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Systemic antifungal therapy is critical for reducing the mortality from many invasive and chronic fungal infec
tions. Triazole antifungals are the most frequently prescribed antifungals but require attention to dosing and 
drug interactions. Nearly 600 severe drug–drug interactions and over 1100 moderate interactions requiring 
dose modifications are described or anticipated with systemic antifungal agents (see https://www.aspergillus. 
org.uk/antifungal-drug-interactions/). In this article, we address the common and less common, but serious, 
drug interactions observed in clinical practice with triazole antifungals, including a group of drugs that cannot 
be prescribed with all or most triazole antifungals (ivabradine, ranolazine, eplerenone, fentanyl, apomorphine, 
quetiapine, bedaquiline, rifampicin, rifabutin, sirolimus, phenytoin and carbamazepine). We highlight interac
tions with drugs used in children and new agents introduced for the treatment of haematological malignancies 
or graft versus host disease (midostaurin, ibrutinib, ruxolitinib and venetoclax). We also summarize the multiple 
interactions between oral and inhaled corticosteroids and triazole antifungals, and the strategies needed to op
timize the therapeutic benefits of triazole antifungal therapy while minimizing potential harm to patients.
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commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obtained 
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Introduction
Drug interactions are a common problem that jeopardize the 
efficacy and safety of both antifungal therapy and concomitant 
medications. In an analysis of 6952 patient electronic medical re
cords collected from over 150 hospitals, Andes et al.1 detected 
drug–drug interactions (DDIs) in 86%–93% of patients receiving 
mould-active triazoles, with more than one-quarter of the interac
tions classified as ‘contraindicated’ combinations. Although many 
interactions are unlikely to harm the patient, DDIs affecting the me
tabolism and clearance of narrow therapeutic index drugs or the ab
sorption, metabolism and clearance of antifungals can result in 
life-threatening complications if not recognized early and managed 
appropriately. Therefore, an in-depth understanding of how these 
interactions occur and their potential clinical implications is essen
tial for effective use of systemic antifungal therapy.

The prevalence of antifungal DDIs varies widely according to the 
antifungal class. Triazole antifungals are associated with the high
est number of DDIs owing to their properties as both inhibitors and 
substrates of Phase 1 [cytochrome P450 (CYPP450) biotransforma
tion] or Phase 2 (conjugation) pathways involved in the metabolism 
and clearance of common anaesthetics, cardiovascular medica
tion, anticoagulants, anti-infectives, and immunosuppressive and 
chemotherapy agents (Table 1).2 Triazoles also act as inhibitors 
and substrates of many transporter proteins [e.g. P-glycoprotein 
(P-gP) and organic-anion transporter polypeptides (OATPs)] in
volved in drug absorption and distribution.3 The magnitude of the 
DDIs can be influenced by the interplay of host pharmacogenetics, 
patient age, comorbidities and concomitant therapies (Figure 1). 
Therefore, recommendations for managing these interactions, 
such as those found in the Summary of Product Characteristics 
(SPC; manufacturer drug package labelling) or printed drug 
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references, can only be considered as general guidance, as they 
may not contain the most up-to-date information or predict the se
verity of pharmacokinetic (PK) interactions encountered in severely 
ill or frail patients. Indeed, antifungal DDIs often require therapeutic 
drug monitoring (TDM) for dosing guidance.4–6

The duration of drug interactions involving CYP P450 enzymes 
also varies depending on the type of interaction.7 If a drug is a com
petitive inhibitor, the interaction duration is determined chiefly by 
the half-life of the perpetrating drug, e.g. fluconazole (20–50 h) ver
sus isavuconazole (130 h). On the other hand, drugs that induce CYP 
P450 enzymes or act as irreversible inhibitors (e.g. voriconazole, 
posaconazole) alter the enzyme’s structure or function. The 
recovery of metabolic capacity in these cases depends on the turn
over of the enzyme, which cannot be directly measured in patients. 

However, PK studies have used drugs such as midazolam as 
CYPP450 ‘enzymatic probes’ to estimate the duration of inhibitor in
teractions. Based on these studies, the recovery time after removing 
mechanism-based inhibitors typically is reported as 20–50 h, while 
recovery after removing enzyme inducers takes around 40–60 h. 
This suggests that more than 90% of CYP P450 recovery can occur 
within 10 days after stopping mechanism-based inhibitors and with
in 14 days after stopping inducers. As a general rule, close observa
tion and dose adjustment should be considered during this period 
after perpetrator drugs are stopped if the victim drug has a narrow 
therapeutic index.7

Triazole antifungal drugs can exhibit competitive, irreversible 
inhibition or display mixed patterns of competitive and non- 
competitive inhibition depending on the combination of CYP 

Table 1. Totality of antifungal interactions present, corresponding to the severity (severe, moderate, mild or unlikely) for the given combination in the 
Antifungal Interaction Database for 1628 licensed individual drugs with a possible interaction

Severity Polyenes Echinocandins Azoles

AmBisome Ampho B Anidula Mica Caspo Isavu Fluco Posa Itra Vori Otese Ibrexa Terbinafine
Severe 22 23 0 0 6 49 57 118 160 173 0 1 1
Moderate 133 133 7 11 46 141 215 212 181 194 1 2 15
Mild 120 122 82 92 92 79 223 189 163 189 0 15 96
Unlikely 1353 1350 1539 1525 1484 1359 1133 1109 1124 1072 1627 1610 1516

Ampho B, amphotericin B; Anidula, anidulafungin; Mica, micafungin; Caspo, caspofungin; Posa, posaconazole; Vori, voriconazole; Fluco, fluconazole; 
Isavu, isavuconazole; Itra, itraconazole; Otese, oteseconazole; Ibrexa, ibrexafungerp.

Figure 1. Factors influencing the type and degree of antifungal DDIs. Figure was created using www.biorender.com. This figure appears in colour in the 
online version of JAC and in black and white in the print version of JAC.
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enzymes or transporters involved in the interaction. More de
tailed information on the metabolic pathways for specific drugs 
can be found at the Interactome of Drug Metabolizing Enzyme 
(INTEDE 2.0) (http://intede.idrblab.net) or PHARMGKB database 
(https://www.pharmgkb.org/).

With the continuous development of new therapeutics, online 
drug-interaction databases have become essential tools for 
screening patients’ medication profiles. Both subscription and 
free-of-cost databases, such as the Aspergillus Website Drug 
Interaction Database (https://www.antifungalinteractions.org/), 
assess the possible severity of the interaction, link primary litera
ture references, and provide general dosing or management re
commendations.2 These databases can be used to screen 
patient medication administration records whenever new medi
cations are started or stopped. However, flagged DDIs and re
commendations may still require expert interpretation specific 
to the patient population and clinical situation before doses are 
adjusted or alternative therapies are considered.

In this review, we examined the most prevalent antifungal DDIs 
encountered in distinct patient populations at risk of invasive fun
gal diseases, taking into consideration the specific clinical factors 
that contribute to the incidence of interactions. The interactions se
lected for discussion were based on expert input and discussions of 
the authors. We also examined the similarities and differences in 
DDI management for each risk group to identify strategies to re
duce adverse events and improve the effectiveness of antifungal 
treatment. For decision-making in individual patients, the reader 
is advised to always consult the SPC, trusted drug-interactions da
tabases, and local experts with experience in managing DDIs.2

Methods
The primary source for most of the information presented is publicly 
available on the Aspergillus website (https://www.aspergillus.org.uk/ 

antifungal-drug-interactions/) as the Antifungal Interactions Database. 
Updates to this database are undertaken weekly by horizon scanning, en
suring that all new drugs are added once they are licensed in the UK, the 
EU or the USA. The SPC (from wherever the licence has been granted) was 
used as the initial source to add any interaction data for any new drug. In 
addition, published literature was searched weekly to add any additional in
formation to the database. These papers were collated as sources for the 
database. Stockley’s Interaction Checker was used to ensure that the data
base was complete and up to date. As Stockley’s operates under a subscrip
tion model unavailable to non-subscribers, this source is not used as a direct 
reference.

The decision regarding which severity category to list for each inter
action depends on the nature and magnitude of the interaction, and 
was classified as severe, moderate, mild or unlikely. Each category only re
lates to a two-way interaction and does not consider multiple drug inter
actions. Some interactions require only additional monitoring, some 
require dose adjustment, and some may need to avoid drug combination 
altogether. This clinical advice is reflected in the entry of each drug com
bination when an interaction is either documented or suspected.

Totality of antifungal drug interactions to May 2023
A summary of all the reported interactions affecting systemic antifun
gals, except for griseofulvin, is presented in Table 1. In terms of the fre
quency of severe interactions, voriconazole and itraconazole were the 
most prevalent, with the lowest number of interactions caused by echi
nocandins and terbinafine (Table 1). The tetrazole oteseconazole has 
only been licenced in the USA for the management of recurrent vulvova
ginal candidiasis but does not bind to human cytochrome enzymes, re
sulting in very few documented and predicted interactions, extremely 
slow metabolism, and a half-life of over 130 days. Hence, information 
presented in subsequent sections does not pertain to oteseconazole.

Several drugs cannot be safely administered with antifungal azoles, as 
shown in Table 2. In most cases, the reason for not using the combination 
is the much higher likelihood of severe or fatal adverse reactions, and in 
some cases, because the other drug completely negates any antifungal 
activity.

Table 2. DDIs to be absolutely avoided as a threat to life, cancer drugs excluded (see other tables for more information)

Drug name Antifungal Reason combination not advised

Ivabradine All triazoles except fluconazole and 
isavuconazole

Reduced metabolism of ivabradine and increased risk of QT prolongation

Ranolazine All triazoles except isavuconazole Reduced clearance of ranolazine, increasing risk of adverse events
Eplerenone Itraconazole and voriconazole Significant increase in AUC of eplerenone
Fentanyl All triazoles except isavuconazole Increased fentanyl plasma concentrations, causing potential serious respiratory 

depression
Apomorphine Fluconazole Increased risk of QT prolongation
Quetiapine All triazoles Increased risk of QT prolongation
Bedaquiline All triazoles Bedaquiline exposure increased, leading to increased risk of adverse effects, e.g. 

deranged LFTs and QT prolongation
Rifampicin All triazoles Accelerated metabolism of azole, high-dose posaconazole and fluconazole may 

compensate
Rifabutin All triazoles Accelerated metabolism of azole and dual toxicity risk
Sirolimus All triazoles except isavuconazole Excessive levels of sirolimus; TDM is recommended when given concomitant with 

triazoles
Phenytoin All triazoles Accelerated metabolism of azole
Carbamazepine All triazoles except fluconazole Accelerated metabolism of azole

Triazoles refers to fluconazole, itraconazole, voriconazole, posaconazole and isavuconazole and not the tetraconazole oteseconazole. LFT, liver func
tion test.
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Special DDI considerations in children
Similar to adults, triazole antifungals are an important component of the 
paediatric antifungal armamentarium. While all agents are utilized for 
the prevention and/or treatment of invasive fungal diseases in infants, 
children and adolescents, their approval status for indications in paediat
ric patient populations varies. None of the mould-active antifungal tria
zoles have been approved for critically ill neonates and are rarely used 
in practice.8,9 DDIs with triazole antifungals that are of concern in children 
are shown in Table 3. Otherwise, the discussion of problematic DDIs can 
be assumed to be a similar concern for children and adults. Notably, be
cause of the inherently greater PK variability of antifungals in paediatric 
patients, TDM is routinely recommended for all mould-active triazoles. 
Liposomal amphotericin B and echinocandins are alternatives for preven
tion and prophylaxis if triazoles cannot be administered.2

Interactions with anti-infective agents
β-Lactams

Flucloxacillin, a penicillin β-lactam antibiotic, is used to treat infections 
caused by susceptible Gram-positive organisms, such as Staphylococcus 
aureus. Flucloxacillin activates the pregnane X receptor (PXR), which can 
induce the expression of CYP450 and UGT enzymes, and P-gP transpor
ters.10 Flucloxacillin markedly decreases the plasma exposure of voricon
azole and, to lesser degree, posaconazole.10 Case reports of patients 
who required treatment for bacteraemia and fungaemia where flucloxacil
lin and voriconazole were given concomitantly have reported subthera
peutic voriconazole exposures. We recommend close surveillance with 
TDM when both drugs are used together, and to consider a pre-emptive 
dose increase of voriconazole. Moreover, caution is warranted when com
bining flucloxacillin with isavuconazole, as this interaction might occur with 
all triazoles. Interactions with fluconazole, which undergoes less extensive 
CYP450-mediated metabolism, are less likely than those with voriconazole.

