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Abstract
Background. Invasive pulmonary aspergillosis (IPA) with azole resistance is associated with a high death 
rate. Posaconazole is used for IPA as preventive and salvage therapy, and exhibits considerable efficacy against 
the majority of Aspergillus strains.

Objectives. An in vitro pharmacokinetic-pharmacodynamic (PK-PD) model was used to examine the po-
tential use of posaconazole in a primary therapy against azole-resistant IPA.

Materials and methods. In an in vitro PK-PD model simulating human pharmacokinetics (PKs), 4 clinical 
isolates of A. fumigatus with Clinical and Laboratory Standards Institute (CLSI) minimum inhibitory concentra-
tions (MICs) ranging from 0.030 mg/L to 16 mg/L were examined. A bioassay was used to determine drug 
levels, and galactomannan production was used to evaluate fungal growth. The CLSI/European Committee 
on Antimicrobial Susceptibility Testing (EUCAST) 48-hour values, gradient concentration strip methodolo-
gies (MTS) 24-hour values, in vitro PK-PD relationships, and the Monte Carlo method were used to estimate 
the simulation of the human dosing regimens of oral 400 mg twice-daily and intravenous (i.v.) 300 mg 
once- and twice-daily using susceptibility breakpoints.

Results. With 1 or 2 daily dosage regimes, the area under the curve (AUC)/MIC associated with 50% 
of the maximum antifungal activity was 160 and 22.3, respectively. For CLSI/EUCAST, the susceptibility/
intermediate/resistant breakpoints were 0.125/0.25–0.5/1 mg/L. For therapeutic drug monitoring (TDM), 
a trough/MIC ratio of 2.6 was calculated. Therapeutic drug monitoring is not necessary for isolates with MICs 
of 0.06 mg/L with oral 400 mg twice-daily regimens. However, it is important to obtain MICs of 0.125 mg/L 
and unavoidable when MICs of 0.25–0.5 mg/L are needed. For non-wild type isolates with MICs of 1–2 mg/L, 
only i.v. 300 mg twice-daily regimen was effective.

Conclusions. Oral therapy with posaconazole can be considered in A. fumigatus isolates with low MIC 
values without TDM, whereas i.v. therapy should be considered with higher MIC values and may be important 
in the primary treatment of azole-resistant IPA.

Key words: posaconazole, therapeutic drug monitoring, azole-resistant Aspergillus fumigatus, invasive 
pulmonary aspergillosis, in vitro pharmacokinetic-pharmacodynamic model
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Background

Invasive pulmonary aspergillosis (IPA) is a life-threat-
ening complication of graft-versus-host disease in neu-
tropenic patients and hematopoietic stem cell transplant 
recipients.1 Among the different Aspergillus species impli-
cated in these infections, Aspergillus fumigatus is the most 
common cause of the disease. Azoles are the mainstay 
of  antifungal therapy against IPA, with voriconazole 
and posaconazole being the  drugs of  choice for treat-
ment and prophylaxis.2 Despite the significant progress 
in IPA treatment, the mortality of  these infections re-
mains high (30–50%). It has been attributed to aggra-
vation of the underlying disease, the delay in diagnosis 
of IPA and/or in the initiation of appropriate antifungal 
therapy, and suboptimal drug exposure.3 The manage-
ment of  IPA is  further complicated by  the  emergence 
of azole-resistant strains which are associated with more 
than 80% of the mortality rate.4 The main mechanisms 
of azole resistance are single-point mutations in codons 
54, 98 and 220, and duplications of 34, 46 and 53 base pairs 
(bp) in the promoter region of the cyp51A gene encoding 
the target enzyme of azoles, lanosterol 14α-demethylase.5 
These mutations may confer a mono-, multi- or pan-azole 
phenotype, with single point mutations demonstrating 
a  more predictable phenotype than the  duplications 
in the promoter.6

In vitro, posaconazole minimum inhibitory concentra-
tions (MICs) are substantially lower than the MICs for 
voriconazole and itraconazole (epidemiologic cutoff value 
(ECV): 1  mg/L), which obligates one to  translate this 
in vitro activity to the clinical success of posaconazole.7 
Posaconazole is approved for use as prophylaxis or salvage 
therapy in patients who are refractory or intolerant to vori-
conazole antifungal therapy.2 In one study, posaconazole 
was used as salvage therapy in patients resistant to voricon-
azole therapy, and the success rate of 72% suggested that 
posaconazole could be utilized to treat patients with vori-
conazole-resistant aspergillosis.8 The limited bioavailabil-
ity of posaconazole oral solution until recently prohibited 
its use as a primary therapy of IPA. With the development 
of intravenous (i.v.) formulations, studies using a proposed 
dosage regimen of 300 mg once daily are expected to be 
conducted.9

