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Objectives: This analysis evaluated the variability of isavuconazole plasma concentrations between subjects
and between sampling times, and assessed their relationship to outcomes for subjects with invasive fungal dis-
ease (IFD) in the SECURE trial.

Methods: Isavuconazole-treated subjects received 372 mg of isavuconazonium sulphate (corresponding to
200 mg of isavuconazole) three times daily for 2 days, then once daily. Plasma samples were collected after day
4 and analysis sets were constructed as follows: analysis set 1 included all samples from subjects with proven/
probable/possible IFD who received �1 dose of isavuconazole; analysis set 2 included samples from subjects in
analysis set 1 who had provided .1 sample; and analysis set 3 included samples from subjects in analysis set 1
with proven/probable invasive aspergillosis. Assessments included overall distributions of plasma concentrations
and variability between samples (analysis sets 1 and 2) as well as relationships to outcomes [all-cause mortality
(day 42), overall response (end of treatment) and treatment-emergent adverse events; analysis sets 1 and 3].

Results: Analysis sets 1, 2 and 3 included samples from 160, 97 and 98 subjects, respectively. Trough concentra-
tions for each were distributed similarly [mean (SD): 3406.6 (1511.5), 3495.6 (1503.3) and 3368.1 (1523.2) ng/mL,
respectively]. The mean coefficient of variation between samples in analysis set 2 was 23.2%; differences be-
tween concentrations in first samples and subsequent samples were ,2-fold for 85/97 subjects. In quartiles of
subject data, no concentration-dependent relationships were observed for efficacy or safety.

Conclusions: Plasma concentrations of isavuconazole were reasonably consistent between subjects and sam-
pling times, and were not associated with differences in outcomes.

Introduction

Profoundly immunocompromised patients have an elevated risk
of developing invasive fungal disease (IFD) such as invasive asper-
gillosis (IA).1 Triazole antifungal drugs are first-line agents for the
prevention and treatment of IFDs.2,3 However, the pharmacokinet-
ics of triazole agents active against Aspergillus spp. are typically
highly variable and the therapeutic window may be narrow. As a
result, therapeutic drug monitoring (TDM) of triazole antifungal
agents is frequently recommended to achieve safe and effective
drug exposures.3–8 Guidelines issued by the Sixth European
Conference on Infections in Leukaemia (ECIL-6)6 and joint guidelines
from ESCMID, the European Confederation of Medical Mycology and

the European Respiratory Society (ESCMID-ECMM-ERS)9 contain
recommendations regarding the need for TDM and the thera-
peutic windows for itraconazole, posaconazole and voriconazole
for which the strength is based on the clinical history with each of
those agents.

The most recently developed triazole antifungal agent, isavuco-
nazole (active moiety of the prodrug isavuconazonium sulphate),
which has both intravenous and oral formulations, is now also
included among first-line treatment recommendations in recent
IA guidelines2,3 based on Phase 3 clinical trials in adults with IA10

or mucormycosis.11 Isavuconazole has linear pharmacokinetics
and may be less variable and/or prone to food effects compared
with other triazoles that are used for treatment of IA,12–14 but the
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potential need for TDM and the therapeutic window are not yet
well defined in guidelines.6,9 In a recent analysis of data from
patients in the SECURE trial, subject exposures were estimated
from a population pharmacokinetic (PPK) model to assess possible
associations with efficacy and safety outcomes.15 No relationship
was found between the modelled exposures and efficacy out-
comes [all-cause mortality (ACM) at day 42 and overall response
at the end of treatment (EOT)] or elevation of liver enzyme test
results.

The current post hoc analysis was conducted to examine more
closely the distribution and variability of isavuconazole exposure
both between and within subjects using available samples from
the SECURE trial. We also aimed to determine whether the lack of
a relationship between plasma concentrations and efficacy could
be confirmed directly from the clinical trial samples and to deter-
mine whether there were any relationships between plasma con-
centrations and the incidence of treatment-emergent adverse
events (TEAEs).

