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Abstract

In recent years, many population pharmacokinetic (popPK) models have been developed for echinocandins to better under-
stand the pharmacokinetics (PK) of these antifungals. This comprehensive review aimed to summarize popPK models of
echinocandins (micafungin, caspofungin, anidulafungin, and rezafungin), by focusing on dosage optimization to maximize
the probability of attaining the PK/PD target proposed in special populations. A search in PubMed, Embase, Web of Sci-
ence, and Scopus, supplemented by the bibliography of relevant articles, was conducted from inception to March 2024,
including both observational and prospective trials. A total of 1126 articles were identified, 47 of them were included in the
review (22 for micafungin, 13 for caspofungin, 9 for anidulafungin, and 3 for rezafungin). A two-compartment model was
more frequently used to describe the PK parameters of echinocandin (78.7% of developed models), although more complex
structural models with three and four compartments have also been developed. The covariates to estimate the PK parameters
such as clearance (CL) and volume of distribution (V,) differed between models. Weight total (WT) was the most frequently
reported to be a significant predictor for both parameters, especially for estimating the CL in pediatrics. The PD parameter
most widely reported assessing the drug exposure—efficacy relationship was the area under the concentration—time curve
to minimum inhibitory concentration (MIC) ratio (AUC,_,,/MIC) with different targets proposed for each echinocandin. In
certain populations such as patients that are critically ill, obese, receiving extracorporeal membrane oxygenation (ECMO)
and/or continuous renal replacement therapy (CRRT), or pediatric patients and/or patients with cancer or that are immu-
nocompromised, the fixed dosing strategies recommended in the drug prescribing information may not reach the PK/PD
target. For these populations, different strategies have been proposed, such as a dosing regimen based on body weight or
increasing the loading and/or maintenance dose. Despite echinocandins’ favorable safety profile and predictable PK, certain
groups at risk of suboptimal drug exposure can benefit from therapeutic drug monitoring (TDM) to prevent clinical failures.
Numerous popPK models of echinocandins have been developed. However, an external validation of the suggested dosing
regimens in conjunction with an analysis of population subgroups should be conducted before implementing a popPK model
in clinical practice.

1 Introduction

Candidiasis, aspergillosis, and other invasive fungal infec-
tions (IFIs) represent a significant source of morbidity and
mortality (attributable range of 10-49%) in hospitalized
patients, contributing substantially to healthcare costs despite
the increased availability of antifungal agents with improved
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Echinocandins population pharmacokinetic (popPK)
models conducted in special populations are useful for
improving dosing regimens and reaching the desired PK/
PD target.

Some covariates have been found to influence echinocan-
dins pharmacokinetics, especially body weight, although
the unexplained variability remains considerable, so
further research is necessary to improve the predictive
performance of these models.

Different strategies such as a dosing regimen based on
body weight, increasing the maintenance, and/or the
loading have been proposed to achieve echinocandins
PK/PD target in special populations.

IC-related prognosis remains poor [4, 5]. An important
advancement in the management of IFIs came with the intro-
duction of echinocandins into the antifungal arsenal with
caspofungin in 2001, followed by micafungin in 2005 and
anidulafungin 2006. Echinocandins, in contrast to triazoles,
show notable efficacy in the presence of biofilms, as well as
a postantifungal effect, which allows the inhibition of fun-
gal growth after the drug is stopped [6]. Echinocandins are
usually well tolerated because of their unique mechanism of
action, which involves inhibiting p-(1,3)-p-glucan synthase,
an enzyme required for the synthesis of an essential compo-
nent of the fungi cell wall, while sparing human cells. Moreo-
ver, they have low risk of adverse effects [5, 7].

The clinical use of echinocandins, particularly for treat-
ing candidemia and IC, has increased significantly in recent
years [1, 8]. Most treatment guidelines recommend initial
therapy with echinocandins for patients that are critically ill
and those at high risk of infection for some Candida spe-
cies, based on their high efficacy, favorable safety profile,
broader spectrum compared with fluconazole, and limited
drug interactions [5, 9]. The current dose recommendation
for IFTs involves a fixed dose for adults: caspofungin: loading
dose (LD) 70 mg followed by 50 mg/day or 70 mg daily if >
80 kg [10], micafungin 100-150 mg/day or 2—-4 mg/kg/day
if <40 kg [11]; anidulafungin: LD 200 mg followed by 100
mg/day [12]; and rezafungin: LD 400 mg followed by 200
mg/weekly [13]. However, recent studies have documented
inadequate exposure to echinocandins in special populations,
such as patients that are critically ill or obese, patients under-
going extracorporeal membrane oxygenation (ECMO) and/or
continuous renal replacement therapy (CRRT), and pediat-
rics [14-24]. Identifying the main causes of pharmacokinetic
variability is crucial for optimizing echinocandin dosing [18].
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Echinocandin dosing and therapeutic drug monitor-
ing (TDM) have not been extensively studied. However,
recently, many population pharmacokinetic (popPK) mod-
els have been developed to better understand dosing in spe-
cial populations. The population-based modeling method
assesses both intra- and interindividual variability, allowing
the determination of optimal dosing regimens by identifying
and quantifying sources of PK variability and enhancing
the understanding and optimization of clinical interventions
[25]. This method has an advantage over classical PK studies
in that the effects of covariates on the PK parameters can be
derived through sparse sampling from each subject. This
reduces the need for bloodwork and increases participant
recruitment [25-27].

Echinocandins PK/PD studies have demonstrated con-
centration-dependent fungicidal effect where the antifungal
activity is correlated to higher drug concentrations than the
MIC for the organism [6]. Thus, antifungal dosage could be
optimized based on PK/PD properties [8, 14, 15]. A thor-
ough understanding of PK/PD relationships provides the
basis for developing reliable and effective dosages and iden-
tifies circumstances in which a conventional fixed regimen
could fail, providing resources to prevent them [18, 27, 28].
The PD target to evaluate the exposure—response relationship
of echinocandins has been well established to be the AUC
0-24/MIC ratio [18, 22, 28-30]. These ratios vary between
the different Candida species and the echinocandins used.
Monte-Carlo simulations are used to determine the prob-
ability of target attainment (PTA), defined as the percentage
of subjects who achieved the proposed PD exposure in each
study [28, 31]. The likely success of treatment identified the
PTA by comparing the PD exposure against a MIC distribu-
tion. Usually, a PTA of > 90% is considered optimal [15, 28,
32]. Since echinocandins are highly protein bound and their
antifungal activity is concentration dependent, the fAUC,_,,/
MIC ratio has been identified as more accurate predictor of
PK/PD characteristics and may be of great interest, espe-
cially in patients that are hypoalbuminemic, such as many
patients that are critically ill [18, 22, 28, 33].

To date, no recent reviews have focused on describing
the popPK of echinocandins in different populations. This
review synthesizes the published literature on popPK of
echinocandins, describes the significant covariates affecting
them, compiles the PD targets, and the strategies to achieve
them in special populations.

2 Search Methodology

2.1 Literature Search Strategy

A literature search was conducted in MEDLINE (via Pub-
Med), Embase, Web of Science, and Scopus databases
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using the following combination of terms for each antibi-
otic: (“micafungin” OR “caspofungin” OR “anidulafungin”
OR “rezafungin”) AND (“pharmacokinetic model” OR
“popPK” OR “population pharmacokinetics’) without lan-
guage restrictions to identify popPK studies of echinocan-
dins in all types of populations from inception to 6 March
2024. The principal search was supplemented by inspecting
the bibliography of relevant articles.

2.2 Inclusion and Exclusion Criteria

All articles should meet the following criteria: (1) obser-
vational studies or clinical trials describing popPK models
of echinocandins (caspofungin, micafungin, anidulafungin,
and rezafungin) in humans (adults, children, and neonates);
(2) the study must report at least one PK parameter (e.g.,
elimination constant [k.], half-life [#,,,], clearance [CL],
intercompartmental clearance [Q], central volume [V,], or
peripheral volume of distribution [V,]) and use at least one
type of popPK analysis (models using both parametric meth-
ods such as the nonlinear mixed-effects model [NLME] and
the iterative two-stage [iterative standard Bayesian method,
IT2B] and nonparametric methods were allowed); (3) the
text must be in English, Spanish, French, or German.

