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Abstract
Background and Objectives Isavuconazole is a broad-spectrum antifungal agent for the management of invasive fungal dis-
ease. Optimised drug exposure is critical for patient outcomes, specifically in the critically ill population. Solid information 
on isavuconazole pharmacokinetics including protein binding in patients in the intensive care unit is scarce. We aimed to 
describe the total and unbound isavuconazole pharmacokinetics and subsequently propose a dosage optimisation strategy.
Methods A prospective multi-centre study in adult intensive care unit patients receiving isavuconazole was performed. Blood 
samples were collected on eight timepoints over one dosing interval between days 3–7 of treatment and optionally on one 
timepoint after discontinuation. Total and unbound isavuconazole pharmacokinetics were analysed by means of population 
pharmacokinetic modelling using NONMEM. The final model was used to perform simulations to assess exposure described 
by the area under the concentration–time curve and propose an adaptive dosing approach.
Results Population pharmacokinetics of total and unbound isavuconazole were best described by an allometrically scaled 
two-compartment model with a saturable protein-binding model and interindividual variability on clearance and the maxi-
mum binding capacity. The median (range) isavuconazole unbound fraction was 1.65% (0.83–3.25%). After standard dosing, 
only 35.8% of simulated patients reached a total isavuconazole area under the concentration–time curve > 60 mg·h/L at day 
14. The proposed adaptive dosing strategy resulted in an increase to 62.3% of patients at adequate steady-state exposure.
Conclusions In critically ill patients, total isavuconazole exposure is reduced and protein binding is highly variable. We 
proposed an adaptive dosing approach to enhance early treatment optimisation in this high-risk population.
Clinical Trial Registration ClinicalTrials.gov identifier: NCT04777058.
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Key Points 

We investigated the population pharmacokinetics of total 
and unbound isavuconazole in an intensive care unit 
population. Our findings show low total isavuconazole 
exposure, warranting dosage optimisation. To aid this, 
we developed an adaptive dosing strategy.

Isavuconazole protein binding was highly variable in our 
critically ill population. Our findings on unbound drug 
concentrations provide complementary information to 
the current understanding of isavuconazole pharmacoki-
netics.
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1 Introduction

Isavuconazole is a broad-spectrum triazole antifungal agent 
registered for the treatment of invasive aspergillosis and 
mucormycosis [1, 2]. In the intensive care unit (ICU), the 
reported mortality rates for these invasive fungal diseases 
have been substantially high for decades [3, 4]. Over the past 
years, we have even seen a surge in viral infection-associated 
pulmonary aspergillosis requiring antifungal treatment [5, 
6]. Triazoles are the cornerstone for treatment of invasive 
aspergillosis, with isavuconazole recommended as a first-
line treatment option. The registered dosing regimen con-
sists of a loading dose of isavuconazole 200 mg three times 
daily on days 1 and 2, followed by a maintenance dose of 
isavuconazole 200 mg once daily [1]. Compared with other 
triazoles, isavuconazole shows less drug–drug interactions 
and apparent fewer side effects [7]. Unfortunately, knowl-
edge on the behaviour of this drug in the critically ill popu-
lation is limited.

It is commonly recognised that critically ill patients dem-
onstrate altered and highly variable pharmacokinetics, chal-
lenging adequate drug exposure to ensure optimal clinical 
efficacy and minimal toxicity [8]. Organ dysfunction, capil-
lary leakage, and fluid redistribution in the ICU population 
are likely to impact isavuconazole pharmacokinetics, as it 
is an extensively distributed drug with an elimination half-
life of 100–130 h in the general population [8, 9]. Isavu-
conazole is a highly protein-bound drug, mainly to plasma 
albumin, with reported protein binding of 99.2–99.4% in 
healthy volunteers [9]. To date, information on isavucona-
zole protein binding in critically ill patients is absent. In 
the ICU population, changes in protein binding are common 
and the occurrence of hypoalbuminemia is frequent [10]. At 
high concentrations, bilirubin and urea can be physiological 
inhibitors of drug protein binding [11]. As only the unbound 
fraction of a drug is available for metabolism, clearance, 
and distribution to the target site, changes in protein binding 
may cause changes in pharmacokinetics that require subse-
quent adjustments in dosing. The current one-dose-fits-all 
dosing strategy may, therefore, not be suitable for the ICU 
population.

