations can be made concerning voriconazole
TDM:
1 In haematology patients requiring voriconazole pro-
phylaxis (e.g. allogeneic transplantation, acute myeloid
leukaemia), TDM is recommended (B) and should be
considered in other patients with haematological malig-
nancy who require prophylaxis (D).
2 In haematology patients requiring voriconazole treat-
ment for invasive aspergillosis, TDM (trough levels) is

recommended (B) and may be of benefit in treatment of
other fungal infections (D).
3 A target trough level ≥1–2 mg/L is recommended for
clinical efficacy (C).
4 A trough level >5–6 mg/L is associated with an
increased probability of neurological toxicity, including
visual disturbances, hallucinations and encephalopathy
(C). An inconsistent association between higher trough
levels and raised liver function tests has been reported (D).
5 Dose modification should be re-evaluated with TDM as
voriconazole displays non-linear pharmacokinetics (B).

Voriconazole TDM is recommended in paediatric
patients because of less predictable pharmacokinetics
in children. The targets provided above, while largely
based upon adult studies, should be applied to paediatric
populations.

Table 4 Continued

Antifungal agent Commonly reported
side-effects

Evidence and suggestions for risk reduction

Posaconazole Gastrointestinal toxicity • Gastrointestinal symptoms are the most frequent cause of toxicity in patients receiving posaconazole: nausea 4–12%; vomiting 4–7%;
abdominal pain 2–5% and diarrhoea 3–11%.169,206–209 These rates are not significantly different to those observed with fluconazole169

Hepatotoxicity • Hepatotoxicity is infrequently reported with posaconazole (1–3%); this is not significantly different to rates reported with fluconazole or
itraconazole169,179,206,208,209

Other • Rash and headache are reported in 2–4% and 1–5% of subjects, respectively169,206–209

• Neutropenia is reported in 7% of patients; this is not significantly different to rates reported with fluconazole or itraconazole179

Caspofungin Gastrointestinal toxicity • Gastrointestinal toxicity is infrequently seen with caspofungin: nausea 2–6%; vomiting 2–3.5%; diarrhoea 1–4%164,166,181,210

Hepatotoxicity • Hepatotoxicity (elevated ALT, AST or bilirubin) occur in 1–15% of patients166,183,211,212

• Early data demonstrated an increase in the plasma concentrations of caspofungin and increased transaminases when caspofungin was
concomitantly administered with cyclosporin; the Product Information states that the combination may be used when the potential benefits
outweigh the potential risk52

• However, several observational studies in children and adult subjects have demonstrated the safety of this combination171,213–215

Other • Nephrotoxicity occurs in 0–8% of patients (significantly less than AmB-D)164,166,211

• Hypokalaemia occurs in 11% of patients after the 70-mg dose and <4% of patients after the 50-mg dose216

• IRAE occur less frequently than they do with the amphotericin B preparations: chills 0–14%.164,166,211 IRAE can be prevented by slowing the
infusion and giving antihistamines217

• It appears that caspofungin may have a higher propensity for causing histamine-induced reactions compared with other echinocandins.
These reactions may manifest as rash, facial swelling, pruritus, facial swelling, sensation of warmth and/or bronchospasm218

• Unexplained cardiovascular decompensation (postulated to be due to histamine release) has been observed during central venous
administration of caspofungin and anidulafungin.219–221 In vitro studies have shown decreases in left ventricular contractility with
concentrations of caspofungin and anidulafungin achievable with therapeutic dosing.222 Hypokalaemia occurs in 2% of patients212

• Rash is infrequently observed with caspofungin: 1–6%164,210

Anidulafungin IRAE • IRAE occur in 1.3% of candida treated patients (0.8% of which were hypotension) and 18% of aspergillus-treated patients223

Hepatotoxicity • Hepatotoxicity (elevated enzymes) occurs in 1.5% of patients224

Other • Diarrhoea and hypokalaemia occurs in 3% of patients224

• Headache and thrombophlebitis occurs in 1.3% of patients225

• Neutropenia and nausea occurs in 1% of patients225

• Slowing the infusion prevents histamine-release like reactions.226 Histamine-release like reactions rarely seen if rate of 1.1 mg/min not
exceeded101