The following was excluded: (1) studies describing only
covariates influencing the PK parameters without equations;
(2) reviews of already published popPK models, protocols,
editorials, commentaries, and book chapters; (3) validation
studies for already published popPK models; and (4) studies
that did not use popPK modeling analyses (studies in vitro
or in animals).

2.3 Data Extraction

One investigator reviewed the literature, assessing the titles
and abstracts of the studies according to the screening cri-
teria for possible inclusion using a standard data extraction
form in Microsoft Excel (Microsoft Corporation, Redmond,
WA). The following data from the studies were extracted:
study duration in years, country, statistical modeling soft-
ware, total number of samples and patients, population
demographics, dose and frequency, PD parameter used and
target, treatment intention, structural PK model, developed
model for calculating the PK parameters CL, Q, volume of
distribution (V), V., Vp, and the included covariates in each
equation.

To describe the characteristics of the population included
in each study, age, weight, and serum creatinine (SCr) lev-
els expressed as mean =+ standard deviation (SD) or median
(range) were recorded.

3 Eligible Studies and Characteristics
of Population Pharmacokinetic Models

3.1 Studies Included and Population Characteristics

A total of 1126 articles were identified. After removing
duplicates, 589 relevant studies were screened. Finally,
59 were assessed for title and abstract review, and 47 of
them were included in the review (22 for micafungin, 13
for caspofungin, 9 for anidulafungin, and 3 for rezafungin)
(Fig. 1).

For the articles included the year of publication ranges
across approximately 19 years (from 2004 to the end of
2023).

3.1.1 Micafungin

Micafungin was the antifungal agent for which most
models have been described (n = 22). The years of study
included from 1998 to 2016. A total of 17 studies were
conducted on adults and 5 on the pediatric population,
one of which combined adults and pediatric patients.
Nonlinear mixed-effects modeling was the most widely
used approach for describing micafungin PopPK mod-
els, with NONMEM being the most statistical modeling
software used in 10 of the 22 models described (45.5%).
The nonparametric adaptive grid (NPAG) algorithm for
Pmetrics software was used in 8 out of 22 models (36.4%).
Micafungin popPK was best described by a two-compart-
ment approach (2-CMT) in 18 models and by a three-
compartment approach (3-CMT) in 3 models. The study
of Jullien et al. [34] had the largest population: 100 adults
with 436 plasma concentrations, and the study of Hope
et al. [24] had the largest pediatric population: 1919 sam-
ples in 229 patients. The percentage of males was higher
than females in most studies. SCr levels were missing in
some studies, especially in studies that included pediat-
ric patients. Patients that were critically ill were the most
widely studied population, with 12 of the 17 studies con-
ducted on adults. The doses in adults ranged from 12.5
to 300 mg daily, with the dose of 100 mg/day being the
most commonly used. In pediatrics, the doses ranged from
0.5 to 15 mg/kg/day. Treatment intention included prophy-
laxis, suspected and proven fungal infections.

The PD parameter most widely reported for assessing the
drug exposure—efficacy relationship for micafungin, was the
area under the concentration—time curve/MIC ratio (AUC
024/MIC). The target most frequently reported for non-Can-
dida parapsilosis spp varied between > 3000 and > 5000.
However, the target AUC,,_,,/MIC > 285 for C. parapsilo-
sis seems to be common in most studies. Some studies, such

A\ Adis



M. Albanell-Fernandez

30
Fig. 1 Flow chart of the article
selection process { Identification of studies via databases and other sources ]
'
Records identified from:
Databases (n = 1124)
§| | »+  Medine, n=245
§ . Embase, n = 351 Records removed before
&= . Web of Science, n = 187 > screening:
] . Scopus, n = 341 Duplicate records removed
3 (n=537)
Records from other sources
(n=2)
TOTAL: 1126
v
o
£
s Records screened (n = 589)
e
@
() V
Records excluded (n = 12)
. Different objective of developing
g Full-text records assessed for _ a population model, n =8
i eligibility (n = 59) 4K Not population model (in silico or
2 animals),n =3
w . Validation of an already
published population model, n =
— 1
)
- Full-text articles included
S (n=47)
% Micafungin, n = 22
£ Caspofungin, n =13
Anidulafungin, n =9
Rezafungin, n =3
|

as Gastine et al. [30] and Zhong et al. [35] have suggested
different targets depending on the specific Candida species.

3.1.2 Caspofungin

A total of 13 models were described for caspofungin, 10
in adults and 3 in pediatrics. The studies were conducted
between 1997 and 2021. NONMEM was the statistical mod-
eling software most commonly used in 8 of the 13 models
described (61.5%). Caspofungin popPK was best described
using a 2-CMT approach in 11 models (84.6%). The study
by Wu et al. [36] had the largest adult population with
58 patients (414 samples). In pediatrics, Yang et al. [37]
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included 48 patients with a total of 159 samples. Six studies
[14, 15, 37-40] were conducted on the critically ill popula-
tion including adults and children, and five on transplant
recipients’ patients [28, 32, 36, 41, 42]. An LD of 70 mg fol-
lowed by 50 or 70 mg/day according to body weight was the
most common regimen, although in the study of Wiirthwein
G. et al. [43], it was used up to 200 mg/day. The most used
PD parameter to evaluate the correlation between drug expo-
sure and efficacy was the AUC,_,,/MIC ratio. According to
Pressiat C. et al. for the fungicidal effect, an AUC,,_,,/MIC
> 865 for C. albicans; > 450 for C. glabrata; > 1185 for
C. parapsilosis were most widely reported, which corre-
sponds to a free drug target of fAUC,_,,/MIC > 25.9 for C.
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albicans; > 13.5 for C. glabrata; > 35.5 for C. parapsilosis.
[28]. Only one study evaluated the PD target in Aspergillus
spp. infections, reporting a target of C,,./minimal effective
concentration (MEC) of 10-20.

3.1.3 Anidulafungin

A total of nine models were described for anidulafungin for
adults. The period over which the studies were conducted has
not been reported in most of them. The statistical modeling
software most commonly used was NONMEM, in four of the
nine models developed (44.4%). Anidulafungin popPK was
best described using a 2-CMT approach in eight of the nine
models described (88.9%). Patients that were critically ill
were again the most commonly studied population, in five
of the nine studies included [18, 22, 27, 44, 45]. A LD of
200 mg followed by 100 mg/day was the most common regi-
men, although in some studies a lower MD of 50 mg/day
was used [46, 47]. Different PD parameters to evaluate the
correlation between drug exposure and efficacy have been
described, such as AUC,,_,,/MIC with a suggested but not
clear threshold of 40 mg x h/L [47]; fAUC,,_,,/MIC > 20.6
for C. albicans, > 7.0 for C. glabrata; > 7.6 for C. parap-
silosis in the study of Luque et al. [18] and Kapralos et al.
[22] or AUC,_, > 82 h X mg/L for C. glabrata reported by

Hall et al. [48].
3.1.4 Rezafungin

The population PK of rezafungin has only been described
in three studies, as this echinocandin has recently been mar-
keted. The popPK models developed are more complex than
the other three echinocandins; 4-compartment (4—-CMT) and
3-compartment models (3—CMT) have been used. Doses
vary widely, including single- and multiple-dose studies,
ranging from 50 to 1400 mg, although the regular dose is LD
400 mg and MD 200 mg/weekly. The PD target has not been
clearly defined for humans in the popPK studies conducted.

Table 1 summarizes the characteristics of the population
pharmacokinetic studies included in the review. The data for
the variability of each popPK model as well as the antifungal
dosing recommendation of the included studies are summa-
rized in Supplementary Table 1.