Methods

Study data

Data were used from subjects treated with isavuconazole in the
SECURE trial that compared isavuconazole and voriconazole for
the primary treatment of invasive mould disease caused by
Aspergillus spp. and other filamentous fungi (NCT00412893).10

Briefly, isavuconazole-treated subjects were randomized to re-
ceive 372 mg of isavuconazonium sulphate (corresponding to
200 mg of isavuconazole) intravenously three times daily for
2 days (loading dose), then intravenously or orally once daily
(maintenance dose). Stratification factors during randomization
included geographical region, allogeneic HSCT and active malig-
nancy at study entry.

The primary endpoint was ACM at day 42 in the ITT population
(all randomized subjects who received at least one dose of study
medication). Overall response at EOT in the modified ITT population
[ITT subjects with proven or probable IFD, as assessed by an inde-
pendent data review committee (DRC)] was a key secondary end-
point (assessed by the DRC based on a composite of clinical,
mycological and radiological endpoints). Exploratory analyses
included determination of trough plasma concentrations and
scheduled sampling times included days 7, 14 and 42, and EOT (up
to 3 days before last study dose); the study protocol stipulated that
samples be drawn within a predefined window 1 h prior to the
scheduled daily dose or 24+1 h after dosing at EOT. Although some
samples were drawn outside the strictly predefined window for
trough concentrations, all were drawn during the maintenance
dose (most ‘first samples’ were drawn on day 7, with the exception
of seven drawn on day 6 and two drawn on day 5) and no more
than 4 h prior to the next dose (or 20–25 h after dosing at EOT). This
window ensured that all were taken outside the absorption and dis-
tributive phases. Plasma concentrations were determined using a
validated LC with tandem MS assay as described elsewhere.16

Analysis sets

Three analysis sets were used for this analysis. The first analysis
set (analysis set 1) included all subjects in the ITT population with
proven, probable or possible IFD who received �1 dose of

isavuconazole and had data for at least one plasma concentration
sample. This analysis set was used in assessments of inter-subject
variability, efficacy and safety. The second analysis set (analysis
set 2) included subjects in analysis set 1 who had data for .1
plasma concentration sample, with the same conditions for
included samples. This analysis set was used to assess intra-
subject variability between sampling times by examining the distri-
bution of the coefficient of variation (CV) and by examining the
maximum changes between the first plasma concentration and
subsequent concentrations. A third analysis set (analysis set 3)
included all samples from subjects in analysis set 1 with proven or
probable IA [subset of the mycological ITT (myITT) population]
and this set was used in efficacy analyses.

Statistical analysis

The distributions of average plasma concentrations, as well as
assessments of inter-subject and intra-subject variability, were
assessed using descriptive statistics (for subjects who provided .1
sample, mean values were used). To assess potential relationships
between plasma concentrations and efficacy, both ACM at day 42
and overall response at EOT were assessed in quartiles of subject
data from analysis sets 1 and 3. Assessments were performed with
quartiles that included mean values for subjects with .1 sample
and were repeated with quartiles that included minimum values
for those subjects to assess potential effects of including the low
plasma concentrations. The incidences of TEAEs were assessed in
quartiles of analysis set 1 (samples from subjects in the ITT popula-
tion). Assessments were performed with quartiles that included
mean values for subjects with .1 sample and were repeated with
quartiles that included maximum values for those subjects to as-
sess potential effects of including the high plasma concentrations.
Analyses of TEAEs included categories of overall frequencies by sys-
tem organ class (SOC), study drug-related TEAEs by SOC and study
drug-related TEAEs by preferred term (PT). The Fisher–Freeman–
Halton test (0.05 significance level) was used to identify associa-
tions between plasma concentration quartiles and rates of
treatment success (ACM at day 42 and overall response at EOT) or
TEAEs. All data analyses were performed using SAS version 9.4.

Results

Of the 258 subjects in the ITT population who received�1 dose of
isavuconazole in the SECURE trial, samples from 160 subjects were
included in analysis set 1 (subjects with proven/probable/possible
IFD and �1 plasma concentration sample; 306 samples in total),
samples from 97 subjects were included in analysis set 2 (subjects
in analysis set 1 with .1 plasma concentration sample; 243 sam-
ples in total) and samples from 98 subjects were included in ana-
lysis set 3 (subjects from analysis set 1 with proven or probable IA;
191 samples in total). Demographics and characteristics of ana-
lysis sets 1–3 were similar to those of the ITT population (Table S1,
available as Supplementary data at JAC Online).