Whether posaconazole can be used to treat azole-resis-
tant IPA is still an unanswered question given the limited 
clinical data and although the oral solution of posacon-
azole provides adequate exposure only for wild-type iso-
lates, IV formulation may provide adequate exposure for 
isolates with higher MICs.10 Animal models showed in vivo 
efficacy of oral posaconazole against experimental asper-
gillosis and estimated an AUC0-24/MIC close to 170 for 
optimal treatment.11–13 Given the limited posaconazole 
exposure (AUC0–24 of 17–25 mg×h/L) observed in hematol-
ogy patients using the recommended oral dose of 400 mg 
twice daily14 <70% of A. fumigatus isolates with MICs up 

to 0.125 mg/L would be treated effectively. However, even 
though the standard dosing regimen is twice daily, in all 
animal models posaconazole was given once daily. Given 
that posaconazole demonstrates time-dependent activity, 
the dosing frequency may alter the pharmacodynamics 
(PDs) of posaconazole.15–17

Objectives

In the present study, the PDs of posaconazole was stud-
ied against 4 azole-susceptible and azole-resistant iso-
lates of A. fumigatus with an in vitro pharmacokinetic-
pharmacodynamic (PK-PD) model simulating human 
pharmacokinetics (PKs). Susceptibility breakpoints and 
therapeutic drug monitoring (TDM) target values were 
then determined for Clinical and Laboratory Standards 
Institute (CLSI), European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) and gradient concentra-
tion strip methodologies (MTS) simulating the human 
PKs of oral 400 mg and i.v. 300 mg once- and twice-daily 
dosing regimens.

Materials and methods

Ethical approval

The study was reviewed and approved by the local re-
search ethics committees of the Faculty of Pharmacy, Uni-
versity of Babylon, Iraq (approval No. COPSEC-E31/2019).

Isolates

Four clinical isolates of  A.  fumigatus with distinct 
azole-resistant mechanisms and susceptibility profiles 
were previously tested against posaconazole in an in vi-
tro experiment in the Microbiological Laboratory (Fac-
ulty of Pharmacy, University of Babylon). These included 
the wild-type azole-susceptible isolate (VW), which had 
no substitutions in the CYP51A gene, and 3 non-wild-
type isolates: VR1, VR2 and VR3, with substitutions 
in the CYP51A gene confirmed by sequencing: TR34/L98H, 
M220I and G54W, respectively. The MICs of posaconazole 
for the VW, VR1, VR2, and VR3 isolates were determined 
in  triplicate using the CLSI M38-A218 and EUCAST19 
methods after 48  h. The  gradient concentration MIC 
test strips (Liofilchem® MTS™; Liofilchem, Roseto degli 
Abruzzi, Italy) were used after 24 h to determine the low-
est drug concentration corresponding to the complete 
growth inhibition. The MICs for the 4 isolates were 0.031–
0.062 mg/L (mode 0.031), 0.5, 0.5–1 mg/L (mode 0.5) 
and >16 mg/L for CLSI, 0.031–0.062 mg/L (mode 0.062), 
0.5–1 mg/L (mode 1) and >16 mg/L for EUCAST, and 
0.047–0.064 mg/L (mode 0.047), 0.38–0.5 mg/L (mode 0.5), 
0.38–0.5 mg/L (mode 0.38) and 4–6 mg/L (mode 6) for 
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MTS, respectively. Isolates VW and VR1 were susceptible 
to voriconazole (EUCAST MICs of 0.25 mg/L), and VR2 
and VR3 were resistant to voriconazole (EUCAST MICs 
of 0.5 mg/L and 4 mg/L, respectively).

The isolates were kept at −70°C in 50% glycerol broth and 
revived by subculturing for 5–7 days at 30°C on Sabouraud 
Dextrose Agar (SDA) supplemented with 0.02% chlor-
amphenicol. Conidial suspensions were made in 10 mL 
of sterile saline containing 1% Tween 20 and adjusted using 
the Neubauer counting chamber to achieve a final concen-
tration of 103 CFU/mL, which was validated by culturing 
on SDA.

In vitro model

The in vitro PK-PD simulation model utilized in this 
investigation was a 10-mL dialysis tube with a semiper-
meable cellulose membrane (Float-A-Lyzer®; Spectrum 
Europe BV, Breda, the  Netherlands) that allowed tiny 
molecules (molecular mass: 20  kDa) to  freely diffuse. 
The contents of the tube were placed in a glass beaker 
with 800  mL of  RPMI-1640 medium (Sigma-Aldrich, 
St. Louis, USA). Then, they were continually diluted using 
a peristaltic pump machine (Minipuls Evolution; Gilson 
Inc., Villiers-le-Bel, France) that removed drug-containing 
medium from the beaker and replaced it with a drug-free 
medium at a rate comparable to the drug clearance from 
human plasma. Initially, all posaconazole-mimicking  
dosages were introduced to the RPMI-1640 medium and 
the flow rate was adjusted according to the half-lives (ei-
ther 12 h or 24 h). Throughout the experiment, the tem-
perature and flow rate were monitored on a regular basis. 
Posaconazole PKs was simulated in human serum and 
its effects on the growth of Aspergillus were investigated. 
Using the  wild-type VW isolate, drug concentrations 
were measured using a  microbiological agar diffusion 
technique.20 The medication concentrations were linearly 
related to the widths of the inhibitory zones (R2 > 0.98).

