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ARTICLE INFO ABSTRACT

Keywords: Background: Isavuconazole is a broad-spectrum antifungal agent used for treating invasive fungal infections
Isavuconazole (IFIs). Its pharmacokinetics may be impacted in hematologic patients due to concomitant clinical and therapeutic
H}Tmamloi{c patients;, Population factors potentially affecting drug exposure. The aim of this study was to develop a population pharmacokinetic
pharmaco! inetics

(popPK) model of isavuconazole in adult hematologic patients to support model-informed precision dosing.
Materials and method: Prospective, non-controlled study performed in adult hematologic patients receiving isa-
vuconazole for IFIs and followed up by a therapeutic drug monitoring (TDM) program. Isavuconazole plasma
concentrations were quantified using an ultra-high-performance liquid chromatography (UPLC) with UV de-
tector. A popPK model was developed using NONMEM v.7.5.0. Simulations were based on the final model to
evaluate the differences across physiological variables with impact on drug exposure.

Results: A one-compartment model with first-order absorption and elimination described adequately 121 isa-
vuconazole concentrations from 52 patients. Body surface area (BSA) and serum albumin (ALB) significantly
influenced drug clearance. The final popPK model showed good precision, robustness, and predictive perfor-
mance, supporting its use for individualized isavuconazole dosing in this population.

Conclusions: BSA and serum ALB were identified as covariates influencing isavuconazole clearance in adult he-
matologic patients. Further studies are needed to better characterize the absorption of isavuconazole and im-
plications on dosage recommendations, especially for higher proposed doses.

Model-informed precision dosing

(Bose et al, 2018; Darnaud et al., 2018; Ellsworth and
Ostrosky-Zeichner, 2020; Li et al., 2018). Otherwise, isavuconazole ex-

1. Introduction

Invasive fungal infections (IFIs) have become increasingly chal-
lenging for hospitals, as the number of patients susceptible to these in-
fections has dramatically increased, resulting in high morbidity and
mortality rates (Afhami et al., 2024). Triazole antifungals have emerged
as first-line drugs for prophylaxis and treatment of IFIs. Isavuconazole
the latest triazole to be marketed, is the only one approved by both EMA
and FDA for the treatment of both invasive aspergillosis and mucor-
mycosis (Ellsworth and Ostrosky-Zeichner, 2020). Compared to other
azoles, isavuconazole has a better safety profile, causing dose-dependent
QTec shortening instead of prolongation. As a moderate CYP3A4 inhib-
itor, it also has fewer significant drug interactions than other triazoles

hibits pharmacokinetic characteristics that are clinically relevant,
including linear kinetics, high oral bioavailability (~98 %), a long ter-
minal half-life (~130 h), and extensive protein binding (>99 %). The
drug is primarily metabolized hepatically via CYP3A4, which may
contribute to interindividual variability and potential drug-drug in-
teractions (Desai et al., 2016a).

Therapeutic drug monitoring (TDM) is a widely used tool to optimize
the safety and efficacy of other antifungal triazoles such as itraconazole,
voriconazole, and posaconazole (Pena-Lorenzo et al., 2022). However,
considering the isavuconazole safety profile previously mentioned,
together with the favorable pharmacokinetic (PK) characteristics
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pointed out in the VITAL and SECURE clinical trials showing a minimal
intra- and inter-subject variability and narrow distributions of isavuco-
nazole trough levels, initially it was not considered necessary to carry
out the TDM of this drug to personalize the dose (Andes et al., 2018;
Maertens et al., 2016; Marty et al., 2016).

Despite the findings, real-world practice has shown instances where
isavuconazole concentrations fall outside the expected levels, without
any clear explanation related to known PK factors, such as drug in-
teractions or CYP3A4/5 polymorphisms (Darnaud et al., 2018). Subse-
quent studies in clinical practice have revealed unexpected drug levels
in various patient groups, particularly in those undergoing renal
replacement therapy, extracorporeal membrane oxygenation, or among
obese patients, pediatric patients (<18 years), individuals with cystic
fibrosis, and those with moderate liver failure (Andes et al., 2018;
Ellsworth and Ostrosky-Zeichner, 2020; Kabulski and MacVane, 2018;
Zhao et al., 2020; Zurl et al., 2020). In addition, recent studies have
suggested that plasma concentrations of isavuconazole higher than 2
pug/ml may be necessary to achieve therapeutic efficacy, while levels
over the range of 4.6-5.1 ug/ml have been associated with an increased
risk of toxicity, highlighting the importance of therapeutic monitoring in
these patients (Borman et al., 2020; Denning et al., 2016; Furfaro et al.,
2019; Kosmidis et al.,, 2021). These findings suggest that data from
clinical practice may differ significantly from those obtained during the
drug-development phase, leading to the conclusion that TDM for isa-
vuconazole may be warranted under specific circumstances (Andes
et al., 2018; Darnaud et al., 2018).

Despite these findings, gaps remain in our understanding of isavu-
conazole use in certain patient groups. In particular, no specific studies
have been reported in hematologic patients, a group that is frequently
treated with this antifungal agent. Moreover, these patients are often
exposed to intensive immunosuppressive therapies, chemotherapy, and
hematopoietic stem cell transplantation, which can affect the drug’s
absorption, metabolism, and elimination, and thus, drug exposition.
Therefore, a more detailed evaluation in this population is needed.

In clinical settings, particularly in vulnerable populations such as
hematologic patients, drug concentration data are often obtained
through sparse and opportunistic sampling. This limits the feasibility of
applying traditional non-compartmental analysis (NCA), which requires
rich and frequent sampling to accurately estimate pharmacokinetic pa-
rameters. In contrast, population pharmacokinetic (popPK) modeling
allows for the integration of heterogeneous and sparse data across in-
dividuals, making it the preferred approach to characterize drug expo-
sure and variability in real-world conditions.

The aim of this study was to develop a popPK model for isavucona-
zole in adult patients with hematologic diseases in order to describe
isavuconazole exposition in this population and support model-
informed precision dosing (MIPD) strategies to optimize therapeutic
outcomes and improve individualized treatment in this high-risk
population.

2. Materials and methods
2.1. Study design and population

This was a prospective non-controlled intervention study carried out
at the Clinical Pharmacokinetics Unit of the Pharmacy Service at the
University Hospital of Salamanca (Spain) as part of a TDM program. The
study was conducted over a follow-up period of thirty-two months.

The study protocol was authorized by the Ethics Committee of
Clinical Research of the University Hospital of Salamanca (CEIC num-
ber: PI2020/03/460), and all patients signed informed consent
regarding their willingness to participate in the study.

Adult hematologic patients receiving oral and intravenous isavuco-
nazole for IFI prophylaxis or treatment who had drug levels drawn for
TDM, were included in the study. Concomitant medications were
reviewed in all cases, and patients with documented drug-drug
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interactions known to significantly alter isavuconazole concen-
trations—such as potent CYP3A4 inhibitors or inducers—were excluded
from the analysis to avoid confounding effects on pharmacokinetic
modeling. All patients received isavuconazole according to the dosing
regimen approved in the Summary of Product Characteristics. The drug
was administered either orally or intravenously at a loading dose of 200
mg every 8 h for 48 h, followed by 200 mg once daily as a maintenance
dose, administered 12-24 h after the last loading dose. Dose adjustments
were made according to TDM. All drug levels were drawn as part of
routine care, with the decision to perform TDM made by the care team.