The distributions and overall consistencies of average plasma
concentrations of isavuconazole were first compared by visual in-
spection for all patients in analysis sets 1, 2 and 3 by categorization
of data into 1000 ng/mL increments. Plasma concentrations in
each case demonstrated similar distributions with similar means,
SD values and measures of skewness (Figure 1a–c). More than 97%
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of patients had concentrations .1000 ng/mL and ,7000 ng/mL sug-
gesting reasonable consistency within each analysis set and
comparability of distributions between each set. In analysis set 2,
the mean CV between sampling times for each subject was
23.2% (95% CI 19.9%–26.5%; Figure S1). For 85/97 subjects
(87.6%), the maximum changes between the first plasma con-
centration and subsequent plasma concentrations were less
than 2-fold (100% increase or 50% decrease; Figure 2).

Analyses were also performed to assess the possibility of rela-
tionships between isavuconazole plasma concentrations and effi-
cacy (day 42 ACM and overall response at EOT) in samples from
subjects in analysis sets 1 and 3. As shown in Figure 3, there were
no obvious trends suggesting loss of efficacy at lower plasma con-
centrations and no significant differences between quartiles in any
of the analyses when assessed using either mean values or min-
imum values for subjects who provided .1 sample.

Quartile analyses were also performed to look for potential rela-
tionships between plasma concentrations and the incidence of
TEAEs in samples from analysis set 1. In analyses of all TEAEs by
SOC using mean values for subjects who provided .1 sample, one
significant difference between quartiles was observed. Specifically,
musculoskeletal and connective tissue disorders had lower inci-
dences in quartiles 3 and 4 (highest plasma concentrations), which
is not consistent with a relationship to exposure. The analyses of
study drug-related TEAEs by SOC or by PT revealed significant
differences between quartiles for general disorders and
administration-site conditions. The highest incidence occurred in
quartile 3 (second-highest plasma concentrations), which is also
inconsistent with a relationship to exposure (Table S2 and
Figure 4). In analyses of all TEAEs by SOC using maximum values
for subjects who provided .1 sample, there were no significant dif-
ferences between quartiles for any TEAE (Table S3). For study
drug-related TEAEs by SOC, significant differences between quar-
tiles were observed for general disorders and administration-site
conditions, and for nervous system disorders. Also, in these two
instances, the highest incidence of TEAEs occurred in quartile 3,
which is not consistent with any relationship to exposure. There
were no significant differences between quartiles for any of the
analyses of study drug-related TEAEs by PT.

Discussion

In this analysis of subjects treated with isavuconazole in the
SECURE trial, the distribution of plasma concentrations was rea-
sonably narrow. Less than 3% of patients had an average concen-
tration outside a range of 1000–7000 ng/mL, indicating that the
recommended clinical dose resulted in plasma concentrations
that were largely consistent. The intra-subject variability between
sampling times was�23% and the maximum difference between
the first trough concentration and subsequent concentrations was
less than 2-fold for .85% of subjects. These data provide direct
support for the consistency and predictability of plasma concen-
trations in the majority of subjects during maintenance dosing,
from day 3 onward. Furthermore, no clear correlation was
observed between plasma concentrations and efficacy outcomes
(ACM on day 42 and overall response at EOT). In two different ana-
lytical approaches to assess the incidence of TEAEs (using either
mean or maximum concentrations), no significant instances were
found in which the quartile with the highest plasma concentration
also had the highest incidence. Thus, the modest variability in con-
centrations observed in the SECURE trial was not associated with
any obvious differences in efficacy or safety outcomes.

The present analysis provides the most complete assessment
to date of the variability in isavuconazole plasma concentrations
and associations with outcomes in patients from the SECURE trial.
The lack of a relationship of plasma concentrations with efficacy
provides direct support for a similar finding in the PPK model,15 al-
though the present analysis provides a more comprehensive ana-
lysis of associations with safety outcomes. For example, the lack of
an association with hepatotoxicity inferred from liver enzyme test
results in the PPK analysis are now more directly demonstrated by
a lack of an association with hepatobiliary TEAEs. Furthermore, it is
well established that voriconazole trough concentrations above a
threshold between 4 and 6 mg/L are associated with neurotox-
icity,17–19 whereas no evidence of a relationship between isavuco-
nazole plasma concentration and neurotoxicity was evident in the
present analysis. The SECURE trial also reported significantly lower
incidences of eye disorders and skin and subcutaneous tissue dis-
orders with isavuconazole versus voriconazole,10 and neither of
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Figure 1. Distribution of average plasma concentrations. (a) Concentrations from subjects with proven/probable/possible IFD (analysis set 1). (b)
Concentrations from subjects in analysis set 1 with .1 available sample (analysis set 2). (c) Concentrations from subjects with proven or probable IA
in the myITT population (analysis set 3).