• Facial erythema, which resolved with slowing the infusion rate, was observed in a paediatric patient227

• Unexplained cardiovascular decompensation (postulated to be due to histamine release) has been observed during central venous
administration of caspofungin and anidulafungin.219–221 In vitro studies have shown decreases in left ventricular contractility with
concentrations of caspofungin and anidulafungin achievable with therapeutic dosing222

Flucytosine Gastrointestinal toxicity • Gastrointestinal toxicity occurs in approximately 6% of patients treated with flucytosine (5-FC)228

Hepatotoxicity • The incidence of hepatotoxicity can vary markedly (from 0–40%) depending on the definition used.228–230 Hepatotoxicity appears to be
dose-dependent, occurring more frequently when peak flucytosine concentrations are above 100 mg/mL

Bone marrow
suppression

• Leukopenia, thrombocytopenia or pancytopenia have all been reported with flucytosine therapy. The incidence is dose-dependent (observed
when levels are >100 mg/L) and influenced by comorbidities, pre-existing bone marrow suppression and disease228

†Toxicity data are taken from trials using doses expected to have a therapeutic effect on invasive fungal infections (i.e. fluconazole 400–800 or 6–12 mg/kg per day, itraconazole 200–
400 or 5–10 mg/kg per day, voriconazole 200 or 4 mg/kg twice daily and posaconazole 600–800 mg per day). ABCD, amphotericin B colloidal dispersion. ABLC, amphotericin B lipid complex;
AmB-D, amphotericin B deoxycholate (conventional amphotericin); bd, twice daily; HSCT, haemopoietic stem cell transplant; IRAE, infusion-related adverse event; L-AMB, liposomal
amphotericin B.
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Recommendations for TDM during
posaconazole use

Monitoring of posaconazole drug levels has been
reported in several studies with use of this agent for
treatment or prophylaxis, and these are summarised in
Appendix II.

Evidence for posaconazole TDM in treatment of IFD is
limited to one study by Walsh et al., 2007,206 which
reported improved clinical outcomes with progressively
higher average posaconazole plasma concentrations in
the setting of salvage therapy for invasive aspergillosis. A
clinical response rate of 74% was achieved in patients
with an average concentration of 1.25 mg/L, whereas
response dropped to 24% in patients with an average
concentration of 0.13 mg/L. It is reasonable to aim for a
steady-state plasma concentration of at least 1 mg/L,
acknowledging that it may not be possible to achieve
this target with dose optimisation or escalation due
to saturable absorption. It is unclear if these targets
are necessary or optimal when posaconazole is used
in primary treatment for non-Aspergillus infections.
Ideally, the minimum inhibitory concentration of the
organism should be considered when interpreting plasma
concentrations.

The evidence for a target plasma concentration in the
setting of prophylaxis is relatively weak. A target concen-
tration greater than 0.7 mg/L has been proposed,237–240

and this has been derived from post-hoc analysis of phase
3 clinical trials evaluating the safety and efficacy of
posaconazole prophylaxis in haematology patients179 by
Jang et al., 2010.237 The analysis identified higher clinical
failure rates in patients achieving concentrations less
than 0.7 mg/L in both study data sets. Criticisms of this
study include the use of a composite endpoint and overall
low numbers of breakthrough IFDs.241,242

Several real-world observational studies have
attempted to further evaluate this relationship, with
mixed results (Appendix II). These studies identified dif-
ficulties in achieving target plasma concentrations such
as 0.7 mg/L in haematology patient groups, with 10–76%
of patients not achieving the desired targets. The largest
of these was a retrospective, multi-centred cohort of
mainly haematology patients, where the relationship
between plasma concentration and clinical outcome and
toxicity was assessed.238 Twelve of 72 patients receiv-
ing prophylaxis were identified as having breakthrough
IFD during posaconazole prophylaxis. In this group,
significant lower median plasma concentrations of posa-
conazole were observed (0.29 mg/L), compared with
patients without IFD (0.49 mg/L). The inclusion of three
cases not fitting the criteria for proven, probable or pos-
sible IFD according to internationally recognised diagnos-

tic classifications casts doubt over the strength of these
findings. These observational studies demonstrate a trend
of increasing efficacy with greater drug exposure.