The following information was recorded for each patient: gender,
age, height, total body weight (TBW), body surface area (BSA) which
was calculated as weight (kg)o'425 * height (ecm)®72% * 0.0071 84, body
mass index (BMI) calculated as weight (kg)/height2 (m?), albumin
(ALB), total proteins, total bilirubin, aspartate aminotransferase, alanine
aminotransaminase, alkaline phosphatase, y-glutamyl transferase,
urate, creatinine, estimated glomerular filtration rate calculated with
CKE-EPI in mL/min, C-reactive protein, hemoglobin, and absolute
neutrophil counts.

2.2. TDM strategy

Sampling schedules varied according to patient setting and route of
isavuconazole administration. For all patients, the exact times of drug
administration and blood sampling were accurately recorded and
incorporated into the pharmacokinetic model as real-time data. In
hospitalized patients, up to three samples were generally obtained per
dosing interval, commonly at 0.5, 2, and 24 h following intravenous
administration, or at 2, 3.5, and 24 h after oral dosing. However, this
schedule could not always be strictly maintained due to clinical work-
flow constraints. In contrast, outpatients provided a single pre-dose
sample, collected at a variable time point prior to oral administration,
based on logistical feasibility within routine TDM practice.

Blood samples were collected in EDTA tubes. Immediately after
drawing, samples were centrifuged (3700 rpm for 3 min) and two
plasma aliquots were collected into labelled polypropylene Eppendorf
tubes and stored at —18 °C, up to a maximum of 3 months.

2.3. Isavuconagzole determination

Isavuconazole pure drug substance was provided by Sigma-Aldrich®
laboratory (St. Louis, MO, USA). HPLC grade acetonitrile was supplied
by Thermo Fisher Scientific® (Waltham, Massachusetts, USA). Formic
acid was purchased from Sigma-Aldrich® laboratory. Ultrapure water
was obtained with a Wasserlab Automatic Plus System.

Plasma concentrations of isavuconazole were measured by reverse-
phase ultra-performance liquid chromatography (UPLC) using a Luna
Omega C18 column (1.6 pm; 2.1 mm x 50 mm, Phenomenex Company).
The mobile phase used for the elution consisted of a 55/45 mixture of
0.5 % formic acid and acetonitrile; the flow rate was 0.5 ml/min, and the
UV detector was set at 285 nm. Column temperature was set at 40 °C; the
sample manager was operated at 20° C, and the sample injection was 10
ul in a full-loop model.

Before the chromatographic injection, the samples were treated with
protein precipitation with acetonitrile and later centrifugation at 5000
rpm for 5 min. The extraction efficiency of the direct plasma deprotei-
nization method, verified in previous studies in the laboratory, was 92,
97, 104 and 102 % at 0.25, 1.0, 5.0 and 12.5 pg/ml of isavuconazole,
respectively against the water.

The method was adequately validated for specificity, linearity, pre-
cision, accuracy, carry over and stability according to FDA Guidance and
EMA Guidelines on bioanalytical method validation (U.S. Food and Drug
Administration, 2018; Smith, 2012). The calibration range of the assay
was 0.25-15.0 pg/ml.
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2.4. Population pharmacokinetic analysis

A nonlinear mixed-effects modeling approach was employed to
developed the popPK model, utilizing the first-order conditional esti-
mation (FOCE) method with interaction in NONMEM® version 7.5.0
(Icon Development Solutions, Ellicott City, MD, USA). Data visualization
and statistical analyses, as well as the assessment and presentation of
model and simulation outcomes, were conducted using R version 4.4.2
(Beal et al., 2020).

As well as in previous studies, the pharmacokinetics of isavuconazole
was initially described using a one-compartment model, testing different
absorption models previously reported in pharmacokinetic studies of
isavuconazole, including Weibull and first-order absorption (Desai et al.,
2016a; Kovanda et al., 2016; Shirae et al., 2023). Although isavucona-
zole was administered both orally and intravenously, plasma concen-
trations collected during treatment did not allow for the estimation of
absolute or relative bioavailability, as no patient had paired IV and oral
data with sufficient sampling. As a result, bioavailability was fixed,
pharmacokinetic parameters were considered apparent, and absorption
parameters were fixed to values previously reported in the literature.
The model was parameterized in terms of apparent clearance (CL/F),
apparent volume of distribution (V/F), and the first-order absorption
rate constant (Ka). In the case of the Weibull absorption model, the
parameters tested were the shape factor (which describes the curvature
of the absorption profile) and the scale parameter (which determines the
time to reach peak absorption). Only concentration data from patients
receiving oral isavuconazole were used to characterize the absorption
component of the model.

The inter-individual variability (IIV) of the estimated pharmacoki-
netic parameters was assumed to follow a log-normal distribution. Re-
sidual unexplained variability (RUV) was explored using proportional,
additive, or combined (proportional and additive) error models. The
extent of IIV and RUV was approximately expressed as a coefficient of
variation.

After selecting the base model (both structural and stochastic), all the
variables previously described in Section 2.1 (demographic, clinical,
therapeutic, etc.) were considered in the initial covariate analysis. The
selection process involved a preliminary screening based on physiolog-
ical plausibility, visual exploration of graphical trends, and stepwise
linear regression to assess the relationship between the inter-individual
variability (IIV) of isavuconazole pharmacokinetic parameters and
continuous covariates. For categorical covariates, an analysis of vari-
ance (ANOVA) was conducted. Covariates were considered potentially
relevant for further evaluation in the pharmacokinetic model if they
were physiologically plausible, adequately represented in the study
population, statistically significant (p < 0.05), and showed a coefficient
of determination (r> > 0.10) with an IIV parameter. These covariates
were then tested individually using a stepwise covariate modeling
approach in NONMEM.

Furthermore, time-dependent factors, such as variations in renal
function, and changes in drug metabolism, were also analyzed in
NONMEM. Model performance was assessed through the likelihood
ratio test (forward selection: p < 0.05; backward elimination: p < 0.01),
in addition to reductions in IIV and RUV. The selection criteria also
included evaluating the precision and bias of pharmacokinetic param-
eter estimates, following established methodologies (Savic and Karlsson,
2009).