For each simulated dose, a concentration–time curve 
was constructed and evaluated using a  nonlinear re-
gression analysis with a  one-compartment model.17,21 
The half-life (t1/2) is comparable to that seen in humans. 
The trapezoidal rule was used to compute the area un-
der the concentration-first dosing interval time (AUCτ). 
The amount of galactomannan produced by Aspergillus 
was determined using a commercially available double-
sandwich enzyme immunoassay (AGMAg; MyBioSource, 
San Diego, USA) with 1 exception. To attain the final value 
of 300 µL, the samples were diluted with 200 µL of distilled 
water. Finally, as a surrogate marker of antifungal activ-
ity, the data were expressed as a galactomannan index 
(GI), and the area under the GI-time curve (AUCGI) was 
calculated for each dose and isolate. The independent ex-
periments were performed in duplicate.

The  percentage of  growth inhibition was calculated 
as 1−AUCGI,POS/AUCGI,GC, where AUCGI,POS is the AUCGI 

at a certain dose of posaconazole and the AUCGI,GC repre-
sents the AUCGI of a drug-free control.

Exposure–response relationship

The nonlinear regression analysis was used to exam-
ine the drug exposure–response relationship expressed 
as percent growth inhibition, compared to AUCτ/MIC 
using the sigmoidal Emax model with variable slopes de-
scribed by the equation E = Emax×EIγ/(EIγ

50+EIγ), where 
E  is  the percentage of  fungal growth (dependent vari-
able), Emax is the maximum percentage of fungal growth, 
EI is the exposure index AUCτ/MIC (independent vari-
able), EI50 is  the AUCτ/MIC that corresponded to 50% 
of Emax, and γ is the Hill slope. All data were fitted glob-
ally to the model. The R2 and run test analyses were used 
to evaluate the Emax model’s goodness-of-fit.

In vitro–animal correlation

The  results of  the  in vitro PK-PD model were com-
pared with previously published data on a murine model 
with disseminated aspergillosis.11 Briefly, groups of mice 
were infected with another 4  strains of  A.  fumigatus 
with the same susceptibility and resistance properties, 
and the  survival rates were recorded after treatment 
with posaconazole doses of 1 mg/kg, 4 mg/kg, 16 mg/
kg, and 64 mg/kg every day for 15 days. Mouse serum 
PKs was simulated in the present model with total maxi-
mum concentrations (Cmax) of 0.98 mg/L, 3.11 mg/L and 
9.03 mg/L, AUCs of 10.20 mg×h/L, 45.07 mg×h/L and 
159.42 mg×h/L, and an average t1/2 of 12 h, as previously 
determined in mice with 1 mg/kg, 4 mg/kg and 16 mg/
kg daily dosages, respectively. The percentage of growth 
inhibition was determined after 48 h, 72 h and 144 h of in-
cubation to test whether the PK–PD relationship changed 
over time. Then, the in vitro EI50 was compared statis-
tically with the EI50 determined using the in vivo drug 
exposure–response relationship expressed as  survival 
compared to AUC0–24/MIC.

Effect of human serum

Since posaconazole has a high protein binding rate, 
the effects of serum on posaconazole PDs were compared 
to the VW isolate with a Cmax = 1 mg/L. Posaconazole 
PKs with t1/2 of 24 h and 12 h was simulated in the in vi-
tro model and GI was monitored for 72 h in a medium 
with and without 50% human serum. Human serum was 
pooled from outpatients and after being heat-inactivated 
at 60°C for 30 min, it was stored at −70°C until tested. 
The GI-time curves and percent of growth inhibition were 
calculated in the presence and absence of human serum. 
Since the protein binding of posaconazole is >98%, the free 
drug concentration was expected to be <0.02 mg/L, which 
is below the MIC (0.031 mg/L) of the wild-type isolate.
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Tissue and serum concentrations

To correlate the in vitro exposure index with the in vivo 
exposure index, total and free posaconazole concentra-
tions in tissues and the serum were calculated.11,20 Infected 
mice were treated with 1 mg/kg/day, 4 mg/kg/day and 
16 mg/kg/day of posaconazole for 15 days. Before the next 
dosing time, the mice were euthanized. Trough levels were 
collected and the spleen, lung, kidney, and liver were asep-
tically excised, weighed and placed in 1 mL of phosphate-
buffered saline (PBS), except for the  liver, where 2 mL 
of PBS were used. Organs were homogenized and total 
drug concentrations in the organ extracts and the serum 
were determined using the  abovementioned bioassay. 
A standard curve was constructed using the inhibition 
zones obtained from known posaconazole concentrations 
spiked into organ extracts and serum, respectively. Since 
only the free drug can diffuse into the agar of the bioas-
say, free drug concentrations in each organ and serum 
were calculated using a standard curve constructed with 
the inhibition zones obtained from known posaconazole 
concentrations spiked in protein-free PBS.11,20 For veri-
fication and more accurate estimation, protein binding 
in serum was calculated using high-performance liquid 
chromatography (HPLC) for more accurate estimation.11