International guidelines recommend to perform thera-
peutic drug monitoring (TDM) of isavuconazole under 
selected clinical conditions. In the absence of a definite tar-
get concentration, the average trough concentration (Cmin) 
of 2–4 mg/L in individuals who responded to therapy in 
the phase II/III clinical studies is used [12]. Further to 
this, area under the concentration–time curves (AUCs) of 
60 and 233 mg·h/L are considered as these reflect the 25th 
percentile of patients responding to treatment and the mini-
mum exposure observed in patients with increased toxic-
ity in these studies, respectively [13, 14]. In a retrospective 

evaluation of total isavuconazole plasma concentrations in 
an ICU population, the aforementioned threshold was fre-
quently not attained, warranting additional information on 
isavuconazole pharmacokinetics in this group of patients 
[15]. Population pharmacokinetic models may aid in the 
process of model informed precision dosing to improve 
exposure.

Only with thorough knowledge on the pharmacokinet-
ics of isavuconazole in the critically ill patient population 
is individualised dosing possible. Therefore, we aim to 
describe total and unbound isavuconazole pharmacokinetics 
through population pharmacokinetic modelling following a 
prospective observational study in critically ill patients and 
subsequently propose dosage optimisation strategies.

2  Methods

2.1  Study Design and Population

We performed a prospective multi-centre pharmacokinetic 
study on the intensive care units of the Radboud University 
Medical Center (Radboudumc) in Nijmegen, the Netherlands 
and the University Hospitals Leuven in Leuven, Belgium. 
This study was conducted according to the ethical guidelines 
of the Declaration of Helsinki and carried out in accordance 
with the applicable rules concerning the review of research 
ethics committees and informed consent in the Netherlands 
(EC identifier: 2021-7327) and Belgium (EC identifier: 
S65556). All patients or legal representatives were informed 
about the details of this study and provided informed con-
sent. The study was registered at ClinicalTrials.gov (identi-
fier: NCT04777058).

All adult patients admitted to the ICU who received isa-
vuconazole intravenously as part of their treatment and were 
managed with a central venous catheter and/or arterial line 
for blood sampling were eligible for inclusion. Isavucona-
zole dose and duration of therapy were determined at the 
discretion of the treating physician. Dosage adjustments 
following TDM were allowed. Between days 3 and 7 after 
initiation of intravenous isavuconazole therapy, samples 
were collected on a single occasion at t = 0 (pre-dose), and 
t = 0.5, 1, 2, 4, 6, 8 and 12 h after the end of the infusion. 
An optional additional sample was collected 96–300 h after 
discontinuation of isavuconazole therapy.

We collected demographic, microbiological and biochemi-
cal data from the electronic patient record, including age, sex, 
total body weight, height, serum urea, serum bilirubin, Acute 
Physiology And Chronic Health Evaluation II (APACHE II) 
score and Sequential Organ Failure Assessment (SOFA) score 
at ICU admission, indication for isavuconazole therapy, identi-
fied pathogen, duration of ICU admission and drug dose history. 
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Serum albumin and serum total protein levels were centrally 
quantitated for one occasion per individual per study day.

2.2  Study and Sampling Design Justification

We performed a stochastic simulation and estimation analy-
sis of 500 virtual pharmacokinetic studies to evaluate the 
design of this study a priori using a previously developed 
pharmacokinetic model [16]. We used a real-life database 
from the ICU department of the Radboudumc with demo-
graphic data of 11,472 patients. The abovementioned study 
design with a sample size of 20 patients was tested with and 
without the assumption that in half of patients the optional 
sample after discontinuation could be collected. Both sce-
narios resulted in an accurate and precise estimation of 
pharmacokinetic parameters reflected by a relative bias and 
imprecision of ≤ 15%.