3.2 Population Pharmacokinetic Analysis
3.2.1 Micafungin

Among the 17 studies described for micafungin in adults,
CL estimates ranged from 0.69 to 1.56 L/h for the 2-CMT
models and 1.09 to 1.61 L/h for the 3-CMT models. The V.
estimates ranged from 8.84 to 17.6 L, the V,, ranged from
2.77 to 12.6 L for the 2-CMT models, and the V,_ from 5.85

to 12.85 L for the 3-CMT models. The Vp (3.86 L) and Vpe
(4.82 L) were only reported in the study of Garbez et al. [31]
for the 3-CMT models.

The frequency of covariates included in the popPK model
ranged from none to three for CL. Weight total (WT) was the
most frequently reported significant predictor of micafungin
CL, especially in pediatric patients and was included in the
equations developed. In other models, SOFA, albumin, bili-
rubin, transaminases (ALT and AST), platelet count, body
surface area (BSA), and fat free mass (FFM) have been
reported to influence CL. For V,, the developed equations
were simpler; in seven models, no covariates were found,
and in other 5 [20, 34, 54, 55, 60] WT was used as a signifi-
cant predictor. In other models, the FFM [31] and the lean
body mass corrected (LBMc) were included [56].

3.2.2 Caspofungin

In the ten models developed for caspofungin in adults, the
CL estimates ranged from 0.21 to 0.70 L/h for the 2-CMT
models; only one 3-CMT [40] was developed for adults with
a predicted CL of 0.78 L/h. The CL in pediatric patients
cannot be compared because they are expressed in different
units. The V, estimates ranged from 2.21 to 18.6 L and the
Vp from 2.87 to 49.20 L for the 2-CMT models, and for the
3-CMT models, the V, was 9.36 and V, and V,,, 4.87 L and
4.69 L, respectively.

The frequency of covariates included in the popPK model
ranged from none to two for CL. Six models [15, 28, 29,
38, 39, 41] did not find any covariate to influence CL; WT
was only reported in two popPK models [14, 43]; FFM in
one [40], and BSA in two pediatric models [32, 37]. The
covariates most frequently described to influence the V for
caspofungin popPK models were WT in four of ten adult
models [14, 15, 35, 41], FFM in one model [40], and BSA
in two pediatric models [32, 37]. Five models did not include
any covariates to estimate the V [28, 29, 36, 39, 41].

3.2.3 Anidulafungin

Among the nine popPK models described for anidulafungin
in adults, CL estimates ranged from 0.78 to 1.05 L/h for the
2-CMT models. Only one 3-CMT was described for adults
with a mean CL of 1.00 L/h [21]. The V, estimates ranged
from 0.17 to 29.48 L and the 1A from 14.42 to 48.70 L for
the 2-CMT models and for the 3-CMT model, the V, Vp,,
and Vp; were 16.60 L for all of them.

The covariates included in the anidulafungin popPK mod-
els for estimating the CL ranged from one to three. The WT
was included in four models [18, 21, 44, 46], in one model
FFM was included [27] and in another one, the lean body
weight (LBW) [48]. The covariate most frequently described
to influence the V,; was WT [21, 46, 47]. Other reported
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covariates were SOFA, Body mass index (BMI), LBW, and
LBMc.

3.2.4 Rezafungin

Only three popPK models have been described for
rezafungin. The CL estimates ranged from 0.19 to 0.33 L/h
and the V, from 8.94 to 17.70 L for the 3-CMT and 4-CMT
models developed. The covariates affecting the CL and the
V, differed between models. For CL, the BSA, disease state,
WT, albumin, and sex were reported, while for V,, the BSA,
disease state, WT, infection, and albumin were included in
the different models.

Table 2 summarizes the popPK model equations and
mean values of the PK parameters (CL and V).

3.3 Special Populations
3.3.1 Critically ill patients

The population of patients that are critically ill has been
deeply studied in population PK studies for echinocandins.
For micafungin, different popPK models have been devel-
oped. These models combined with an optimal sampling
scheme, rapid identification of the Candida species and
accurate susceptibility testing (MIC) provide an opportu-
nity to achieve quick optimization of micafungin exposure
and may guide early dose decision making [56]. The covari-
ates included estimating the CL and V, differed between
models. WT has been mostly described but also SOFA,
albumin, BSA, or ALT. To achieve the PK/PD targets, dif-
ferent approaches have been proposed in this population.
In fungal peritonitis, the daily dose of 100 mg seems to be
adequate to reach the PK/PD targets in plasma for Candida
spp and, specifically, C. parapsilosis MICs of 0.008-0.016
and 0.125-0.25 mg/L, respectively [17]. In patients that
are critically ill with severe burn injuries and patients with
complicated intra-abdominal infections (IAI), 100 mg daily
achieved the PK/PD targets in plasma for non-C. parapsi-
losis spp with MIC < 0.008 mg/L and C. parapsilosis with
MIC < 0.064 mg/L, in both groups [52]. Nevertheless, the V
was higher in patients with burns. In patients with sepsis and
mechanical ventilation, 100 mg daily was associated with
a very low probability of attaining the PK/PD target value
in infections due to C. albicans or C. glabrata with MIC >
0.015 mg/L, as well as in almost all cases of infection of C.
parapsilosis. An increase in the dose should be considered
in these cases [34]. In a cohort of Chinese patients that are
septic, the recommended 100 mg daily had low clinical suc-
cess for non-C. albicans infections; therefore, higher doses
of at least 200 and 250 mg for MIC breakpoints of 0.032
and 0.064 mg/L for C. glabrata and C. tropicalis, respec-
tively, should be considered. However, daily doses of 300

mg could not achieve MIC breakpoints of 0.125-0.25 mg/L
for C. krusei and 1-2 mg/L for C. parapsilosis [35]. These
results agree with Martial et al. [53] who stated that cur-
rent micafungin dosing regimens are adequate to treat Can-
dida infections with species up to 0.016 mg/L, but the dose
should be increased to 200 mg in the case of MIC > 0.032
mg/L. Kapralos et al. [23] proposed an alternative approach
based on the use of a high LD. An LD of up to 300 mg for
the treatment of IC in ICU patients may be needed, while
an MD of up to 200 mg can be considered in empirical anti-
fungal treatment.

For caspofungin, a weight-based dosing regimen sup-
ported by a popPK model has been proposed to reach the
AUC target. An LD of 2 mg/kg, followed by 1.25 mg/kg as
a MD, might be appropriate for achieving adequate exposure
in ICU patients [38]. Martial et al. [53] suggested that the
MD should not be reduced to 35 mg/day in ICU patients
with moderate to severe hepatic dysfunction (classified as
Child-Pugh B or C), contrary to what is indicated in the
drug package insert. A MD of 70-100 mg in infections
caused by pathogens with attenuated MIC > 0.125 mg/L,
should be considered to achieve an optimal target attain-
ment. For TAI treatment, due to the moderate penetration
of caspofungin into the peritoneal cavity, in patients with
FFM > 50 kg, an LD of 70 or 100 mg, with a MD of 70 mg,
should be used to guarantee appropriate concentrations in
the abdominal cavity for C. albicans and C. glabrata. While
standard dosing regimens for patients with FFM < 50 kg for
these species appear to be appropriate [40].

In the case of anidulafungin, a limited-sampling strategy
may be useful for adequately estimating the exposure. The
drug concentration can be adequately estimated from a sin-
gle sample drawn 12 h after the start of the infusion either
by linear regression or using a popPK model [27]. The PK
of anidulafungin in ICU patients appeared to be comparable
with the general population [44]. Another study reported
that although drug exposure was comparable with that in
healthy volunteers, elevated interindividual and significant
interoccasion variability was found in patients that are criti-
cally ill [22]. In ICU patients with complicated IAI, the PK
parameters were similar to healthy volunteers or other types
of ICU patients. The standard dosage seems to be adequate
in this population, although an increased V,; and a longer ¢,
were observed [45]. Luque et al. [18] recommended a higher
dose of anidulafungin for the treatment of C. albicans or C.
glabrata infections in patients that are critically ill with high
TBWs > 150 kg to avoid potential clinical failures.