Clinical dosing regimens

Human PKs was then simulated in the in vitro model. 
The  steady-state posaconazole serum concentration-
time profile, previously reported in  patients receiving 
posaconazole orally 400 mg twice daily, was simulated 
in the in vitro model with peak plasma concentrations 
of 0.851 ±0.69 mg/L (mean ± standard deviation (M ±SD)) 
and a t1/2 of 12 h.14 Low, intermediate and high (Cmax) con-
centrations within the 95% confidence interval (95% CI) 
of  the observed Cmax values in human plasma, namely 
0.15 mg/L, 0.85 mg/L and 2.25 mg/L were added twice 
daily for 72 h in the in vitro model. The drug exposure–
response relationship was analyzed using the Emax model, 
and the AUC0–12/MIC corresponding to 50% (EI50) and 80% 
(EI80) of the maximal activity was calculated.20

In vitro clinical correlation

To correlate the  in vitro data with clinical outcome, 
the in vitro human posaconazole exposure–response re-
lationship was compared with the success rate previously 
reported for 79 chronic pulmonary aspergillosis (CPA) 
patients treated with oral posaconazole 400  mg twice 
daily.22 In this study, posaconazole was used as a primary 
therapy to treat CPA, and pharmacokinetic and MIC data 
were presented, enabling the  bridging of  in  vitro PDs 
to human PDs. For this purpose, drug exposures were 
simulated using the Monte Carlo method for 1000 pa-
tients receiving an oral dose of 400 mg twice-daily, using 

the reported median (range) posaconazole plasma con-
centrations of 1.28 (0.42–3.48) mg/L.22 The distribution 
of MICs was simulated for 1000 A. fumigatus isolates using 
EUCAST MICs that followed the MIC distribution of most 
of the A. fumigatus isolates tested in the same study, with 
a MIC range of 0.03– >8 mg/L, MIC50 of 0.25 mg/L and 
MIC90 of  1  mg/L,22 using the  Microsoft Office Excel 
2007 spreadsheet’s random number generator tool to run 
the Monte Carlo method (Microsoft Corp., Redmond, 
USA). Then, the AUC0–12/MICs were calculated for each 
of the simulated patients and isolates. Finally, the per-
centage of patients attaining the PD target for EI50 or EI80 
were determined in the present study and compared with 
the reported 6- and 12-month response rates of 61% and 
46%, respectively.22

Susceptibility breakpoint determination

Susceptibility breakpoints were initially determined for 
the standard oral dose of 400 mg twice daily, which cor-
responds to an AUC0–12 of 8.62 ±7.41 mg×h/L.14 The pro-
portion of patients who attained the EI50 (AUC0–12/MIC) 
for the  oral twice-daily dosing regimens and the  EI50 
(AUC0–24/MIC) for the i.v. once-daily dosing regimens was 
determined for different MICs ranging from 0.015 mg/L 
to  4  mg/L, using each of  the  3  methods. Breakpoints 
were determined using the EUCAST method for the new 
i.v. formulation of 300 mg once daily using the previously 
reported steady-state AUC0–24 of 34.3 ±14.1 mg×h/L.9 Be-
cause of the differences in the magnitude of the exposure 
index for once- and twice-daily dosing regimens, suscepti-
bility breakpoints were also determined for the i.v. dosing 
regimen of 300 mg administered twice daily. For the lat-
ter, the AUC0–12 was expected to be 21.8 ±9.16 mg×h/L.9 
Thus, the attainment rate percentages for an EI50 of 22.3 
for the twice-daily dosing regimen and 170 for the once-
daily dosing regimen were determined for isolates with 
different EUCAST MICs.

Therapeutic drug monitoring

To determine target values for therapeutic drug monitor-
ing of posaconazole, trough levels and AUCs required for 
the attainment of the EI50 for once- and twice-daily dosing 
regimens were correlated with different EUCAST MICs. 
Posaconazole regimens associated with these target values 
for at  least 5% of patients were determined for isolates 
with different EUCAST MICs based on the upper 95% CI 
of AUCs and trough plasma levels previously published for 
oral 400 mg twice-daily and i.v. 300 mg once- and twice-
daily dosing regimens.9,14

Statistical analyses

GraphPad Prism v. 5.0 software (GraphPad Inc., San Diego, 
USA) was used for data analysis. The values of the Emax 
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model were globally fitted to the data, with Emax and Emin 
being shared throughout the data sets. The additional sum-
of-squares F test was used to analyze the comparisons be-
tween the Emax model parameters of different posaconazole 
dosages and Aspergillus species. Statistical significance 
was defined as a p-value < 0.05.