Antiviral therapy

Similar observations of subtherapeutic triazole exposures have been re
ported for letermovir, a new antiviral agent that is increasingly used to 

prevent cytomegalovirus (CMV) infection.11 Subtherapeutic voriconazole 
levels are likely, with fewer effects expected with itraconazole and isavu
conazole. Letermovir does not induce the clearance of posaconazole.

Invasive fungal infections (IFIs) are common in patients with HIV in
fection, especially those with AIDS.12 Efavirenz and tenofovir disoproxil 
fumarate are used as first-line HIV medications. Studies have shown 
that the administration of efavirenz when given with voriconazole signifi
cantly reduces the levels of voriconazole, which can lead to treatment 
failure (Table 4).13–15 This interaction is attributed to efavirenz inducing 
the activity of CYP3A4 enzymes, while voriconazole inhibits CYP3A4. 
This combination is contraindicated; however, if necessary, the dose of 
voriconazole should be increased while reducing the dose of efavirenz.16

Only minor interactions are anticipated with the new antiretroviral agent 
lenacapavir, which does not necessitate dosing adjustment.

The combination of voriconazole and antihepaciviral products (ombi
tasvir, paritaprevir and ritonavir) may decrease serum concentrations of 
voriconazole.16 This interaction is severe, and concomitant use should 
generally be avoided, unless the patient-specific benefit/risk ratio is justi
fiable. Close monitoring and consideration of alternative treatment op
tions is necessary.

Ritonavir is a potent irreversible inhibitor of CYP3A4/5 and is routinely 
used to block the metabolism of partner drugs that otherwise would be 
extensively metabolized through CYP3A4/5.17 While some studies have 
reported near-complete recovery of CYP3A4 metabolic activity after 
3 days of stopping ritonavir, other studies have reported more prolonged 
suppression after drug washout.18

Ritonavir has been used in combination with nirmatrelvir to treat mild 
COVID-19. There are inconsistent data and reports regarding DDIs, with 
some suggesting a decrease in the serum concentration of voriconazole, 
whereas other reports indicate an increase in voriconazole serum expo
sures. The prescribing information for voriconazole advises against the 
concomitant use of high-dose ritonavir and voriconazole, and caution is 
recommended when using lower doses of ritonavir with voriconazole 
(Table 4).16 However, the emergency-use authorization fact sheet for nir
matrelvir/ritonavir suggests avoiding coadministration with voricon
azole,19 even though NIH COVID-19 treatment guidelines permit using 
the combination with close monitoring.20

Table 3. Key triazole drug interactions in paediatrics

Therapeutic area Antifungal Concomitant drugs, interactions and effects

Antimicrobial agents All triazoles Erythromycin, clarithromycin: ↓ metabolism, ↑ exposure, ↑ drug effects 
Isoniazid, rifampicin, rifabutin:a complex metabolic interactions

Anticancer agents All triazoles Vinca-alkaloids:a ↓ metabolism/efflux, ↑ neurotoxicity; various anticancer agents, tyrosine and 
protein kinase inhibitors:b ↓ metabolism/efflux, ↑ exposure/↑ toxicity

Systemic steroids All triazoles All steroids: ↓ metabolism, ↑ exposure, ↑ drug effects
Inhaled steroids Itraconazole Inhaled steroids: ↓systemic metabolism, ↑systemic exposure, ↑ drug effects
Bronchodilators Fluconazole Theophylline: ↓metabolism, ↑exposure, ↑ drug effects
Immunosuppressants All triazoles Calcineurin/mTOR inhibitors:b ↓ metabolism/efflux, ↑exposure, ↑ drug effects
Sedatives All triazoles Benzodiazepines: ↓ metabolism, ↑ exposure, ↑ drug effects
Opioids All triazoles All opioids: ↓ metabolism, ↑ exposure, ↑ drug effects
Analgesics Voriconazole Ibuprofen: ↓ metabolism, ↑exposure, ↑ drug effects
Antiemetics All triazoles Ondansetron: ↓ metabolism, ↑exposure, ↑ QTc
Antacids Fluconazole and 

voriconazole
PPIs: ↓ metabolism, ↑exposure, ↑ drug effects

Anticonvulsants All triazoles Phenobarbital, phenytoin, carbamazepine:a complex metabolic interactions
Cardiac agents All triazoles Ca channel blockers, digoxin: ↓metabolism, ↑exposure, ↑ drug effects 

Fluconazole and sildenafil: ↓metabolism, ↑exposure, ↑ drug effects

aAvoid combination. 
bUse combination with care or seek expert advice.
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Antimycobacterial therapy

Coinfections with fungi and TB or non-tuberculous mycobacteria can oc
cur in patients with airway anomalies or immunosuppression.21

Managing both conditions can be challenging owing to the potential 
DDIs. Rifampicin and rifabutin are contraindicated in patients taking vori
conazole and itraconazole because rifampicin significantly reduces the 
levels of both triazoles (Table 4).22,23 Increasing the dose of either triazole 
does not adequately restore appropriate serum concentrations, leading 
to an increased risk of treatment failure.24 The induction of accelerated 
triazole metabolism takes approximately 3 weeks to abate after stopping 
rifampicin. In contrast, higher doses of posaconazole (i.e. 600–800 mg 
daily) have been used successfully with rifampicin, with TDM to ensure 
adequate posaconazole concentrations.25 Coadministration of 
voriconazole with ethambutol has been reported to increase the risk of 
ethambutol-associated optic neuropathy.26 Alternative agents or transi
tioning to a less potent CYP3A4 inhibitor antifungal, such as isavucona
zole, are possible alternative strategies. For the treatment of 
non-tuberculous mycobacterial infections, first-line oral drugs such as 
clarithromycin, quinolones and clofazimine are recommended. 
However, concomitant use of these drugs with voriconazole can poten
tially lead to DDIs, highlighting the need for close monitoring.27

Azithromycin, which does not inhibit CYP3A4, may be alternatively used 
for some non-tuberculous mycobacterial infections instead of clarithro
mycin.28 DDIs with rifampicin are also likely when IFI coexists with other 
infections where rifampicin is needed, such as brucellosis, prosthetic joint 
and valve infections.

Bedaquiline, a diarylquinoline agent used in the treatment of TB, is a 
CYP3A4 substrate that can cause a dose-dependent prolongation of the 
QT interval.29 While no studies assessing the combined QT-prolonging 
effect of both bedaquiline and azoles have been conducted except 
with ketoconazole, both classes of medications are associated with 
QT prolongation risk.30 Therefore, it is advised to avoid this combin
ation, especially when used with azoles that are strong CYP3A4 inhibi
tors and in patients with underlying QT prolongation risk factors.30 If 
the benefit outweighs the risk, regular QTc monitoring is advised, with 
the therapy duration not exceeding 14 days.31 Posaconazole, should 
be avoided during bedaquiline therapy. While the QT-prolonging effects 
of posaconazole alone are not substantially greater than other tria
zoles,32 a case report documented a patient with multiple Torsade de 
Pointes episodes, which was partially attributed to posaconazole 
therapy.33

Isavuconazole is a moderate CYP3A4 inhibitor that shortens the QT 
interval. Given its efficacy in the treatment of invasive aspergillosis, ex
ploring the safety of isavuconazole in patients who require bedaquiline 
for the treatment of MDR-TB is promising.34

Antiparasitic therapy

DDIs have also been observed between azoles and other antiparasitic 
agents; however, clinical data on these interactions are limited. 
Studies have shown that ketoconazole administration can increase 
the levels of praziquantel (Table 4).35 Similarly, the interactions be
tween azoles and antimalarials have been described in PK studies. 
The coadministration of ketoconazole and artemether/lumefantrine 
resulted in increased levels of antimalarials (Table 4).36,37 Close mon
itoring for QTc prolongation is crucial. Isavuconazole, a moderate 
CYP3A4 inhibitor, has a comparatively low risk of toxicity and may 
be a safer option. Similarly, for prophylaxis, atovaquone/proguanil, 
mefloquine and chloroquine, when given with strong CYP3A4 inhibi
tors, have an increased risk of toxicity.38–40 In these cases, it may 
be more appropriate to consider prophylaxis with doxycycline or tafe
noquine or switch to isavuconazole to minimize potential adverse 
effects.Ta
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Interactions with corticosteroids and therapies used  
for respiratory medicine
The use of inhaled corticosteroids (ICSs) with or without a long-acting β 
agonist (LABA) combination (ICS/LABA) for both asthma and COPD un
derpins the current recommended treatment approach within national 
and international guidelines.41,42 Physicians rarely consider these ubi
quitous inhaled medications as victims or perpetrators of systemic 
drug interactions. All oral triazoles, except possibly isavuconazole and 
the tetrazole oteseconazole, increased the blood levels of the LABA sal
meterol following oral inhalation, owing to CYP3A4 inhibition 
(Table 5).43 Combined azole/salmeterol therapy can increase the risk 
of irregular heart rhythm in susceptible populations via QT prolonga
tion.44 Although there are fewer significant triazole interactions with 
formoterol and arformoterol, caution is still warranted with these 
combinations.

Many DDIs between triazoles and inhaled or systemic corticoster
oids have been reported. Allergic bronchopulmonary aspergillosis 
(ABPA) may require long-term therapy with oral prednisone and 

antifungals, as well as continued maintenance of inhaled steroids 
and β-2 agonist regimens. However, the coadministration of triazoles 
with ICSs in patients with asthma or COPD increases the risk of excess 
steroid exposure.