Based on available evidence, the following recommen-
dations can be made concerning posaconazole TDM:
1 In haematology patients requiring posaconazole
prophylaxis, TDM should be considered, especially in the
setting of possible malabsorption (D).
2 In haematology patients requiring posaconazole treat-
ment, TDM (trough levels) is recommended (D).
3 A target trough level of ≥1 mg/L is reasonable for treat-
ment settings. A target trough level of ≥0.7 mg/L is rea-
sonable for prophylaxis, but is less studied (C).
4 Dose modification should be re-evaluated with TDM,
as saturable absorption affects pharmacokinetics (D).

Posaconazole TDM is recommended in paediatric
patients because of variable gastrointestinal absorption
in children. The targets provided above, while largely
based upon adult studies, should be applied to paediatric
populations.

Impact of pharmacogenomics on
antifungal metabolism

Polymorphisms are common in genes-encoding pathway
components of antifungal drug metabolism, especially
the CYP450. Individual variations in antifungal metabo-
lism have the potential to alter therapeutic-drug levels
and patient outcomes.203,236,243,244

Pharmacogenomics and
voriconazole metabolism

Voriconazole is primarily metabolised through the
CYP450 system, in particular by CYP2C19.245–248 Despite
several factors affecting voriconazole exposure (presence
of food, protein binding, liver function, age, concurrent
drug use, non-linear pharmacokinetics and inter-patient
variability), 40–49% of variations of plasma levels are
accounted for by variations CYP450 metabolism in mixed
patient populations.29,249

Polymorphisms in the CYP2C19-encoding gene result
in different rates of non-linear voriconazole clearance
(Table 6). In healthy-volunteer studies, the impact of
CYP2C19 on voriconazole exposure is evident.284 Poor
metabolisers (PM) have three to fivefold times higher
voriconazole area under the curve or Cmax levels than
extensive metabolisers (EM), irrespective of administra-
tion.248,285,286 Ultra-rapid metabolisers (URM) have lower
voriconazole exposure than EM and PM.254,261,287 In some
populations, 17/17 genotypes are associated with lower
peak and total voriconazole exposure than 1/1 geno-
types.29,262 A simplified classification including EM or PM
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has been proposed, as URM fail to differ clinically from
these subgroups.250 However, consensus regarding the
use of this classification has not been reached.288

No large clinical studies have evaluated the impact of
CYP2C19 testing on voriconazole dosing for IFD. In a
prospective study of 21 patients receiving oral
voriconazole therapy for IFD, voriconazole exposure dif-
fered irrespective of CYP2C19 genotype. However, PM
patients were not included, and the effects of concurrent
medications were not evaluated.289 In a small study of
voriconazole therapy in haemopoietic stem cell trans-
plant patients, increased voriconazole clearance was
noted in EM compared with moderate metabolisers
(MM) (14.15 vs 9.71 L/h, P = 0.762) but findings were
limited by small subject numbers and an absence of URM
and slow metaboliser (SM) phenotypes.290 One study
demonstrated that MM require a shorter time to reach
therapeutic voriconazole levels and statistically signifi-
cantly lower maintenance doses compared with URM or
EM, suggesting a clinically relevant role for CYP2C19
genotyping in voriconazole-treated patients.249 The effect
of CYP2C19 polymorphisms on paediatric voriconazole
dosing has not been demonstrated in a population with
limited PM,291 although in one paediatric study,
voriconazole exposure was significantly higher in the PM
and MM compared with the EM and URM (P = 0.004).292

Voriconazole toxicity in SM or those receiving concurrent
CYP2C19 inhibitors is widely reported.87,203,293,294

Successful augmentation of voriconazole exposure
in patients with EM or URM metaboliser phenotypes
has been achieved through deliberate CYP2C19
inhibition with concurrent omeprazole or cimetidine
therapy.293,295,296

Commercial CYP2C19 genotypic assays using patient
whole blood (5 mL in ethylenediaminetetraacetic acid) or
buccal cells (mouth swab) are available from multiple
pathology providers across Australia. A variety of methods
are currently used to identify genetic variants, and results
are generally provided within 2 weeks of testing.