3.3.2 Renal Replacement Therapies
In patients undergoing renal replacement, including con-

tinuous venovenous haemofiltration (CVVH), continuous
venovenous hemodiafiltration (CVVHDF), continuous
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venovenous high cutoff membrane hemodialysis (CVVHD-
HCO), and slow low-efficient daily dialysis (SLEDD), the
data obtained for micafungin revealed no removal of it or
need for dose adjustment for those patients, obtaining an
optimal PK/PD coverage using the standard doses of this
antifungal [16, 31, 49, 52]. Garbez et al. [16] recommended
an LD of 150 mg to achieve the PK/PD target for less sus-
ceptible Candida species from the first day of therapy. For
caspofungin, the two studies [14, 15] including patients
undergoing CRRT revealed different data. Roger et al. [14]
showed that no dosing adjustment was necessary for patients
undergoing either form of CRRT (CVVH or CVVHDF),
although a higher than recommended LD of caspofungin,
(i.e., 100 mg) is required to achieve optimal exposure in
patients that are critically ill [14]. However, Pérez-Pitarch
et al. [15] found that the standard caspofungin regimen was
insufficient to reach the target for C. albicans and C. parap-
silosis with MIC > 0.1 mg/L, suggesting that the determina-
tion of MIC and dose escalation to 100 mg (LD) or 200 mg
once daily will increase the probability of attaining the PK/
PD target for Candida spp and Aspergillus spp. Previously
published data demonstrated that caspofungin can be safely
used at doses of up to 200 mg/day [63—-65].

No popPK model has been developed to evaluate the
effect of CRRT on anidulafungin. However, different stud-
ies have shown that the PKs of anidulafungin during CVVH
resemble healthy adults and patients with fungal infections,
recommending an LD of 200 mg and 100 mg on consecutive
treatment days [66—69]. Similarly, for rezafungin the popu-
lation analyzed did not include patients undergoing CRRT,
although Jang et al. [70] analyzed the influence of CVVH on
rezafungin, proving that the drug is not removed by mem-
brane adsorption during CVVH; hence, no dosage adjust-
ment is required for patients that are critically ill receiving
CVVH. The covariates influencing CL and V, in patients
undergoing CRRT are not uniform. WT has been described
as a significant covariate in some studies [14, 16, 51, 54] but
not in all of them. Gastine et al. [30], reported SOFA and
bilirubin as significant covariates for CL and SOFA for V.

3.3.3 Extracorporeal Membrane Oxygenation

Few studies have developed popPK models including
patients undergoing extracorporeal membrane oxygenation
(ECMO). For micafungin, Jullien et al. [34] included 11
patients undergoing ECMO and did not find any covari-
ates to influence micafungin PK in ECMO. Gastine et al.
[30] included six patients to develop a popPK model for
micafungin and did not report any influence of ECMO on
the PK parameters. Echinocandins have different logPs
(micafungin: — 1.5; caspofungin 0.1 and anidulafungin 2.9),
are soluble in water and, consequently, are not expected to
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interact with the organic material of the ECMO circuit,
although echinocandins are also highly protein bound, and
this condition has been associated with reductions in the
V4 and CL during ECMO [8, 34]. Autmizguine et al. [60]
studied the PK and safety of micafungin in infants supported
by ECMO, describing a higher V,; and CL than previously
published values for infants not on ECMO. A dose of 2.5 and
5 mg/kg/day for prophylaxis and treatment of IC was recom-
mended for achieving a PK target of AUC ,,: 37.5-69.5 mg
X h/L for prophylaxis and AUC,,_,,: 75-139 mg X h/L for
proven infection. For caspofungin, Wang et al. [42] studied
the population PK of caspofungin in patients with ECMO
and reported no significant differences in the PK parameters
(CL and V,) and the concentrations of caspofungin among
ECMO and non-ECMO patients [42]. The popPK models of
anidulafungin did not include patients with ECMO. Anidu-
lafungin is more lipophilic than other echinocandins (log
P 2.9) and has less protein binding than the others (84%)
[71]. Only one case report described similar maximum and
trough of plasma anidulafungin concentrations in a patient
that is critically ill on ECMO, suggesting that ECMO had
little effect on the PK of anidulafungin and no dose adjust-
ment is required [71, 72]. There is no available information
on rezafungin in patients undergoing ECMO.

3.3.4 Patients that are Overweight and Obese

Dosing in patients that are critically ill and obese is chal-
lenging due to pathophysiological changes derived from
obesity and/or critical illness. Moreover, the rates of obe-
sity are increasing leading to more patients that are obese
requiring antifungal therapy for serious infections [19, 20].
Two popPK models have been developed for micafungin in
patients that are morbidly obese. In both models, WT was
included as an influential covariate for CL but only in one
(Wasmann et al.) for V, [19, 21]. In both studies, higher
doses of micafungin were required to reach the PK/PD tar-
get. Maseda et al. [19] suggested a dose of 150 mg daily to
cover C. albicans and 200 mg daily to cover C. glabrata for
patients weighing up to 115 kg and 200 mg daily for those
surpassing such weight to cover C. albicans. Wasmann et al.
[20] recommended 100 mg daily in patients weighing < 125
kg infected by Candida spp with MIC of 0.016 mg/L, 200
mg daily in patients > 125 kg infected by Candida spp with
MIC of 0.016 mg/L, and 300 mg daily for MIC of 0.032
mg/L and > 125 kg weight [20]. For caspofungin, the MD
recommended in the prescribing information is already
adjusted according to the patient’s weight. However, Mrt-
son et al. [38], suggested a weight-based dose regimen of
2 mg/kg LD and 1.25 mg/kg daily to be more appropriate
for achieving adequate exposure of caspofungin in patients
that are critically ill than the standard fixed-dose regimen,
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as the registered dose might not be suitable for patients that
are critically ill who were overweight (> 120 kg), over 80%
of median weight (78 kg) and around 25% of lower weight
(£ 50 kg). In their model, the WT was only included as a
significant covariate for the V4 [38]. Wasmann et al. [21]
studied the PK of anidulafungin in obese and normal-weight
adults. WT was identified as a descriptor for both CL and
V4, but the effect of weight on these parameters was limited.
A MD of 100 mg daily reached the PK/PD target in more
than 97% of subjects with a weight < 140 kg. In patients that
are obese with a weight > 140kg, a 25% increase in LD and
MD could be considered [21]. Liu et al. [44] used 150 mg of
anidulafungin daily (50% increase over the standard dose)
in a patient that is critically ill of 240 kg to achieve the PK/
PD target. No data are available on the PK of rezafungin in
patients with obesity.

3.3.5 Pediatric Patients

The pediatric and neonatal population has also been stud-
ied for the development of PK models of echinocandins.
For micafungin, five models have been developed [24,
57-60], one of them includes children and adults [58].
All models included WT as a significant covariate for
CL. However, only one model included WT for V, [60].
The PD parameters and targets differ between models.
Micafungin weight-based dosing (mg/kg) has been sug-
gested for pediatric patients to provide the same plasma
concentrations as adults since body weight was found to
be the primary factor of variability [58]. Hope et al. [59]
in neonates and young infants recommended a dosage of
10 mg/kg/day to reach the PK/PD target (AUC_,,/MIC >
1332); for children and adolescents weighing up to 40 to
50 kg, dose regimens of 1, 2, and 3 mg/kg/day are appro-
priate for prevention of IC, treatment of IC, and treatment
of esophageal candidiasis, respectively [24]. In children
aged 2—-17 years, WT has been considered and incorpo-
rated as a covariate to adequately describe micafungin PK.
Based on the principles of scaling by body weight, lower-
weight children may present higher weight-normalized
CL. Consequently, a degree of dosage increase is required
in smaller children to ensure comparable levels of drug
exposure to those observed in larger children and adults
[57]. In infants on ECMO, higher V,; and CL than infants
not on ECMO have been reported, thus a dosage of 2.5 and
5 mg/kg/day for prophylaxis and treatment of IC, respec-
tively, can be used [60].