Results

In vitro–in vivo correlation

Animal PKs of 1 mg/kg/day, 4 mg/kg/day and 16 mg/
kg/day posaconazole dosages were well simulated for 
all 24-hour dosing intervals in the in vitro model with 
a  Cmax (M  ±SD) of  0.65  ±0.15  mg/L, 2.14  ±0.5  mg/L 
and 5.15  ±0.96  mg/L, an  AUC of  7.30  ±1.98  mg×h/L, 
31.65 ±7.40 mg×h/L and 87.32 ±10.1 mg×h/L, respec-
tively, and an average (range) t1/2 of 11 (7–14) h (Fig. 1). 
Fungal growth of the posaconazole-susceptible isolate 
VW was completely inhibited by all 3 dosages, whereas 
no growth inhibition was observed for the other 3 iso-
lates. The  in vitro exposure–response relationship for 
the  4  A.  fumigatus isolates followed a  sigmoid curve 
(R2 > 0.80) similar to the in vivo exposure–response rela-
tionship of an animal model. The in vitro EI50 values (95% 
CI) were 160–169 h among the 3 analyzed incubation 
periods, indicating that in vitro PK–PD relationships did 
not change over time (Fig. 2). This is similar to the in vivo 

Fig. 1. Time–concentration profiles of the simulated human twice-
daily oral dosing regimen of 400 mg posaconazole in the in vitro 
pharmacokinetic-pharmacodynamic (PK-PD) model with target total 
maximum concentrations (Cmax) of 0.15 mg/L, 1.85 mg/L and 2.25 mg/L, 
and a half-life (t1/2) of 12 h. Data representing drug levels inside tubes 
in the in vitro models with and without human serum (broken and solid, 
respectively)

Fig. 2. Galactomannan 
index–time curve 
of 4 A. fumigatus 
isolates with increasing 
minimum inhibitory 
concentrations 
(MICs) in the in vitro 
pharmacokinetic-
pharmacodynamic 
(PK-PD) model 
simulating human 
oral 400 mg twice-
daily dosing regimen 
of posaconazole 
with total maximum 
concentrations (Cmax) 
of 0.15 mg/L, 1.85 mg/L 
and 2.25 mg/L, and 
a half-life (t1/2) of 12 h
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AUC0–24/MIC ratio of 167–175 that is associated with 
50% of maximal activity, as previously determined in ani-
mal models of experimental aspergillosis11–13 providing 
an in vivo validation of the model. Further studies were 
conducted to understand why the total AUC0–24/MIC 
in vivo correlated with the  in vitro free AUC0–24/MIC 
when binding was not taken into account.21,23

Effect of human serum

Galactomannan index–time curves were not affected 
by the presence of 50% human serum. Posaconazole com-
pletely inhibited galactomannan production in the wild-
type isolate in the presence and absence of serum, despite 
the fact that free posaconazole in the presence of serum 
was expected to cause a nonsignificant decrease in its MIC 
during the entire period (Fig. 1).

Clinical dosing regimens

Human serum PKs of the 400 mg twice-daily dosage were sim-
ulated in the in vitro model for high, intermediate and low peak 
concentrations with a Cmax of 3.82 ±0.99 mg/L, 1.31 ±0.62 mg/L 
and 0.23 ±0.08 mg/L, and AUC0–12 of 34.5 ±8.44 mg×h/L, 
12 ±2.67 mg×h/L and 1.62 ±0.56 mg×h/L, respectively, with 
a t1/2 of 13.25 ±3.53 h (Fig. 1). Galactomannan production 
of the wild-type isolate VW with a EUCAST MIC of 0.064 mg/L 
was fully suppressed after 72 h by the 2 high simulated Cmax. 
However, no suppression was found for all 3 simulated Cmax for 
the VR3 isolate carrying the G54W CYP51A mutation with 
a EUCAST MIC >16 mg/L (Fig. 2). For the other 2 isolates, 
VR1 with the M220I CYP51A mutation and a EUCAST MIC 
of 0.5 mg/L, and VR2 with the TR34/L98H CYP51A mutation 
and a EUCAST MIC of 1 mg/L showed partial galactomannan 
suppression for all 3 simulated Cmax (Fig. 2).