The performance of the developed popPK model was evaluated
through goodness-of-fit plots, including scatterplots of observed versus
population-predicted concentrations and observed versus individual-
predicted concentrations, as well as a prediction-corrected visual pre-
dictive check (pcVPC) (Bergstrand et al., 2011; Ette and Williams, 2007;
Nguyen et al., 2017). The pcVPC was applied as an internal evaluation
method within the development dataset, displaying the 5th, 50th, and
95th percentiles of the observed concentration-time data alongside the
corresponding model-predicted percentiles and their 95 % confidence
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Table 1

Patient baseline characteristics and study data.
Number of patients 52
Demographics
Age [median in years (range)] 59 (19-89)
Gender [female ( %)] 54.9

Total body weight [median in Kg (range)]
Body mass index [median in Kg/ m? (range)]
Body surface area [median in m? (range)]
Biochemical parameters [median (range)]

70 (45-150)
25.6 (17.6-50.9)
1.79 (1.41-2.60)

Total bilirubin (mmol/L) 0.7 (0.2-22.7)
Aspartate-transaminase (IU/L) 45 (5-568)
Alanine-transaminase (IU/L) 39 (7-767)
Alkaline phosphatase (IU/L) 97 (32-327)
Gamma-glutamyltransferase (IU/L) 72 (8-565)
Creatinine clearance (mL/min)® 102,9 (19.2-146.0)
Albumin (mg/dL) 3.1 (2.0-4.3)

Total serum proteins (g/dL) 5.2 (3.5-7.3)

2 calculated with CKE-EPI equation.

intervals (CIs), computed across different time bins since the first dose. A
total of 1000 replicates of the original dataset were generated to support
pcVPC analysis.

To assess the accuracy and robustness of the final popPK model, a
nonparametric bootstrap analysis was conducted using 1000 bootstrap
replicates, generated by random resampling from the original dataset.
This analyses was conducted in PsN toolkit version 4.9. (Lindbom et al.,
2005). Model parameters were estimated for each replicate, and only
those models that successfully converged were considered for further
analysis. The median and 95 % CI of each parameter were derived from
the distribution of bootstrap estimates, providing a measure of model
stability and parameter precision.

2.5. Model based simulations and model-informed precision dosing
nomogram

Deterministic simulations of isavuconazole concentration-time pro-
files were performed using the final popPK. The objective was to assess
the impact of the identified factors on the predicted exposure and/or
response to the drug, as well as its potential clinical relevance. For each
scenario, defined based on the variables in the final model, isavucona-
zole administration was simulated until steady state was reached.

To develop the isavuconazole MIPD nomogram, a grid-based simu-
lation approach was applied to evaluate the interaction between the
identified covariates influencing drug exposure and the minimum dose
required to maintain plasma concentrations within the therapeutic
range (2-5 mg/mL). A range of values for these covariates was selected
based on their distribution in the studied population. Monte Carlo
simulations were performed for each combination of covariate values, to
estimate steady-state plasma concentrations under different dosing
regimens. The results were visualized using a color-coded heatmap,
where the intersection of covariate values indicated the recommended
maintenance daily dose to achieve therapeutic concentrations.

3. Results
3.1. Patient characteristics

A total of 121 isavuconazole concentrations from 52 patients were
included in the analysis. The baseline patient characteristics and study
data are summarized in Table 1. One patient was excluded due to a
documented interaction with clarithromycin (strong CYP3A4 inhibitor).
A sample from a single patient was discarded because the isavuconazole
concentration was below the validated calibration range.
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Table 2
Isavuconazole population pharmacokinetic parameters.

Parameters Final model RSE Shrinkage  Bootstrap (n = 1000)
estimate (%) -
Mean 95 % CI

CLpop (L/h) 3.83 8 3.81 3.32-4.31

BSA-CL/F 1.80 30 1.83 0.82-2.72

ALB-CL/F -0.19 34 -0.18 —-0.27 -

—0.06

Vpop (L) 226 20 220 149-285

Ka 22.6" 22.6"

IIVCL/F (CV, 20.61 22 7 19.17 12.04-27.50
%)

RUVprop 7.16 16 17 6.84 4.50-8.65
(CV,%)

ALB, albumin in g/dL; ALB-CL/F, magnitude of the effect of ALB on CL; BSA,
Body surface area in m?; BSA-CL/F, magnitude of the effect of BSA on CL; CI,
confidence interval; CLpop, clearance of the typical subject (ALB=3.1 g/dL, BSA
= 1.8 m?); IIVCL/F, interindividual variability on clearance; Ka: absorption rate
constant; RSE, residual standard error; RUVprop, proportional error of residual
variability; Vpop, volume of distribution of the typical subject; #, parameter
fixed.

3.2. Population pharmacokinetic model

The pharmacokinetics of isavuconazole was best described by a one-
compartment model with first-order absorption and elimination. The
absorption rate constant (Ka) was fixed at 22.6 h™! based on previous
literature values (Cojutti et al., 2021).
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An alternative Weibull-type absorption model was also tested,
incorporating a time-dependent absorption function with a maximum
absorption rate constant of 0.86 h-1, a lag time parameter of 0.653 h,
and a shape parameter of 4.57 (Desai et al., 2016b). However, this model
did not improve the objective function value (OFV), resulting in an in-
crease of 16.51 units compared to the first-order absorption model,
indicating a statistically worse fit (AOFV > 3.84, p < 0.05). Further-
more, goodness-of-fit diagnostics and pcVPCs did not indicate any
improvement in the description of isavuconazole absorption or its
pharmacokinetic variability. Given the worsening of the OFV and the
lack of meaningful enhancement in model performance, the simpler
first-order absorption model was retained as it provided a more parsi-
monious and adequate representation of isavuconazole
pharmacokinetics.

Based on previous isavuconazole PK models, body size metrics were
a priori evaluated on the CL/F of the drug. Among the anthropometric
parameters assessed (BSA, TBW, BMI), BSA with an allometric scaling
relationship (BSA/1.8)'® yielded the highest degree of influence on
isavuconazole clearance and was considered the base model for further
covariate assessment.

In the covariate analysis conducted, serum ALB exhibited significant
influence on CL/F (p-value < 0.01) and were incorporated into the final
model. The inclusion of these covariates in the model reduced interin-
dividual variability (IIV) on CL/F from an initial value of 31.1 % to
20.61 % (Table 2). The final isavuconazole CL/F model is described by
the following equation:
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Fig. 1. Goodness-of-fit plots of the final model developed. (a) observed concentrations versus population predicted concentrations; (b) observed concentrations
versus individual predicted concentrations; (c) conditional weighted residuals versus time; (d) conditional weighted residuals versus observed concentrations. Solid
line: identity line; open circles: isavuconazole concentrations; red solid line: locally weighted scatterplot smoothing (LOWESS).
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O

Isavuconazole concentration (mg/L)
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Time since last dose (hours)
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Fig. 2. Prediction-corrected visual predictive check (pcVPC) for the concentration-time after-dose profiles of isavuconazole in the studied population. The figure
shows the empirical median and 5th and 95th empirical percentiles (solid lines), the theoretical median and the 5th and 95th theoretical percentiles (dashed lines),
the 95 % confidence interval of the theoretical median and percentiles (shaded areas), and the observed isavuconazole concentrations (open circles).

CL (BSA

1.8
=383 x ﬁ> x (1-0.19 x (ALB—3.1))

where isavuconazole CL/F, BSA, and ALB represent apparent clearance,
body surface area, and serum albumin, expressed in L/h, m?, and g/dL,
respectively. Patients with missing albumin values were assigned a
factor of 1, assuming no effect of ALB on CL/F in these cases. Graphical
exploration did not reveal a differential effect of ALB at lower albumin
levels, suggesting a linear relationship with CL/F across the observed
range.