For caspofungin, instead of WT, the BSA has been incor-
porated as a significant predictor for CL and V; [32, 37]. The
adjustment of caspofungin dosage based on BSA on children
from 2 to 12 years of age seems to be most appropriate for
pediatric use [37]. Niu et al. [32] showed that a 70 mg/m2
LD and 50 mg/m? MD regimen can be recommended for

a successful outcome against C. albicans and C. glabrata,
although for C. parapsilosis, conventional doses may not
be sufficient for reaching the fungistatic target and the MD
can be increased to 60 mg/m?. An extended dosing regimen
of 200 mg/m? twice weekly, (maximal 200 mg total dose)
in patients from 3 months to 17 years has been proposed to
achieve PK/PD targets for treatment of IFIs [30]. No pedi-
atric popPK models have been developed for anidulafungin
and rezafungin.

3.3.6 Patients with Cancer and Patients That Are
Immunocompromised

Echinocandins are highly used as empirical antifungal
therapy in patients with cancer with neutropenic fever and
prophylaxis of IC. In the case of micafungin, three popPK
models including patients with cancer and patients that are
immunocompromised have been developed. The estimated
micafungin CL was significantly higher in patients with
cancer than without cancer, suggesting a need for increased
dosage, especially for Candida spp with high MICs in these
patients. Patients without cancer achieved higher PK/PD
targets compared with patients with cancer [55]. A study of
micafungin used for prophylaxis in hematological patients
described that if weight > 66.3 kg, larger doses may be
needed to achieve similar exposures to those < 66.3 kg [49].
Ikawa et al. [50] rationalized the approved micafungin dos-
ages for Candida spp infections (50 mg daily for prophylaxis
and 100-150 mg daily for treatment) in adult patients with
hematological malignancies. However, for Aspergillus spp
infections, higher doses of 200-250 mg/day might be needed
to reach favorable outcomes [50] .

The PK of caspofungin in patients that are immunocom-
promised with invasive aspergillosis has been studied, dem-
onstrating no relevant changes in PKs when caspofungin was
given at dosages of up to 200 mg to patients with invasive
aspergillosis relative to the PKs in other populations receiv-
ing standard or high doses [43]. In allogeneic hematopoietic
stem cell recipients, popPK models have been developed
for caspofungin and liposomal amphotericin B (LAMB).
Drug exposures in these patients were comparable to those
in other populations, and no PK interactions were observed
between the two compounds. The PK of caspofungin was
not altered by the coadministration of LAMB and viceversa
[41]. For anidulafungin and rezafungin, no popPK models
have been described for hematologic and/or patients that are
immunocompromised.

4 Discussion

In this literature review of 47 studies, numerous popPK
models with different covariates that describe the PK
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parameters for echinocandins have been identified. The
multiple model properties (constants and functions) and
covariates included in the popPK models reflect the dif-
ferences between the populations used for developing
the models based on age, comorbidities, and treatment
intention. Micafungin was the antifungal for which more
models have been developed, followed by caspofungin.
The critically ill population has been the most studied for
echinocandins, due to the importance of reaching effective
concentrations in this group of patients. Another highly
studied population is patients that are immunocompro-
mised because of the use of echinocandins for fungal
prophylaxis. Rezafungin is an echinocandin recently
introduced into the market; hence, the studies to date are
limited.

Most studies used the NLME modeling approach to
estimate the PK parameters (32 out of 47 studies; 68%).
However, other methods like the nonparametric and the
iterative have also been employed. NONMEM modeling
software was the most used, followed by NPAG (Pmetrics
software). The PK of echinocandins seems to be better
described using a two-compartment approach (78.7% of
the developed models), although more complex structural
models with three and four compartments have been used.
Most studies described internal evaluation methods such
as goodness-of-fit plots and/or bootstrap analysis to evalu-
ate the performance of the popPK developed models, but
the external evaluation was lacking in most of them (only
4 of the 47 studies included).

Echinocandins are generally administered in a fixed
dosing strategy in clinical practice. However, based on
safety and efficacy considerations, the weight-based dosing
method may be more appropriate for achieving adequate
exposure in certain populations such as patients that are
critically ill, patients that are obese, and pediatric patients
[5]. The WT could explain the PK variability for CL and
V4 and has been the most frequently reported significant
covariate included to describe both PK parameters.

The identification of the factors that affect PK variabil-
ity is critical for the optimization of echinocandin dosing.
The recommendation for TDM has been debated, mainly
because of the predictable PK and good safety profile
of echinocandins [8, 73]. Nevertheless, TDM is recom-
mended in patients that are critically ill and obese for
the three echinocandins (no data for rezafungin) and for
caspofungin also if drug—drug interactions are expected,
in moderate hepatic impairment (if product information
for dose reduction is followed) and hypoalbuminemia [8].
However, dose adjustment alone can be considered without
TDM if the patient does not respond to treatment, due to
the excellent safety profile of echinocandins [5, 8].

Intermittent dosing has been proposed as a strategy to
ensure echinocandins adequate exposure [74, 75]. The safety
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risks are low, as numerous clinical trials have demonstrated
that high dosages of echinocandins are well tolerated. How-
ever, given that patients that are critically ill themselves are
in an acute condition and require daily fluid therapy, the ben-
efits of this dosage approach could not be fully elucidated
in these patients. Possible increased rates of hepatic and
cardiovascular toxicity are the major concern when using
high doses [5].

In general, this review provides a comprehensive sum-
mary of all the published evidence to date related to popPK
for echinocandins in different population groups. It also
provides information on the PK/PD targets for each echino-
candin and the different strategies proposed to achieve them.
Observational studies and clinical trials conducted in differ-
ent countries were included to integrate a large sample of
populations from different racial backgrounds. Nevertheless,
several limitations must be acknowledged when interpret-
ing the results. First, this review is not a systematic review
since the search, extraction, and interpretation of the results
were conducted only by one investigator, and the quality
of the studies included was not evaluated. Second, the big-
gest limitation of most of the popPK models included is that
they lack external validation, which is essential to evaluate
whether the models are generalizable outside the original
population and for assessing the bias and the precision [76,
77]. The US Food and Drug Administration (FDA) considers
external validation as the most stringent method for testing
a developed model [78]. Third, it is important to note that a
significant number of the studies featured retrospective data,
highlighting the inherent limitations of this study design.
Fourth, the number of samples and patients was small in
some studies, which might have prevented the identification
of other significant covariates that could predict variability
in PK parameters. Fifth, the free fAUC,,_,,/MIC parameter
was determined in a few studies. This PD parameter would
be of great interest to evaluate, especially in hypoalbumine-
mic patients, such as most patients that are critically ill, due
to the high binding to plasma proteins that echinocandins
exhibit.

5 Conclusions

Numerous popPK models for the main three echinocandins
have been developed in different populations, especially
patients that are critically ill, pediatric patients, and patients
that are hematologic and/or immunocompromised. The
covariates to estimate the PK parameters (CL and V) differed
between models. WT was the most frequently reported signifi-
cant predictor for both parameters, especially for estimating
the CL in pediatrics.

Due to the significant heterogeneity of the popPK models
and study populations, limited prospective studies and lack of
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external validation of most models, a single universal popPK
model cannot be recommended for dosing all echinocandins.
Before clinical application, it is advised to carefully select a
popPK model that reflects the PK variability of the target pop-
ulation and conduct external validation to assess the popPK
model’s predictive performance.

Special attention should be paid to patients that are criti-
cally ill, obese, on ECMO and/or CRRT, pediatric patients,
patients with cancer, and/or patients that are immunocompro-
mised since multiple studies of the three main echinocandins
(micafungin, caspofungin, and anidulafungin) showed that
conventional doses do not achieve the PK/PD targets. In these
groups, different strategies have been proposed, such as a dos-
ing regimen based on body weight or increasing the LD and/
or the MD. Despite the predictable PK and good safety profile
of echinocandins, certain populations at risk of suboptimal
drug exposure can benefit from TDM to avoid potential clini-
cal failures.

Further research should include the characterization of the
PK profile in larger cohorts, especially for rezafungin, the
external validation of the popPK models developed, and the
validation of PD thresholds for all echinocandins, especially
anidulafungin and rezafungin.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40262-024-01461-5.