Of note, galactomannan suppression was found with 
the high simulated Cmax of posaconazole for the voricon-
azole-resistant isolate VR1. The percentage of growth 
inhibition after 72 h compared to the AUC0–12/MIC rela-
tionship for the 4 A. fumigatus isolates followed a sigmoid 
curve (R2 > 0.77) with an EI50 of 255 (95% CI) being 27 
(20.4–36) for CLSI, 22.3 (18.8–27.3) for EUCAST, and 35.8 
(18.2–70.3) for MTS, respectively (Fig. 3).24

In vitro–clinical correlation

Simulation of posaconazole concentrations and MIC dis-
tributions of A. fumigatus isolates using the Monte Carlo 
method produced median (95% CI) posaconazole concen-
trations of 1.29 (0.45–3.36) mg/L and median (range) MICs 
of 0.25 (0.03– > 8) mg/L, respectively.25 The percentage 
of patients who attained a EUCAST EI50 of 22.3 and a EU-
CAST EI80 of 40 was 63% and 50%, respectively. These 
values were similar to the 6- and 12-month response rates 
of 61% and 46%, respectively, as previously reported for 
patients with CPA treated with an oral 400 mg twice-daily 
regimen of posaconazole.22 These correlations provide 
clinical validation of the present in vitro model. The EI50 
was further used to determine the susceptibility break-
points for posaconazole in hematology patients with IPA.

Susceptibility breakpoints

The results of the Monte Carlo method for the simulated 
patient population receiving oral 400 mg twice-daily dos-
ing (Fig. 4A) and i.v. 300 mg once-daily dosing (Fig. 4B) 
had a mean ±SD AUC0–12 value of 8.73 ±6.72 mg×h/L and 
a mean ±SD AUC0–24 value of 21.7 ±9.48 mg×h/L, respec-
tively.9,14 Furthermore, 10% of simulated patients presented 
with very low AUC0–12 in accordance with previous studies, 
where 9.6% of blood levels were undetectable for the oral 
dosing regimen (<0.16 mg/L).26

The proportion of simulated patients exceeding the EU-
CAST EI50 of 22.3 after the standard oral posaconazole 
dosage of 400 mg twice daily was ≥80% for A. fumigatus 
isolates with a MIC ≤ 0.125 mg/L (i.e., 80% for a MIC 
of 0.125 mg/L, 97% for a MIC of 0.06 mg/L and 98% for 
a MIC of 0.03 mg/L), which classified them as susceptible 
to posaconazole (Fig. 4A). Isolates with a MIC of 0.25 and 
0.5 mg/L were related to intermediate levels of PK-PD target 
attainment of 66% and 36%, respectively, and MIC of 1 mg/L 
and ≥2 mg/L had the target attainment of 3% and 0%, re-
spectively, indicating resistance. Thus, the susceptible, in-
termediate and resistant breakpoints were ≤0.125 mg/L, 
0.25–0.5 mg/L and ≥1 mg/L for EUCAST, respectively. 
A similar analysis using CLSI and MTS resulted in corre-
sponding susceptibility breakpoints of 0.125 mg/L, 0.25–
0.5 mg/L and 1.0 mg/L, and 0.06 mg/L, 0.125–0.25 mg/L 
and 0.5 mg/L, respectively (Table 1). The different break-
points among these 3 methods reflect differences in PK-PD 
targets derived from differences in MICs.

Fig. 3. In vitro pharmacokinetic-pharmacodynamic (PK-PD) relationship 
of posaconazole based on galactomannan production as a function of 50% 
growth inhibition and area under the curve (AUC)0–12/minimum inhibitory 
concentration (MIC) ratios of Aspergillus fumigatus isolates tested in the in vitro 
PK-PD model. The 50% of maximal activity (EC50) was associated with 
an AUC0–12/MIC of 27, 22 and 36 using the Clinical and Laboratory Standards 
Institute (CLSI), European Committee on Antimicrobial Susceptibility Testing 
(EUCAST) and gradient concentration strip methodologies (MTS) methods, 
respectively
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The i.v. 300 mg twice-daily dosing regimens with MICs 
of 1 mg/L and 2 mg/L were associated with intermediate 
levels of PK-PD target attainment rates of 74% (62–80%) 
and 27% (11–40%), respectively.

Therapeutic drug monitoring

A trough/MIC ratio of  2.6 and 8.4  was required for 
the EI50 target attainment using twice- and once-daily 
i.v. dosing regimens of 300 mg, respectively. The trough/
MIC ratio of 1.3 can be achieved in patients treated with 
oral 400 mg twice-daily dosing, with EUCAST MICs of up 

to 0.5 mg/L. For EUCAST MICs of 1.0 mg/L and higher, 
i.v. 300 mg twice-daily dosing is required. Of note, an i.v. 
300 mg once-daily dosing regimen optimally treats pa-
tients with isolates having a MIC of 0.25–0.5 (Fig. 5).

