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The majority of hospitalized patients receiving mold-active triazoles are at risk of drug-drug interactions (DDIs). Efforts are
needed to increase awareness of DDIs that pose a serious risk of adverse events. Triazoles remain the most commonly utilized
antifungals. Recent developments have included the mold-active triazoles (MATs) itraconazole, voriconazole, and posaconazole,
which are first-line agents for the treatment of filamentous fungal infections but have the potential for DDIs. This objective of
this study was to evaluate the prevalence of triazole DDIs. Hospitalized U.S. adults with MAT use were identified in the Cerner
HealthFacts database, which contained data from over 150 hospitals (2005 to 2013). The severities of DDIs with MATs were cate-
gorized, using drug labels and the drug information from the Drugdex system (Thompson Micromedex), into four groups
(contraindicated, major, moderate, and minor severity). DDIs of minor severity were not counted. A DDI event was con-
sidered to have occurred if the following two conditions were met: (i) the patient used at least one drug with a classification
of at least a moderate interaction with the MAT during the hospitalization and (ii) there was a period of overlap between
the administration of the MAT and that of the interacting drug of at least 1 day. A total of 6,962 hospitalizations with MAT
use were identified. Among them, 88% of hospitalizations with voriconazole use, 86% of hospitalizations with itraconazole
use, and 93% of hospitalizations with posaconazole use included the use of a concomitant interacting drug. A total of 68%
of hospitalizations with posaconazole use, 34% of hospitalizations with itraconazole use, and 20% of hospitalizations with
voriconazole use included the use of at least one drug with a DDI of contraindicated severity. A total of 83% of hospitaliza-
tions with posaconazole use, 61% of hospitalizations with itraconazole use, and 82% of hospitalizations with voriconazole
use included the use of at least one drug that resulted in a severe DDI. The findings of this study demonstrate that a major-
ity of hospitalized patients receiving MAT are at risk for severe drug-drug interactions and highlight the need for antifun-
gal stewardship.

Triazoles are widely used for the prophylaxis and treatment of
invasive fungal infections (IFIs). Fluconazole, the first triazole

agent, was introduced in 1990 and quickly became one of the most
commonly prescribed antifungal agents. Itraconazole was the first
agent with activity against mold pathogens. Triazoles that have
been developed more recently have included drugs with predom-
inant activity against molds that cause opportunistic infections
(e.g., Aspergillus spp.). These mold-active triazoles, voriconazole,
posaconazole, and, most recently, isavuconazole, have become
first-line options for both the treatment and prophylaxis of fila-
mentous fungal infections (1, 2).

Although these newer triazoles have a broader spectrum of
activity than fluconazole, they exhibit complex pharmacokinetics,
including a propensity for interactions with coadministered drugs
(3). All mold-active triazoles are inhibitors of one or more phase 1
(cytochrome P-450) biotransformation enzymes and may also be
inhibitors or substrates of phase 2 biotransformation enzymes or
transporter proteins, such as P-glycoprotein (4). Mold-active tria-
zoles may alter the absorption, distribution, excretion, and me-
tabolism of coadministered agents, such as benzodiazepines, anx-
iolytics, dihydropyridine calcium channel blockers, sulfonylureas,
calcineurin inhibitors, prednisone, or anticoagulants (3). Mold-
active triazoles are also associated with QTc prolongation, so they
should be used with caution with other agents having similar ef-
fects (5).

The definition of drug-drug interactions (DDIs) varies across
the literature. Some studies define a DDI to be the concomitant

use of interacting drugs, while others define DDIs on the basis of
clinical evidence of interactions that are confirmed either by
laboratory tests or by symptoms. In this paper, we use the term
DDI to describe the concomitant use of interacting drugs. DDIs
account for 3 to 5% of preventable in-hospital adverse drug
reactions and are an important cause of emergency room and
hospital visits (6). DDIs are associated with significant clinical
consequences and higher resource use and costs (7, 8). DDIs are
common among patients taking multiple medications, with the
prevalence estimated to range from 60.0% to 70.3% among hos-
pitalized patients, and are associated with increased lengths of
stay, higher rates of morbidity and mortality, and higher health
care costs (7–14). The risk of DDIs among mold-active triazoles
has been an important factor contributing to the recommenda-
tion of consistent therapeutic drug monitoring of mold-active
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triazoles in the guidelines from the Infectious Diseases Society of
America.

