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Abstract
Isavuconazole exposure–response relationships have been studied with a focus on total rather than unbound exposure, assum-
ing a constant unbound fraction of 1%. We observed a median (range) unbound fraction of 1.59% (0.42–5.30%) in patients. 
This highly variable protein binding asks for re-evaluation of current pharmacokinetic and pharmacodynamic targets for 
isavuconazole.
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Key Points 

Isavuconazole protein binding in both critically ill and 
non-critically ill patients is highly variable.

Findings from pharmacokinetic and pharmacodynamic 
research for isavuconazole thus far, assuming a constant 
unbound fraction, should be reconsidered.

1  Introduction

Isavuconazole is a triazole antifungal agent recommended 
for the treatment of mould infections, such as invasive 
aspergillosis and invasive mucormycosis [1–3]. To increase 
survival in patients with invasive fungal disease, early 

antifungal treatment initiation at the right dose and subse-
quent adequate drug exposure are crucial [4]. To achieve this 
goal, it is vital to understand the exposure–response rela-
tionship and determine pharmacokinetic/pharmacodynamic 
(PK/PD) targets associated with both beneficial outcome as 
well as toxicity. Although the PK/PD driver for the effect of 
isavuconazole, described by the area under the concentra-
tion–time curve (AUC) related to the minimal inhibitory 
concentration (MIC) is known, a clear exposure target in 
humans has not been established to date [5].

Only the unbound fraction (fu) of a drug exerts a pharma-
cological effect. This dictates that for highly protein bound 
drugs, studies on target concentrations should be aimed at 
resolving relationships with unbound drug exposure, i.e. 
free AUC (fAUC), as small changes in protein binding have 
a significant impact on this pharmacologically active drug 
exposure. Isavuconazole is highly protein bound, with a 
reported plasma protein binding of 99.2–99.4% in healthy 
volunteers [6]. Studies investigating isavuconazole expo-
sure–response relationships thus far are employed under the 
assumption of a fixed fu of 1% [6]. To date, the protein bind-
ing of isavuconazole in patients is unknown. Consequently, 
it can be challenged whether the assumption of a fixed fu cor-
rectly reflects the clinical situation. With this report, we aim 
to add knowledge on isavuconazole plasma protein binding 
in patients and discuss the far-reaching implications.
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2 � Methods

We determined total and unbound isavuconazole con-
centrations in 205 plasma samples from clinical patients 
receiving isavuconazole for the prevention or treatment 
of an invasive fungal infection in three hospitals. A part 
of the data originates from a previously published pro-
spective study [7]. Samples were locally centrifuged and 
processed to plasma samples and analysed centrally at the 
Laboratory of the Department of Pharmacy at the Rad-
boud University Medical Center, Nijmegen, the Nether-
lands. Total and unbound isavuconazole concentrations 
in plasma were quantified using a fully validated liquid 
chromatography-tandem mass spectrometry (LC-MS/
MS) assay. The accuracy range was 95.20–100.22% and 
97.80–101.50% for total and unbound isavuconazole con-
centrations, respectively. Within-day and between-day pre-
cision for total and unbound isavuconazole concentrations 
were all below 3% and 12%, respectively. The lower limit 
of quantification was 0.001 and 0.05 mg/L for unbound 
and total concentrations, respectively. To determine the 
unbound concentration, ultrafiltration at 37 °C at 1650g 
for 20 min using an Amicon® 30K Ultra Centrifugal fil-
ter was performed. The measured unbound isavuconazole 

concentration was divided by the measured total isavu-
conazole concentration to calculate the isavuconazole fu. 
The correlation between fu and unbound concentration 
was calculated with the Spearman’s rank correlation coef-
ficient (Spearman’s rho) using SPSS Statistics (IBM, ver-
sion 27.0.1.0). Patient demographics were collected from 
the electronic patient record.