Discussion

In vitro simulations of posaconazole in animals and 
once-daily dosing regimens in an in vitro PK-PD dialy-
sis/diffusion model resulted in an AUC0–24/MIC associ-
ated with the half-maximal activity close to 170. This 
is  in agreement with previous in vivo studies of an ex-
perimental aspergillosis model, thus validating the pres-
ent in vitro PK-PD model.11–13 When twice-daily dosing 
regimens were simulated in an in vitro human model, 
the corresponding PK-PD parameter was 22.3 AUC0–12/
MIC. Subsequently, posaconazole PK and MICs of A. fu-
migatus isolates reported in a retrospective clinical study 
for patients with CPA and treated with posaconazole 
400 mg twice daily22 were simulated using Monte Carlo 
method. The percentage of patients attaining the AUC0–12/
MIC corresponding to 50% and 80% of maximal activity 
was estimated in the present in vitro model and associ-
ated with the 6- and 12-month response rates, respec-
tively. Thus, the latter retrospective clinical study pro-
vided a clinical correlation of our in vitro model. Based 
on the PK-PD target AUC0–12/MIC of 22.3, susceptible/in-
termediate/resistant breakpoints of 0.125/0.25–0.5/1 were 
determined using CLSI and EUCAST for the oral 400 mg 
twice-daily solution of posaconazole. The corresponding 

Table 1. In vitro PK-PD susceptibility breakpoints [mg/L] for CLSI, EUCAST and MTS methods and the oral 400 mg twice-daily dosing regimen

Method and incubation time In vitro PK-PD target (AUC0–12/MIC) Susceptible Intermediate Resistant

CLSI, 48 h 27.04 (20.4–36) ≤0.125 0.25–0.5 ≥1

EUCAST, 48 h 22.3 (18.8–27.3) ≤0.125 0.25–0.5 ≥1

MTS, 24 h 35.8 (18.2–70.3) ≤0.06 0.125–0.25 ≥0.5

CLSI – Clinical and Laboratory Standards Institute; EUCAST – European Committee for Antimicrobial Susceptibility Testing; MTS – gradient concentration 
strip methodologies; PK-PD – pharmacokinetic-pharmacodynamic; AUC – area under the curve; MIC – minimum inhibitory concentration.

Fig. 5. Target values for therapeutic drug monitoring of posaconazole 
for once- and twice-daily regimens. Target trough concentrations and 
areas under the curve (AUCs) are plotted against minimum inhibitory 
concentrations (MICs) for optimal treatment

tAUC — AUC of total drug.

Fig. 4. Target attainment rates among patients for posaconazole areas under the curve (AUCs) after oral 400 mg twice-daily and i.v. 300 mg once-daily 
regimens were simulated with Monte Carlo method for different European Committee on Antimicrobial Susceptibility Testing (EUCAST) minimum 
inhibitory concentrations (MICs)

PK-PD – pharmacokinetic-pharmacodynamic; i.v. – intravenous.
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susceptibility breakpoints using the MTS method were 
1 dilution lower.

An intriguing finding of the present study was the fact 
that the in vivo total AUC0–24/MIC found in animal models 
was the same as the in vitro free AUC0–24/MIC determined 
in the present PK-PD model. Similar studies for voricon-
azole demonstrated such in vitro–in vivo correlation after 
correcting for protein binding. Posaconazole PDs was not 
affected by serum27 probably because of the high affinity 
of posaconazole to the fungal cell membrane.28

However, to predict in vivo outcomes, serum-free con-
centrations should be correlated with tissue-free concen-
trations, since only free drug diffuses passively through 
cell barriers. Indeed, microdialysis experiments in animal 
tissues have shown free voriconazole concentrations in se-
rum to be similar to tissue-free concentrations.29 However, 
posaconazole concentrations in host cells were previously 
found to be 40 times higher than the extracellular con-
centrations.30 The drug rapidly diffuses into fungal cells 
to exert its antifungal activity,28 and lung cell-associated 
concentrations are expected to be 400 times higher than 
serum-free concentrations. The  1:400 ratio is  similar 
to the protein binding of posaconazole in serum (99.23%). 
Thus, total serum PDs may be predictable in tissue cell-
associated PDs, and hence the in vitro–in vivo correlation 
found in the present study simulates total serum concen-
trations. Likewise, the accumulation of posaconazole was 
found in human tissues31 supporting the in vitro clinical 
correlation found in the current study. However, micro-
dialysis studies are needed to reliably determine the free 
posaconazole levels in tissues.

Another interesting finding of  the  present study 
is the impact the dosing frequency has on posaconazole 
PDs. When posaconazole was given once daily at higher 
Cmax, the AUC/MIC required for 50% galactomannan sup-
pression was significantly higher than the correspond-
ing AUC/MIC when posaconazole was given twice daily 
at  lower Cmax. This indicates a time-dependent activity 
of  posaconazole. Indeed, posaconazole demonstrated 
stronger time-dependent than concentration-dependent 
activity with similar killing rates at supra MIC concen-
trations and >99% killing after 48 h.15 On the contrary, 
voriconazole PDs of once- and twice-daily dosing regi-
mens were similar indicating no impact of dosing fre-
quency on its PDs and a weaker time-dependent activity.16 
Posaconazole has a short post-antifungal effect (PAFE) 
after short exposure. A longer PAFE may be detected after 
longer exposure because of the time needed for lanos-
terol to be depleted in fungal cells.32,33 Thus, the impact 
of the dosing frequency on posaconazole PDs can have 
profound clinical implications.