2.3  Bio‑Analytical Method

After collection, all samples were centrifuged at 1900g for 
5 min at room temperature and stored locally as plasma at 
− 40 °C or − 80 °C until analysis. Total and unbound isavu-
conazole concentrations in plasma were centrally quantified 
using a fully validated, liquid chromatography-tandem mass 
spectrometry assay. The unbound isavuconazole fraction 
was obtained by ultrafiltration at 37 °C (1650g for 20 min) 
using an  Amicon® 30K Ultra Centrifugal filter. The assay 
was validated in the dynamic range of 0.05–10.0 mg/L 
and 0.001–0.5  mg/L for total and unbound isavucona-
zole concentrations, respectively. The accuracy range was 
95.20–100.22% and 97.80–101.50% for total and unbound 
isavuconazole concentrations, respectively. Within-day and 
between-day precision for total isavuconazole concentrations 
varied between 1.35–3.04% and 0.00–2.44%, respectively. 
For unbound isavuconazole concentrations, within-day and 
between-day precision varied between 3.73–8.29% and 
7.06–12.41%, respectively.

2.4  Pharmacokinetic Analysis

We performed a population pharmacokinetic analysis of 
total and unbound isavuconazole concentrations by means 
of non-linear mixed-effects modelling using the  NONMEM® 
software package (version 7.5.1) with Pirana (version 2.9.9.) 
as an interface for NONMEM, Perl-Speaks-NONMEM, 
Xpose and R [17]. The model was parameterised on the 
unbound concentrations. We considered one-, two- and 
three-compartment models and allometrically scaled all 
clearance and volume parameters a priori to a standardised 
total body weight of 70 kg with allometric exponents of 0.75 

and 1 for clearance and volume parameters, respectively. The 
inter- and intra-individual variability were initially assumed 
to be log-normally distributed, unless the distribution of 
etas showed another distribution as visualised by density 
plots. We used the first-order conditional estimation method 
throughout model development, with the interaction option 
in case of a proportional residual error model. Residual vari-
ability on total and unbound concentrations was evaluated 
using additive, proportional, and combined additive and pro-
portional models with and without correlation.

We based the structural model selection and covariate 
analysis on physiological plausibility, diagnostic goodness-
of-fit plots, a successful covariance step and parameter cor-
relation assessment. Additionally, nested models were sta-
tistically compared using the change in objective function 
value. A decrease in objective function value of at least 3.84 
for chi-squared distribution with one degree of freedom for 
a significance level of p < 0.05 relative to the comparative 
model was considered superior. Non-nested models were 
compared using the Akaike Information Criterion, where 
models with a lower Akaike Information Criterion were con-
sidered superior. We assessed parameter precision using the 
Sampling Importance Resampling procedure [18].

For subjects receiving oral isavuconazole administrations 
prior to intravenous administrations and subsequent study 
inclusion, we included the absorption rate constant (ka) and 
oral bioavailability (F) in the model as fixed values based 
on a previously developed model [19]. Values were fixed 
because no pharmacokinetic samples were obtained during 
these pre-study oral administrations. A sensitivity analysis 
was performed, by running models with values for ka and F 
that were considered at the maximum of realistic, confirming 
that this not heavily affected predictions for this individual 
nor the model in general. For two subjects, information 
regarding the timing of the infusion on the day of pharma-
cokinetic sampling was not adequately documented. There-
fore, the variability in the duration of infusion was estimated 
for these individuals and then fixed in subsequent models.

We tested three different protein-binding models to 
describe the relationship between total and unbound con-
centrations: a specific (saturable), a non-specific (linear), 
and a combined specific and non-specific protein-binding 
model [20, 21]. Details on the protein-binding analysis are 
provided in the Electronic Supplementary Material. In the 
covariate analysis, serum albumin, total protein, urea and 
total bilirubin levels were tested as continuous covariates 
on the protein-binding parameters.