The V/F was estimated at 226 L, but its interindividual variability
could not be estimated due to the limited data available. The RUV was
7.16 % (proportional error model).

3.3. Model evaluation

All pharmacokinetic parameters were estimated with adequate pre-
cision, as the relative standard error (RSE) was < 35 % for all fixed-effect
parameters. No systematic bias was observed, with shrinkage values <
20 % for all parameters.

No significant differences were observed between the mean PK pa-
rameters obtained from the bootstrap analysis and the final PK param-
eter estimates. Additionally, all estimated parameters fell within the 95
% confidence intervals (CI) of the bootstrap results, supporting the
robustness of the final model. None of the 1000 bootstrap runs were
discarded due to boundary estimates, further demonstrating the stability
of the model (Table 2).

Goodness-of-fit plots of the final popPK model showed a lack of
structural bias and proper correlation between population and individ-
ual model-based predictions compared to the observed data (Fig. 1).

The pcVPC demonstrated an adequate description of the isavuco-
nazole concentration-time course and its associated pharmacokinetic

variability using the developed model (Fig. 2). Although individual
concentration values and profile shapes are not directly interpretable
due to the applied correction, this methodology, widely used in popu-
lation pharmacokinetic models, further supports the reliability of the
model in predicting isavuconazole pharmacokinetics.

4. Discussion

Therapeutic drug monitoring has been established as a key tool for
optimizing the dosing of azole antifungals such as voriconazole, pos-
aconazole, and itraconazole, allowing for treatment personalization,
improved clinical outcomes, and minimized adverse effects
(Pena-Lorenzo et al., 2022; Tissot et al., 2017; Ullmann et al., 2018). In
particular, hematological patients exhibit pharmacokinetic alterations
that may affect drug exposure, making TDM an essential strategy in this
population (Laverdiere et al., 2014). While the need for TDM is well
documented for other azoles, evidence regarding the clinical utility of
isavuconazole TDM remains limited, highlighting the need for further
studies to support its implementation in clinical practice.

The integration of popPK models within a Bayesian forecasting
framework offers notable advantages for individualized dosing strate-
gies. This approach enables the precise characterization of population-
average PK parameters, as well as intra- and inter-individual vari-
ability, while identifying and quantifying key determinants of PK
behavior. Despite these advantages, data on the pharmacokinetic
behavior of isavuconazole in hematological patients remain scarce, and
no specific population models have been developed to support TDM in
this population. Therefore, access to robust and validated popPK models
is essential for the successful implementation of an isavuconazole TDM
program in routine clinical practice.

Expanding on this, we developed a popPK model based on data
collected from 52 hematological patients treated with isavuconazole,
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Fig. 3. Simulated time-concentration profiles of isavuconazole. Four panels corresponding to different BSA (m?) values are presented: (a) 1.5, (b) 1.75, (c) 2, and (d)
2.25. Each panel illustrates the evolution of plasma concentrations for four albumin levels (1.5, 2.5, 3.5, and 4.5 g/dL) under a dosing regimen that includes a loading
dose (6 doses of 200 mg every 8 h during the first 48 h) followed by a maintenance dose of 200 mg, simulated over 2 weeks of treatment. The red dashed lines
indicate the lower (2 mg/mL) and upper (5 mg/mL) limits of the therapeutic range.

administered either orally or intravenously. In these patients the PK of
isavuconazole in hematological patients was best described by a one-
compartment model with first order absorption and elimination. Due
to the limited availability of peak concentration data, the one-
compartment model demonstrated higher parameter accuracy
compared to a two-compartment model, which exhibited relatively
lower accuracy in predicting peak concentrations.

It is important to note that since the efficacy and toxicity of isavu-
conazole appear to primarily depend on minimum concentrations, the
maximum concentrations do not seem to pose a significant issue in this
sense. This further supports the validity of the one-compartment model,
which focuses on the key parameters affecting the drug’s therapeutic
profile, rather than emphasizing maximum concentrations which may
be less clinically relevant in this case.

Additionally, we explored an alternative Weibull-type absorption
model, which included a time-dependent absorption function. However,
this model did not improve the objective function value compared to the
first-order absorption model, leading to the retention of the simpler
model. Although the Weibull model was tested, the limited availability
of peak concentration data and the lack of significant improvement in
the fit led to the decision to fix the Ka to the values previously reported
by Cojutti et al. (2021), as this provided a more accurate and reliable
representation of isavuconazole pharmacokinetics.

Model evaluation with goodness-of-fit plots, pcVPC, and bootstrap
procedures demonstrated strong stability and reliable predictive per-
formance of the final popPK model. Although increased variability in
isavuconazole concentrations was observed at 12 h post-dose, the pcVPC
showed that the model adequately captured both the median and vari-
ability at that time point. Most of these samples came from patients
receiving individualized 12 h dosing regimens based on TDM. Therefore,
the observed dispersion likely reflects true pharmacokinetic variability

under non-standard conditions, rather than model misspecification, and
does not compromise the predictive performance of the model.

The estimated population CL/F of isavuconazole was 3.83 L/h,
which falls within the range reported in previous popPK studies in adult
patients (1.52-4.28 L/h) (Cojutti et al., 2021; Desai et al., 2016a; Shirae
et al., 2023; Wu et al., 2020). However, a direct comparison with CL/F
values in hematological patients was not possible due to the lack of
specific data in this population. In addition, the IIV on CL/F in our
population was 20.61 %, substantially lower than the values reported in
the literature (36.9 %—60.4 %) (Chen et al., 2023).

The estimated V/F was 226 L, which is relatively lower compared to
some previously published models. However, comparing this value
directly with other studies is challenging, as most of them employed a
two-compartment model with Weibull absorption and first-order elim-
ination, whereas our model used a one-compartment approach. The use
of a two-compartment model can affect the estimated V/F, as it assumes
a more complex distribution of the drug in the body with both central
and peripheral compartments, which might result in a lower central
volume of distribution compared to a simpler one-compartment model.
This difference in modeling strategy, along with the specific character-
istics of the hematologic patient population in our study, may explain
the observed variation in V/F estimates.

Furthermore, the proportional RUV in our model was 7.16 %, which
is also lower than previously reported values (17.4 %-36.1 %) (Chen
et al., 2023). This low RUV, together with the reduced IIV on CL/F,
supports the improved robustness and predictive precision of our model
compared to earlier models.