Isavuconazole variability and exposure–response JAC

763

https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dky463#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dky463#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dky463#supplementary-data


those TEAEs demonstrated any relationship with isavuconazole
plasma concentrations in the present analysis.

The overall consistency of isavuconazole plasma concentra-
tions at the clinical dose observed in the current analysis contrasts
with the variability of itraconazole, posaconazole and voriconazole
concentrations observed previously. For example, a study of oral
itraconazole in healthy volunteers found wide inter-subject vari-
ability and accumulation over 15 days of dosing.20 A PPK analysis
of posaconazole data (oral suspension formulation) from healthy
volunteers and patients found that its bioavailability was 55%
lower in patients and the bioavailability was also reduced by muco-
sitis or diarrhoea.21 In an analysis of the distribution of weekly

mean plasma concentration of voriconazole from subjects in 10
Phase 2/3 studies, the distribution was highly skewed, with no clear
mean, and the most frequent concentration was in the lowest
interval (0–1 mg/L).22 The distributions of trough concentrations in
Monte Carlo simulations for both oral and intravenous doses of
voriconazole demonstrated similar distributions.23 The consistency
of isavuconazole concentrations in serial samples in the current
analysis also contrasts with the variability of voriconazole plasma
concentrations in serial samples. For example, a study of paired
voriconazole plasma concentration samples found that the con-
centration in the second sample differed by more than 2-fold for
almost half of assessed patients (n/N"30/64; 47%).24 The
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Figure 2. Maximum percentage changes between the first sample and subsequent samples for analysis set 2. Broken horizontal lines represent
100% increases and 50% decreases.
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reasons for the variability of the dose–exposure relationship of vori-
conazole are not completely understood. They may involve satur-
able metabolism,25 allelic variations in cytochrome P450 2C19
(CYP2C19; the primary isoenzyme responsible for metabolism of
voriconazole26) and perhaps auto-inhibition of CYP3A4.27

This analysis has some limitations. For example, the relative
consistency of the relationship between the clinical dose and
plasma concentrations also meant that limited data were avail-
able to properly assess efficacy or safety outcomes associated
with very low or very high exposures. Therefore, it was not possible
to identify any thresholds that might support recommendations
for minimum or maximum concentrations that could be used as a
clinical guide. The possibility that exposure–response relationships
might differ by pathogen species was not excluded, although the
relative proportions of most species in SECURE were not sufficiently
large to have allowed any definitive conclusions. In addition,

although plasma concentrations are an indicator of exposure, it is
well established that the ratio of drug exposure (measured as the
AUC) to the MIC of the pathogen is the most relevant
pharmacokinetic-pharmacodynamic index of efficacy for triazole
antifungal agents, including isavuconazole.28 Nevertheless, a PPK
analysis that included data from the SECURE trial indicated that
exposures achieved by the clinical dose of isavuconazole were like-
ly to provide adequate coverage for .90% of patients with
Aspergillus spp. pathogens having MICs up to 1 mg/L (EUCAST
methodology) or up to 0.5 mg/L (CLSI methodology).29 Recent
data has indicated that the relative consistency in isavuconazole
concentrations in patients from the SECURE trial is also observed in
real-world data,30 suggesting that the extent of coverage is also
likely to be applicable in clinical practice.

Although these analyses do not identify a therapeutic window
for isavuconazole, they do suggest that TDM may be less critical
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during treatment with this agent compared with other triazole
antifungal agents active against Aspergillus spp. Given the predict-
ability of exposure in the current analyses, if performance of TDM is
deemed advisable, a sparse sampling schedule might be sufficient.
Finally, the consistency of dose–exposure relationships is likely to
maximize the potential for efficacious and safe use of isavucona-
zole for treatment of IFD in a real-world setting.
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