Although mold-active triazoles are often used in patients with
multiple comorbid conditions experiencing polypharmacy, to
date, limited information regarding the rates of DDIs among pa-
tients receiving mold-active triazoles in real-world settings is
available (15). To fill this gap, this retrospective study aimed to
evaluate the prevalence of DDIs among hospitalized patients with
evidence of mold-active triazole utilization. Understanding the
real-world occurrence of DDIs associated with mold-active tria-
zoles may inform antimicrobial stewardship efforts to enhance
patient safety.

MATERIALS AND METHODS
Data source. The Cerner HealthFacts electronic medical records (EMR)
data set (April 2005 to December 2013), an electronic data capture system
containing information from clinical and laboratory systems at over 150
hospitals, was used for this study. The database contains data on 110
million encounters across the majority of states in the United States and
includes patient demographic variables (age, gender, and race) and diag-
noses and procedures (both of which are coded using the codes in the
International Classification of Diseases, ninth revision, clinical modifica-
tion [ICD-9]). Pharmacy data, including the national drug codes (NDCs),
the dates and times that the drugs were dispensed, and the route of ad-
ministration, are available. Only medications administered through the
hospital pharmacies are captured. The data are deidentified and comply
with the patient confidentiality requirements of the Health Insurance Por-
tability and Accountability Act (HIPAA).

Interacting drugs. A list of drugs that have been reported to interact
with each mold-active triazole agent (itraconazole, posaconazole, and
voriconazole) was collected from the Drugdex system (Thompson Micro-
medex) and supplemented with relevant prescribing information (PI).
The Drugdex system contains evidence-based, expert-reviewed docu-
ments covering U.S. Food and Drug Administration (FDA)- and Euro-
pean Medicines Agency (EMA)-approved, investigational, and nonpre-

scription drugs. These databases include information on cautions, DDIs,
clinical applications, and DDI-related adverse effects.

The Drugdex system classifies DDIs into four groups according to
their severity: contraindicated (the DDI is life-threatening and the con-
comitant use is contraindicated), major (the DDI is potentially life-threat-
ening or the DDI is capable of causing permanent damage), moderate (the
DDI might cause deterioration in a patient’s clinical status; additional
treatment, hospitalization, or extension of the hospital stay might be nec-
essary), and minor (the DDI causes mild effects that do not significantly
affect the therapeutic outcomes) (16, 17). Drugs with interactions classi-
fied as being of contraindicated, major, and moderate severity were con-
sidered in this study; drugs with interactions classified as being of minor
severity were excluded.

Sample selection. Data for hospitalized patients who received a sys-
temic mold-active triazole (itraconazole, voriconazole, or posaconazole)
during the hospitalization were selected from the database. Patients were
included in the study if they met the following inclusion/exclusion crite-
ria: they received at least one administration/dose of itraconazole, vori-
conazole and/or posaconazole intravenously (i.v.) or orally during the
hospitalization, they were at least 18 years of age at the time of hospital
admission, they did not receive multiple mold-active triazoles (an i.v. or
oral formulation of the same drug is counted as one drug), and they had
nonmissing drug initiation and discontinuation dates for the mold-active
triazole and its interacting drug(s), where present. The mold-active tria-
zole used during the hospital stay was defined as the index triazole, and the
corresponding hospital stay was defined as the index hospitalization.
Among patients with multiple eligible hospitalizations, a random encoun-
ter was selected.

Analyses. A DDI event was considered to have occurred if patients
used at least one drug reported to interact with the index triazole during
the index hospitalization and there was at least a 1-day overlap between
the use of the index triazole and the use of the interacting drug. Only
dispensed drugs were considered in the analysis (i.e., drugs that were
prescribed but not dispensed were excluded). The half-lives of the mold-
active triazoles ranged from 6 h (voriconazole) to 35 h (posaconazole) (3);
thus, at least a 1-day overlap of drug use was required in the current study

FIG 1 Sample selection for patients who received mold-active triazole therapies during hospitalization.
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TABLE 1 Baseline characteristics stratified by patients with and without DDI evaluated during the index hospitalization

Characteristic

Value(s) for:

P valuea

All patients
(n � 6,962)

Patients with DDIs
(n � 6,101)

Non-DDI patients
(n � 861)

Demographic characteristics
Mean � SD age (yr) 57.2 � 16.9 57.4 � 17.0 55.5 � 16.2 0.0003
No. (%) of patients aged:

18–64 yr 4,405 (63.3) 3,802 (62.3) 603 (70.0) �.0001
65� yr 2,557 (36.7) 2,299 (37.7) 258 (30.0) �.0001