The popPK model developed in this study evaluated the influence of
various factors on isavuconazole exposure. Among them, ALB levels and
BSA were identified as significant covariates affecting clearance. Isa-
vuconazole CL/F increases as ALB levels decrease, potentially reducing
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Fig. 4. Isavuconazole model-informed precision dosing nomogram. The figure illustrates the interaction between body surface area (BSA) and albumin (ALB) in
determining the minimum dose required to maintain plasma concentrations within the therapeutic range (2-5 mg/mL). The intersection of these values, as indicated
by the color scale in the legend, reveals the recommended maintenance daily dose of isavuconazole that ensures the therapeutic range is achieved.

total drug exposure while increasing free drug concentrations. Given
that isavuconazole exhibits a high plasma protein binding rate (98-99
%), primarily to serum albumin, lower protein levels may lead to
reduced binding and a higher proportion of free drug. Since only the free
drug is available for distribution to tissues, including metabolic and
excretory organs, protein binding plays a key role in isavuconazole
elimination (Jansen et al., 2023; McCarthy et al., 2018).

In addition to ALB influence on isavuconazole elimination, BSA is a
key determinant of clearance. Higher BSA is linked to increased meta-
bolic capacity and blood flow to elimination organs, resulting in greater
clearance. This observation aligns with allometric scaling principles,
which relate clearance directly to body size (Anderson and Holford,
2008). Consequently, patients with higher BSA may require dosage
adjustments to optimize therapeutic exposure. Moreover, other authors
have identified lean body mass as an additional allometric parameter
affecting isavuconazole elimination, underscoring the role of body
composition in pharmacokinetic variability (Shirae et al., 2023).

These findings are especially relevant in hematologic patients, who
frequently present with hypoalbuminemia due to systemic inflamma-
tion, chemotherapy-induced toxicity, or malnutrition (Lopez-Delgado
et al., 2024; Soeters et al., 2019). Moreover, reduced BSA is commonly
observed in elderly or cachectic patients, who make up a substantial
proportion of this population (Maccio et al., 2015). These pathophysi-
ological features may contribute to the observed variability in isavuco-
nazole clearance, supporting the clinical relevance of incorporating ALB
and BSA into individualized dosing strategies.

Since our results show that ALB and BSA appear to be important
considerations for appropriate isavuconazole dosing, deterministic
simulations were carried out to quantify the impact of these covariates
on dose requirements.

As illustrated in Fig. 3, higher dose requirements have been
described in patients with elevated BSA and in patients with

hypoalbuminemia. Since dose escalation appears necessary in some
patients, the nomogram proposed in Fig. 4 could be useful for selecting
the maintenance dose of isavuconazole to avoid unnecessary
underexposure.

Several population pharmacokinetic studies have identified race,
sex, liver function, patient type, and creatinine clearance (CLcr) as sig-
nificant covariates influencing isavuconazole clearance. For instance,
CL/F has been reported to be approximately 36 % lower in Asian pa-
tients compared to Caucasians (Desai et al., 2016a), lower in elderly
women than in men (Desai et al., 2019), and reduced in patients with
mild-to-moderate hepatic impairment (Desai et al., 2016a). Addition-
ally, CL has been found to be lower in patients compared to healthy
volunteers (Shirae et al., 2023) and to increase slightly with higher CLcr
(Shirae et al., 2023). However, our population consisted exclusively of
Caucasian patients and no healthy volunteers, so these covariates could
not be assessed.

In our study, neither sex, renal function, nor hepatic function
significantly influenced isavuconazole clearance, suggesting that dose
adjustments based on these variables may not be necessary in this spe-
cific population. However, future research in more diverse populations
could help confirm these findings and further evaluate other potential
determinants of the drug’s pharmacokinetic variability.

On the other hand, although our study did not evaluate the potential
impact of genetic polymorphisms on isavuconazole exposure or its in-
teractions with CYP3A4/5 inhibitors or inducers, it is relevant to
consider that, as a substrate of this isoenzyme, these drugs could theo-
retically influence its pharmacokinetic parameters through drug-drug
interactions. However, in the population pharmacokinetic studies con-
ducted by Desai et al. (2016a), Shirae et al. (2023), the effect of
CYP3A4/5 inhibitors was not included as a covariate in the final models,
suggesting that their clinical impact may be limited. These findings
support the idea that, despite the pharmacological basis for such
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interactions, their practical relevance in isavuconazole exposure may
not be significant.

This study has some limitations. First, the sample size was small and,
as previously mentioned, the analysis mainly involved trough concen-
trations, which was not sufficiently informative to adequately charac-
terize the absorption phase in the studied population and made it
necessary to fix the absorption parameters to previous reported values.
Although some hospitalized patients contributed samples during the
absorption window (e.g., at 2 or 3.5 h post-dose), the overall sampling
density in this phase was limited, particularly among outpatients. A
Weibull absorption model was explored but did not improve model
performance, likely due to this sparsity. Future studies could benefit
from targeted sampling in the early post-dose period or from leveraging
external data or informative priors to support absorption parameter
estimation. Secondly, due to the lack of additional patients, an external
evaluation of the model could not be performed. This would have been
particularly valuable for confirming the absorption model assumed in
the final popPK model.

This study presents several strengths. The popPK model proposed
was performed with real-world patients rather than in a clinical trial
framework, which adds valuable information regarding isavuconazole
PK in the clinical routine setting. The developed popPK model
adequately described isavuconazole concentrations in hematologic pa-
tients, a population not previously studied in this context. To our
knowledge, this is the first study conducted in hematologic patients.
Furthermore, the main findings of this study are the factors identified as
having a significant impact on isavuconazole pharmacokinetics, leading
to the proposal of a nomogram based on PK/PD criteria. Indeed, the
proposed isavuconazole popPK model should be considered for MIPD of
this drug in adult hematologic populations.

5. Conclusions

In conclusion, the population pharmacokinetic model developed
adequately characterized the pharmacokinetics of isavuconazole in he-
matologic patients following oral and intravenous administration. ALB
and BSA were identified as covariates influencing isavuconazole CL/F in
adult hematologic patients. Additional studies are required to better
characterize the absorption of isavuconazole in the studied population,
as well as its implications on drug elimination and dosing recommen-
dations for the higher isavuconazole doses proposed.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

CRediT authorship contribution statement

Diego Pena-Lorenzo: Writing - original draft, Methodology,
Investigation, Formal analysis, Data curation, Conceptualization. José
German Sanchez-Hernandez: Writing — review & editing, Software,
Methodology, Data curation, Conceptualization. Irene Conde-
Gonzalez: Investigation, Data curation. Aranzazu Zarzuelo-Casta-
neda: Writing — review & editing, Validation, Methodology, Investiga-
tion. Noemi Rebollo: Writing — review & editing, Methodology, Formal
analysis. Lourdes Vazquez-Lopez: Supervision. Maria José Otero:
Supervision.

Declaration of competing interest
The authors declare no conflict of interest.
Acknowledgments

The authors would like to thank the patients, investigators, and the

European Journal of Pharmaceutical Sciences 212 (2025) 107157

medical, nursing, and laboratory staff who participated in the clinical
studies included in the present work.

Data availability
The data that has been used is confidential.

References

Afhami, S., Adibimehr, A., Mousavi, S.A., Vaezi, M., Montazeri, M., Salehi, M.,
Meidani, M., Saleh, M., Ahmadikia, K., Roilides, E., Maertens, J., Alijani, N., 2024.
Rate, risk factors, and outcomes of invasive fungal infections in patients with
hematologic malignancies. Int. J. Hematol. Stem Cell Res. 18, 75-82. https://doi.
org/10.18502/ijhoscr.v18i1.14746.

