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Abstract: Invasive fungal infections are an important cause of morbidity and mortality, especially
in critically ill patients. Increasing resistance rates and inadequate antifungal exposure have been
documented in these patients, due to clinically relevant pharmacokinetic (PK) and pharmacodynamic
(PD) alterations, leading to treatment failure. Physiological changes such as third spacing (movement
of fluid from the intravascular compartment to the interstitial space), hypoalbuminemia, renal
failure and hepatic failure, as well as common interventions in the intensive care unit, such as
renal replacement therapy and extracorporeal membrane oxygenation, can lead to these PK and PD
alterations. Consequently, a therapeutic target concentration that may be useful for one patient may
not be appropriate for another. Regular doses do not take into account the important PK variations
in the critically ill, and the need to select an effective dose while minimising toxicity advocates for
the use of therapeutic drug monitoring (TDM). This review aims to describe the current evidence
regarding optimal PK/PD indices associated with the clinical efficacy of the most commonly used
antifungal agents in critically ill patients (azoles, echinocandins, lipid complexes of amphotericin
B, and flucytosine), provide a comprehensive understanding of the factors affecting the PK of each
agent, document the PK parameters of critically ill patients compared to healthy volunteers, and,
finally, make recommendations for therapeutic drug monitoring (TDM) of antifungals in critically
ill patients.

Keywords: drug monitoring; antifungal agents; invasive fungal infections; echinocandins; azoles;
amphotericin B; pharmacokinetics; pharmacology

1. Introduction

Infection is an important cause of morbidity and mortality in intensive care units
(ICUs) around the world. The majority of microbiological cultures taken from critically ill
patients suffering from infectious diseases are caused by gram-negative and gram-positive
organisms, but an estimated 19% of the positive isolates are fungi, most commonly Candida
and Aspergillus [1]. The frequency of fungal infections in critically ill patients is increasing [2]
even in non-immunocompromised hosts [3], which is concerning given the high mortality
rates of invasive fungal infections (IFIs). For instance, it has been estimated that invasive
candidiasis is diagnosed at a rate of 2.6 cases per 100 ICU admissions, with a mortality rate
of 58.6%, and with increasing resistance rates to fluconazole (in 27.9% of cases), caspofungin
(2.9%) and amphotericin B (3.1%) [4]. Furthermore, patients are at risk of systemic fungal
infections following solid organ transplantation, where up to 68% of patients who develop
invasive pulmonary aspergillosis die [5]. In addition, fungal coinfections in patients
with COVID-19 also have high mortality rates. Bretagne et al. found a mortality rate
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ranging from 36.6% to 76.7% for COVID-19-associated pulmonary aspergillosis [6], and
interestingly, some studies have found that for patients with candidemia, one of the risk
factors for mortality is inadequate antifungal therapy [7]. This leads us to question whether
the dose regimen currently used is adequate for all patients, including the critically ill.

The treatment of IFIs is often difficult due to emerging resistance and the need for
early therapeutic intervention, and therefore appropriate choice and dosing of antifungal
agents is crucial in determining clinical outcome [4,8]. Antifungal agents commonly ad-
ministered for systemic use in critically ill patients are divided into four classes: triazoles,
echinocandins, polyenes and fluoro-pyrimidines. All of them show clinically relevant
pharmacokinetic (PK) and pharmacodynamic (PD) alterations in critical states, which could
explain decreased drug exposure in critically ill patients, leading to treatment failure. The
PK of antifungal drugs can vary due to a number of physiological changes including
third spacing, hypoalbuminemia, renal failure or hepatic failure, as well as common in-
terventions in the ICU such as renal replacement therapy and extracorporeal membrane
oxygenation [9,10]. Furthermore, many patients in the ICU are in a septic state, in which
the endothelial dysfunction secondary to inflammation seen both in sepsis and septic shock
leads to capillary leakage that in turn causes an expansion of the interstitial space and can
increase a drug’s volume of distribution (Vd), especially for hydrosoluble compounds [11].
Hypoalbuminemia seen in critically ill patients may also contribute to increased Vd and
significantly affect agents that have high protein-binding capacity (e.g., echinocandins),
leading to an increased amount of unbound drug, which itself results in greater distribu-
tion [12].

Due to the high mortality rates of IFIs in the critically ill, and the emerging resistance of
Candida isolates [13,14], there is a need to optimise the dose of antifungal pharmacotherapy,
because a therapeutic target that may be useful for one patient may not be appropriate for
another. Regular doses do not take into account important PK variations in the critically
ill [15], and the selection of an effective dose while minimising toxicity advocates for the use
of therapeutic drug monitoring (TDM). The objective of TDM is to ensure target exposure
is being attained, so that the treatment has an impact on fungal growth and consequently
on clinical outcomes [16].