Impact of pharmacogenomics on the
metabolism of other agents

While polymorphism is common in other drug metabo-
lism enzymes, these have limited clinical impact because
of the limited availability of commercial assays. Com-
monly used triazoles (fluconazole, itraconazole and
posaconazole) are not metabolised by CYP2C19.
Fluconazole is an inhibitor but not a significant substrate
for CYP450,17,297 whereas posaconazole pharmacokinetics
is primarily related to gastrointestinal absorption and
UDP-glucuronosyltransferase metabolism.298 Itraconazole
is a substrate and inhibitor of several drug transporters,
including CYP3A4.298–300 Although a commercial assay
for CYP3A4 is available, CYP3A4 testing in patients
receiving itraconazole is unlikely to adequately reflect
more complex enzyme metabolism. Echinocandins and
amphotericin formulations are not metabolised through
CYP450 pathways.298

Potential clinical applications of genotyping

CYP2C19 genotype impacts voriconazole exposure and
dosing. Despite the availability of a commercial assay in
Australia, there remains a lack of in vivo controlled studies,
and evidence-based guidelines cannot currently be pro-
posed. Targeted applications for genotyping do exist,
based upon clinical assessment. For example, utility of
genotyping may be greater in ethnic groups with higher
URM or PM phenotypes (Table 6). Standardised timely
point-of-care pharmacogenomics testing may allow:
• Risk prediction of voriconazole toxicity.
• Estimation of azole-chemotherapeutic drug interac-
tions (PM).
• Investigation of sub-therapeutic voriconazole levels
(URM and EM) and identification of patients who may
require deliberate CYP2C19 inhibition.
• Development of voriconazole dose-titrating
algorithms.

These potential applications should inform future
research exploring the clinical utility and relevance of
CYP2C19 genotyping.

Table 6 Reported incidence of CYP2C19 genotypes by ethnic

subpopulation

Genotype† Phenotype§ Incidence

17/17‡ URM 4% Caucasians250,251

0.5–1% Japanese252,253

2% Hispanic251

1–4% Chinese and Korean254,255

1/1§ EM 18–42% Caucasians251

58% Hispanic251

59% will carry a single (*1) allele256

17 or 1/ 2 or 3 MM 18–20% Caucasians250,251

20% Hispanic251

2/2 or 3/3 PM 13–23% Asians, Polynesians and

Micronesians254

3–6% Caucasians and Africans254,257–259

0.8% Hispanic251

Adapted from Strom et al., 2012 and Desta et al., 2002.251,260 †CYP2C19

genotype. Note that early studies of allelic frequency were performed

prior to identification of the CYP2C19*17 allele. ‡No standardised nomen-

clature for *17 heterozygotes. Reports that heterozygote CYP2C19 17/1

may exhibit URM phenotype. If CYP2C19*17/1 considered URM, pheno-

typic frequency for URM would be 27% of Caucasians, 18% Africans, 16%

Hispanic and 4% Asians.251,254,261,262 §External factors, such as sepsis/

inflammatory response may cause CYP450 down-regulation and alter

phenotypic expression.263,264 CYP, cytochrome; EM, extensive

metaboliser; MM, moderate/intermediate metaboliser; PM, poor

metaboliser; URM, ultra-rapid metaboliser.
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Conclusion