Both itraconazole and voriconazole significantly increased the sys
temic absorption of fluticasone into the bloodstream (Table 5).44,45

Gilchrist et al.46 examined the risk of adrenal axis suppression in patients 
with cystic fibrosis (CF) undergoing concomitant itraconazole and in
haled fluticasone treatment. Adrenal insufficiency was analysed using 
the synthetic adrenocorticotropic hormone (ACTH) (synacthen) test in 
matched cohorts of 12 patients with CF receiving inhaled fluticasone 
alone with or without itraconazole. Serum concentrations of itracon
azole were documented as therapeutic in both the cohorts. All 12 pa
tients who received itraconazole with inhaled fluticasone exhibited 
abnormal synacthen test results, and 10/12 (83%) showed hypothalam
ic–pituitary axis (HPA) axis suppression. HPA suppression was severe in 
two patients, with a peak cortisol level of <75 nmol/L, and three add
itional patients had moderately severe suppression, with a peak cortisol 

Table 5. Key triazole antifungal/respiratory drug interactions

Interacting drug

Potential severity of interaction
Antifungal 

modification Interacting drug modificationFluconazole Itraconazole Voriconazole Posaconazole Isavuconazole

Prednisolone/ 
prednisone

+ + ++ + − None Reduce prednisolone/ 
prednisone dose by 30% with 
voriconazole

Methylprednisolone ++ ++ ++ ++ ++ None Reduce methylprednisolone 
dose by 50%–60%

Dexamethasone ++ ++ ++ ++ ++ None Reduce dexamethasone dose 
by 50%–60%, or observe for 
adverse corticosteroid 
adverse effects

Fluticasone ++ ++ ++ + − None Reduce fluticasone dose by 
50%, as exposure increased

Budesonide 
(inhaled)

+ ++ ++ ++ ++ None Reduce budesonide dose by 
50%, as exposure increased

Mometasone + + + + − None Caution advised with longer 
term dual usage

Ivacaftor ++ +++ +++ +++ ++ None Use ivacaftor, one tablet twice 
a week, except with 
fluconazole and 
isavuconazole when once a 
day

Elexacaftor ++ +++ +++ +++ ++ None Use elexacaftor 2 tablets once 
daily twice weekly, except 
isavuconazole and 
fluconazole using two tablets 
alternating with one tablet 
daily

Tezacaftor/ivacaftor ++ +++ +++ +++ ++ None Use tezacaftor/ivacaftor single 
tablet every 3–4 days, except 
fluconazole and 
isavuconazole when 
ivacaftor single tablet taken 
daily and a tezacaftor every 
alternate day

+++ strong severity; ++ moderate severity; + mild severity; − no interaction identified.
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level of <250 nmol/L. In contrast, only 2/12 receiving fluticasone alone 
showed HPA suppression (both mild). The median (range) basal cortisol 
levels were significantly lower in patients who received itraconazole and 
inhaled fluticasone. Neither itraconazole nor fluticasone dose correlated 
with the degree of adrenal suppression. A similar, but less marked, inter
action was expected with budesonide and beclomethasone. As cicleso
nide has a very low potential to produce systemic adverse effects, any 
interaction risk with itraconazole, voriconazole and posaconazole is 
not expected to be clinically significant, but could boost local airway 
steroid concentrations.

Concomitant triazole therapy also increased the exposure to both 
methylprednisolone and dexamethasone, resulting in the suppression 
of endogenous cortisol secretion (Table 5). The PK interaction between 
methylprednisolone, steroids and itraconazole is likely related to the 
inhibition of hepatic CYP3A4 activity by itraconazole.47,48

Voriconazole demonstrates moderate inhibition of prednisolone me
tabolism, resulting in a ∼30% increase in the AUC. Consequently, re
duction of oral prednisolone dose by 30% is recommended.49 There 
is little change to the AUC of prednisolone when administered with isa
vuconazole, indicating the absence of a clinically relevant interaction 
between these two agents.50

TDM has been necessary to ensure the safety and efficacy of itracon
azole, voriconazole and posaconazole in patients with chronic pulmonary 
fungal diseases.51,52 However, routine TDM may be less important for isa
vuconazole, which exhibits more a predictable PK profile versus voricon
azole and posaconazole and a lower propensity for severe drug 
interactions.53 However, some intra- and inter-patient variability has 
been reported, especially in critically ill patients.54,55

Patients with CF are often receiving novel CF transmembrane conduct
ance regulator (CFTR) therapies (e.g. elexacaftor/tezacaftor/ivacaftor), 
which are metabolized by the CYP P450 (CYP) pathway. Dosing modifica
tions are recommended for patients started on potent CYP3A4 inhibitors 
during elexacaftor/tezacaftor/ivacaftor treatment owing to potential 
7-fold increase in drug exposures when administered with potent 
CYP3A4 inhibitors (Table 5).56,57 In general, evening doses are suspended, 
using CFTR to reduce the risk of excessive drug exposure. Next-generation 
CFTR modulator therapies under development are expected to provide in
creased activity with reduced DDI risk.57

Drug interactions in intensive care, anaesthesia and 
cardiology
DDIs are of particular concern in ICUs. Patients admitted to the ICU are at 
increased risk of DDIs owing to the complexity of pharmacotherapy, the 
large number of medications, disease severity and organ failure. 
Administration of antifungals for therapeutic and prophylactic purposes 
is virtually constant in patients admitted to the ICU for several reasons. 
Triazoles are frequently used to prevent or treat Aspergillus or Mucorales 
spp. infections. High-consequence interactions in intensive care include 
antistaphylococcal penicillins (discussed previously), sedation and cardio
vascular drugs.58,59

Midazolam is used for sedation in ICU patients, and it is extensively 
metabolized by CYP3A4 enzymes (Table 3). The psychomotor effects of 
oral midazolam were profoundly increased by coadministration with vori
conazole. However, voriconazole only weakly affected the clearance of 
small IV doses of midazolam. If midazolam cannot be avoided, the mid
azolam dose can be reduced by 75% and the frequency can be reduced if 
necessary. If a single IV or oral dose is administered, clinicians should ex
pect risk for prolonged sedation. In addition, itraconazole and 
posaconazole are likely to increase the concentration of sublingual mid
azolam; therefore, concomitant IV use of triazoles should be avoided. 
Isavuconazole and fluconazole are less likely to be associated with mid
azolam interactions.60 Diazepam has only a weak interaction (∼15%) 
with voriconazole and itraconazole. Although not extensively studied, 

voriconazole likely increases the plasma concentrations of other benzo
diazepines metabolized by CYP3A4, leading to a prolonged sedative ef
fect. No significant interactions have been reported with concomitant 
propofol, etomidate, ketamine or suxamethonium.

There were no significant interactions between the triazoles and dia
morphine or tramadol. Profound and potentially life-threatening DDIs of 
all triazoles are predictable with fentanyl and alfentanil; although the inter
action is less marked with isavuconazole. However, significant prolongation 
of the effect was observed with methadone and all triazoles. Moderate in
teractions with prolonged sedation were observed with buprenorphine and 
oxycodone (mild interactions with posaconazole and both drugs).

Of note, voriconazole may inhibit the metabolization of ibuprofen by 
CYP2C9, and dose reductions of ibuprofen are recommended (Table 3).61

H2-receptor antagonists and proton-pump inhibitors (PPIs) are sub
strates and/or inhibitors of several CYP enzymes, which predict interac
tions with triazoles.62 Although no effects of cimetidine and ranitidine 
on voriconazole exposure have been reported,63 coadministration of flu
conazole and voriconazole led to detectable increases in the exposure to 
omeprazole (Table 3).64,65 Similar observations have been made for pan
toprazole, lansoprazole and rabeprazole.66 These drugs have been used 
in the past as CYP2C19 inhibitors to boost voriconazole serum concentra
tions. The antiemetic 5-HT3-receptor antagonist ondansetron is metabo
lized by several CYP enzymes,62 and triazole coadministration is expected 
to lead to increased exposure and amplification of its effects,67 including 
dual effects on prolongation of the QT interval, except for isavuconazole, 
which shortens the QT interval.68,69

There are numerous interactions between triazoles and agents used to 
treat cardiac diseases (Table 6). Triazoles may increase the plasma con
centration of calcium channel blockers metabolized by CYP3A4 (verap
amil, diltiazem, nifedipine, nicardipine and felodipine). Frequent 
monitoring of adverse reactions is recommended, and a dose reduction 
of calcium channel blockers may be required. Itraconazole increases di
goxin concentrations; plasma concentrations should be checked.70–72

Amiodarone alters the pharmacokinetics and, in some cases, the pharma
codynamics of several clinically important drugs. Amiodarone is also 
CYP3A4 substrate; coadministration of triazoles will increase serum con
centrations of amiodarone and associated risk of QT prolongation. There 
is only one isolated report of cardiac arrest in a patient being treated in 
an ICU for an ischaemic stroke associated with atrial fibrillation, who re
ceived IV itraconazole while on IV amiodarone.73 Nontheless, amiodarone 
is used in treatment of ventricular arrhythmia and uniformly delays repo
larization in all layers of the myocardial wall, which theoretically reduces 
transmural heterogeneity and the risk of reentrant arrhythmias.74

However, in an analysis of FDA adverse event reporting system (FAERS) 
data, amiodarone was one of the two drugs most commonly associated 
with drug-induced Torsades de Pointes likely reflecting its use in high- 
risk populations.75 Concurrent use of amiodarone with potent CYP3A4 in
hibitors or fluconazole should be avoided if possible, while use of isavuco
nazole should be undertaken carefully with frequent ECG monitoring and 
possible dose reduction of amiodarone. Although amphotericin B is some
times substituted for triazoles because of QT prolongation concerns, elec
trolyte disturbances associated with amphotericin B therapy may also 
increase risk of arrhythmias. Symptoms include dizziness, light- 
headedness, palpitations, irregular heartbeat, shortness of breath or faint
ing.76,77 Potassium and magnesium levels should be monitored and 
corrected.

Sildenafil is metabolized by CYP3A isoenzymes and used to treat pul
monary hypertension. When given to infants in combination with flucon
azole at treatment doses (12 mg/kg/day), dose reductions by 60% are 
suggested by physiologically based PK models (Table 6).78 In adult males 
on long-term triazole therapy, single doses of sildenafil, tadalafil, varde
nafil or avanafil for erectile dysfunction are likely to result in prolonged ac
tion (priapism), with less impact predicted for fluconazole and 
isavuconazole clearance.78
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Table 6. Key triazole antifungal and cardiac/anticoagulant drug interactions

Interacting 
drug

Potential severity of interaction
Antifungal 

modification
Interacting drug 

modificationFluconazole Itraconazole Voriconazole Posaconazole Isavuconazole

Digoxin − +++ + − ++ Avoid itraconazole, if 
possible

Monitor digoxin levels on 
isavuconazole, or reduce 
dose by 30%

Ivabradine ++ +++ +++ +++ ++ Avoid combination all, 
except fluconazole 
and isavuconazole

Starting dose of 2.5 mg BD 
and if resting heart rate is 
>70 bpm, with 
monitoring of heart rate

Verapamil + ++ ++ ++ ++ Avoid, if possible, for 
different reasons

Use alternative, if possible; 
if used, monitor for side 
effects.