2.5  Evaluation of Unbound Concentration 
Prediction

To assess whether the developed model is suitable to pre-
dict unbound concentrations from total concentrations, we 
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performed an evaluation analysis using the final model. 
Empirical Bayes estimates were determined with the final 
dataset without observations for unbound concentrations to 
retrieve individual predicted total concentrations. We then 
calculated the model derived unbound concentrations from 
the individual predicted total concentrations using the final 
model.

Additionally, we calculated unbound concentrations 
from measured total concentrations under the assumption 
of a constant fixed unbound fraction of 1%, as has been 
considered in all pharmacokinetic and pharmacodynamic 
studies with isavuconazole to date [9]. The predictive per-
formance of both methods compared to the actual measured 
unbound concentrations was determined by evaluation of 
the mean prediction error (MPE) and the normalised root 
mean squared error (NRMSE), normalised to the mean of 
the measured unbound concentrations [22]. We calculated 
confidence intervals for MPE and NRMSE as proposed by 
Sheiner and Beal, and Faber, respectively [22, 23]. For both 
parameters, a value < 20% was considered acceptable.

2.6  Dosage Optimisation

The final population pharmacokinetic model was used to 
perform Monte Carlo simulations for 5000 virtual patients 
receiving the standard isavuconazole dose of three times 
200 mg per day for 2 days, followed by 200 mg once daily. 
Unbound and total isavuconazole Cmin and AUC were simu-
lated at days 3, 7 and 14 of therapy reflecting the end of 
loading doses, the early-phase TDM sample assessment and 
steady state, respectively. We compared our findings to the 
currently recommended threshold total isavuconazole Cmin 
of 2 mg/L and total isavuconazole AUC of 60 mg·h/L [12, 
14].

Additionally, we developed an adaptive exposure-driven 
dosing strategy with the aim to select patients at risk for 
inadequate steady-state exposure early during treatment. 
We defined inadequate exposure as a total AUC at steady 
state below 60 mg·h/L or above 233 mg·h/L, correspond-
ing to the median exposure observed in patients with suc-
cessful treatment outcome in the SECURE trial [12–14]. 
Additional Monte Carlo simulations were performed similar 
to described above, but now with assessment of the total isa-
vuconazole Cmin at 24 h after first dosing and the total isavu-
conazole AUC at steady state (day 14). All simulated trough 
concentrations at 24 h were plotted against AUC at day 14. 
Based on these results, we divided patients in groups with 
adequate and inadequate exposure at day 14. For the group 
with inadequate exposure at day 14, we adjusted dosages 
based on their Cmin at 24 h. The selection of the Cmin thresh-
old that prompted dose adjustments was informed by the 
95th percentile value of observed Cmin at 24 h in the inad-
equate exposure group. Dose adjustments were implemented 

starting from the first maintenance dose onwards under the 
assumption that results for Cmin are not available within 
1 day, i.e. before all loading doses are administered. We then 
re-assessed the steady-state exposure after dose adjustments 
to determine the effect of our strategy.