Declarations

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature.

Conflict of interest Not applicable.
Ethics approval Not applicable.
Consent to participate Not applicable.
Consent for publication Not applicable.

Availability of data and material The data presented in this study are
available upon request from the corresponding author.

Code availability Not applicable.

Author contributions M.A.F. contributed to the conception and design
of the study, data search, extraction, and interpretation and to the draft-
ing and revision of the manuscript.

Open Access This article is licensed under a Creative Commons Attri-
bution-NonCommercial 4.0 International License, which permits any
non-commercial use, sharing, adaptation, distribution and reproduc-
tion in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative
Commons licence and your intended use is not permitted by statutory

A\ Adis

regulation or exceeds the permitted use, you will need to obtain permis-
sion directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by-nc/4.0/.

References

1. Soriano A, Honore PM, Puerta-Alcalde P, Garcia-Vidal C,
Pagotto A, Gongalves-Bradley DC, et al. Invasive candidiasis:
current clinical challenges and unmet needs in adult popula-
tions. J Antimicrob Chemother. 2023;78(7):1569-85.

2. Perfect JR. Fungal diagnosis: how do we do it and can we do
better? Curr Med Res Opin. 2013;29(SUPPL4):3-11.

3. Bassetti M, Azoulay E, Kullberg B-J, Ruhnke M, Sho-
ham S, Vazquez J, et al. EORTC/MSGERC definitions
of invasive fungal diseases: summary of activities of
the intensive care unit working group. Clin Infect Dis.
2021;72(Supplement_2):S121-7.

4. Bassetti M, Giacobbe DR, Vena A, Trucchi C, Ansaldi F,
Antonelli M, et al. Incidence and outcome of invasive can-
didiasis in intensive care units (ICUs) in Europe: results of the
EUCANDICU project. Crit Care. 2019;23(1):219.

5. XieJ, Yang Q, Han X, Dong Y, Zhang T, Li Y, et al. Pharma-
cokinetic/pharmacodynamic target attainment of different anti-
fungal agents in de-escalation treatment in critically ill patients:
a step toward dose optimization using Monte Carlo simulation.
Antimicrob Agents Chemother. 2022;66(6): €0009922.

6. Pound MW, Townsend ML, Drew RH. Echinocandin pharma-
codynamics: review and clinical implications. J Antimicrob
Chemother. 2010;65(6):1108-18.

7. Sucher AJ, Chahine EB, Balcer HE. Echinocandins: the newest
class of antifungals. Ann Pharmacother. 2009;43(10):1647-57.

8. Kim HY, Baldelli S, Mirtson A-G, Stocker S, Alffenaar J-W,
Cattaneo D, et al. Therapeutic drug monitoring of the echino-
candin antifungal agents: is there a role in clinical practice? A
position statement of the anti-infective drugs committee of the
international association of therapeutic drug monitoring and
clinical toxicology. Ther Drug Monit. 2022;44(1):198-214.

9. Pappas PG, Kauffman CA, Andes DR, Clancy CJ, Marr KA,
Ostrosky-Zeichner L, et al. Clinical Practice Guideline for the
Management of Candidiasis: 2016 update by the Infectious Dis-
eases Society of America. Clin Infect Dis. 2015;62(4):e1-50.

10. European Medicines Agency. Cancidas (caspofungin): Euro-
pean Public Assessment Report (EPAR)—Product Informa-
tion. [Internet]. Published August 5, 2009. Updated October
19, 2023; [cited 2024 Apr 7]. https://www.ema.europa.eu/en/
documents/product-information/cancidas-epar-product-infor
mation_en.pdf.

11. European Medicines Agency. Mycamine (micafungin): Euro-
pean Public Assessment Report (EPAR)—Product Information
[Internet]. [cited 2024 Apr 7]. https://www.ema.europa.eu/en/
documents/product-information/mycamine-epar-product-infor
mation_en.pdf.

12. European Medicines Agency. Ecalta (anidulafungin): Euro-
pean Public Assessment Report (EPAR)—Product Information
[Internet]. Published October 15, 2009. Updated June 27, 2023;
[cited 2024 Apr 7]. https://www.ema.europa.eu/en/documents/
product-information/ecalta-epar-product-information_en.pdf.

13. European Medicines Agency. Rezzayo (rezafungin): Euro-
pean Public Assessment Report (EPAR)—Product Information
[Internet]. Published January 24, 2024; [cited 2024 Apr 7].
https://www.ema.europa.eu/en/documents/product-information/
rezzayo-epar-product-information_en.pdf.

14. Roger C, Wallis SC, Muller L, Saissi G, Lipman J, Briigge-
mann RJ, et al. Caspofungin population pharmacokinetics


https://doi.org/10.1007/s40262-024-01461-5
http://creativecommons.org/licenses/by-nc/4.0/
https://www.ema.europa.eu/en/documents/product-information/cancidas-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/cancidas-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/cancidas-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/mycamine-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/mycamine-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/mycamine-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/ecalta-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/ecalta-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/rezzayo-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/rezzayo-epar-product-information_en.pdf

Echinocandins Pharmacokinetics: A Comprehensive Review

51

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

in critically ill patients undergoing continuous veno-venous
haemofiltration or haemodiafiltration. Clin Pharmacokinet.
2017;56(9):1057-68.

Pérez-Pitarch A, Ferriols-Lisart R, Aguilar G, Ezquer-Garin C,
Belda FJ, Guglieri-L6pez B. Dosing of caspofungin based on a
pharmacokinetic/pharmacodynamic index for the treatment of
invasive fungal infections in critically ill patients on continu-
ous venovenous haemodiafiltration. Int J Antimicrob Agents.
2018;51(1):115-21.

Garbez N, Mbatchi LC, Maseda E, Luque S, Grau S, Wallis
SC, et al. A loading micafungin dose in critically ill patients
undergoing continuous venovenous hemofiltration or continuous
venovenous hemodiafiltration: a population pharmacokinetic
analysis. Ther Drug Monit. 2021;43(6):747-55.

Grau S, Luque S, Campillo N, Samso6 E, Rodriguez U, Garcia-
Bernedo CA, et al. Plasma and peritoneal fluid population phar-
macokinetics of micafungin in post-surgical patients with severe
peritonitis. J] Antimicrob Chemother. 2015;70(10):2854-61.
Luque S, Hope W, Campillo N, Mufioz-Bermudez R, Sorli L,
Barcel6-Vidal J, et al. Population pharmacokinetics of anidu-
lafungin in critically ill patients. Antimicrob Agents Chemother.
2019;63(7):e00378-e419.

. Maseda E, Grau S, Luque S, Castillo-Mafla M-P, Suarez-de-la-

Rica A, Montero-Feijoo A, et al. Population pharmacokinetics/
pharmacodynamics of micafungin against Candida species in
obese, critically ill, and morbidly obese critically ill patients.
Crit Care. 2018;22(1):94.

Wasmann RE, Smit C, ter Heine R, Koele SE, van Dongen EPH,
Wiezer RMJ, et al. Pharmacokinetics and probability of target
attainment for micafungin in normal-weight and morbidly obese
adults. J Antimicrob Chemother. 2019;74(4):978-85.
Wasmann RE, ter Heine R, van Dongen EP, Burger DM, Lem-
pers VI, Knibbe CA, et al. Pharmacokinetics of anidulafungin in
obese and normal-weight adults. Antimicrob Agents Chemother.
2018;62(7):e00063-e118.

Kapralos I, Mainas E, Apostolopoulou O, Siopi M, Neroutsos
E, Apostolidi S, et al. Population pharmacokinetics of anidu-
lafungin in ICU patients assessing inter- and intrasubject vari-
ability. Br J Clin Pharmacol. 2021;87(3):1024-32.

Kapralos I, Mainas E, Neroutsos E, Apostolidi S, Siopi M,
Apostolopoulou O, et al. Population pharmacokinetics of
micafungin over repeated doses in critically ill patients: a need
for a loading dose? J Pharm Pharmacol. 2020;72(12):1750-60.
Hope WW, Kaibara A, Roy M, Arrieta A, Azie N, Kovanda
LL, et al. Population pharmacokinetics of micafungin and its
metabolites m1 and m5 in children and adolescents. Antimicrob
Agents Chemother. 2015;59(2):905-13.