Sotalol ++ − ++ ++ − Caution with 
fluconazole, 
voriconazole and 
posaconazole

Risk of QT prolongation

Flecainide + − + + − Triazoles can modestly 
increase exposure

ECG monitoring 
recommended

Propafenone + + + + ++ Triazoles can modestly 
increase exposure

ECG monitoring 
recommend

Ranolazine +++ +++ +++ +++ ++ Avoid combination Avoid combination
Amiodarone ++ ++ + + − Caution with 

fluconazole and 
itraconazole

None

Calcium 
channel 
blockers

+ ++ ++ ++ ++ No alteration Consider alternatives; if 
used, monitor BP and for 
fluid retention

Atorvastatin 
and 
simvastatin

++ +++ +++ +++ ++ Switch to rosuvastatin, 
pravastatin or 
fluvastatin

Reduce dose to 25%–30%

Eplerenone ++ +++ +++ ++ ++ Avoid itraconazole and 
voriconazole

Maximum dose of 25 mg, 
less if possible with 
isavuconazole and 
posaconazole

Bosentan +++ ++ ++ +++ +++ Avoid isavuconazole 
(low levels); 
fluconazole and 
voriconazole 
(bosentan toxicity)

Monitor LFTs on bosentan, 
possibly avoid dose 
escalation with 
posaconazole and 
itraconazole

Macitentan ++ ++ ++ ++ − Consider 
isavuconazole

Monitor LFTs

Ticagrelor + +++ +++ ++ − Avoid itraconazole and 
voriconazole, 
consider 
isavuconazole

Carefully monitor for side 
effects

Sildenafil +++ +++ +++ +++ ++ Avoid combination or 
consider 
isavuconazole

Reduce sildenafil dose to 
once daily

Warfarin +++ ++++ ++++ +++ +++ All triazoles will 
increase the 
anticoagulant 
effects of warfarin

Monitor for increased 
anticoagulant effects 
(e.g. INR, bleeding) and 
decrease anticoagulant if 
antifungal is 
discontinued

Continued 
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Drug interactions with immunosuppressive therapies 
used in transplantation
TDM is recommended to ensure the safety and efficacy of itraconazole, 
voriconazole and posaconazole in transplant populations.51,52 There is 
less of a consensus on the need for routine TDM for isavuconazole, which 
exhibits a more predictable PK profile versus voriconazole and posacon
azole and a lower propensity for severe drug interactions.53 However, 
some intra- and inter-patient variability has been reported, especially in 
critically ill patients.54,55 Generally, serum trough concentrations of tria
zoles should monitored between 5–7 days after initiation of therapy, es
pecially for itraconazole and voriconazole.

All triazoles strongly inhibit the metabolism of calcineurin inhibitors 
(tacrolimus and ciclosporine) and the mammalian target of rapamycin 
(mTOR) inhibitors, sirolimus and everolimus, by inhibiting CYP450 3A4 
and P-gP, although at different potency.49 Because of the magnitude of 
this interaction, the concomitant use of sirolimus and posaconazole or 
voriconazole is contraindicated in the manufacturer’s labelling.61,79

Kubiak et al.80 reported that combinations of sirolimus and posaconazole 
were well tolerated, with an initial 30%–50% sirolimus dose reduction 
and close monitoring of sirolimus trough levels. Reduction in tacrolimus 
dose and TDM is essential for monitoring and accurate dose adjustment 
of immunosuppressive therapies in patients receiving antifungal tria
zoles, particularly when triazoles are newly started, the dose is adjusted 
or discontinued.81,82 The recommendations for initial empirical dosage 
adjustment of immunosuppressants when used as combination with 
triazoles are shown in Table 7. Increased doses of immunosuppressants 
are also necessary when triazoles are stopped, but at variable intervals 
after stopping, depending on the tissue half-life of the triazole and mech
anism of the interaction. Checking of serial calcineurin levels up to 
3 weeks is recommended.

In contrast, only minor (<50%) increases in exposure have been re
ported with concomitant use of mycophenolate mofetil and tria
zoles.16,49,84 Interestingly, several-fold increased systemic steroid 
exposure after concomitant use of voriconazole with non-absorbable 
oral steroids has been reported in the context of topical treatment of in
testinal graft-versus-host disease (GVHD).85

Triazole antifungals are frequently used for prophylaxis or treatment of in
vasive fungal disease in solid organ transplants. Lung transplant recipients, in 
particular, are at risk for Aspergillus infection because of direct graft exposure 
of environmental fungi and moulds, decreased cough reflex, airway ischae
mia and higher immunosuppression levels compared with other solid organ 
transplants.86 Triazole DDIs with calcineurin inhibitors are similar to those 
encountered in other transplant populations. Alternative prophylaxis or 
treatment approaches (i.e. inhaled liposomal amphotericin B, IV echinocan
dins) have not been shown as monotherapy to provide the same protection 
as triazoles. The availability of non-interacting triazoles or novel antifungals 

without CYP3A4 interactions may improve the safety and efficacy of antifun
gal prophylaxis and treatment in this highly vulnerable population.

Anticonvulsants
Phenobarbital, phenytoin and carbamazepine are classical enzyme indu
cers, and all triazoles may inhibit their metabolism through inhibition of 
CYP P450, so that their combination should be avoided (Tables 2
and 3).62,87 Fortunately, the impact of these interactions has become 
less prominent following the advent of levetiracetam, a well-tolerated 
anticonvulsant that is virtually free of interactions.83

Oncological chemotherapy and antiemetics
Aprepitant, an antiemetic and neurokinin-1 receptor antagonist, is a sub
strate and inhibitor of CYP3A4, 1A2 and 2C19, and all triazoles may in
crease the AUC of aprepitant. However, the clinical significance of this 
increase is unclear as the drug is well tolerated over a wide dosage range, 
but liver function tests should be monitored.62

Triazoles are among the most common drugs involved in clinically rele
vant DDIs in paediatric and adult cancer patients.88 All triazoles may lead 
to decreased CYP-mediated metabolism and decreased P-gP-mediated 
efflux of vinca alkaloids (vincristine, vinblastine, vinorelbine and vinde
sine), resulting in potentially life-threatening increases in their neurotox
icity.62,89 Therefore, coadministration of triazoles during vinca 
alkaloid-based chemotherapy regimens should be avoided whenever pos
sible. Triazoles may affect the pharmacokinetics of cyclophosphamide 
through differential inhibition of hepatic CYP isoenzymes, leading to de
creased conversion into the active metabolite but also increased tox
icity.62,90,91 Further interactions between azoles and ifosfamide, 
methotrexate, busulfan, anthracyclines, epipodophyllotoxins, irinotecan, 
taxanes and tyrosine- and protein-kinase inhibitors can be expected 
from the inhibitory effects of azoles on P-gP and several CYP isoenzymes, 
and the use of triazoles during times of administration of these and other 
agents should be avoided.62,92 Of note, this does not exclude their use in 
drug-free periods if chemotherapy is administered in cycles.

Newer targeted therapies used for haematological malignancies

Progress in deciphering the molecular pathogenesis of acute and chronic 
leukaemia has enabled the development of precision medicine ap
proaches. New targeted drugs, either administered as single agents or 
in combination with conventional chemotherapy or with drugs targeting 
epigenetic or other oncogenic signalling pathways, have greatly im
proved the outcomes of patients with AML and ALL (Table 8).93–95

However, most targeted agents introduced for the treatment of AML 
and ALL are small-molecule kinase inhibitors with a narrow therapeutic in
dex that undergo extensive metabolism through CYP3A4.98 As many of the 
patients receiving these targeted therapies requiring prophylaxis or 

Table 6. Continued  

Interacting 
drug

Potential severity of interaction
Antifungal 

modification
Interacting drug 

modificationFluconazole Itraconazole Voriconazole Posaconazole Isavuconazole

Edoxaban ++ ++ + ++ + Monitor for signs of 
bleeding or anaemia 
and/or thrombosis and 
coagulation tests 
advised by manufacturer

Rivaroxaban ++ +++ +++ +++ +
Apixaban ++ +++ +++ +++ +
Dabigatran ++ +++ + ++ ++

+++ strong severity; ++ moderate severity; + mild severity; − no interaction identified. INR, international normalized ratio; bpm, beats per minute; BP, 
blood pressure; LFT, liver function test.
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treatment with mould-active azoles (e.g. posaconazole or voricon
azole),99 DDIs are a common problem that can result in overexposure 
of the targeted therapy and unanticipated toxicity and treatment 
interruptions.

Coadministration of the FLT3-inhibitor midostaurin with posaconazole 
is particularly challenging (Table 8). Midostaurin is extensively metabo
lized by CYP3A4, resulting in two pharmacologically active metabolites 
(CGP52421 and CGP62221) that are reversible and time-dependent inhi
bitors and inducers of CYP3A4 in vitro. Coadministration of the strong 
CYP3A4 inhibitor ketoconazole resulted in a 5.4-fold increased exposure 
to midostaurin at steady state.100 However, it remains unclear whether 
(serious) adverse events can be directly linked to DDIs.

GVHD is a potentially fatal complication of allogeneic HSCT. Acute GVHD 
is the main complication during the first months after transplantation, 
while chronic GVHD accounts for a significant long-term fraction of mortal
ity, morbidity and reduced quality of life in patients. Acute GVHD is treated 
first with glucocorticoids, but patients who are glucocorticoid-refractory 
have a dismal long-term prognosis, with only 5%–30% overall survival. 
Approximately 50%–60% of patients with chronic GVHD require secondary 
treatment within 2 years of initial systemic treatment with corticosteroids. 
Following recent advances in understanding the pathophysiology of both 
acute and chronic GVHD, two small molecules have recently been ap
proved for treatment of steroid-refractory cases of GVHD: ruxolitinib, a 

Janus kinase-2 (JAK-2) inhibitor (also used for the management of myelo
proliferative disorders such as primary myelofibrosis)101 and ibrutinib, a 
Bruton tyrosine kinase (BTK) inhibitor (also used in the treatment of indo
lent lymphoproliferative diseases).102

Several approaches have been proposed for dealing with these drug 
interactions:103

1. Administer both the small molecule and antifungal agent at the re
commended dosage, together with close monitoring of adverse 
events. As such, both drugs were administered as previously described 
in the registration studies. Indeed, a post hoc analysis of the RATIFY 
study cautioned for increased plasma concentrations of midostaurin 
when coadministered with strong CYP3A4 inhibitors without midos
taurin dose adjustment, but also showed a balanced safety and effi
cacy profile (with a median relative dose intensity of midostaurin of 
>94% of the intended dose).104

2. An empirical dose reduction of the small molecule during coadminis
tration with a strong CYP3A4 inhibitor was supported by the PK data. 
For instance, physiologically based PK modelling supports a venetoclax 
dose reduction of at least 50% and 75% when coadministered with 
moderate and strong CYP3A4 inhibitors, respectively, maintaining ve
netoclax exposure between those at the therapeutic dose of 400 mg 
once daily and the established maximal dose of 1200 mg once 

Table 7. Significant drug interactions of azoles with immunosuppressants used in transplantation

Interacting 
drug

Potential severity of interaction
Antifungal 

modification
Interacting drug 

modificationFluconazole Itraconazole Voriconazole Posaconazole Isavuconazole

Ciclosporin +++ +++ ++ +++ + None Reduce dose by 50%–66% 
for voriconazole and 
itraconazole, 25% for 
posaconazole, no 
dosage adjustment 
may be required for 
isavuconazole. Close 
monitoring of 
ciclosporin exposure is 
recommended

Tacrolimus +++ +++ +++ +++ ++ Preferably avoid 
fluconazole and 
itraconazole

With posaconazole and 
voriconazole, reduce 
dose by 66%; with 
isavuconazole, reduce 
dose by 20%

Sirolimus +++ +++ ++++ +++ ++ Avoid voriconazole; 
combinations of 
posaconazole with 
sirolimus have been 
well tolerated with 
30%–50% initial 
dose reduction of 
sirolimus83

Monitor sirolimus levels 
with isavuconazole and 
expect to reduce the 
dose by ∼50%

Everolimus +++ +++ +++ +++ ++ Avoid all triazoles 
except 
isavuconazole

Reduce everolimus dose 
to 5 or 2.5 mg with 
isavuconazole

Mycophenolate − − − − + None Monitor for possible 
adverse events of 
mycophenolate

+++ strong severity; ++ moderate severity; + mild severity; − no interaction identified.
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daily.105 These dose modifications were already employed in the piv
otal VIALE-A study without any impact on response rates and time of 
remission.106 Limited supportive PK data of coadministration are also 
available for ibrutinib107 and ruxolitinib108 but are missing for most 
other drugs. Of note, there is always the risk of underdosing the anti
neoplastic drug in cases of non-compliance or sudden cessation of 
antifungal therapy.