3  Results

Twenty patients were included in the study. One patient 
with icteric plasma samples was excluded from the anal-
ysis, following the observation that extensive bilirubin 
levels (> 500 µmol/L) were interfering with the quantita-
tion of the isavuconazole unbound concentration (data not 
shown). This resulted in 19 patients with 152 unbound and 
152 total isavuconazole concentrations eligible for analysis. 
Patient characteristics of those included in the analysis are 
presented in Table 1. None of the patients was managed 
by means of extracorporeal membrane oxygenation during 
ICU admission. Seven individuals received renal replace-
ment therapy as continuous veno-venous hemofiltration or 
intermittent haemodialysis at the day of sample collection. 
All patients received the standard isavuconazole dose of 
200 mg three times daily for 2 days, followed by a once-
daily dose of 200 mg, except for three patients. One patient 
received 1 day of loading doses instead of 2 days followed 
by standard maintenance dosing, one patient received one 
dose of 100 mg instead of 200 mg on day 3 after which 
therapy was continued with 200 mg again, and one patient 
received eight 200-mg doses of isavuconazole orally, fol-
lowed by intravenous administrations in an increased dosage 
of 300 mg daily from day 6 of therapy onwards. For the latter 
patient, the pharmacokinetic sampling was performed on 
day 5 of intravenous isavuconazole therapy and day 10 of 
total isavuconazole therapy. The median (range) total ther-
apy duration until the first sample collection was 5 (3–10) 
days. Examination of the patients’ drug history retrieved no 
drugs with clinically relevant drug–drug interactions for any 
patient. Measured unbound and total concentrations ranged 
from 0.012 to 0.131 mg/L and from 0.701 to 7.232 mg/L, 
respectively. All measured concentrations were above the 
lower limit of quantification. The median (range) observed 
unbound fraction of isavuconazole was 1.65% (0.83–3.25%). 
Isavuconazole unbound fraction versus unbound concentra-
tions are presented in Fig. 1. Isavuconazole unbound fraction 
increases non-linearly with the unbound concentration.

3.1  Population Pharmacokinetics

Population pharmacokinetics of unbound and total isa-
vuconazole were best described by a linear two-compart-
mental model with saturable protein binding. The final 
model included interindividual variability on clearance and 
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maximum binding capacity (Bmax) and a proportional resid-
ual error model for both total and unbound concentrations. 
Box-cox transformation of the interindividual variability on 
clearance significantly improved the fit of the model. Pro-
tein binding visually showed to be saturable and was best 
described by a protein-binding model with specific bind-
ing. As it was not possible to estimate kd separately from 
Bmax, reflected by high correlation between thetas, kd was 
fixed to a value of 0.0806 mg/L from a previous study on 
isavuconazole protein binding in non-critically ill patients 
(submitted for publication; data on file Radboudumc). It was 
assumed that for one drug, kd is not likely to vary substan-
tially between patient populations. No significant covari-
ates were identified. Table 2 summarises the parameter esti-
mates with 95% confidence intervals (CIs) of the final model 
parametrised on unbound concentrations. The final model 

control stream with final parameter estimates is available 
via the ESM.

The observed data were overall adequately described by 
the final model, as illustrated by the goodness-of-fit plots 
(Fig. S1) and the prediction-corrected visual predictive 
check plots (Fig. 2). The homogenously distributed condi-
tional weighted residuals over time and predicted concentra-
tions (mainly) within the − 2 to 2 range indicate that there 
was no major model misspecification for both the unbound 
and total isavuconazole data. The slight underprediction 
shown in the observed versus population predicted total 
concentration plot is mainly driven by a few observations 
deviating from the line of unity at higher concentrations, 
indicating that there is still some unexplained variability 
remaining in the current model.

3.2  Evaluation of Unbound Concentration 
Prediction

Results of the evaluation analysis are presented in Fig. 3 and 
Fig. S2 of the ESM. As our final model included a specific 
protein-binding model, the model-derived unbound concen-
trations were calculated using Eq. (1).

where Cunbound is the protein unbound isavuconazole con-
centration, kd is the equilibrium dissociation constant, Bmax 
is the maximum binding capacity, and Ctotal is the total isa-
vuconazole concentration.

The model-based method to derive unbound concentra-
tions from total concentrations using our final model was 
more accurate [MPE (95% CI) 10.5% (2.3–18.6)] than the 
method assuming a constant unbound fraction of 1% [MPE 
(95% CI) − 75.5% (-78.5 – -72.4)]. This is also reflected by 
data points being closer to the line of unity in Fig. S2 of 
the ESM. The model-based method and calculation method 
were comparably imprecise, as NRMSE values just slightly 
differed: NRMSE (95% CI) 57.2% (50.7–63.6) and 57.3% 
(50.8–63.7), respectively.