No. (%) of male patients 3,829 (55.0) 3,330 (54.6) 499 (58.0) 0.0624
No. (%) of patients of the following race:

Caucasian 5,103 (73.3) 4,516 (74.0) 587 (68.2) 0.0003
African American 1,385 (19.9) 1,159 (19.0) 226 (26.2) �.0001
Hispanic 113 (1.6) 100 (1.6) 13 (1.5) 0.7788
Other 272 (3.9) 244 (4.0) 28 (3.3) 0.2894
Unknown 89 (1.3) 82 (1.3) 7 (0.8) 0.1941

Hospital characteristics
No. (%) of patients in hospitals with the following bed sizes:

�99 259 (3.7) 242 (4.0) 17 (2.0) 0.0038
100–199 372 (5.3) 332 (5.4) 40 (4.6) 0.3310
200–299 938 (13.5) 822 (13.5) 116 (13.5) 0.9997
300–499 2,637 (37.9) 2,422 (39.7) 215 (25.0) �.0001
500� 2,756 (39.6) 2,283 (37.4) 473 (54.9) �.0001

No. (%) of patients in hospitals within a teaching facility 5,792 (83.2) 5,039 (82.6) 753 (87.5) 0.0004
No. (%) of patients in hospitals in urban areas 6,961 (100.0) 6,100 (100.0) 861 (100.0) 1.0000

Treatment characteristics
No. (%) of patients receiving the following type of index triazole:

Itraconazole 1,794 (25.8) 1,545 (25.3) 249 (28.9) 0.0239
Posaconazole 417 (6.0) 386 (6.3) 31 (3.6) 0.0016
Voriconazole 4,751 (68.2) 4,170 (68.3) 581 (67.5) 0.6078

No. (%) of patients receiving the following type of formulation
Oral 5,092 (73.1) 4,494 (73.7) 598 (69.5) 0.0091
Intravenous 1,484 (21.3) 1,289 (21.1) 195 (22.6) 0.3078
Unknown and other 386 (5.5) 318 (5.2) 68 (7.9) 0.0013

Mean � SD no. of days from admission to triazole initiation 7.8 � 16.4 7.5 � 14.8 9.8 � 24.7 �.0001
No. (%) of patients with the following no. of days from

admission to triazole initiation
�1 2,294 (33.0) 2,069 (33.9) 225 (26.1) �.0001
1–10 2,920 (41.9) 2,540 (41.6) 380 (44.1) 0.1637
�10 1,748 (25.1) 1,492 (24.5) 256 (29.7) 0.0008

No. (%) of patients with emergent/urgent hospital admission 1,030 (14.8) 932 (15.3) 98 (11.4) 0.0026

Prevalent and relevant disease conditions, identified by ICD-9 codes
No. (%) of patients with a diagnosis of b: 5,426 (77.9) 4,750 (77.9) 676 (78.5)

Respiratory complications 2,561 (47.2) 2,256 (47.5) 305 (45.1) 0.2469
Anemia 1,715 (31.6) 1,515 (31.9) 200 (29.6) 0.2270
Hematologic malignancies 1,606 (29.6) 1,449 (30.5) 157 (23.2) 0.0001
Hypertension 1,295 (23.9) 1,150 (24.2) 145 (21.4) 0.1151
Sepsis 1,321 (24.3) 1,138 (24.0) 183 (27.1) 0.0776
Acute kidney failure 1,209 (22.3) 1,053 (22.2) 156 (23.1) 0.5954

IFIc

Any IFI 2,549 (36.6) 2,237 (36.7) 312 (36.2) 0.8067
Invasive candidiasis 1,423 (20.4) 1,245 (20.4) 178 (20.7) 0.8556
Aspergillosis 785 (11.3) 710 (11.6) 75 (8.7) 0.0110
Other and unspecified mycoses 274 (3.9) 242 (4.0) 32 (3.7) 0.7240
Histoplasmosis 248 (3.6) 210 (3.4) 38 (4.4) 0.1500
Blastomycosis 55 (0.8) 42 (0.7) 13 (1.5) 0.0108

a P values comparing the DDI and non-DDI cohorts.
b Proportion reported among patients for whom diagnosis information is available.
c IFI, invasive fungal infection.
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to allow a window of opportunity for interaction. At least a 1-day overlap
of drug use has commonly been used to define DDIs in studies described
in the literature (7, 15) and was used in the primary analysis described in
the current study. As a sensitivity analysis, the use of overlaps of drug use
of at least 2 and 3 days to define DDIs was explored.