3. Switch to another antifungal agent. Alternative approaches include 
the use of a weaker inhibitor of CYP3A4 (e.g. fluconazole or isavucona
zole), off-label use of a polyene or echinocandin (albeit with their spe
cific toxicities and shortcomings) or relying on a pre-emptive approach 
using sensitive imaging and blood surrogate markers of fungal 
disease.

Obviously, there is no perfect approach. While awaiting the availability of 
novel agents with fewer drug interactions [e.g. gilteritinib in FLT3-mutated 
AML and antifungals with few interactions (e.g. rezafungin)], the best solu
tion may be to advance TDM of the targeted chemotherapy agents to allow 
for more individualized dosing adjustment (both parent drug and its meta
bolites).109 Although not widely available (yet) and reference ranges remain 
to be determined, TDM will most likely become a very important tool to 

individualize the multidisciplinary approach of patients with aggressive leu
kaemia and those with steroid-refractory GVHD.

Conclusions
The management of DDIs with antifungals in patients receiving complex 
therapies for infection, transplant, respiratory diseases and/or chemother
apy for haematological malignancies is crucial to ensure optimal patient 
outcomes. Healthcare providers must be aware of potential drug interac
tions before initiating therapy and consider alternative treatment options if 
significant interactions are anticipated. Screening medication profiles with 
computerized drug databases is a critical first step for identifying interac
tions. A thorough understanding of the nature of the PK interaction of the 
perpetrator and victim drug, and potential clinical consequences of altered 
drug exposures determine how empirical dosing adjustments and TDM 
should be used to reduce risks to the patient. Ultimately the management 
of PK DDIs requires a multidisciplinary approach, with regular and redun
dant checks and careful consideration of alternative treatment options. 
By implementing these strategies, healthcare providers can ensure the 
safe and effective use of triazole antifungals in patients receiving complex 
therapies for various medical conditions.

Table 8. Triazole drug interactions with targeted therapies used for AML, ALL and transplantation

Therapy Approved dose Strong CYP3A4 inhibitora Moderate CYP3A4 inhibitorb
Strong CYP3A4 

inducerc

Venetoclax 400–600 mg 
q24h

Dose adjustment (75% reduction venetoclax) Dose adjustment (50% 
reduction venetoclax)

Avoid

Midostaurin 50 mg q12h Consider alternative antifungal or careful monitoring; 
some have advocated 50% dose reduction to 25 mg 
q12h of midostaurin and careful monitoring

No action required Avoid

Gilteritinib 120 mg q24h Consider alternative antifungal or careful monitoring No action required Avoid
Ivosidenib 500 mg q24h Dose adjustment (50% reduction of ivosidenib); 

Ivosidenib also induces the metabolism of triazole 
antifungals; higher triazole doses have been 
recommendedd

Alternative drug or careful 
monitoring

Avoid

Enasidenib 100 mg q24h No action required No action required No action required
Glasdegib 100 mg q24h Consider alternative antifungal Consider alternative 

antifungal
Avoid

Ruxolitinib 10 mg q12h For patients undergoing treatment of GVHD, monitor 
closely, consider dose reduction to 5 mg q12h

Monitor carefully and consider 
dose reduction

Monitor therapy 
and increase 
dose if needed

Ibrutinib 420 mg q24h 
(CLL/WM/ 
cGVHD) 
560 mg q24h 
(MCL)

Reduce dose of ibrutinib to 70 mg q24h or 140 mg every 
other day

Reduce dose to 140 mg q24h Avoid

Acalabrutinib 100 mg q12h Avoid; for short-term therapy it is recommended to stop 
acalabrutinib for 7 days

No dose adjustment; monitor 
patients carefully for 
adverse reactions

Avoid

Zanubrutinib 160 mg q12h Reduce zanubrutinib dose by 75% to 80 mg q24h Reduce dose by 50% to 80 mg 
q12h

Avoid

Recommendations from the manufacturer’s Summary of Product Characteristics, and Megías-Vericat et al.96 MCL, mantle cell lymphoma; WM, 
Waldström’s macroglobinaemia; cGVHD, chronic GVHD. 
aStrong inhibitors: voriconazole, posaconazole, itraconazole. 
bModerate inhibitors: fluconazole, isavuconazole. 
cStrong CYP3A4 inducers: rifampicin. 
dConcomitant administration of ivosidenib and voriconazole or posaconazole reduced triazole exposures.97

Review                                                                                                                                                              

11 of 15

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/advance-article/doi/10.1093/jac/dkae103/7647009 by guest on 17 April 2024



Acknowledgements
We are indebted to Danny Jebb, whose IT input has greatly enhanced the 
functionality of the drug interaction database (www.antifungalinteractions. 
org).

Funding
This manuscript was based on an international educational webinar was 
held on 27 April 2023 (https://tinyurl.com/Isavuconazole-DDI-webinar) to 
profile common DDIs with triazole antifungals. It was accredited by the 
Royal College of Pathologists, UK, for 2 h of Continuing Professional 
Development and attended by 300 healthcare professionals. The speak
ers received compensation from Basilea for participation in the pro
gramme. The same contributors to the programme summarized and 
prepared their discussions in this review without compensation. A paedi
atric section and table on cardiac drug interactions was added.

Transparency declarations
D.W.D. and family hold Founder shares in F2G Ltd, a University of 
Manchester spin-out antifungal discovery company and share options 
in TFF Pharma. He acts or has recently acted as a consultant to 
Pulmatrix, Pulmocide, Biosergen, TFF Pharmaceuticals, Pfizer, Omega, 
Novacyt, Rostra Therapeutics, Mucpharm, Mundipharma, LifeMine and 
Cipla. He chairs a Data Review Committee for Pulmocide and as Phase 
1 Medical Monitor for Biosergen. In the last 3 years, he has been paid 
for presentations on behalf of BioRad, Basilea and Pfizer. He is a long
standing member of the IDSA Aspergillosis Guidelines group, the 
ESCMID Aspergillosis Guidelines group and recently joined the One 
World Guideline for Aspergillosis. S.N.-A. holds the post of Medical 
Science Liaison at Chiesi Ltd. R.L. has received research support from 
Merck & Co Inc. and has served as a consultant or speaker for Gilead, 
Pfizer, Cidara, F2G, Scynexis, Basilea and Avir. He also has received royalty 
payments from UpToDate. S.S.K has received honoraria for serving on ad
visory boards and as speaker for Pfizer, MSD, Hikma, Basilia and Gilead. 
M.B. reports research grants and/or personal fees for advisor/consultant 
and/or speaker/chairman from bioMérieux, Cidara, Gilead, Menarini, 
MSD, Pfizer and Shionogi. J.M. has received research support from Pfizer 
and Gilead, and has served as a consultant or speaker for Gilead, Pfizer, 
MSD, Cidara, Mundipharma, F2G, Amplyx, Basilea, Shionogi, Scynexis 
and Takeda. D.L. reports no conflicts. A.H.G. has received research grants 
from Gilead, Merck, Sharp & Dohme and Pfizer, is or has been a consultant 
to Amplyx, Astellas, Astra Zeneca, F2G, Gilead, Merck, Sharp & Dohme, 
Pfizer, Scynexis and Mundipharma, and served at the speakers’ bureau 
of Gilead, Merck, Sharp & Dohme and AstraZeneca.

References
1 Andes D, Azie N, Yang H et al. Drug-drug interaction associated with 
mold-active triazoles among hospitalized patients. Antimicrob Agents 
Chemother 2016; 60: 3398–406. https://doi.org/10.1128/AAC.00054-16

2 Niazi-Ali S, Atherton GT, Walczak M et al. Drug-drug interaction database 
for safe prescribing of systemic antifungal agents. Ther Adv Infect Dis 2021; 
8: 20499361211010605. https://doi.org/10.1177/20499361211010605

3 Brüggemann RJM, Alffenaar J-WC, Blijlevens NMA et al. Clinical rele
vance of the pharmacokinetic interactions of azole antifungal drugs 
with other coadministered agents. Clin Infect Dis 2009; 48: 1441–58. 
https://doi.org/10.1086/598327

4 Ullmann AJ, Aguado JM, Arikan-Akdagli S et al. Diagnosis and manage
ment of Aspergillus diseases: executive summary of the 2017 

ESCMID-ECMM-ERS guideline. Clin Microbiol Infect 2018; 24 Suppl 1: 
e1–38. https://doi.org/10.1016/j.cmi.2018.01.002
5 Patterson TF, Thompson GR, Denning DW et al. Practice guidelines for 
the diagnosis and management of aspergillosis: 2016 update by the 
Infectious Diseases Society of America. Clin Infect Dis 2016; 63: e1–60. 
https://doi.org/10.1093/cid/ciw326
6 Ashbee HR, Barnes RA, Johnson EM et al. Therapeutic drug monitoring 
(TDM) of antifungal agents: guidelines from the British Society for Medical 
Mycology. J Antimicrob Chemother 2014; 69: 1162–76. https://doi.org/10. 
1093/jac/dkt508
7 Imai H, Kotegawa T, Ohashi K. Duration of drug interactions: putative 
time courses after mechanism-based inhibition or induction of CYPs. 
Expert Rev Clin Pharmacol 2011; 4: 409–11. https://doi.org/10.1586/ecp. 
11.30
8 Groll AH, Piscitelli SC, Walsh TJ et al. Antifungal agents. In: Cherry J, 
Demmler-Harrison GJ, Kaplan SL, eds. Feigin and Cherry’s Textbook of 
Pediatric Infectious Diseases, 8th edn. Elsevier, 2019; 2437–65.
9 Groll AH, Roilides E, Walsh TJ. New developments in pediatric antifungal 
pharmacology. Pediatr Infect Dis J 2022; 41: e530–3. https://doi.org/10. 
1097/INF.0000000000003659
10 Wortman JM, Leegwater E, Van Lammeren-Venema D et al. Drug– 
drug interaction: decreased posaconazole trough concentrations during 
concomitant flucloxacillin treatment. J Antimicrob Chemother 2023; 78: 
1471–5. https://doi.org/10.1093/jac/dkad107
11 Körholz KF, Füller MA, Hennies M et al. Letermovir for prophylaxis and 
pre-emptive therapy of cytomegalovirus infection in paediatric allogeneic 
haematopoietic cell transplant patients. Paediatr Drugs 2023; 25: 225–32. 
https://doi.org/10.1007/s40272-022-00547-6
12 Limper AH, Adenis A, Le T et al. Fungal infections in HIV/AIDS. Lancet 
Infect Dis 2017; 17: e334–43. https://doi.org/10.1016/S1473-3099(17) 
30303-1
13 Carbonara S, Regazzi M, Ciracì E et al. Long-term efficacy and safety of 
TDM-assisted combination of voriconazole plus efavirenz in an AIDS pa
tient with cryptococcosis and liver cirrhosis. Ann Pharmacother 2009; 
43: 978–84. https://doi.org/10.1345/aph.1L607
14 Damle B, LaBadie R, Crownover P et al. Pharmacokinetic interactions 
of efavirenz and voriconazole in healthy volunteers. Br J Clin Pharmacol 
2008; 65: 523–30. https://doi.org/10.1111/j.1365-2125.2007.03085.x
15 Liu P, Foster G, LaBadie RR et al. Pharmacokinetic interaction between 
voriconazole and efavirenz at steady state in healthy male subjects. J Clin 
Pharmacol 2008; 48: 73–84. https://doi.org/10.1177/0091270007309703
16 Pfizer Inc. Vfend Prescribing Information. Pfizer Inc., 2019. https:// 
www.medicines.org.uk/emc/product/8408/smpc
17 Zhou SF. Drugs behave as substrates, inhibitors and inducers of hu
man cytochrome p450 3a4. Curr Drug Metab 2008; 9: 310–22. https:// 
doi.org/10.2174/138920008784220664
18 Loos NHC, Beijnen JH, Schinkel AH. The mechanism-based inactiva
tion of cyp3a4 by ritonavir: what mechanism. Int J Mol Sci 2022; 23: 
9866. https://doi.org/10.3390/ijms23179866
19 Pfizer Inc. Fact sheet for healthcare providers: emergency use author
ization for Paxlovid. 2021. https://www.fda.gov/media/155050/download.
20 NIH, COVID-19 Treatment Guidelines Panel. COVID-19 Treatment 
Guidelines. 2021. https://www.covid19treatmentguidelines.nih.gov/.
21 Yang A, Shi J, Luo Y et al. Allo-HSCT recipients with invasive fungal 
disease and ongoing immunosuppression have a high risk for developing 
tuberculosis. Sci Rep 2019; 9: 20402. https://doi.org/10.1038/s41598- 
019-56013-w
22 Dolton MJ, Ray JE, Chen SC-A et al. Multicenter study of voriconazole 
pharmacokinetics and therapeutic drug monitoring. Antimicrob Agents 
Chemother 2012; 56: 4793–9. https://doi.org/10.1128/AAC.00626-12