3.3  Dosage Optimisation

Figure 4 shows the simulated median concentration–time 
curve with a 95% CI based on 5000 virtual patients receiving 
standard isavuconazole dosing until day 7 of therapy. The 
median population does not reach a total isavuconazole Cmin 
above 2 mg/L on or after day 3 of therapy following standard 
dosing. This is also reflected by the simulated Cmin and AUC 
at days 3, 7 and 14 of therapy shown in Figs. S3 and S4 of 
the ESM. Of the simulated patients, 64.2% did not reach the 
total AUC above 60 mg·h/L at day 14.

(1)Cunbound =
−kd − Bmax + Ctotal +

√

(kd + Bmax − Ctotal)2 + 4(Ctotal × kd)
2

,

Table 1  Patient characteristics (n = 19)

APACHE II Acute Physiology And Chronic Health Evaluation II, 
BMI body mass index, ICU intensive care unit, SOFA Sequential 
Organ Failure Assessment
a Data available for 15 out of 19 patients

Characteristic Median (range)

Age at baseline (years) 67 (41–73)
Sex, female, n (%) 5 (26.3)
Weight (kg) 80 (45–130)
Height (cm) 171 (135–180)
BMI (kg/m2) 25.6 (19.6–47.8)
APACHE II score at ICU  admissiona 25 (12–44)
SOFA score at ICU  admissiona 10 (3–18)
Albumin (g/L) 23 (14–32)
Total protein (g/L) 54 (44–64)
Blood urea nitrogen (mmol/L) 15.8 (5.7–55.9)
Total bilirubin (µmol/L) 13.5 (3.1–402.0)
Indication for isavuconazole therapy, n (%)
 Viral infection-associated pulmonary aspergil-

losis
9 (47.4)

 Invasive pulmonary aspergillosis 7 (36.8)
 Allergic broncho-pulmonary aspergillosis 1 (5.3)
 Aspergillus tracheitis 1 (5.3)
 Secondary prophylaxis 1 (5.3)

Identified pathogen, n (%)
 Aspergillus fumigatus 14 (73.7)
 Aspergillus species, not specified 1 (5.3)
 Not identified 4 (21.1)

Primary underlying disease, n (%)
 Severe viral pneumonia 9 (47.4)
 Solid organ transplantation 5 (26.3)
 Haematological malignancy 3 (15.8)
 Chronic obstructive pulmonary disease 1 (5.3)
 Other 1 (5.3)
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Figure 5 shows the results of our adaptive dosing strategy. 
Dosing adjustments were made as follows: when Cmin at 24 h 
after the start of therapy was below 1.0 mg/L, between 1.0 
and 1.5 mg/L, or above 5.0 mg/L, daily maintenance doses 
were adjusted to 400 mg, 300 mg and 100 mg, respectively. 
Our strategy resulted in an increase of patients at adequate 
exposure on steady state from 35.8 to 62.3% compared with 
standard dosing.

4  Discussion

We developed a population pharmacokinetic model of total 
and unbound isavuconazole in an ICU population showing 
low total exposure and a high variability in protein binding. 
Our findings warrant dosage optimisation in the critically 

ill population. To aid this, we developed an adaptive dosing 
strategy. Moreover, our findings on unbound drug concen-
trations provide complementary information to the current 
understanding of isavuconazole pharmacokinetics.

Low isavuconazole exposure in critically ill patients has 
been previously reported in several retrospective analy-
ses [15, 24]. Only a single analysis describes the popula-
tion pharmacokinetics of isavuconazole in patients with 
COVID-19-associated pulmonary aspergillosis admitted 
to the ICU based on retrospectively collected through con-
centration data [24]. The authors described the pharma-
cokinetics using a one-compartment model, which differs 
from our model structure. This difference may be explained 
by their trial design using TDM data only. The inclusion 
of concentrations over a wider time range allowed us to 
describe the concentration–time course of isavuconazole 