The prevalence and frequency of DDI events during the index hospi-
talization are summarized and are reported for all patients and by index
triazole. The prevalence of DDIs was defined as the proportion of hospi-
talizations with any DDI events that occurred during the index hospital-
ization. The frequency of DDI events was defined as the total number of
DDI events of a unique pair of the triazole and its interacting drug that
occurred during the index hospitalization. The prevalence and frequency
of DDI events were further summarized by the severity of all DDI events
(contraindicated, major, and moderate severity) observed during the in-
dex hospitalizations.

Patient characteristics, including demographic, treatment, and hospi-
tal characteristics, were described for all patients and stratified by DDI and
non-DDI cohorts. Disease conditions based on ICD-9 codes for both the
primary and secondary diagnoses were summarized. The top 5 most com-
monly observed IFIs based on ICD-9 diagnosis codes or microbiology lab
test results were also reported. The differences in these characteristics
between the DDI and non-DDI cohorts were compared using chi-square
tests for categorical variables and Wilcoxon rank sum tests for continuous
variables.

In addition, the 25 drugs that most frequently interacted with each
triazole were summarized. For each interacting drug, the frequency was

measured as the total number of hospital admissions with the use of the
interacting drug and the interacting triazole. The rate was defined as the
frequency divided by the total number of hospitalizations with DDIs for
each triazole.

Subgroup analysis. The overall patient population that met the sam-
ple selection criteria described above was further selected into subgroups
of patients who, we hypothesized, had a higher risk for DDIs and were
more vulnerable to the detrimental effects of DDIs. These subgroups were
critically ill patients or patients with multiple morbidities, who often re-
quire several concomitant medications, leading to an increased risk of
DDIs. The following subgroups of patients were identified using ICD-9
diagnosis codes, procedure codes, generic product identifier codes, and
care setting identifiers: patients with renal failure, hematologic malignan-
cies, diabetes, neutropenia, hospitalization involving an intensive care
unit (ICU), corticosteroid use, severe sepsis, transplantation (lung, liver,
and kidney), chemotherapy, liver disease (moderate or severe), and allo-
geneic hematopoietic stem cell transplantation (HSCT) or bone marrow
transplantation (BMT). The prevalence and frequency DDIs were re-
ported for all patients in each subgroup overall and by stratification by
DDI severity.

RESULTS
Sample selection. A total of 6,962 hospital admissions with mold-
active triazole drug use were included in this study (Fig. 1). Vori-
conazole was the most frequently used triazole (n � 4,751 hospital

FIG 2 (a) Overall prevalence of DDIs; (b) overall frequency of DDIs per admission.
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admissions), followed by itraconazole (n � 1,794 hospital admis-
sions) and then posaconazole (n � 417 hospital admissions).

The study cohort had a mean age of 57.2 � 16.9 years. About
half of the patients (55.0%) were male, and the majority of the
patients (73.3%) were Caucasian. Patients spent an average of 7.8
days in the hospital before receiving the triazole, and 74.9% of
patients received the triazole within 10 days of admission. For the
majority of patients (73.1%), treatment with the index triazole
was initiated in the oral formulation. Among the patients for
which information on the diagnosis was available (�75%), dis-
ease conditions with a prevalence higher than 20% included respi-
ratory complications, anemia, hematologic malignancies, hyper-
tension, sepsis, and acute kidney failure. An invasive fungal
infection (IFI) was identified in 36.6% of patients, and the most
common IFIs were invasive candidiasis (20.4%) and aspergillosis
(11.3%) (Table 1). The remaining patients were receiving either
empirical or prophylactic antifungal therapy. Patient characteris-
tics were mostly similar between patients with and patients with-
out DDIs. Differences between the two cohorts included the fol-
lowing: patients with DDIs were older (57.4 years for patients with
DDIs versus 55.5 years for patients without DDIs), perhaps re-
flecting polypharmacy as a risk; a higher proportion of patients
with DDIs were Caucasian (74.0% for patients with DDIs versus
68.2% patients without DDIs); and initiation of fluconazole treat-
ment began sooner after hospital admission in patients with DDIs
than those without DDIs (7.5 versus 9.8 days).