Review

12 of 15

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/advance-article/doi/10.1093/jac/dkae103/7647009 by guest on 17 April 2024

http://www.antifungalinteractions.org
http://www.antifungalinteractions.org
https://tinyurl.com/Isavuconazole-DDI-webinar
https://doi.org/10.1128/AAC.00054-16
https://doi.org/10.1177/20499361211010605
https://doi.org/10.1086/598327
https://doi.org/10.1016/j.cmi.2018.01.002
https://doi.org/10.1093/cid/ciw326
https://doi.org/10.1093/jac/dkt508
https://doi.org/10.1093/jac/dkt508
https://doi.org/10.1586/ecp.11.30
https://doi.org/10.1586/ecp.11.30
https://doi.org/10.1097/INF.0000000000003659
https://doi.org/10.1097/INF.0000000000003659
https://doi.org/10.1093/jac/dkad107
https://doi.org/10.1007/s40272-022-00547-6
https://doi.org/10.1016/S1473-3099(17)30303-1
https://doi.org/10.1016/S1473-3099(17)30303-1
https://doi.org/10.1345/aph.1L607
https://doi.org/10.1111/j.1365-2125.2007.03085.x
https://doi.org/10.1177/0091270007309703
https://www.medicines.org.uk/emc/product/8408/smpc
https://www.medicines.org.uk/emc/product/8408/smpc
https://doi.org/10.2174/138920008784220664
https://doi.org/10.2174/138920008784220664
https://doi.org/10.3390/ijms23179866
https://www.fda.gov/media/155050/download
https://www.covid19treatmentguidelines.nih.gov/
https://doi.org/10.1038/s41598-019-56013-w
https://doi.org/10.1038/s41598-019-56013-w
https://doi.org/10.1128/AAC.00626-12


23 Tucker RM, Denning DW, Hanson LH et al. Interaction of azoles with ri
fampin, phenytoin, and carbamazepine: in vitro and clinical observations. 
Clin Infect Dis 1992; 14: 165–74. https://doi.org/10.1093/clinids/14.1.165
24 Geist MJP, Egerer G, Burhenne J et al. Steady-state pharmacokinetics 
and metabolism of voriconazole in patients. J Antimicrob Chemother 
2013; 68: 2592–9. https://doi.org/10.1093/jac/dkt229
25 Power N, Lynch F, Denning DW et al. Attainment of therapeutic posa
conazole serum levels during co-administration with rifampicin. J Glob 
Antimicrob Resist 2020; 23: 284–5. https://doi.org/10.1016/j.jgar.2020. 
09.029
26 Orssaud C, Guillemain R, Lillo Le Louet A. Toxic optic neuropathy due 
to voriconazole: possible potentiation by reduction of CYP2C19 activity. 
Eur Rev Med Pharmacol Sci 2021; 25: 7823–8. https://doi.org/10.26355/ 
eurrev_202112_27628

27 Matsuo J, Yamaori S. Detecting drug-drug interactions that increase 
the incidence of long QT syndrome using a spontaneous reporting system. 
J Clin Pharm Ther 2022; 47: 70–80. https://doi.org/10.1111/jcpt.13539
28 Lange C, Böttger EC, Cambau E et al. Consensus management recom
mendations for less common non-tuberculous mycobacterial pulmonary 
diseases. Lancet Infect Dis 2022; 22: e178–90. https://doi.org/10.1016/ 
S1473-3099(21)00586-7
29 van Heeswijk RP, Dannemann B, Hoetelmans RM. Bedaquiline: a review 
of human pharmacokinetics and drug-drug interactions. J Antimicrob 
Chemother 2014; 69: 2310–8. https://doi.org/10.1093/jac/dku171
30 Owens RC, Nolin TD. Antimicrobial-associated qt interval prolonga
tion: pointes of interest. Clin Infect Dis 2006; 43: 1603–11. https://doi. 
org/10.1086/508873

31 Janssen Products, LP. Sirturo (bedaquiline) prescribing information. 
2020. https://www.janssenlabels.com/package-insert/product- 
monograph/prescribing-information/SIRTURO-pi.pdf.
32 Pettit NN, Miceli MH, Rivera CG et al. Multicentre study of posaconazole 
delayed-release tablet serum level and association with hepatotoxicity 
and QTc prolongation. J Antimicrob Chemother 2017; 72: 2355–8. 
https://doi.org/10.1093/jac/dkx122
33 Panos G, Velissaris D, Karamouzos V et al. Long QT syndrome leading 
to multiple cardiac arrests after posaconazole administration in an 
immune-compromised patient with sepsis: an unusual case report. Am 
J Case Rep 2016; 17: 295–300. https://doi.org/10.12659/AJCR.896946
34 Jenks JD, Salzer HJ, Prattes J et al. Spotlight on isavuconazole in the 
treatment of invasive aspergillosis and mucormycosis: design, develop
ment, and place in therapy. Drug Des Devel Ther 2018; 12: 1033–44. 
https://doi.org/10.2147/DDDT.S145545
35 Nleya L, Thelingwani R, Li XQ et al. The effect of ketoconazole on prazi
quantel pharmacokinetics and the role of CYP3A4 in the formation of 
x-oh-praziquantel and not 4-oh-praziquantel. Eur J Clin Pharmacol 
2019; 75: 1077–87. https://doi.org/10.1007/s00228-019-02663-8

36 Lefèvre G, Carpenter P, Souppart C et al. Pharmacokinetics and elec
trocardiographic pharmacodynamics of artemether-lumefantrine 
(Riamet) with concomitant administration of ketoconazole in healthy 
subjects. Br J Clin Pharmacol 2002; 54: 485–92. https://doi.org/10.1046/ 
j.1365-2125.2002.01696.x
37 Hoglund RM, Byakika-Kibwika P, Lamorde M et al. Artemether- 
lumefantrine co-administration with antiretrovirals: population pharmaco
kinetics and dosing implications. Br J Clin Pharmacol 2015; 79: 636–49. 
https://doi.org/10.1111/bcp.12529

38 Jeppesen U, Rasmussen BB, Brøsen K. Fluvoxamine inhibits the 
CYP2C19-catalyzed bioactivation of chloroguanide. Clin Pharmacol Ther 
1997; 62: 279–86. https://doi.org/10.1016/S0009-9236(97)90030-8
39 Vieweg WV, Hancox JC, Hasnain M et al. Clarithromycin, interval pro
longation and torsades de pointes: the need to study case reports. Ther 

Adv Infect Dis 2013; 1: 121–38. https://doi.org/10.1177/20499361 
13497203
40 Ridtitid W, Wongnawa M, Mahatthanatrakul W et al. Ketoconazole in
creases plasma concentrations of antimalarial mefloquine in healthy hu
man volunteers. J Clin Pharm Ther 2005; 30: 285–90. https://doi.org/10. 
1111/j.1365-2710.2005.00651.x
41 Global Initiative for Asthma. 2022 GINA report, Global strategy for 
asthma management and prevention. http://www.ginasthma.org.
42 Global Initiative for Chronic Obstructive Lung Disease. Global strategy 
for the diagnosis, management, and prevention of chronic obstructive 
pulmonary disease. 2023; https://goldcopd.org/2023-gold-report-2/.
43 Manchee GR, Eddershaw PJ, Ranshaw LE et al. The aliphatic oxidation 
of salmeterol to alpha-hydroxysalmeterol in human liver microsomes is 
catalyzed by CYP3A. Drug Metab Dispos 1996; 24: 555–9.
44 Tricco AC, Strifler L, Veroniki AA et al. Comparative safety and effect
iveness of long-acting inhaled agents for treating chronic obstructive pul
monary disease: a systematic review and network meta-analysis. BMJ 
Open 2015; 5: e009183. https://doi.org/10.1136/bmjopen-2015-009183

45 GlaxoSmithKline. Flonase (fluticasone) prescribing information. 2001. 
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/020121s0 
45lbl.pdf.
46 Gilchrist FJ, Cox KJ, Rowe R et al. Itraconazole and inhaled fluticasone 
causing hypothalamic-pituitary-adrenal axis suppression in adults with 
cystic fibrosis. J Cyst Fibros 2013; 12: 399–402. https://doi.org/10.1016/j. 
jcf.2012.10.007
47 Lebrun-Vignes B, Archer VC, Diquet B et al. Effect of itraconazole on 
the pharmacokinetics of prednisolone and methylprednisolone and corti
sol secretion in healthy subjects. Br J Clin Pharmacol 2001; 51: 443–50. 
https://doi.org/10.1046/j.1365-2125.2001.01372.x
48 Varis T, Kivistö KT, Neuvonen PJ. The effect of itraconazole on the 
pharmacokinetics and pharmacodynamics of oral prednisolone. Eur J 
Clin Pharmacol 2000; 56: 57–60. https://doi.org/10.1007/s002280050720
49 Groll AH, Townsend R, Desai A et al. Drug-drug interactions between 
triazole antifungal agents used to treat invasive aspergillosis and immu
nosuppressants metabolized by cytochrome P450 3A4. Transpl Infect Dis 
2017; 19: e12751. https://doi.org/10.1111/tid.12751
50 Groll AH, Desai A, Han D et al. Pharmacokinetic assessment of drug- 
drug interactions of isavuconazole with the immunosuppressants cyclo
sporine, mycophenolic acid, prednisolone, sirolimus, and tacrolimus in 
healthy adults. Clin Pharmacol Drug Dev 2017; 6: 76–85. https://doi.org/ 
10.1002/cpdd.284
51 Di Paolo M, Hewitt L, Nwankwo E et al. A retrospective ‘real-world’ co
hort study of azole therapeutic drug monitoring and evolution of antifun
gal resistance in cystic fibrosis. JAC Antimicrob Resist 2021; 3: dlab026. 
https://doi.org/10.1093/jacamr/dlab026
52 Berge M, Guillemain R, Boussaud V et al. Voriconazole pharmacoki
netic variability in cystic fibrosis lung transplant patients. Transpl Infect 
Dis 2009; 11: 211–9. https://doi.org/10.1111/j.1399-3062.2009.00384.x
53 Andes D, Kovanda L, Desai A et al. Isavuconazole concentration in 
real-world practice: consistency with results from clinical trials. 
Antimicrob Agents Chemother 2018; 62: e00585–18. https://doi.org/10. 
1128/AAC.00585-18
54 Bolcato L, Thiebaut-Bertrand A, Stanke-Labesque F et al. Variability of 
isavuconazole trough concentrations during longitudinal therapeutic 
drug monitoring. J Clin Med 2022; 11: 5756. https://doi.org/10.3390/ 
jcm11195756
55 Perez L, Corne P, Pasquier G et al. Population pharmacokinetics of isa
vuconazole in critical care patients with covid-19-associated pulmonary 
aspergillosis and Monte Carlo simulations of high off-label doses. 
J Fungi (Basel) 2023; 9: 211. https://doi.org/10.3390/jof9020211