Ette EI, Williams PJ. Population pharmacokinetics I:
background, concepts, and models. Ann Pharmacother.
2004;38(10):1702-6.

Bigos KL, Bies RR, Pollock BG. Population pharmacoki-
netics in geriatric psychiatry. Am J Geriatr Psychiatry.
2006;14(12):993-1003.

van Wanrooy MJP, Proost JH, Rodgers MGG, Zijlstra JG, Uges
DRA, Kosterink JGW, et al. Limited-sampling strategies for anid-
ulafungin in critically ill patients. Antimicrob Agents Chemother.
2015;59(2):1177-81.

Pressiat C, Ait-Ammar N, Daniel M, Hulin A, Botterel F, Lev-
esque E. Pharmacokinetics/pharmacodynamics of caspofungin in
plasma and peritoneal fluid of liver transplant recipients. Antimi-
crob Agents Chemother. 2022;66(1): e0118721.

Gastine S, Hempel G, Neely MN, Walsh TJ, Groll AH. Phar-
macokinetic modelling of caspofungin to develop an extended
dosing regimen in paediatric patients. J Antimicrob Chemother.
2022;77(8):2209-16.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Gastine S, Lanckohr C, Blessou M, Horn D, Fobker M, Bause D,
et al. Pharmacokinetics of micafungin in critically ill patients. Sci
Rep. 2019;9(1):17741.

Garbez N, Mbatchi L, Wallis SC, Muller L, Lipman J, Roberts
JA, et al. Prospective cohort study of micafungin population
pharmacokinetic analysis in plasma and peritoneal fluid in sep-
tic patients with intra-abdominal infections. Antimicrob Agents
Chemother. 2021;65(7):¢0230720.

Niu C-H, Xu H, Gao L-L, Nie Y-M, Xing L-P, Yu L-P, et al.
Population pharmacokinetics of caspofungin and dosing opti-
mization in children with allogeneic hematopoietic stem cell
transplantation. Front Pharmacol. 2020;11:184.

Roepcke S, Passarell J, Walker H, Flanagan S. Population
pharmacokinetic modeling and target attainment analyses of
rezafungin for the treatment of candidemia and invasive candid-
iasis. Antimicrob Agents Chemother. 2023;67(12): e0091623.
Jullien V, Azoulay E, Schwebel C, Le Saux T, Charles PE, Cor-
net M, et al. Population pharmacokinetics of micafungin in ICU
patients with sepsis and mechanical ventilation. J Antimicrob
Chemother. 2017;72(1):181-9.

Zhong S, Zhu X, Zhao L, Song Y, YuJ, Zheng Z, et al. Optimi-
zation of micafungin dosage for chinese patients with sepsis in
the intensive care unit based on a population pharmacokinetic—
pharmacodynamic analysis. Pharm Res. 2021;38(1):67-77.
Wu Z, Lan J, Wang X, Wu Y, Yao F, Wang Y, et al. Popu-
lation pharmacokinetics of caspofungin and dose simulations
in heart transplant recipients. Antimicrob Agents Chemother.
2022;66(5): €0224921.

Yang X-M, Leroux S, Storme T, Zhang D-L, de Beaumais
TA, Shi H-Y, et al. Body surface area-based dosing regi-
men of caspofungin in children: a population pharmacoki-
netics confirmatory study. Antimicrob Agents Chemother.
2019;63(7):e00248-e319.

Mirtson A-G, van der Elst KCM, Veringa A, Zijlstra JG, Beishui-
zen A, van der Werf TS, et al. Caspofungin weight-based dosing
supported by a population pharmacokinetic model in critically ill
patients. Antimicrob Agents Chemother. 2020;64(9):¢00905-¢920.
Martial LC, Briiggemann RJM, Schouten JA, van Leeuwen HJ,
van Zanten AR, de Lange DW, et al. Dose reduction of caspo-
fungin in intensive care unit patients with Child Pugh B will result
in suboptimal exposure. Clin Pharmacokinet. 2016;55(6):723-33.
Garbez N, Mbatchi LC, Wallis SC, Muller L, Lipman J, Roberts
JA, et al. Caspofungin population pharmacokinetic analysis in
plasma and peritoneal fluid in septic patients with intra-abdom-
inal infections: a prospective cohort study. Clin Pharmacokinet.
2022;61(5):673-86.

Wiirthwein G, Young C, Lanvers-Kaminsky C, Hempel G, Trame
MN, Schwerdtfeger R, et al. Population pharmacokinetics of
liposomal amphotericin b and caspofungin in allogeneic hemat-
opoietic stem cell recipients. Antimicrob Agents Chemother.
2012;56(1):536-43.

Wang Q, Zhang Z, Liu D, Chen W, Cui G, Li P, et al. Popu-
lation pharmacokinetics of caspofungin among extracorpor-
eal membrane oxygenation patients during the postoperative
period of lung transplantation. Antimicrob Agents Chemother.
2020;64(11):00687-e720.

Wiirthwein G, Cornely OA, Trame MN, Vehreschild JJ, Vehres-
child MJGT, Farowski F, et al. Population pharmacokinetics of
escalating doses of caspofungin in a phase ii study of patients
with invasive aspergillosis. Antimicrob Agents Chemother.
2013;57(4):1664-71.

Liu P, Ruhnke M, Meersseman W, Paiva JA, Kantecki M, Damle
B. Pharmacokinetics of anidulafungin in critically ill patients with
candidemia/invasive candidiasis. Antimicrob Agents Chemother.
2013;57(4):1672-6.

A\ Adis



52

M. Albanell-Fernandez

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Dupont H, Massias L, Jung B, Ammenouche N, Montravers
P. Pharmacokinetic study of anidulafungin in ICU patients
with intra-abdominal candidiasis. J Antimicrob Chemother.
2017;72(5):1429-32.

Dowell JA, Knebel W, Ludden T, Stogniew M, Krause D, Hen-
kel T. Population pharmacokinetic analysis of anidulafungin, an
echinocandin antifungal. J Clin Pharmacol. 2004;44(6):590-8.
Liu P. Population pharmacokinetic-pharmacodynamic analysis of
anidulafungin in adult patients with fungal infections. Antimicrob
Agents Chemother. 2013;57(1):466-74.

Hall RG 2nd, Liu S, Putnam WC, Kallem R, Gumbo T, Pai MP.
Optimizing anidulafungin exposure across a wide adult body size
range. Antimicrob Agents Chemother. 2023;67(11): e0082023.
Gumbo T, Hiemenz J, Ma L, Keirns JJ, Buell DN, Drusano GL.
Population pharmacokinetics of micafungin in adult patients.
Diagn Microbiol Infect Dis. 2008;60(3):329-31.

Tkawa K, Nomura K, Morikawa N, Ikeda K, Taniwaki M. Assess-
ment of micafungin regimens by pharmacokinetic-pharmaco-
dynamic analysis: a dosing strategy for Aspergillus infections. J
Antimicrob Chemother. 2009;64(4):840-4.

Maseda E, Grau S, Villagran M-J, Hernandez-Gancedo C, Lopez-
Tofifio A, Roberts JA, et al. Micafungin pharmacokinetic/pharma-
codynamic adequacy for the treatment of invasive candidiasis in
critically ill patients on continuous venovenous haemofiltration.
J Antimicrob Chemother. 2014;69(6):1624-32.
Garcia-de-Lorenzo A, Luque S, Grau S, Agrifoglio A, Cachafeiro
L, Herrero E, et al. Comparative population plasma and tissue
pharmacokinetics of micafungin in critically ill patients with
severe burn injuries and patients with complicated intra-abdominal
infection. Antimicrob Agents Chemother. 2016;60(10):5914-21.
Martial LC, ter Heine R, Schouten JA, Hunfeld NG, van Leeu-
wen HJ, Verweij PE, et al. Population pharmacokinetic model and
pharmacokinetic target attainment of micafungin in intensive care
unit patients. Clin Pharmacokinet. 2017;56(10):1197-206.
Tenorio-Cafiamas T, Grau S, Luque S, Fortin J, Liafio F, Rob-
erts JA. Pharmacokinetics of micafungin in critically ill patients
receiving continuous venovenous hemodialysis with high cutoff
membranes. Ther Drug Monit. 2019;41(3):376-82.