3 � Results

Patient characteristics are described in Table  1. Total 
and unbound isavuconazole concentrations ranged from 
0.70–10.42 mg/L and 0.010–0.178 mg/L, respectively. The 
median (interquartile range) observed fu based on measured 
total and unbound isavuconazole concentrations was 1.59% 
(1.29–2.18%). The minimum and maximum observed fu 
were 0.42% and 5.30%, respectively, corresponding to a 
12.6-fold range. Isavuconazole fu versus unbound concen-
trations are presented in Fig. 1. Most (86.8%) observed fu 
were higher than the assumed constant fu of 1%. Further-
more, it can be observed that fu increases non-linearly with 
unbound concentration. The statistically significant corre-
lation between fu and unbound concentration (Spearman’s 

Table 1   Patient characteristics Characteristic Median (range)

Total number of patients, N 26
Age (years) 63 (5–73)
 < 18 years of age, n (%) 6 (23)

Sex, female, n (%) 17 (65)
Weight (kg) 73.7 (25.3–130.0)
Height (cm) 171 (121–184)
Body mass index (kg/m2) 24.4 (13.5–47.8)
Serum albumin (g/L) 23.0 (14.0–33.4)
Primary underlying condition, n (%)
 Haematological malignancy 10 (38.5)
 Severe viral pneumonia 9 (34.6)
 Solid organ transplant 5 (19.2)
 Chronic obstructive pulmonary disease 1 (3.8)
 Other 1 (3.8)

Indication for isavuconazole therapy, n (%)
 Invasive pulmonary aspergillosis (IPA) 10 (38.5)
 Viral infection-associated pulmonary aspergillosis (VAPA) 9 (34.6)
 Allergic broncho-pulmonary aspergillosis (ABPA) 1 (3.8)
 Aspergillus tracheitis 1 (3.8)
 Combined aspergillosis and fusariosis 1 (3.8)
 Mucormycosis 2 (7.7)
 Secondary prophylaxis 2 (7.7)

Isavuconazole daily maintenance dose at time of sample collection (mg) 200 (100–500)
Duration of isavuconazole therapy at time of sample collection (days) 6 (3–35)
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rho = 0.445; P < 0.001) confirmed this positive, non-linear 
trend.

4 � Discussion

The present report shows that isavuconazole protein binding 
in patients is highly variable and that observed fu strongly 
deviate from the assumed constant fu of 1%. This further 
emphasizes the need for a focus on free drug, as already 
highlighted in the European Medicines Agency (EMA) pub-
lic assessment report on isavuconazole [6]. Our observations 
have far-reaching implications, as to date, researchers have 
used total rather than unbound drug exposure in animal and 
human studies, as well as in isavuconazole clinical break-
point determination.

From early developmental stages onwards, isavuconazole 
pharmacodynamics (PD) have been examined using total 
concentrations [5, 8]. In one in vivo experiment, Lepak et al. 
calculated the fAUC/MIC ratio under the assumption of a 
constant fu of 1% [5]. The higher median fu we observed in 
patients would call for a recalculation. More importantly, the 
extreme variability in observed fu does not allow a calcula-
tion of an fAUC/MIC ratio from a total AUC/MIC ratio at 
all. In essence, PD experiments will require measurement of 
unbound isavuconazole concentrations, rather than calcula-
tions based on assumptions.

In establishing isavuconazole PK/PD breakpoints for 
Aspergillus fumigatus, the European Committee on Anti-
microbial Susceptibility Testing (EUCAST) antifungal 
susceptibility testing committee even so made use of total 
AUC/MIC instead of fAUC/MIC ratios in their probability 

of target attainment (PTA) analyses [9]. The subsequently 
derived PK/PD breakpoints dictating whether a pathogen 
with a certain MIC could be treated with isavuconazole 
require reassessment as well since these are established on 
the total AUC/MIC ratios derived from the aforementioned 
in vivo experiments [9]. Under these potentially inadequate 
assumptions, patients infected with pathogens with currently 
assumed attenuated MICs might possibly benefit from isa-
vuconazole treatment after all. As most of the observed fu 
were higher than the presumed 1%, it is likely that the PTA 
percentages are higher when re-evaluated. Consequently, 
patients infected with A. fumigatus with an attenuated MIC 
of 2 mg/L, categorized as ‘area of technical uncertainty’ 
(ATU), or even 4 mg/L can still be managed with isavu-
conazole. This contradicts current PTA analyses where these 
pathogens are considered untreatable from a PK/PD per-
spective. Once these aforementioned fAUC/MIC ratios are 
established, analyses leading to these PK/PD breakpoints 
should subsequently be re-evaluated.