Review                                                                                                                                                              

13 of 15

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/advance-article/doi/10.1093/jac/dkae103/7647009 by guest on 17 April 2024

https://doi.org/10.1093/clinids/14.1.165
https://doi.org/10.1093/jac/dkt229
https://doi.org/10.1016/j.jgar.2020.09.029
https://doi.org/10.1016/j.jgar.2020.09.029
https://doi.org/10.26355/eurrev_202112_27628
https://doi.org/10.26355/eurrev_202112_27628
https://doi.org/10.1111/jcpt.13539
https://doi.org/10.1016/S1473-3099(21)00586-7
https://doi.org/10.1016/S1473-3099(21)00586-7
https://doi.org/10.1093/jac/dku171
https://doi.org/10.1086/508873
https://doi.org/10.1086/508873
https://www.janssenlabels.com/package-insert/product-monograph/prescribing-information/SIRTURO-pi.pdf
https://www.janssenlabels.com/package-insert/product-monograph/prescribing-information/SIRTURO-pi.pdf
https://doi.org/10.1093/jac/dkx122
https://doi.org/10.12659/AJCR.896946
https://doi.org/10.2147/DDDT.S145545
https://doi.org/10.1007/s00228-019-02663-8
https://doi.org/10.1046/j.1365-2125.2002.01696.x
https://doi.org/10.1046/j.1365-2125.2002.01696.x
https://doi.org/10.1111/bcp.12529
https://doi.org/10.1016/S0009-9236(97)90030-8
https://doi.org/10.1177/2049936113497203
https://doi.org/10.1177/2049936113497203
https://doi.org/10.1111/j.1365-2710.2005.00651.x
https://doi.org/10.1111/j.1365-2710.2005.00651.x
http://www.ginasthma.org
https://goldcopd.org/2023-gold-report-2/
https://doi.org/10.1136/bmjopen-2015-009183
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/020121s045lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/020121s045lbl.pdf
https://doi.org/10.1016/j.jcf.2012.10.007
https://doi.org/10.1016/j.jcf.2012.10.007
https://doi.org/10.1046/j.1365-2125.2001.01372.x
https://doi.org/10.1007/s002280050720
https://doi.org/10.1111/tid.12751
https://doi.org/10.1002/cpdd.284
https://doi.org/10.1002/cpdd.284
https://doi.org/10.1093/jacamr/dlab026
https://doi.org/10.1111/j.1399-3062.2009.00384.x
https://doi.org/10.1128/AAC.00585-18
https://doi.org/10.1128/AAC.00585-18
https://doi.org/10.3390/jcm11195756
https://doi.org/10.3390/jcm11195756
https://doi.org/10.3390/jof9020211


56 Purkayastha D, Agtarap K, Wong K et al. Drug-drug interactions with 
CFTR modulator therapy in cystic fibrosis: focus on Trikafta®/Kaftrio®. 
J Cyst Fibros 2023; 22: 478–83. https://doi.org/10.1016/j.jcf.2023.01.005
57 Hong E, Shi A, Beringer P. Drug-drug interactions involving CFTR mod
ulators: a review of the evidence and clinical implications. Expert Opin 
Drug Metab Toxicol 2023; 19: 203–16. https://doi.org/10.1080/17425255. 
2023.2220960
58 Koeck JA, Hilgarth H, von Ameln-Mayerhofer A et al. Clinically relevant 
interactions with anti-infectives on intensive care units—a multicenter 
Delphi study. Antibiotics (Basel) 2021; 10: 1330. https://doi.org/10.3390/ 
antibiotics10111330
59 Chatelon J, Cortegiani A, Hammad E et al. Choosing the right antifun
gal agent in ICU patients. Adv Ther 2019; 36: 3308–20. https://doi.org/10. 
1007/s12325-019-01115-0
60 Ren S, Vishwanathan K, Cantarini M et al. Clinical evaluation of the po
tential drug-drug interactions of savolitinib: interaction with rifampicin, 
itraconazole, famotidine or midazolam. Br J Clin Pharmacol 2022; 88: 
655–68. https://doi.org/10.1111/bcp.14994
61 Pfizer Inc. VFEND Tablets/VFEND IV (voriconazole) prescribing infor
mation. 2002. https://www.medicines.org.uk/emc/product/7976/smpc
62 Ruggiero A, Arena R, Battista A et al. Azole interactions with multidrug 
therapy in pediatric oncology. Eur J Clin Pharmacol 2013; 69: 1–10. https:// 
doi.org/10.1007/s00228-012-1310-x
63 Purkins L, Wood N, Greenhalgh K et al. Voriconazole, a novel wide- 
spectrum triazole: oral pharmacokinetics and safety. Br J Clin 
Pharmacol 2003; 56 Suppl 1: 10–6. https://doi.org/10.1046/j.1365-2125. 
2003.01993.x
64 Kang BC, Yang CQ, Cho HK et al. Influence of fluconazole on the 
pharmacokinetics of omeprazole in healthy volunteers. Biopharm Drug 
Dispos 2002; 23: 77–81. https://doi.org/10.1002/bdd.291
65 Wood N, Tan K, Purkins L et al. Effect of omeprazole on the steady-state 
pharmacokinetics of voriconazole. British J Pharmacol 2003; 56 Suppl 1: 
56–61. https://doi.org/10.1046/j.1365-2125.2003.02000.x
66 Food and Drug Administration Center for Drug Evaluation and 
Research. Vfend Label Information. 2015. https://www.accessdata.fda. 
gov/drugsatfda_docs/nda/2002/21-266_21-267_vfend.cfm
67 Singh K, Jain A, Panchal I et al. Ondansetron-induced QT prolongation 
among various age groups: a systematic review and meta-analysis. Egypt 
Heart J 2023; 75: 56. https://doi.org/10.1186/s43044-023-00385-y
68 Lewis JS, Wiederhold NP, Hakki M et al. New perspectives on anti
microbial agents: isavuconazole. Antimicrob Agents Chemother 2022; 
66: e0017722. https://doi.org/10.1128/aac.00177-22
69 Keirns J, Desai A, Kowalski D et al. QT interval shortening with isavu
conazole: in vitro and in vivo effects on cardiac repolarization. Clin 
Pharmacol Ther 2017; 101: 782–90. https://doi.org/10.1002/cpt.620
70 Langebrake C, Uhlenbrock S, Ritter J et al. Drug interactions of anti
microbial agents in children with cancer. Klin Padiatr 2005; 217 Suppl 1: 
165–74. https://doi.org/10.1055/s-2005-872510
71 Bury D, Tissing WJE, Muilwijk EW et al. Clinical pharmacokinetics of 
triazoles in pediatric patients. Clin Pharmacokinet 2021; 60: 1103–47. 
https://doi.org/10.1007/s40262-021-00994-3
72 Li T, Hu B, Ye L et al. Clinically significant cytochrome p450-mediated 
drug-drug interactions in children admitted to intensive care units. Int J 
Clin Pract 2022; 2022: 2786914. https://doi.org/10.1155/2022/2786914
73 Tsimogianni AM, Andrianakis I, Betrosian A et al. Cardiac arrest pro
voked by itraconazole and amiodarone interaction: a case report. J Med 
Case Rep 2011; 5: 333. https://doi.org/10.1186/1752-1947-5-333
74 Drew B, Ackerman M, Funk M et al. Prevention of torsade de pointes in 
hospital settings: a scientific statement from the American Heart 
Association and the American College of Cardiology Foundation. 

Circulation 2010; 121: 1047–60. https://doi.org/10.1161/CIRCULATIONAHA. 
109.192704
75 Poluzzi E, Raschi E, Motola D et al. Antimicrobials and the risk of tor
sades de pointes: the contribution from data mining of the US FDA ad
verse event reporting system. Drug Saf 2010; 33: 303–14. https://doi. 
org/10.2165/11531850-000000000-00000
76 Mourad A, Stiber JA, Perfect JR et al. Real-world implications of QT pro
longation in patients receiving voriconazole and amiodarone. J 
Antimicrob Chemother 2019; 74: 228–33. https://doi.org/10.1093/jac/ 
dky392
77 Armahizer MJ, Seybert AL, Smithburger PL et al. Drug-drug interac
tions contributing to QT prolongation in cardiac intensive care units. 
J Crit Care 2013; 28: 243–9. https://doi.org/10.1016/j.jcrc.2012.10.014
78 Salerno SN, Edginton A, Gerhart JG et al. Physiologically-based phar
macokinetic modeling characterizes the CYP3A-mediated drug-drug 
interaction between fluconazole and sildenafil in infants. Clin 
Pharmacol Ther 2021; 109: 253–62. https://doi.org/10.1002/cpt.1990
79 Merck Inc. Noxafil®(posaconazole) prescribing information. 2014. 
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/214770s0 
00,205053s012,205596s012lbl.pdf.
80 Kubiak DW, Koo S, Hammond SP et al. Safety of posaconazole and sir
olimus coadministration in allogeneic hematopoietic stem cell trans
plants. Biol Blood Marrow Transplant 2012; 18: 1462–5. https://doi.org/ 
10.1016/j.bbmt.2012.04.015
81 Groll AH, Kolve H, Ehlert K et al. Pharmacokinetic interaction between 
voriconazole and ciclosporin a following allogeneic bone marrow trans
plantation. J Antimicrob Chemother 2004; 53: 113–4. https://doi.org/10. 
1093/jac/dkh022
82 Nwaroh E, Jupp J, Jadusingh E et al. Clinical impact and management 
of fluconazole discontinuation on sirolimus levels in bone marrow trans
plant patients. J Oncol Pharm Pract 2018; 24: 235–8. https://doi.org/10. 
1177/1078155217701293
83 Zaccara G, Giovannelli F, Giorgi FS et al. Tolerability of new antiepileptic 
drugs: a network meta-analysis. Eur J Clin Pharmacol 2017; 73: 811–7. 
https://doi.org/10.1007/s00228-017-2245-z
84 Pfizer, Inc. Cresemba (Isavuconazonium) Prescribing Information. 
2021. https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/ 
207500s008,207501s007lbl.pdf.
85 Hughes TE, Stansfield L, Kumar P et al. A prospective evaluation on the 
interaction of fluconazole and voriconazole on serum concentrations of bu
desonide in patients treated for gastrointestinal GVHD. Bone Marrow 
Transplant 2020; 55: 1085–92. https://doi.org/10.1038/s41409-020-0786-8
86 Husain S, Camargo JF. Invasive aspergillosis in solid-organ transplant 
recipients: guidelines from the American Society of Transplantation 
Infectious Diseases Community of Practice. Clin Transplant 2019; 33: 
e13544. https://doi.org/10.1111/ctr.13544

87 Zaccara G, Lattanzi S. A review of pharmacokinetic drug interactions 
between antimicrobial and antiseizure medications in children. Epileptic 
Disord 2021; 23: 229–56. https://doi.org/10.1684/epd.2021.1261
88 Fernández de Palencia Espinosa MA, Díaz Carrasco MS, Fuster Soler JL 
et al. Pharmacoepidemiological study of drug-drug interactions in onco- 
hematological pediatric patients. Int J Clin Pharm 2014; 36: 1160–9. 
https://doi.org/10.1007/s11096-014-0011-1
89 van Schie RM, Brüggemann RJM, Hoogerbrugge PM et al. Effect of 
azole antifungal therapy on vincristine toxicity in childhood acute 
lymphoblastic leukaemia. J Antimicrob Chemother 2011; 66: 1853–6. 
https://doi.org/10.1093/jac/dkr223
90 Yule SM, Walker D, Cole M et al. The effect of fluconazole on cyclo
phosphamide metabolism in children. Drug Metab Dispos 1999; 27: 
417–21.