Specifically, for the newer i.v. formulation, a dosing regi-
men of 300 mg once daily resulted in high AUCs. How-
ever, its efficacy may be reduced because of the high expo-
sure index required when the once-daily dosing regimen 
was used in the present in vitro model. The i.v. 300 mg 

once-daily and oral 400 mg twice-daily dosing regimens 
can be used to effectively treat A. fumigatus isolates with 
MICs up to 0.125 mg/L. Intermediate levels of efficacy, 
particularly of the i.v. formulation, were found for isolates 
with MICs 0.25–0.5 mg/L. The analysis of  the results 
of i.v. doses of 300 mg twice daily were associated with 
high PD target attainment rates for isolates with MICs 
of up to 0.5 mg/L. Additionally, for MICs of 1–2 mg/L, 
the  efficacy could be optimized with TDM targeting 
a trough/MIC ratio of 2.6. This latter finding should hold 
true for the 400 mg tablet formulation of posaconazole, 
since the obtained AUC is similar to that observed with 
the i.v. formulation.34

Although the findings of the present study are corre-
lated with the response rates of posaconazole as a primary 
therapy for CPA, one wonders whether these findings can 
be extrapolated to IPA. Unfortunately, there are no clini-
cal studies where posaconazole was used as a primary 
therapy for IPA. In addition, although the underlying con-
dition is different between patients with CPA and IPA, 
the PD target is the same (i.e., A. fumigatus). The differ-
ences between the 2 hosts may be reflected by the fact that 
the model is associated with a 6- and 12-week survival for 
IPA and 6- and 12-month response rates for CPA. A suc-
cess rate of 76% was previously reported in hematological 
patients with febrile neutropenia not responsive to anti-
bacterial therapy and treated orally with posaconazole 
400 mg twice daily.14 Furthermore, the proving of results 
can also be inferred on the basis of the 2.6 trough/MIC 
ratio determined in the present study for TDM of posacon-
azole. Posaconazole concentrations >1.25 mg/L were as-
sociated with higher efficacy in salvage therapy,35 given 
that the MIC90 of posaconazole for Aspergillus species 
was 0.5 mg/L.36 A trough/MIC ratio of 2.6 mg/L could 
explain the failure and success of posaconazole therapy 
in those cases. In another study, in a renal transplant pa-
tient with IPA by an A. fumigatus isolate with a voricon-
azole MIC > 16 mg/L and a posaconazole MIC of 0.5 mg/L, 
primary therapy with posaconazole failed.37 The trough 
level in  that patient was 0.6 mg/L, which corresponds 
to a 1.2 trough/MIC ratio, being below the target ratio 
determined by the present study.

Finally, the  currently proposed EUCAST suscepti-
bility breakpoint for posaconazole and A.  fumigatus 
is ≤0.125 mg/L,36 which agrees with the PK-PD break-
point found in the present study, and with the previous 
observation when the isolates had MICs ≤ 0.12 mg/L with 
a mutation in the cyp51A gene.38 A similar breakpoint 
was determined for CLSI, whereas MTS was determined 
with endpoints ≤0.06 mg/L. However, for isolates with 
MICs at susceptible breakpoints, the success rate exceeded 
80%, making TDM important to confirm that a particu-
lar patient belongs to the PK-PD target. The percentage 
of target attainment for isolates with MICs lower than 
susceptible breakpoints (at 0.06 mg/L for EUCAST and 
CLSI) was >90%, making TDM not necessary. For isolates 
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with EUCAST and CLSI MICs of 0.25–0.5 mg/L, posacon-
azole should not be considered without TDM because 
the probability of failure is high. At the same time, for 
isolates with higher MICs (>1.0 mg/L), the i.v. formulation 
at a dosing regimen of 300 mg twice daily is advised, and 
it could be effective for non-wild isolates harboring muta-
tions in the cyp51A gene38 and resistance to voriconazole 
with a particular mutation in the M220 and TR.7

Limitations

Limitations include the difficulty in simulating the im-
mune system and estimating the antifungal drugs in af-
fected tissues, as  well as  the  inability to  reliably test 
the protein binding capacity of antifungal drugs.

Conclusions

Oral therapy can be considered in isolates with the low-
est MIC without TDM, while i.v. therapy may have a role 
as a primary therapy option for azole-resistant IPA and 
should be considered with higher MICs. Thus, the i.v. for-
mulation of posaconazole at a dosing regimen of 300 mg 
twice daily may play a role in the primary therapy of IPA 
with voriconazole-resistant A. fumigatus isolates.
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