The use of echinocandins in the ICU has been reported to show pronounced inter-
individual and inter-occasion variability in clearance (Cl) and therefore drug exposure in
the critically ill, compared to healthy patients. For echinocandins, Kapralos et al. found an
estimated inter-individual variability in Cl of 45.1% and an inter-occasion variability in Cl
of 31%. Furthermore, they revealed that the current dose regimen had a low percentage
of target attainment (PTA) for C. albicans, C. glabrata, and C. parapsilosis with a minimal in-
hibitory concentration (MIC) of ≥0.06 mg/L, ≥0.12 mg/L, and 0.12 mg/L respectively [17].
In addition, altered PK of azoles in critically ill patients has also been documented, and was
well illustrated in the DALI (edfining antibiotic levels in the intensive care unit) study, in
which 33% of patients treated with fluconazole did not achieve the optimal PK/PD index
(fAUC0–24/MIC ≥ 100) (the ratio of the area under the concentration-time curve to the
MIC) [18].

For a drug to be considered a candidate for TDM it must show certain characteristics.
For example, the drug must demonstrate a relationship between systemic concentrations
and efficacy or toxicity, must ensure that the recognition of the plasma concentration would
aid in clinical decision-making and lead to dose adjustment, and the drug should also
demonstrate large inter-patient variability or have a narrow therapeutic range [16]. Estab-
lishing a PK/PD index for each antifungal agent would help to correlate drug exposure
with efficacy, and should be considered essential to improve patient outcomes and to
reduce the emergence of resistant pathogens. This review aims to describe the current
evidence regarding optimal PK/PD indices associated with the clinical efficacy of the most
commonly used antifungal agents in critically ill patients (azoles, echinocandins, lipid
complexes of amphotericin B, and flucytosine), provide a comprehensive understanding
of the factors affecting the PK of each agent, document the PK parameters of critically ill
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patients compared to healthy volunteers, and discuss the strategies supporting TDM of
antifungals in critically ill patients.

2. TDM of Azoles in Critically Ill Patients

The antifungal group of azoles is associated with two subgroups: imidazoles and
triazoles; the first is formed by a two-nitrogen azole ring and the second is formed by a
three-nitrogen ring [19]. Both subgroups work by inhibiting the cytochrome P450 enzyme
14-a-sterol-demethylase, a key enzyme in the synthesis of fungal ergosterol [20], which is the
most abundant sterol in fungi membranes and the main actor in maintaining membranes’
permeability and fluidity [21]. The main protagonists of this subgroup of antifungals in
current clinical practice are fluconazole, voriconazole, posaconazole, isavuconazole and
itraconazole [19]. Of these antifungals, only itraconazole, posaconazole and voriconazole
might be candidates for TDM, primarily due to increased risk of serious adverse reactions
and drug-drug interactions [22].

2.1. Itraconazole

Itraconazole has a broad-spectrum efficacy against multiple fungi such as Blastomyces
spp., Histoplasma, Coccidioides, Aspergillus and many dermatophytes [22]. Despite its great
coverage, itraconazole should be used carefully due to its unpredictable oral bioavailability,
as well as the many significant drug-to-drug interactions it might have [23]. Itraconazole
can be administered as oral capsules or IV (intravenous) preparations. Table 1 shows the
available evidence of pharmacokinetic parameters for itraconazole in healthy volunteers
and critically ill patients using different formulations. According to the British Society for
Medical Mycology, standard IV itraconazole dosage in the adult population is a loading
dose of 400 mg for 2 days followed by 200 mg/day, while for oral formulation, 200 mg/day
can be formulated in 1–2 doses for treatment against esophageal candidiasis with pathogens
showing decreased susceptibility to fluconazole [24]. Despite its fixed dosage, itraconazole
should be administered carefully due to its non-linear pharmacokinetics [25]. In a critical
patient setting, Vandewoude et al. demonstrated that a seven-day IV scheme followed by
twice-daily oral administration for two weeks showed adequate itraconazole and hydroxy-
itraconazole (an active metabolite which also has antifungal properties) plasma levels,
reaching a steady state in the 96th hour of the IV protocol and obtaining an average
plasma level of 550 ng/mL, which is above the necessary MIC (0.250 to 0.500 mg/mL) [26].
Itraconazole levels should be measured on the 5th−7th day, aiming for concentrations
>0.5 mg/L for both prophylactic and therapeutic indications [24]. Lower levels have
been associated with higher mortality [27], and better outcomes regarding infections with
Aspergillus, Cryptococcus neoformans or Histoplasma capsulatum have been associated with
higher itraconazole plasma concentrations [28–31]. These findings are congruent with the
PK drug exposure of itraconazole, in which Cmin is used rather than AUC to evaluate the
itraconazole exposure target [32]. A Cmin range of 0.5–1 mg/L is considered the optimal
level for itraconazole treatment [32]. Adverse reactions have been documented with higher
concentration levels [33]. Lestner et al. suggested that levels above 5 mg/L increase the
probability of an adverse event by 26% [34].