In PK/PD analyses based on data from the SECURE 
trial, a relationship between total isavuconazole exposure 
and clinical response could not be identified [10]. Conse-
quently, no human PK/PD targets for efficacy and toxicity 
are defined, although in practice, a total AUC between 60 
and 233 mg*L/h at steady state is thought to be associ-
ated with successful and safe therapy [10, 11]. Yet again, 
unbound exposure was not evaluated. We contend that the 
human exposure–response relationship should be recon-
sidered as well. The inability to find such a relationship in 
humans may be the consequence of the high variability in 
fu. Patients with treatment failure and those with treatment 
success showed no statistically significant difference in 

Fig. 1   Unbound isavucona-
zole fraction versus unbound 
isavuconazole concentration 
observed in patients. Spear-
man’s rho = 0.445, P < 0.001. 
The dashed horizontal line 
represents the assumed con-
stant unbound fraction of 1%
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total isavuconazole exposure [10]. Potentially, there is a 
difference in unbound, and thus, pharmacologically active, 
exposure between these groups. For example, if patients 
with treatment failure had an overall low fu and patients 
with treatment success a high fu, a difference in exposure 
may actually predict treatment outcome. The same applies 
to the relationship between exposure and toxicity. To 
assess this, exposure–response analyses should be iterated 
using measured unbound exposure, rather than assumed 
unbound exposure.

For this, and to be able to use these unbound PK/PD tar-
gets for isavuconazole dosage optimization in the future, 
a validated method to measure unbound concentrations 
is required. Alternatively, pharmacometric models could 
aid in estimating the unbound concentration from meas-
ured total concentrations. A minimal precondition for this 
approach is the availability of a model adequately describ-
ing isavuconazole protein binding. Currently, such a model 
predicting isavuconazole unbound concentrations without 
significant bias and imprecision is not available, dictat-
ing the actual measurement of unbound concentrations. A 
first step towards model informed prediction of unbound 
isavuconazole concentrations has been made [7]. Finally, 
our observations affect the interpretation of results from 
(population) PK studies and other studies that were per-
formed under the assumption of and using the results from 
the aforementioned analyses. In line with EMA’s conclu-
sion, it is unclear why the focus has not been on unbound 
isavuconazole exposure from the start of the development 
and clinical evaluation of this drug [6]. For all highly pro-
tein bound drugs, we argue for emphasis on free drug from 
early developmental stages onwards.

Variations in observed fu may partly be explained by 
the saturability of the protein binding and the depend-
ency of alterations in serum levels of the main binding 
protein albumin seen in clinical practice. This underlines 
the incorrectness of the assumption of a fixed fu. Extreme 
variations in albumin concentrations and occurrence of 
hypoalbuminemia are specifically observed in patients 
admitted to the intensive care unit, where isavuconazole 
has been increasingly used recently due to a growing num-
ber of viral infection-associated cases of invasive fungal 
infection. This even more underlines the importance of 
understanding the PK/PD relationships of this drug.

In conclusion, we provide evidence that isavucona-
zole fu in patients is highly variable, which contradicts 
the current common assumption of a fixed fu of 1%. Our 
results show that total exposure is not a good surrogate 
for unbound exposure, necessitating a reassessment of 
isavuconazole PK/PD studies that have been performed 
so far. To be able to use isavuconazole to its full poten-
tial, it seems that there is a need to go back to the draw-
ing board.
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