DDI prevalence and frequency. Among the hospitalizations
included, 6,101 (87.6%) had DDIs. The prevalences were 87.8%
for voriconazole, 86.1% for itraconazole, and 92.6% for po-
saconazole (Fig. 2a) when a DDI was defined by at least a 1-day
overlap of drug use. The mean � standard deviation (SD) number

of DDI events per admission was 3.5 � 2.4 among all admissions.
The DDI frequency was relatively similar among the triazoles,
with 3.9 � 2.4 events per admission being observed in the po-
saconazole cohort, followed by 3.7 � 2.5 events per admission in
the voriconazole cohort and then 3.0 � 2.2 events per admission
in the itraconazole cohort (Fig. 2b). The frequency of contraindi-
cated DDI events per admission was less than one among all co-
horts receiving mold-active triazoles (0.3 � 0.6 for all hospitaliza-
tions, 0.2 � 0.5 for voriconazole, 0.4 � 0.6 for itraconazole, and
0.9 � 0.8 for posaconazole).

When the prevalence of all DDI events within each hospitaliza-
tion was summarized by severity, 26.2% of all hospitalizations had
at least one DDI of contraindicated severity, 76.3% had at least one
DDI of major severity, and 74.7% had at least one DDI of moder-
ate severity. The prevalences of contradicted, major, and moder-
ate severity DDIs were 19.5%, 81.6%, and 75.0%, respectively, for
voriconazole; 34%, 60.7%, and 75.5%, respectively, for itracona-
zole; and 67.9%, 83.0%, and 67.1%, respectively, for posaconazole
(Fig. 2a).

In the sensitivity analysis, when a DDI was defined by at least
2-day and 3-day overlaps of drug use, the prevalence of any DDI
among all hospitalizations changed to 80.7% and 65.4%, respec-
tively, and the prevalence of DDIs of contraindicated severity de-
creased to 18.4% and 13.4%, respectively.

Mold-active triazole-interacting drugs. Among the hospital
admissions, the most commonly used drug interacting with vori-
conazole was ondansetron, which was used in 47.6% of admis-
sions with a voriconazole-related DDI event and classified as a
DDI event of major severity on the basis of the risk of arrhythmia.
The other commonly observed voriconazole-interacting drugs,
which contributed to more than 20% of DDI events, were panto-

TABLE 2 Top 25 voriconazole-interacting drugs by frequency of DDIsa

Interacting
medication Severity of DDI

Frequency
of DDIs

Rate of
DDIs (%)

Ondansetron Major 1,986 47.6
Pantoprazole Moderate 1,326 31.8
Esomeprazole Moderate 1,218 29.2
Fentanyl Major 1,175 28.2
Midazolam Moderate 996 23.9
Levofloxacin Major 888 21.3
Oxycodone Moderate 700 16.8
Promethazine Major 697 16.7
Prochlorperazine Major 595 14.3
Alprazolam Major 492 11.8
Amlodipine Moderate 480 11.5
Ciprofloxacin Major 434 10.4
Tacrolimus Major 422 10.1
Fluconazole Contraindicated 406 9.7
Azithromycin Major 375 9.0
Simvastatin Contraindicated 368 8.8
Warfarin Major 311 7.5
Amiodarone Major 280 6.7
Omeprazole Moderate 275 6.6
Lansoprazole Moderate 272 6.5
Escitalopram Major 235 5.6
Haloperidol Major 228 5.5
Ibuprofen Moderate 198 4.7
Clopidogrel Major 181 4.3
Tamsulosin Major 179 4.3
a Data are for 4,170 voriconazole-treated patients with DDIs.

TABLE 3 Top 25 itraconazole-interacting drugs by frequency of DDIa

Interacting
medication Severity of DDI

Frequency
of DDIs

Rate of
DDIs (%)