Review

14 of 15

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/advance-article/doi/10.1093/jac/dkae103/7647009 by guest on 17 April 2024

https://doi.org/10.1016/j.jcf.2023.01.005
https://doi.org/10.1080/17425255.2023.2220960
https://doi.org/10.1080/17425255.2023.2220960
https://doi.org/10.3390/antibiotics10111330
https://doi.org/10.3390/antibiotics10111330
https://doi.org/10.1007/s12325-019-01115-0
https://doi.org/10.1007/s12325-019-01115-0
https://doi.org/10.1111/bcp.14994
https://www.medicines.org.uk/emc/product/7976/smpc
https://doi.org/10.1007/s00228-012-1310-x
https://doi.org/10.1007/s00228-012-1310-x
https://doi.org/10.1046/j.1365-2125.2003.01993.x
https://doi.org/10.1046/j.1365-2125.2003.01993.x
https://doi.org/10.1002/bdd.291
https://doi.org/10.1046/j.1365-2125.2003.02000.x
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2002/21-266_21-267_vfend.cfm
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2002/21-266_21-267_vfend.cfm
https://doi.org/10.1186/s43044-023-00385-y
https://doi.org/10.1128/aac.00177-22
https://doi.org/10.1002/cpt.620
https://doi.org/10.1055/s-2005-872510
https://doi.org/10.1007/s40262-021-00994-3
https://doi.org/10.1155/2022/2786914
https://doi.org/10.1186/1752-1947-5-333
https://doi.org/10.1161/CIRCULATIONAHA.109.192704
https://doi.org/10.1161/CIRCULATIONAHA.109.192704
https://doi.org/10.2165/11531850-000000000-00000
https://doi.org/10.2165/11531850-000000000-00000
https://doi.org/10.1093/jac/dky392
https://doi.org/10.1093/jac/dky392
https://doi.org/10.1016/j.jcrc.2012.10.014
https://doi.org/10.1002/cpt.1990
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/214770s000,205053s012,205596s012lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/214770s000,205053s012,205596s012lbl.pdf
https://doi.org/10.1016/j.bbmt.2012.04.015
https://doi.org/10.1016/j.bbmt.2012.04.015
https://doi.org/10.1093/jac/dkh022
https://doi.org/10.1093/jac/dkh022
https://doi.org/10.1177/1078155217701293
https://doi.org/10.1177/1078155217701293
https://doi.org/10.1007/s00228-017-2245-z
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/207500s008,207501s007lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/207500s008,207501s007lbl.pdf
https://doi.org/10.1038/s41409-020-0786-8
https://doi.org/10.1111/ctr.13544
https://doi.org/10.1684/epd.2021.1261
https://doi.org/10.1007/s11096-014-0011-1
https://doi.org/10.1093/jac/dkr223


91 Yule SM, Price L, Cole M et al. Cyclophosphamide metabolism in chil
dren following a 1-h and a 24-h infusion. Cancer Chemother Pharmacol 
2001; 47: 222–8. https://doi.org/10.1007/s002800000220
92 Cohen-Rabbie S, Zhou L, Vishwanathan K et al. Physiologically based 
pharmacokinetic modeling for selumetinib to evaluate drug-drug interac
tions and pediatric dose regimens. J Clin Pharmacol 2021; 61: 1493–504. 
https://doi.org/10.1002/jcph.1935
93 Stone RM, Mandrekar SJ, Sanford BL et al. Midostaurin plus chemo
therapy for acute myeloid leukemia with a FLT3 mutation. N Engl J Med 
2017; 377: 454–64. https://doi.org/10.1056/NEJMoa1614359
94 DiNardo CD, Jonas BA, Pullarkat V et al. Azacitidine and venetoclax in 
previously untreated acute myeloid leukemia. N Engl J Med 2020; 383: 
617–29. https://doi.org/10.1056/NEJMoa2012971
95 Jabbour E, Short NJ, Jain N et al. Ponatinib and blinatumomab for 
Philadelphia chromosome-positive acute lymphoblastic leukaemia: a 
US, single-centre, single-arm, phase 2 trial. Lancet Haematol 2023; 10: 
e24–34. https://doi.org/10.1016/S2352-3026(22)00319-2
96 Megías-Vericat JE, Solana-Altabella A, Ballesta-López O et al. 
Drug-drug interactions of newly approved small molecule inhibitors for 
acute myeloid leukemia. Ann Hematol 2020; 99: 1989–2007. https://doi. 
org/10.1007/s00277-020-04186-0
97 Dinh A, Savoy JM, Kontoyiannis DP et al. Ivosidenib significantly re
duces triazole levels in patients with acute myeloid leukemia and myelo
dysplastic syndrome. Cancer 2024; https://doi.org/10.1002/cncr.35251
98 Mueller-Schoell A, Groenland SL, Scherf-Clavel O et al. Therapeutic drug 
monitoring of oral targeted antineoplastic drugs. Eur J Clin Pharmacol 2021; 
77: 441–64. https://doi.org/10.1007/s00228-020-03014-8
99 Cattaneo C, Marchesi F, Terrenato I et al. High incidence of invasive 
fungal diseases in patients with FLT3-mutated AML treated with midos
taurin: results of a multicenter observational SEIFEM study. J Fungi 
(Basel) 2022; 8: 583. https://doi.org/10.3390/jof8060583
100 He H, Tran P, Gu H et al. Midostaurin, a novel protein kinase inhibitor 
for the treatment of acute myelogenous leukemia: insights from human 
absorption, metabolism, and excretion studies of a BDDCS II drug. Drug 
Metab Dispos 2017; 45: 540–55. https://doi.org/10.1124/dmd.116. 
072744

101 Zeiser R, Polverelli N, Ram R et al. Ruxolitinib for glucocorticoid- 
refractory chronic graft-versus-host disease. N Engl J Med 2021; 385: 
228–38. https://doi.org/10.1056/NEJMoa2033122

102 Shapiro RM, Antin JH. Therapeutic options for steroid-refractory 
acute and chronic GVHD: an evolving landscape. Expert Rev Hematol 
2020; 13: 519–32. https://doi.org/10.1080/17474086.2020.1752175

103 Stemler J, Koehler P, Maurer C et al. Antifungal prophylaxis and novel 
drugs in acute myeloid leukemia: the midostaurin and posaconazole di
lemma. Ann Hematol 2020; 99: 1429–40. https://doi.org/10.1007/ 
s00277-020-04107-1

104 Sechaud R, Sinclair K, Grosch K et al. Evaluation of drug-drug interac
tions between midostaurin and strong CYP3A4 inhibitors in patients with 
FLT-3-mutated acute myeloid leukemia (AML). Cancer Chemother 
Pharmacol 2022; 90: 19–27. https://doi.org/10.1007/s00280-022-04448- 
w

105 Freise KJ, Jones AK, Eckert D et al. Impact of venetoclax exposure on 
clinical efficacy and safety in patients with relapsed or refractory chronic 
lymphocytic leukemia. Clin Pharmacokinet 2017; 56: 515–23. https://doi. 
org/10.1007/s40262-016-0453-9

106 Jonas BA, DiNardo C, Fracchiolla N et al. Use of CYP3Ai and impact on 
outcomes in patients with acute myeloid leukemia treated with veneto
clax plus azacitidine in the VIALE-A study. Am J Hematol 2022; 97: 
E422–5. https://doi.org/10.1002/ajh.26707

107 de Jong J, Hellemans P, De Wilde S et al. A drug-drug interaction 
study of ibrutinib with moderate/strong CYP3A4 inhibitors in patients 
with B-cell malignancies. Leuk Lymphoma 2018; 59: 2888–95. https:// 
doi.org/10.1080/10428194.2018.1460474

108 Zhao Y, Chen P, Dou L et al. Co-administration with voriconazole 
doubles the exposure of ruxolitinib in patients with hematological malig
nancies. Drug Des Devel Ther 2022; 16: 817–25. https://doi.org/10.2147/ 
DDDT.S354270

109 Menna P, Salvatorelli E, Principe D et al. Choosing antifungals for the 
midostaurin-treated patient: does CYP3A4 outweigh recommendations? 
A brief insight from real life. Chemotherapy 2021; 66: 47–52. https://doi. 
org/10.1159/000513989

Review                                                                                                                                                              

15 of 15

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/advance-article/doi/10.1093/jac/dkae103/7647009 by guest on 17 April 2024

https://doi.org/10.1007/s002800000220
https://doi.org/10.1002/jcph.1935
https://doi.org/10.1056/NEJMoa1614359
https://doi.org/10.1056/NEJMoa2012971
https://doi.org/10.1016/S2352-3026(22)00319-2
https://doi.org/10.1007/s00277-020-04186-0
https://doi.org/10.1007/s00277-020-04186-0
https://doi.org/10.1002/cncr.35251
https://doi.org/10.1007/s00228-020-03014-8
https://doi.org/10.3390/jof8060583
https://doi.org/10.1124/dmd.116.072744
https://doi.org/10.1124/dmd.116.072744
https://doi.org/10.1056/NEJMoa2033122
https://doi.org/10.1080/17474086.2020.1752175
https://doi.org/10.1007/s00277-020-04107-1
https://doi.org/10.1007/s00277-020-04107-1
https://doi.org/10.1007/s00280-022-04448-w
https://doi.org/10.1007/s00280-022-04448-w
https://doi.org/10.1007/s40262-016-0453-9
https://doi.org/10.1007/s40262-016-0453-9
https://doi.org/10.1002/ajh.26707
https://doi.org/10.1080/10428194.2018.1460474
https://doi.org/10.1080/10428194.2018.1460474
https://doi.org/10.2147/DDDT.S354270
https://doi.org/10.2147/DDDT.S354270
https://doi.org/10.1159/000513989
https://doi.org/10.1159/000513989

	Triazole antifungal drug interactions—practical considerations forexcellent prescribing
	Introduction
	Methods
	Totality of antifungal drug interactions to May 2023
	Special DDI considerations in children
	Interactions with anti-infective agents
	β-Lactams
	Antiviral therapy
	Antimycobacterial therapy
	Antiparasitic therapy

	Interactions with corticosteroids and therapies used �for respiratory medicine
	Drug interactions in intensive care, anaesthesia and cardiology
	Drug interactions with immunosuppressive therapies used in transplantation
	Anticonvulsants
	Oncological chemotherapy and antiemetics
	Newer targeted therapies used for haematological malignancies

	Conclusions

	Acknowledgements
	Funding
	Transparency declarations
	References