Antifungal agents may be associated with significant tox-
icity or drug interactions. These may be minimised by
clinical assessment, laboratory monitoring, avoidance of
particular drug combinations and dose modification. Spe-
cific measures, such as the optimal timing of oral drug
administration in relation to meals, use of pre-hydration
and electrolyte supplementation may also be required.
TDM of antifungal agents is warranted, especially where
non-compliance, non-linear pharmacokinetics, inad-
equate absorption, a narrow therapeutic window, sus-
pected drug interaction or unexpected toxicity are
encountered. We look forward to further research on the
potential clinical applications of pharmacogenomic
evaluation to help guide future recommendations.
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Appendix I

Drug monitoring in studies of voriconazole prophylaxis and treatment in patients with haematological malignancy

Study Study design No. of patients

(% haematology

patients)

Established

target for

efficacy†

Established

target for

toxicity†

Comments

TDM use in voriconazole prophylaxis studies

Trifilio et al.265 Retrospective cohort. 71 (100) >2‡ NR Allogeneic HSCT patients.

TDM use in voriconazole treatment studies

Dolton et al.266 Retrospective cohort 201 (45) ≥1.7 >5 –

FDA briefing document267 Retrospective cohort 280 (NR) NF§ 6 Subset of patients from registration

trial165 who had random voriconazole

TDM performed

Imhof et al.268 Retrospective cohort 26 (100) NR ≥4 Hazard ratio of 2.3 for a neurological

adverse event per 1 μg/mL increase in

voriconazole concentration

Miyakis et al.269 Retrospective cohort 25 (20) >2.2 NR –

Neely et al.270 Retrospective cohort 46 (46) >1 NR Paediatric study

Ueda et al.271 Retrospective cohort 34 (100) >2 ≥6 –

Pascual et al.203 Prospective observational 52 (65) >1 >5.5 –

Smith et al.244 Retrospective cohort 28 (29) >2.05¶ NR –

Lee et al.272 Retrospective cohort 52 (100) NF NR Early outcomes of IA not statistically

different when initial trough levels (≤2

vs. >2) compared

Racil et al.273 Retrospective cohort 264 (100) NF NF IA treatment outcomes and adverse

effects not related to voriconazole

levels

Park et al.236 Randomised controlled trial

(TDM vs. non-TDM)

108 (77) NF NF Voriconazole dose adjustment performed

to achieve target trough levels (1–5.5)

in TDM group

Bruggemann et al.274 Retrospective cohort 18 (89) NF NF Paediatric study

†Patients achieving voriconazole concentrations above efficacy targets were statistically more likely to have better outcomes than patients with

concentrations below established thresholds. Similarly, patients with voriconazole concentrations above toxicity targets were statistically more likely to

have neurological adverse events compared with patient with concentrations below established thresholds. ‡Efficacy target observed only when four

cases of zygomycetes were included in analysis (P = 0.049). §Efficacy target not determined – when a concentration of 0.5 mg/L was used no difference

in outcome was seen in patients below compared with above this level. ¶Efficacy target only established when patients with refractory disease were

excluded from the analysis. NR, not recorded; NF, not found.
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Appendix II

Drug monitoring in studies of posaconazole prophylaxis and treatment in patients with haematological malignancy

Study Study design No. of
patients

(% haematology
patients)

Established
target for
efficacy†

Established
target for

toxicity

Comments

TDM use in posaconazole prophylaxis studies
Krishna

et al.275

Retrospective cohort of PK data
from179

246 (100) NR‡ NR Median plasma concentration in breakthrough
IFD cases: 0.61 mg/L (n = 5).

Krishna
et al.276

Retrospective cohort of PK data from
Cornely et al.179

194 (100) NR‡ NR Median plasma concentration in breakthrough
IFD cases: 0.45 mg/L (n = 6).

Jang et al.237 Retrospective cohort combination of
PK data from Cornely et al.179 and
Tonini et al.239

467 (100) >0.7¶ NF –

Dolton
et al.238

Retrospective cohort§ 86 (91) >0.29# NF Median plasma concentration in breakthrough
IFD cases: 0.29 mg/L (n = 12). Recommended
target >0.7 mg/L.