Ondansetron Major 590 38.2
Pantoprazole Moderate 417 27.0
Prednisone Moderate 363 23.5
Esomeprazole Moderate 344 22.3
Fentanyl Major 294 19.0
Midazolam Contraindicated 279 18.1
Amlodipine Moderate 184 11.9
Famotidine Moderate 184 11.9
Alprazolam Contraindicated 156 10.1
Fluconazole Contraindicated 143 9.3
Warfarin Major 134 8.7
Oxycodone Major 122 7.9
Simvastatin Contraindicated 121 7.8
Hydrocortisone Moderate 105 6.8
Omeprazole Moderate 97 6.3
Digoxin Major 95 6.1
Ciprofloxacin Moderate 94 6.1
Magnesium oxide Moderate 94 6.1
Escitalopram Major 84 5.4
Tamsulosin Major 81 5.2
Calcium carbonate Moderate 74 4.8
Haloperidol Moderate 70 4.5
Budesonide Moderate 66 4.3
Lansoprazole Moderate 66 4.3
Atorvastatin Major 63 4.1
a Data are for 1,545 itraconazole-treated patients with DDIs.
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prazole (used in 31.8% of admissions, moderate severity), esome-
prazole (used in 29.2% of admissions, moderate severity), fenta-
nyl (used in 28.2% of admissions, major severity), midazolam
(used in 23.9% of admissions, moderate severity), and levofloxa-
cin (used in 21.3% of admissions, major severity) (Table 2). The
most commonly observed itraconazole-interacting drugs were
ondansetron (used in 38.2% of admissions, major severity), pan-
toprazole (used in 27.0% of admissions, moderate severity), pred-
nisone (used in 23.5% of admissions, moderate severity), and es-
omeprazole (used in 22.3% of admissions, moderate severity)
(Table 3). The most commonly observed posaconazole-interact-
ing drugs were ondansetron (used in 54.9% of admissions, con-
traindicated severity), lorazepam (used in 42.7% of admissions,
moderate severity), promethazine (used in 31.1% of admissions,

major severity), ciprofloxacin (used in 29.3% of admissions, ma-
jor severity), prochlorperazine (used in 27.2% of admissions, ma-
jor severity), esomeprazole (used in 21.5% of admissions, major
severity), fentanyl (used in 20.7% of admissions, major severity),
and pantoprazole (used in 20.7% of admissions, moderate sever-
ity) (Table 4). Among the drugs with interactions with mold-
active triazoles of contraindicated and major severity, many are
widely used for the treatment of common conditions and include
warfarin (which prevents heart attacks and strokes), amiodarione
(which is used to treat cardiac dysrhythmias), statins (i.e., simva-
statin and atorvastatin, which are used to lower cholesterol), cy-
closporine (which is used to treat rheumatoid arthritis and psori-
asis and which prevents transplant rejection), and alprazolam
(which is used to treat anxiety).

Subgroup analysis. Across all subgroups of patients at higher
risk for DDIs that were evaluated, the prevalence rate of any DDI
ranged from 79.7% for hospitalizations with solid organ trans-
plantation (lung, liver, or kidney) to 90.6% for hospitalizations
involving an ICU (Table 5). The mean number of all DDI events
per admission ranged from 3.5 for hospitalizations involving a
diagnosis of neutropenia to 5.6 for hospitalizations involving al-
logeneic HSCT/BMT (Table 6).

DISCUSSION

A DDI with triazoles poses a serious risk of adverse events, includ-
ing QTc prolongation and subsequent arrhythmia, skeletal muscle
toxicity, seizures, ergotism, respiratory depression, nephrotoxic-
ity, hypoglycemia, and leukopenia (18–20). In addition, the risk of
a DDI and the associated adverse events are particularly challeng-
ing among critically ill patients and patients with multiple mor-
bidities, who typically require several concomitant medications
and are vulnerable to the clinical signs and symptoms of DDIs (4,
21). Insightful case series studies and reviews have demonstrated
the clinical importance of these interactions (3, 22, 23). The ret-
rospective study described here used data from a large electronic
medical records data set to investigate the prevalence and fre-
quency of DDIs among hospital admissions involving the use of
mold-active triazoles and found that more than 85% of hospital-
izations with mold-active triazole use had at least one DDI event.
Among all hospitalizations with mold-active triazole use, 26% had
a DDI event of contraindicated severity (Fig. 2a) and 87% had at
least one DDI of major or moderate severity (data not shown).
Multiple DDI events per patient were common, with an average of

TABLE 4 Top 25 posaconazole-interacting drugs by frequency of DDIsa

Interacting
medication Severity of DDI

Frequency
of DDIs

Rate of
DDIs (%)

Ondansetron Contraindicated 212 54.9
Lorazepam Moderate 165 42.7
Promethazine Major 120 31.1
Ciprofloxacin Major 113 29.3
Prochlorperazine Major 105 27.2
Esomeprazole Major 83 21.5
Fentanyl Major 80 20.7
Pantoprazole Moderate 80 20.7
Levofloxacin Major 67 17.4
Midazolam Major 67 17.4
Lansoprazole Moderate 56 14.5
Tacrolimus Contraindicated 49 12.7
Amlodipine Moderate 48 12.4
Fluconazole Major 46 11.9
Sirolimus Contraindicated 28 7.3
Alprazolam Major 24 6.2
Metoclopramide Moderate 24 6.2
Simvastatin Contraindicated 20 5.2
Azithromycin Major 18 4.7
Tamsulosin Major 18 4.7
Escitalopram Contraindicated 16 4.1
Haloperidol Contraindicated 16 4.1
Moxifloxacin Major 15 3.9
Warfarin Major 13 3.4
Cyclosporine Major 12 3.1
a Data are for 386 posaconazole-treated patients with DDIs.