Anderson, B.J., Holford, N.H.G., 2008. Mechanism-based concepts of size and maturity in
pharmacokinetics. Annu. Rev. Pharmacol. Toxicol. 48, 303-332. https://doi.org/
10.1146/annurev.pharmtox.48.113006.094708.

Andes, D., Kovanda, L., Desai, A., Kitt, T., Zhao, M., Walsh, T.J., 2018. Isavuconazole
concentration in real-world practice: consistency with results from clinical trials.
Antimicrob. Agents Chemother. 62, 1-4. https://doi.org/10.1128/AAC.00585-18.

Beal, S.L., Sheiner, L.B., Boeckmann, A.J., Bauer, R.J., 2020. NONMEM 7.5 users guides
(1989-2020). ICON plc, Gaithersburg, MD.

Bergstrand, M., Hooker, A.C., Wallin, J.E., Karlsson, M.O., 2011. Prediction-corrected
visual predictive checks for diagnosing nonlinear mixed-effects models. AAPS J. 13,
143-151. https://doi.org/10.1208/512248-011-9255-z.

Borman, A.M., Hughes, J.M., Oliver, D., Fraser, M., Sunderland, J., Noel, A.R.,
Johnson, E.M., 2020. Lessons from isavuconazole therapeutic drug monitoring at a
United Kingdom Reference Center. Med. Mycol. 58, 996-999. https://doi.org/
10.1093/mmy/myaa022.

Bose, P., McCue, D., Wiederhold, N.P., Kadia, T.M., Borthakur, G., Ravandi, F.,

Yilmaz, M., Takahashi, K., Thompson, P.A., Pemmaraju, N., Daver, N.G., Burger, J.
A., Cortes, J.E., Garcia-Manero, G., Verstovsek, S., Konopleva, M.Y., Jain, N.,
DiNardo, C.D., Alvarado, Y., Naqvi, K., Kornblau, S.M., Ferrajoli, A., Wierda, W.G.,
Estrov, Z.E., Benton, C.B., Masarova, L., Montalban-Bravo, G., Sasaki, K., Rausch, C.
R., Marx, K., Qiao, W., Huang, X., Bivins, C.A., Pierce, S.A., Kantarjian, H.M.,
Kontoyiannis, D.P., 2018. Isavuconazole (ISAV) As primary anti-fungal prophylaxis
in acute myeloid leukemia or myelodysplastic syndrome: an open-label, prospective
study. Blood 132. https://doi.org/10.1182/blood-2018-99-111727, 2674-2674.

Chen, N., Wang, X., Li, Y., Yang, P., Huang, M., Lu, X., 2023. Population
pharmacokinetics of Isavuconazole in adult: a systematic review. Infect. Drug Resist.
16, 7559-7568. https://doi.org/10.2147/IDR.S434622.

Cojutti, P.G., Carnelutti, A., Lazzarotto, D., Sozio, E., Candoni, A., Fanin, R., Tascini, C.,
Pea, F., 2021. Population pharmacokinetics and pharmacodynamic target
attainment of isavuconazole against aspergillus fumigatus and aspergillus flavus in
adult patients with invasive fungal diseases: should therapeutic drug monitoring for
isavuconazole be considered as. Pharmaceutics 13. https://doi.org/10.3390/
pharmaceutics13122099.

Darnaud, L., Lamoureux, F., Godet, C., Pontier, S., Debard, A., Venisse, N., Martins, P.,
Concordet, D., Gandia, P., 2018. Isavuconazole kinetic exploration for clinical
practice. Drugs R D 18, 317-321. https://doi.org/10.1007/5s40268-018-0251-y.

Denning, D.W., Cadranel, J., Beigelman-Aubry, C., Ader, F., Chakrabarti, A., Blot, S.,
Ullmann, A.J., Dimopoulos, G., Lange, C., 2016. Chronic pulmonary aspergillosis:
rationale and clinical guidelines for diagnosis and management. Eur. Respir. J. 47,
45-68. https://doi.org/10.1183/13993003.00583-2015.

Desai, A., Kovanda, L., Kowalski, D., Lu, Q., Townsend, R., Bonate, P.L., 2016a.
Population pharmacokinetics of isavuconazole from phase 1 and phase 3 (SECURE)
trials in adults and target attainment in patients with invasive infections due to
Aspergillus and other filamentous fungi. Antimicrob. Agents Chemother. 60,
5483-5491. https://doi.org/10.1128/AAC.02819-15.

Desai, A., Schmitt-Hoffmann, A.-H., Mujais, S., Townsend, R., 2016b. Population
pharmacokinetics of Isavuconazole in subjects with mild or moderate hepatic
impairment. AAC Accept. Manuscr. Posted Online Antimicrob. Agents Chemother.
60, 3025-3031. https://doi.org/10.1128/AAC.02942-15.Address.

Desai, A.V., Han, D., Kowalski, D.L., Lademacher, C., Pearlman, H., Yamazaki, T., 2019.
No dose adjustment for isavuconazole based on age or sex. Antimicrob. Agents
Chemother. 63, 1-8. https://doi.org/10.1128/AAC.02629-18.

Ellsworth, M., Ostrosky-Zeichner, L., 2020. Isavuconazole: mechanism of action, clinical
efficacy, and resistance. J. Fungi 6, 1-10. https://doi.org/10.3390/jof6040324.

Ette, E.I., Williams, P.J., 2007. Pharmacometrics: the Science of Quantitative
Pharmacology. Wiley-Interscience, New York, New York.

Furfaro, E., Signori, A., Di Grazia, C., Dominietto, A., Raiola, A.M., Aquino, S., Ghiggi, C.,
Ghiso, A., Ungaro, R., Angelucci, E., Viscoli, C., Mikulska, M., 2019. Serial
monitoring of isavuconazole blood levels during prolonged antifungal therapy.

J. Antimicrob. Chemother. 74, 2341-2346. https://doi.org/10.1093/jac/dkz188.

Jansen, A.M.E., ter Heine, R., Verweij, P.E., Briiggemann, R.J.M., 2023. High variability
in Isavuconazole unbound fraction in clinical practice: a call to reconsider
pharmacokinetic/pharmacodynamic targets and breakpoints. Clin. Pharmacokinet.
https://doi.org/10.1007/540262-023-01311-w.

Kabulski, G.M., MacVane, S.H., 2018. Isavuconazole pharmacokinetics in a patient with
cystic fibrosis following bilateral orthotopic lung transplantation. Transpl. Infect.
Dis. 20. https://doi.org/10.1111/tid.12878.