Vaes et al.277 Prospective cohort 40 (100) >0.4†† NR Composite endpoint including those who
received empiric antifungal treatment. Median
plasma concentration in breakthrough IFD
cases: 0.4 mg/L (n = 18).

Hoenigl
et al.278

Prospective cohort§ 34 (100) >0.3‡‡ NR Median plasma concentration in breakthrough
IFD cases: 0.3 mg/L (n = 3).

Tonini
et al.239

Retrospective cohort 29 (100) >0.99§§ NR High median plasma concentration; significance
of lower concentrations in breakthrough IFD
unclear. Median plasma concentration in
breakthrough IFD cases: 0.99 mg/L (n = 4).

Gross
et al.279

Prospective cohort§ 31 (100) NF NR Median plasma concentration in breakthrough
IFD cases: 0.96 mg/L (n = 4).

Crombag
et al.280

Retrospective cohort§ 17 (100) NF NF One breakthrough IFD: 0.37 mg/L.

Neubauer
et al.281

Prospective cohort 27 (100) NF NF Median plasma concentration in breakthrough
IFD cases: 0.9 mg/L (n = 2).

Bryant
et al.240

Retrospective cohort 21 (100) NF NR Plasma concentrations in breakthrough IFD
cases: <0.5 mg/L (n = 3).

Eiden
et al.282

Prospective cohort 63 (100) NF NR Plasma concentrations in breakthrough IFD case:
0.22, 0.11 mg/L (n = 1).

Lebeaux
et al.283

Retrospective cohort§ 54 (69) NF NR Plasma concentrations in breakthrough IFD
cases: <0.5 mg/L (n = 2).

TDM use in posaconazole treatment studies
Walsh

et al.206

Prospective cohort with retrospective
comparator group

107 (74) ≥0.7–1.25¶¶ NF Salvage therapy in invasive aspergillosis. PK
dataset from 67 patients. Timing of
posaconazole plasma concentration not
recorded.

†Patients achieving posaconazole plasma concentration above efficacy targets were statistically more likely to have better outcomes than patients with

concentrations below established thresholds. ‡While lower average plasma concentrations were reported in those with breakthrough IFD compared with

those without in these studies; analyses were not deemed appropriate in a statistical respect, owing to too few breakthrough IFD cases from both

cohorts. §Mixed cohort of treatment and prophylaxis patients; majority received posaconazole prophylaxis. ¶Clinical failure rates at average plasma

concentration of <0.7 mg/L were >25% (P < 0.0001) and >35% (P = 0.0022) in two and four study cohorts, respectively. #In patients receiving posaconazole

prophylaxis, reported breakthrough IFD cases had significantly lower median plasma concentrations (0.29 mg/L) compared with those without break-

through IFD (0.49 mg/L). All cases identified as breakthrough IFD had median concentration <0.5 mg/L. ††Eighteen courses switched to an alternative

treatment antifungal, either empiric treatment (7/18) or for possible (9/18) or probable IFD (2/18). Median plasma concentration of 0.4 mg/L reported in

this group compared with 0.45 mg/L in those without breakthrough IFD (P = 0.02). ‡‡In the three breakthrough IFD cases during prophylaxis, a median

plasma concentration of 0.3 mg/L was significantly lower than the median plasma concentration of 0.61 mg/L in those who did not. §§Four patients with

reported breakthrough IFD had statistically significant lower corresponding plasma concentrations (0.99 mg/L) compared with those without IFD

(1.32 mg/L) (P < 0.05). ¶¶Average plasma concentration of 1.25 mg/L was associated with a higher response rate (74%) compared with 0.13 mg/L (24%),

0.41 mg/L (53%) and 0.72 mg/L (53%), respectively (statistical significance not reported). AML, acute myeloid leukaemia; IFD, invasive fungal infection;

MDS, myelodysplastic syndrome; NF, not found; NR, not recorded; PK, pharmacokinetics.
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