Fig. 1  Unbound isavuconazole 
fraction versus unbound isavu-
conazole concentration (a) and 
serum albumin concentration 
(b) observed in the critically ill 
study population
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more precisely. Both the latter study and our study found 
significant pharmacokinetic variability between patients. In 
our model, variability on clearance was much larger. This 
may be the consequence of a more heterogeneous group of 
patients in our study as inclusion was not limited to patients 
with COVID-19-associated pulmonary aspergillosis only. 
Because of the differences in parametrisation, other final 
parameter estimates could not be compared to our findings. 
The lower exposure to isavuconazole seen in critically ill 
patients may potentially explain observations in previous 
studies. We could hypothesise that results in the ACTIVE 
study, where isavuconazole was not found to be non-inferior 
to caspofungin for the primary treatment of invasive can-
didiasis, could be explained by suboptimal exposure of isa-
vuconazole [25]. This hypothesis can unfortunately not be 
substantiated as isavuconazole pharmacokinetics were not 
assessed in this study.

Our results should be evaluated in light of the high 
variability in isavuconazole protein binding seen in our 
critically ill population. Consequently, unbound, i.e. 

pharmacologically active, concentrations differ greatly 
from the assumed unbound concentrations calculated form 
a constant unbound fraction of 1%. We described isavucona-
zole protein binding by means of a capacity limited bind-
ing model. In this, we were unable to separately estimate 
Bmax and kd with our data and therefore fixed kd to findings 
of a previous study (submitted for publication; data on file 
Radboudumc). Our study design evaluation prior to conduct 
of the study did not account for the assessment of protein 
binding. The estimate for Bmax in our study was lower than 
seen in a non-critically ill paediatric patient population in 
the previous study, which is probably caused by the lower 
albumin levels in our patients. Although albumin is the main 
binding protein for isavuconazole [9], we were unable to 
identify the serum albumin level as a covariate for any of the 
protein-binding parameters. A possible explanation may be 
that our albumin data were not rich enough. As all pharma-
cokinetic samples were obtained on 1 day for the majority 
of the patients, only one albumin level per individual was 
available for the covariate analysis. This also applied to the 
other covariates we tested on protein binding. The remain-
ing unexplained variability in our final model, as seen in the 
goodness-of-fit plots, may be the consequence of the above. 
Our study was not designed for the purpose of covariate 
identification. Other covariates, in addition to total body 
weight, were not included in the final model. Additional 
studies are needed to identify factors accounting for isavu-
conazole pharmacokinetic variability in critically ill patients, 
for example that of extracorporeal membrane oxygenation 
on isavuconazole clearance.

The five-fold range in unbound fractions of isavucona-
zole advocates for measuring unbound plasma concentra-
tions using a yet-to-establish unbound pharmacokinetic/
pharmacodynamic target. Caution should be exercised when 
interpreting unbound isavuconazole concentrations in the 
presence of bilirubin levels exceeding 500 µmol/L, although 
not often observed in clinical practice. In the absence of 
a validated assay to quantitate unbound concentrations, 
pharmacometric models as developed in this study could 
potentially aid in estimating the unbound concentration from 
the measured total concentration. Our findings show that 
with our model we are able to predict unbound isavucona-
zole concentrations with minimal bias, but with impreci-
sion values exceeding ± 20%. For the method of calculating 
unbound concentrations assuming an unbound fraction of 
1%, as deployed thus far, both bias and imprecision were 
greater than ± 20%. Although not ideal, our model-derived 
unbound concentration prediction is a big step forward 

Table 2  Parameter estimates of the final population pharmacokinetic 
model parameterised to unbound concentrations

Bmax maximum binding capacity, CI confidence interval, CL clear-
ance, CV coefficient of variation, Errortotal proportional residual error 
for total concentrations, Errorunbound proportional residual error for 
unbound concentrations, IIV interindividual variability, Q intercom-
partmental clearance, V1 central volume of distribution, V2 peripheral 
volume of distribution
a Parameter precision obtained by the sampling importance resam-
pling procedure using 2000 samples and 1000 resamples
b Transformed from log normal variance to %CV with 