Kosmidis, C., Otu, A., Moore, C.B., Richardson, M.D., Rautemaa-Richardson, R., 2021.
Isavuconazole therapeutic drug monitoring during long-term treatment for chronic


https://doi.org/10.18502/ijhoscr.v18i1.14746
https://doi.org/10.18502/ijhoscr.v18i1.14746
https://doi.org/10.1146/annurev.pharmtox.48.113006.094708
https://doi.org/10.1146/annurev.pharmtox.48.113006.094708
https://doi.org/10.1128/AAC.00585-18
http://refhub.elsevier.com/S0928-0987(25)00156-3/sbref0004
http://refhub.elsevier.com/S0928-0987(25)00156-3/sbref0004
https://doi.org/10.1208/s12248-011-9255-z
https://doi.org/10.1093/mmy/myaa022
https://doi.org/10.1093/mmy/myaa022
https://doi.org/10.1182/blood-2018-99-111727
https://doi.org/10.2147/IDR.S434622
https://doi.org/10.3390/pharmaceutics13122099
https://doi.org/10.3390/pharmaceutics13122099
https://doi.org/10.1007/s40268-018-0251-y
https://doi.org/10.1183/13993003.00583-2015
https://doi.org/10.1128/AAC.02819-15
https://doi.org/10.1128/AAC.02942-15.Address
https://doi.org/10.1128/AAC.02629-18
https://doi.org/10.3390/jof6040324
http://refhub.elsevier.com/S0928-0987(25)00156-3/sbref0016
http://refhub.elsevier.com/S0928-0987(25)00156-3/sbref0016
https://doi.org/10.1093/jac/dkz188
https://doi.org/10.1007/s40262-023-01311-w
https://doi.org/10.1111/tid.12878

D. Pena-Lorenzo et al.

pulmonary aspergillosis. Antimicrob. Agents Chemother. 65. https://doi.org/
10.1128/AAC.01511-20.

Kovanda, L.L., Desai, A.V., Lu, Q., Townsend, R.W., Akhtar, S., Bonate, P., Hope, W.,
2016. Nonparametric estimation in patients with invasive fungal disease (Results
from the VITAL Study) 60, 4568-4576. 10.1128/AAC.00514-16.Address.

Laverdiere, M., Bow, E.J., Rotstein, C., Autmizguine, J., Broady, R., Garber, G.,

Haider, S., Hussaini PharmD, T., Husain, S., Ovetchkine, P., Seki PharmD, J.T.,
Théorét, Y., 2014. Therapeutic drug monitoring for triazoles: a needs assessment
review and recommendations from a Canadian perspective. Can. J. Infect. Dis. Med.
Microbiol. 25, 327-343.

Li, J., Ma, J., Wagar, E.A., Liang, D., Meng, Q.H., 2018. A rapid ultra-performance LC-
MS/MS assay for determination of serum unbound fraction of voriconazole in cancer
patients. Clin. Chim. Acta 486, 36-41. https://doi.org/10.1016/j.cca.2018.07.022.

Lindbom, L., Pihlgren, P., Jonsson, N., 2005. PsN-Toolkit - A collection of computer
intensive statistical methods for non-linear mixed effect modeling using NONMEM.
Comput. Methods Programs Biomed. 79, 241-257. https://doi.org/10.1016/j.
c¢mpb.2005.04.005.

Lopez-Delgado, J.C., Patel, J.J., Stoppe, C., McClave, S.A., 2024. Considerations for
medical nutrition therapy management of the critically ill patient with
hematological malignancies: a narrative review. Nutr. Clin. Pract. 39, 800-814.
https://doi.org/10.1002/ncp.11152.

Maccio, A., Madeddu, C., Gramignano, G., Mulas, C., Tanca, L., Cherchi, M.C., Floris, C.,
Omoto, 1., Barracca, A., Ganz, T., 2015. The role of inflammation, iron, and
nutritional status in cancer-related anemia: results of a large, prospective,
observational study. Haematologica 100, 124-132. https://doi.org/10.3324/
haematol.2014.112813.

Maertens, J.A., Raad, LI, Marr, K.A., Patterson, T.F., Kontoyiannis, D.P., Cornely, O.A.,
Bow, E.J., Rahav, G., Neofytos, D., Aoun, M., Baddley, J.W., Giladi, M., Heinz, W.J.,
Herbrecht, R., Hope, W., Karthaus, M., Lee, D.G., Lortholary, O., Morrison, V.A.,
Oren, 1., Selleslag, D., Shoham, S., Thompson, G.R., Lee, M., Maher, R.M., Schmitt-
Hoffmann, A.H., Zeiher, B., Ullmann, A.J., 2016. Isavuconazole versus voriconazole
for primary treatment of invasive mould disease caused by Aspergillus and other
filamentous fungi (SECURE): a phase 3, randomised-controlled, non-inferiority trial.
Lancet 387, 760-769. https://doi.org/10.1016/50140-6736(15)01159-9.

Marty, F.M., Ostrosky-Zeichner, L., Cornely, O.A., Mullane, K.M., Perfect, J.R.,
Thompson, G.R., Alangaden, G.J., Brown, J.M., Fredricks, D.N., Heinz, W.J.,
Herbrecht, R., Klimko, N., Klyasova, G., Maertens, J.A., Melinkeri, S.R., Oren, I.,
Pappas, P.G., Récil, Z., Rahav, G., Santos, R., Schwartz, S., Vehreschild, J.J.,
Young, J.A.H., Chetchotisakd, P., Jaruratanasirikul, S., Kanj, S.S., Engelhardt, M.,
Kauthold, A., Ito, M., Lee, M., Sasse, C., Maher, R.M., Zeiher, B., Vehreschild, M.J.G.
T., 2016. Isavuconazole treatment for mucormycosis: a single-arm open-label trial
and case-control analysis. Lancet Infect. Dis. 16, 828-837. https://doi.org/10.1016/
$1473-3099(16)00071-2.

McCarthy, M.W., Moriyama, B., Petraitiene, R., Walsh, T.J., Petraitis, V., 2018. Clinical
pharmacokinetics and pharmacodynamics of Isavuconazole. Clin. Pharmacokinet.
57, 1483-1491. https://doi.org/10.1007/540262-018-0673-2.

Nguyen, T.H.T., Mouksassi, M.S., Holford, N., Al-Huniti, N., Freedman, I., Hooker, A.C.,
John, J., Karlsson, M.O., Mould, D.R., Perez Ruixo, J.J., Plan, E.L., Savic, R., Van
Hasselt, J.G.C., Weber, B., Zhou, C., Comets, E., Mentre, F., 2017. Model evaluation
of continuous data pharmacometric models: metrics and graphics. CPT
Pharmacomet. Syst. Pharmacol. 6, 87-109. https://doi.org/10.1002/psp4.12161.

Pena-Lorenzo, D., Rebollo, N., Sanchez-Hernandez, J.G., Zarzuelo-Castaneda, A.,
Vazquez-Lépez, L., Otero, M.J., Pérez-Blanco, J.S., 2022. Population

European Journal of Pharmaceutical Sciences 212 (2025) 107157

pharmacokinetics of a posaconazole tablet formulation in transplant adult allogeneic
stem cell recipients. Eur. J. Pharm. Sci. 168, 106049. https://doi.org/10.1016/j.
€jps.2021.106049.