TABLE 5 DDI prevalence among subgroups

Subgroup
Total no. of
patients

No. (%) of patients with a DDI by severity

Any Contraindicated Major Moderate

Renal failure 1,616 1,411 (87.3) 472 (29.2) 1,288 (79.7) 1,262 (78.1)
Hematologic malignancies 1,606 1,449 (90.2) 406 (25.3) 1,345 (83.7) 1,209 (75.3)
Diabetes 968 857 (88.5) 323 (33.4) 752 (77.7) 739 (76.3)
Neutropenia 674 608 (90.2) 166 (24.6) 554 (82.2) 495 (73.4)
Hospitalization involving ICU 616 558 (90.6) 168 (27.3) 499 (81.0) 502 (81.5)
Corticosteroid use 593 517 (87.2) 164 (27.7) 470 (79.3) 455 (76.7)
Severe sepsis 547 467 (85.4) 136 (24.9) 423 (77.3) 426 (77.9)
Transplantation (lung, liver, or kidney) 374 298 (79.7) 93 (24.9) 293 (78.3) 267 (71.4)
Chemotherapy 210 188 (89.5) 58 (27.6) 182 (86.7) 150 (71.4)
Liver disease (moderate to severe) 151 123 (81.5) 35 (23.2) 116 (76.8) 118 (78.1)
Allogeneic HSCT/BMT 88 71 (80.7) 26 (29.5) 70 (79.5) 67 (76.1)
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3.5 DDI events being observed. The prevalences of DDIs was
greater than 90% in certain subgroups, such as patients with hos-
pitalizations involving an ICU and admissions for hematologic
malignancies and neutropenia, and the DDI frequency was greater
than 5 events per admission among the subgroup of patients ad-
mitted for allogeneic HSCT/BMT.

The introduction of mold-active triazole agents during the past
2 decades (itraconazole in 1992 [24], voriconazole in 2002 [20],
and posaconazole in 2006 [19]) and isavuconazole in 2015 has
transformed the management of IFIs (25). Distinct from the yeast-
only activity of fluconazole, these agents offer broad activity
against both invasive candidiasis and invasive aspergillosis, which
were the IFIs most commonly observed in this study (2, 26). De-
spite their efficacy against mold infections, these triazoles are often
associated with frequent DDIs, due to both the long list of medi-
cations with which they interact and the frequency of comorbid
conditions associated with their use, leading to polypharmacy. In
this study, it was observed that patients had an average of 12 dis-
tinct disease conditions; the most common diagnoses included
hematologic malignancies and critical illnesses, such as respira-
tory failure, acute kidney failure, and sepsis. In addition, on aver-
age, each patient was prescribed 36 distinct medications during
each admission. The most frequently observed interacting drugs
in the current study were ondansetron, pantoprazole, lorazepam,
esomeprazole, prednisone, and promethazine. The majority of the
frequently observed interacting drugs have major or moderate
interactions with the triazole. The clinical relevance of some of
these interactions has been debated. For example, the QTc pro-
longation linked to concomitant ondansetron use can be modest.
However, the effect appears to be dose dependent and linked to
intravenous use, which is more common among those receiving
chemotherapy. Interestingly, patients receiving chemotherapy
were the largest patient group in the current cohort. It is also
noteworthy that much of the posaconazole use during the period
of this study would have been with a formulation impacted by
drugs which reduce gastric acidity and, thus, posaconazole ab-
sorption. If performed today, these interactions would not be
listed. However, the higher absorption observed with the new oral
tablet formulation may in turn increase the likelihood of more
severe interactions for drugs with P-450 interactions.

Additionally, there were 2, 4, and 6 drugs with interactions of
contraindicated severity with voriconazole, itraconazole, and po-
saconazole, respectively, among the 25 drugs most frequently ob-
served to interact with each triazole. In addition, multiple interacting

drugs observed in this study, such as warfarin, amiodarone, statins,
and cyclosporine, are widely used to treat common conditions, in-
cluding cardiovascular diseases and rheumatoid arthritis.