Alqahtani S, Alfarhan A, Alsultan A, Alsarhani E, Alsubaie A,
Asiri Y. Assessment of micafungin dosage regimens in patients
with cancer using pharmacokinetic/pharmacodynamic modeling
and Monte Carlo simulation. Antibiotics. 2021;10(11):1363.
Boonstra JM, van der Elst KC, Zijlstra JG, van der Werf TS,
Alffenaar JWC, Touw DJ. Population pharmacokinetic model
and optimal sampling strategies for micafungin in critically ill
patients diagnosed with invasive candidiasis. Antimicrob Agents
Chemother. 2022;66(12): e0111322.

Hope WW, Seibel NL, Schwartz CL, Arrieta A, Flynn P, Shad
A, et al. Population pharmacokinetics of micafungin in pediat-
ric patients and implications for antifungal dosing. Antimicrob
Agents Chemother. 2007;51(10):3714-9.

Tabata K, Katashima M, Kawamura A, Kaibara A, Tanigawara
Y. Population pharmacokinetic analysis of micafungin in japa-
nese patients with fungal infections. Drug Metab Pharmacokinet.
2006;21(4):324-31.

Hope WW, Smith PB, Arrieta A, Buell DN, Roy M, Kai-
bara A, et al. Population pharmacokinetics of micafungin in
neonates and young infants. Antimicrob Agents Chemother.
2010;54(6):2633-7.

Autmizguine J, Hornik CP, Benjamin DK, Brouwer KLR, Hupp
SR, Cohen-Wolkowiez M, et al. Pharmacokinetics and safety of
micafungin in infants supported with extracorporeal membrane
oxygenation. Pediatr Infect Dis J. 2016;35(11):1204-10.

Lakota EA, Ong V, Flanagan S, Rubino CM. Population pharma-
cokinetic analyses for rezafungin (CD101) efficacy using phase 1
data. Antimicrob Agents Chemother. 2018;62(6):¢02603-¢2617.

A\ Adis

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

Rubino CM, Flanagan S. Population pharmacokinetics of
rezafungin in patients with fungal infections. Antimicrob Agents
Chemother. 2021;65(11): e0084221.

Wiederhold NP, Kontoyiannis DP, Chi J, Prince RA, Tam VH,
Lewis RE. Pharmacodynamics of caspofungin in a murine model
of invasive pulmonary aspergillosis: evidence of concentration-
dependent activity. J Infect Dis. 2004;190(8):1464-71.
Antachopoulos C, Meletiadis J, Sein T, Roilides E, Walsh TJ.
Concentration-dependent effects of caspofungin on the metabolic
activity of Aspergillus species. Antimicrob Agents Chemother.
2007;51(3):881-7.

Cornely OA, Vehreschild JJ, Vehreschild MJGT, Wiirthwein G,
Arenz D, Schwartz S, et al. Phase II dose escalation study of
caspofungin for invasive aspergillosis. Antimicrob Agents Chem-
other. 2011;55(12):5798-803.

Leitner JM, Meyer B, Fuhrmann V, Saria K, Zuba C, Jager W,
et al. Multiple-dose pharmacokinetics of anidulafungin during
continuous venovenous haemofiltration. J Antimicrob Chemother.
2011;66(4):880—-4.

De Rosa FG, Corcione S, Baietto L, Pasero D, Di PG, Marco Rani-
eri V, et al. Pharmacokinetics of anidulafungin in two critically
ill patients with septic shock undergoing CVVH. J Chemother.
2013;25(6):376-8.

Aguilar G, Carbonell JA, Ferrando C, Badenes R, Belda FJ.
Tratamiento con equinocandinas en un paciente critico sometido
a técnica continua de reemplazo renal. Rev Iberoam Micol.
2012;29(2):85-9.

Aguilar G, Azanza JR, Carbonell JA, Ferrando C, Badenes R,
Parra MA, et al. Anidulafungin dosing in critically ill patients
with continuous venovenous haemodiafiltration. J Antimicrob
Chemother. 2014;69(6):1620-3.

Jang SM, Hough G, Mueller BA. Ex vivo Rezafungin adsorption
and clearance during continuous renal replacement therapy. Blood
Purif. 2018;46(3):214-9.

Jendoubi A, Pressiat C, De Roux Q, Hulin A, Ghaleh B, Tissier
R, et al. The impact of extracorporeal membrane oxygenation on
antifungal pharmacokinetics: a systematic review. Int J Antimi-
crob Agents. 2024;63(2): 107078.

Aguilar G, Ferriols R, Carbonell JA, Ezquer C, Alonso JM,
Villena A, et al. Pharmacokinetics of anidulafungin during
venovenous extracorporeal membrane oxygenation. Crit Care.
2016;20(1):325.

John J, Loo A, Mazur S, Walsh TJ. Therapeutic drug monitor-
ing of systemic antifungal agents: a pragmatic approach for
adult and pediatric patients. Expert Opin Drug Metab Toxicol.
2019;15(11):881-95.

Andes DR, Reynolds DK, Van Wart SA, Lepak AJ, Kovanda LL,
Bhavnani SM. Clinical pharmacodynamic index identification for
micafungin in esophageal candidiasis: dosing strategy optimiza-
tion. Antimicrob Agents Chemother. 2013;57(11):5714-6.

Doan TN, Kong DCM, Patel K, Walker P, Spencer A, Kirkpatrick
CMJ. Comparison of the probability of target attainment of anidu-
lafungin against Candida spp. in patients with acute leukaemia.
Int J Antimicrob Agents. 2014;44(5):450-7.

Chung E, Seto W. Using population pharmacokinetics to optimize
initial vancomycin dosing guidelines for neonates to treat sepsis
caused by coagulase-negative staphylococcus. Pharmacotherapy.
2023;43(12):1262-76.

Stockmann C, Hersh AL, Roberts JK, Bhongsatiern J, Korgenski
EK, Spigarelli MG, et al. Predictive performance of a vancomycin
population pharmacokinetic model in neonates. Infect Dis Ther.
2015;4(2):187-98.

US FDA. Guidance for industry: population pharmacokinetics.
http://www.fda.gov/downloads/Drugs/Guidances/UCMO072137.
pdf [cited 2024 Apr 13].


http://www.fda.gov/downloads/Drugs/Guidances/UCM072137.pdf
http://www.fda.gov/downloads/Drugs/Guidances/UCM072137.pdf

	Echinocandins Pharmacokinetics: A Comprehensive Review of Micafungin, Caspofungin, Anidulafungin, and Rezafungin Population Pharmacokinetic Models and Dose Optimization in Special Populations
	Abstract
	1 Introduction
	2 Search Methodology
	2.1 Literature Search Strategy
	2.2 Inclusion and Exclusion Criteria
	2.3 Data Extraction

	3 Eligible Studies and Characteristics of Population Pharmacokinetic Models
	3.1 Studies Included and Population Characteristics
	3.1.1 Micafungin
	3.1.2 Caspofungin
	3.1.3 Anidulafungin
	3.1.4 Rezafungin

	3.2 Population Pharmacokinetic Analysis
	3.2.1 Micafungin
	3.2.2 Caspofungin
	3.2.3 Anidulafungin
	3.2.4 Rezafungin

	3.3 Special Populations
	3.3.1 Critically ill patients
	3.3.2 Renal Replacement Therapies
	3.3.3 Extracorporeal Membrane Oxygenation
	3.3.4 Patients that are Overweight and Obese
	3.3.5 Pediatric Patients
	3.3.6 Patients with Cancer and Patients That Are Immunocompromised


	4 Discussion
	5 Conclusions
	References