Savic, R.M., Karlsson, M.O., 2009. Importance of shrinkage in empirical bayes estimates
for diagnostics: problems and solutions. AAPS J. 11, 558-569. https://doi.org/
10.1208/512248-009-9133-0.

Shirae, S., Tsuruya, Y., Kozaki, T., Mizuhata, J., Ose, A., 2023. Population
pharmacokinetics, exposure—safety, and probability of target attainment analyses for
Isavuconazole in Japanese patients with deep-seated mycoses. J. Clin. Pharmacol.
63, 704-714. https://doi.org/10.1002/jcph.2212.

Smith, G., 2012. European medicines agency guideline on bioanalytical method
validation: what more is there to say? Bioanalysis 4, 865-868. https://doi.org/
10.4155/bio.12.44.

Soeters, P.B., Wolfe, R.R., Shenkin, A., 2019. Hypoalbuminemia: pathogenesis and
clinical significance. J. Parenter. Enter. Nutr. 43, 181-193. https://doi.org/10.1002/
jpen.1451.

Tissot, F., Agrawal, S., Pagano, L., Petrikkos, G., Groll, A.H., Skiada, A., Lass-Florl, C.,
Calandra, T., Viscoli, C., Herbrecht, R., 2017. ECIL-6 guidelines for the treatment of
invasive candidiasis, aspergillosis and mucormycosis in leukemia and hematopoietic
stem cell transplant patients. Haematologica 102, 433-444. https://doi.org/
10.3324/haematol.2016.152900.

Ullmann, A.J., Aguado, J.M., Arikan-Akdagli, S., Denning, D.W., Groll, A.H., Lagrou, K.,
Lass-Florl, C., Lewis, R.E., Munoz, P., Verweij, P.E., Warris, A., Ader, F., Akova, M.,
Arendrup, M.C., Barnes, R.A., Beigelman-Aubry, C., Blot, S., Bouza, E.,
Briiggemann, R.J.M., Buchheidt, D., Cadranel, J., Castagnola, E., Chakrabarti, A.,
Cuenca-Estrella, M., Dimopoulos, G., Fortun, J., Gangneux, J.P., Garbino, J.,
Heinz, W.J., Herbrecht, R., Heussel, C.P., Kibbler, C.C., Klimko, N., Kullberg, B.J.,
Lange, C., Lehrnbecher, T., Loffler, J., Lortholary, O., Maertens, J., Marchetti, O.,
Meis, J.F., Pagano, L., Ribaud, P., Richardson, M., Roilides, E., Ruhnke, M.,
Sanguinetti, M., Sheppard, D.C., Sinkd, J., Skiada, A., Vehreschild, M.J.G.T.,
Viscoli, C., Cornely, O.A., 2018. Diagnosis and management of Aspergillus diseases:
executive summary of the 2017 ESCMID-ECMM-ERS guideline. Clin. Microbiol.
Infect. 24, e1-e38. https://doi.org/10.1016/j.cmi.2018.01.002.

U.S. Food and Drug Administration. Bioanalytical method validation: guidance for
industry. U.S. Department of Health and Human Services, Center for Drug
Evaluation and Research (CDER) and Center for Veterinary Medicine (CVM), 2018.
Available at: https://www.fda.gov/media/70858/download.

Wu, X., Venkataramanan, R., Rivosecchi, R.M., Tang, C., Marini, R.V., Shields, R.K.,
Clancy, C.J., Nguyen, M.H., 2020. Population pharmacokinetics of intravenous
isavuconazole in solid-organ transplant recipients. Antimicrob. Agents Chemother.
64, 1-13. https://doi.org/10.1128/AAC.01728-19.

Zhao, Y., Seelhammer, T.G., Barreto, E.F., Wilson, J.W., 2020. Altered pharmacokinetics
and dosing of liposomal amphotericin B and isavuconazole during extracorporeal
membrane oxygenation. Pharmacotherapy 40, 89-95. https://doi.org/10.1002/
phar.2348.

Zurl, C., Waller, M., Schwameis, F., Muhr, T., Bauer, N., Zollner-Schwetz, L., Valentin, T.,
Meinitzer, A., Ullrich, E., Wunsch, S., Hoenigl, M., Grinschgl, Y., Prattes, J.,
Oulhaj, A., Krause, R., 2020. Isavuconazole treatment in a mixed patient cohort with
invasive fungal infections: outcome, tolerability and clinical implications of
isavuconazole plasma concentrations. J. Fungi 6, 1-10. https://doi.org/10.3390/
jof6020090.


https://doi.org/10.1128/AAC.01511-20
https://doi.org/10.1128/AAC.01511-20
https://doi.org/10.1128/AAC.00514-16.Address
http://refhub.elsevier.com/S0928-0987(25)00156-3/sbref0023
http://refhub.elsevier.com/S0928-0987(25)00156-3/sbref0023
http://refhub.elsevier.com/S0928-0987(25)00156-3/sbref0023
http://refhub.elsevier.com/S0928-0987(25)00156-3/sbref0023
http://refhub.elsevier.com/S0928-0987(25)00156-3/sbref0023
https://doi.org/10.1016/j.cca.2018.07.022
https://doi.org/10.1016/j.cmpb.2005.04.005
https://doi.org/10.1016/j.cmpb.2005.04.005
https://doi.org/10.1002/ncp.11152
https://doi.org/10.3324/haematol.2014.112813
https://doi.org/10.3324/haematol.2014.112813
https://doi.org/10.1016/S0140-6736(15)01159-9
https://doi.org/10.1016/S1473-3099(16)00071-2
https://doi.org/10.1016/S1473-3099(16)00071-2
https://doi.org/10.1007/s40262-018-0673-2
https://doi.org/10.1002/psp4.12161
https://doi.org/10.1016/j.ejps.2021.106049
https://doi.org/10.1016/j.ejps.2021.106049
https://doi.org/10.1208/s12248-009-9133-0
https://doi.org/10.1208/s12248-009-9133-0
https://doi.org/10.1002/jcph.2212
https://doi.org/10.4155/bio.12.44
https://doi.org/10.4155/bio.12.44
https://doi.org/10.1002/jpen.1451
https://doi.org/10.1002/jpen.1451
https://doi.org/10.3324/haematol.2016.152900
https://doi.org/10.3324/haematol.2016.152900
https://doi.org/10.1016/j.cmi.2018.01.002
https://www.fda.gov/media/70858/download
https://doi.org/10.1128/AAC.01728-19
https://doi.org/10.1002/phar.2348
https://doi.org/10.1002/phar.2348
https://doi.org/10.3390/jof6020090
https://doi.org/10.3390/jof6020090

	Population pharmacokinetics of isavuconazole in hematologic patients: implications for model-informed precision dosing
	1 Introduction
	2 Materials and methods
	2.1 Study design and population
	2.2 TDM strategy
	2.3 Isavuconazole determination
	2.4 Population pharmacokinetic analysis
	2.5 Model based simulations and model-informed precision dosing nomogram

	3 Results
	3.1 Patient characteristics
	3.2 Population pharmacokinetic model
	3.3 Model evaluation

	4 Discussion
	5 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