√

(e�
2

− 1)

c Eta and epsilon shrinkage are all below 15%

Parameter Population 
estimate

95%  CIa 

CL (L/h) 215 143–282
V1 (L) 2330 1789–3269
Q (L/h) 2590 2324–2889
V2 (L) 28,200 26,123–29,953
Bmax (mg/L) 6.64 5.92–7.48
Shape factor Box–Cox transforma-

tion of IIV CL
-1.28 -2.21 – -0.63

Interindividual variability (IIV)b,c

 IIV CL (%) 107.8 55.0–333.1
 IIV Bmax (%) 26.0 19.4–36.3

Residual  variabilityb,c

  Errortotal (%) 10.2 9.1–11.5
  Errorunbound (%) 14.3 12.8–16.2
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compared with the currently practiced calculated unbound 
concentration. Future research may focus on developing a 
model with reduced imprecision to predict unbound isavu-
conazole concentrations.

Until an unbound pharmacokinetic/pharmacodynamic 
target is available, current recommendations to measure 
total isavuconazole exposure should be followed. In such 
a setting, and specifically in the critically ill patient, early 
target attainment is desired. For this purpose, we provided 
an adaptive dosing approach with exposure assessment 
already after 24 hours of treatment. Additional TDM sam-
pling may further increase the already highly improved 
percentage of patients reaching adequate isavuconazole 

exposure. It may be argued that because isavuconazole 
has shown minimal toxicity, an alternate approach with a 
higher empirical dose for all patients could be envisioned. 
In light of the current high costs for isavuconazole, we 
consider it more cost-effective to adjust doses only for 
those patients at risk for inadequate exposure. With the 
current strategy, only one individual had a simulated AUC 
at day 14 above 233 mg·h/L prompting dose reduction. 
Recently, a concentration of 5 mg/L, similar to an AUC 
of 120 mg·h/L, was associated with gastrointestinal tox-
icity [26]. We considered implementing this in our strat-
egy. However, the approach where individuals with an 
anticipated steady-state AUC above 120 mg·h/L received 

Fig. 2  Prediction-corrected vis-
ual predictive check of the final 
model for unbound and total 
isavuconazole concentration 
data for the first 24 h after the 
dose presented on a linear scale. 
The observed concentrations are 
shown as circles. The median 
and 5th and 95th percentiles of 
the observed data are shown 
as solid lines, dashed lines and 
dashed lines, respectively. Grey 
shaded areas represent the con-
fidence intervals of the median 
(dark grey) and 5th and 95th 
percentiles (light grey) of simu-
lated concentrations (n = 1000) 
based on the original dataset
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a reduced maintenance dose did not result in a higher per-
centage of patients reaching the desired exposure. Addi-
tionally, we argue that the retrospective nature and the rel-
atively small number of patients included in the previous 
toxicodynamic analysis may be insufficient to base such a 

toxicity threshold on. The proposed adaptive algorithm in 
the current study may be directly implemented in practice, 
although ideally the benefit of this approach is validated 
in a future study.

Fig. 3  Bias (a) and imprecision 
(b) of unbound isavuconazole 
concentration prediction for the 
model-derived unbound concen-
tration method and the method 
where the unbound concentra-
tion is calculated using a fixed 
unbound fraction of 1%. MPE 
mean prediction error, NRMSE 
normalised root mean squared 
error

Fig. 4  Median (solid line) simulated concentration–time curve with 
90% (dark shaded area) and 95% (light shaded area) confidence 
intervals based on a simulation of 5000 virtual critically ill patients 
receiving standard intravenous isavuconazole dosing for 7 days. The 

dashed horizontal line represents the threshold total isavuconazole 
trough concentration of 2  mg/L currently recommended by interna-
tional guidelines [12]
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5  Conclusions

This study described the unbound and total pharmacokinet-
ics of isavuconazole in critically ill patients showing highly 
variable protein binding and decreased total isavucona-
zole exposure. In these patients, increased dosing may be 
necessary. In the absence of unbound pharmacokinetic/phar-
macodynamic targets, we proposed a pragmatic and easily 
implementable adaptive dosing approach to enhance early 
target attainment in a vulnerable population.
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