DDI events have been linked to severe clinical outcomes, in-
cluding death; therefore, DDIs should be carefully considered in
clinical practice when administering multiple drugs. A number of
studies have shown that adverse events associated with DDIs from
the concomitant use of triazoles and other drugs could result in
increased toxicity or QTc prolongation (27–32). These interac-
tions can be dangerous, especially among patients receiving che-
motherapy or solid organ transplantation or critically ill patients
treated in an ICU (33). This study provides real-world evidence
indicating that the majority of patients treated with mold-active
triazoles during hospitalizations have a risk of DDIs. Given that
these patients often have multiple conditions requiring many
treatments, full avoidance of DDIs might not be entirely feasible;
however, greater awareness of DDIs could reduce the potential for
clinically relevant interactions.

The high prevalence of DDIs observed in this study was gener-
ally consistent with the prevalence reported in the literature; how-
ever, the rates were even higher in this contemporary study. Egger
et al. reported a rate of DDIs of 60% among consecutive hospital
admissions with at least two prescriptions regardless of the under-
lying disease conditions and drugs used (13). Yu et al. found a DDI
rate of 70.3% among hospitalizations in which fluconazole, itra-
conazole, or ketoconazole was used (14). Almost all patients in
that study used fluconazole (94.5%), only a limited number of
patients used itraconazole (n � 212) and ketoconazole (n � 68),
and no patients used voriconazole or posaconazole.

The current study was subject to several limitations. First, this
study was conducted with data from the Cerner HealthFacts elec-
tronic medical record database, which might limit the generaliz-
ability of the findings to all the hospitals in the United States. All
the hospitalizations included in the DDI analysis were in urban
hospitals, with the majority of the hospitals being affiliated with a
teaching facility and having more than 300 beds. As a result, the
findings of this study might not be generalizable to all the hospitals
in the United States. Second, this study did not evaluate how many
of the DDI events would eventually lead to an adverse event. Due
to the limitations of electronic medical records data, it is not pos-
sible to evaluate the clinical outcomes and consequences of DDI
events. Future research is warranted to address this question.
Third, the study did not evaluate whether physicians adjusted the
treatments, such as change the medications and reduce the dos-

TABLE 6 DDI frequency among subgroups

Subgroup

Mean � SD no. of DDIs by severity

Any Contraindicated Major Moderate

Renal failure 4.0 � 2.7 0.3 � 0.6 2.1 � 1.8 1.5 � 1.2
Hematologic malignancies 3.9 � 2.5 0.3 � 0.6 2.3 � 1.8 1.3 � 1.0
Diabetes 3.8 � 2.5 0.4 � 0.6 1.9 � 1.6 1.4 � 1.2
Neutropenia 3.5 � 2.3 0.3 � 0.5 2.0 � 1.6 1.2 � 1.0
Hospitalization involving ICU 3.9 � 2.5 0.3 � 0.6 2.1 � 1.7 1.5 � 1.2
Corticosteroid use 4.0 � 2.7 0.3 � 0.6 2.2 � 1.8 1.5 � 1.3
Severe sepsis 3.9 � 2.7 0.3 � 0.6 2.2 � 1.8 1.5 � 1.2
Transplantation (lung, liver, or kidney) 4.3 � 3.0 0.3 � 0.6 2.5 � 2.0 1.5 � 1.3
Chemotherapy 4.1 � 2.4 0.3 � 0.5 2.6 � 1.7 1.2 � 1.0
Liver disease (moderate to severe) 3.7 � 2.8 0.3 � 0.5 2.0 � 1.9 1.4 � 1.1
Allogeneic HSCT/BMT 5.6 � 3.5 0.4 � 0.6 3.7 � 2.3 1.6 � 1.4
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age. This is particularly relevant for drugs that are commonly ad-
ministered with therapeutic drug monitoring, such as warfarin
and calcineurin inhibitors. Lastly, the current study used at least a
1-day overlap of drug use to define a DDI in the primary analysis.
This length of overlap, which might cause an overestimation of the
prevalence, given that the half-life of drugs might be less than 1
day, and dispending records instead of administration records
were used for the evaluation.

Conclusion. DDIs are highly prevalent among hospitalized pa-
tients receiving mold-active triazoles, and there are often multiple
DDI events per admission. Efforts are needed to increase the
awareness of DDIs and to decrease the risk of DDIs among mold-
active triazole users via the use of electronic medical record tools
and antifungal stewardship.
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