TDM of itraconazole also results in a decrease in adverse reactions, problems that are
not uncommon with this drug. Common side effects are nausea, vomiting, elevation of
hepatic enzymes or hypokalemia. Less common side effects that have significant clinical
impacts are cardiovascular pathologies such as acute heart failure, hypertension, premature
ventricular contractions and, less commonly, ventricular fibrillation [35]. Its usage is also
contraindicated in pregnancy and lactation [19]. Interactions between itraconazole and
other drugs should be carefully reviewed due to the strong inhibition of cytochrome P450
(more specifically CYP34A) [25]. Coadministration of carbamazepine, phenytoin or ri-
fampin could decrease itraconazole’s therapeutic effect, while simultaneous administration
of itraconazole with warfarin or cyclosporine could increase the therapeutic effect of the
drugs mentioned previously [25].
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Table 1. Summary of Clinical Studies Assessing PK Parameters of Itraconazole.

Clinical Context Dose AUC0–24
(mg × h/L) Cmin (mg/L) Cmax (mg/L) Cl

(L/h)
Vd
(L) Reference

10 ICU patients
with IFIs

IV formulation
200 × 2 days 1 & 2,

followed by
200 mg daily

29.3 ± 6 0.37 ± 0.17 1.2 ± 0.3 - - [36]

Healthy volunteers 200 mg capsules
(with food) 45.2 ± 10.8 1.86 ± 0.54 2.23 ± 0.51 - - [37]

Healthy
volunteers

200 mg capsules once
daily (with food) 15.4 ± 6.9 0.42 ± 0.18 1.07 ± 0.05 [38]

2.2. Posaconazole

Posaconazole is a broad-spectrum antimycotic which has a very similar chemical
structure to itraconazole. Posaconazole has demonstrated good activity against Candida,
Cryptococcus, Aspergillus and Mucoraceous species [24]. Currently its formulations are
IV solution, oral solution or capsules. The oral formulations have variable bioavailabil-
ity, although in the adult population, capsules might have a bioavailability greater than
70–80% [39]. The pharmacokinetics of the available clinical studies of this drug are de-
scribed in Table 2. In terms of TDM, the main parameter identified to monitor its action
is the AUC/MIC ratio [40,41], which predicts better eradication of yeasts in in vivo ex-
periments [40]. For clinical purposes, target plasmatic concentrations of >0.7 mg/L in
prophylaxis (or >1–1.25 mg/L in treatment of invasive fungal disease) [39] correlate with
better clinical outcomes, and these levels should be measured within one week from
starting therapy [24,42], when a steady state is assumed to have been reached. However,
in a randomised controlled clinical trial, critically ill patients demonstrated suboptimal
drug exposure. Both groups (400 mg twice daily vs. 200 mg 4 times a day) showed low
Cmin steady state plasma concentrations [43]. Posaconazole also produces moderate in-
hibition of CYP34A, so interactions should be considered when administering this drug.
Common adverse reactions associated with posaconazole are nausea, diarrhea and vomit-
ing [44], although hepatotoxicity, hypokalemia, rash and QTc prolongation have also been
described [45,46].

Table 2. Summary of Clinical Studies Assessing PK Parameters of Posaconazole.

Clinical Context Dose AUC0–24
(mg h/L) Cmin (mg/L) Cmax (mg/L) Cl

(L/h)
Vd
(L) Reference

27 patients in the
general intensive

care unit

Oral suspension,
200 mg 4 times daily 0.217 0.137 0.084 - - [43]

27 patients in the
general intensive

care unit

Oral suspension,
400 mg twice daily 0.762 0.306 0.111 - - [43]

Subjects at high risk
of invasive fungal

disease (neutropenic
patients receiving

cytotoxic
chemotherapy)

IV, 200 mg once daily 28.2 0.96 1.95 [47]

2.3. Voriconazole

Voriconazole is also a broad-spectrum antimycotic, with wide coverage of various
microorganisms such as Candida, Cryptococcus neoformans, Aspergillus and others [22,24].
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Like the other azoles discussed previously, voriconazole also has non-linear pharmacoki-
netics, which makes treatment more challenging [24]. For TDM, the main parameter used
for voriconazole is serum concentration, in which levels >1 mg/L are associated with
better clinical prognosis [24], while levels above 6 mg/L are considered to increase the
risk of drug-related toxicity [23]. Plasma levels should be obtained on the fifth day after
initiating antifungal treatment. Voriconazole requires special consideration regarding drug
toxicity, since this drug has a high affinity for CYP2C19 [19], an enzyme with multiple
polymorphisms in the general population, which might lead to increased susceptibility of
developing adverse reactions [48]. Voriconazole toxicity is associated with liver and neuro-
logical damage, although cardiac abnormalities such as the development of arrhythmias as
well as QTc prolongation have also been described.

Due to the concerns mentioned above, the importance of TDM with voriconazole has
been studied profoundly in the last years. Park et al. found that TDM (maintaining plasma
levels in the 1–5 mg/L range) significantly reduced the occurrence of adverse reactions and
treatment discontinuation due to intolerance in patients treated for IFIs, or when voricona-
zole was used as empirical treatment [49]. Bienvenu et al. also evidenced an augmentation
in the incidence of adverse reactions with higher plasma concentrations, as well as showing
that higher SOFA scores (10 or higher) in critically ill patients were associated with higher
voriconazole plasma concentration levels [50]. In general, the EUCAST (European Commit-
tee on Antimicrobial Susceptibility Testing) states that a Cmin > 1–2 mg/L is associated with
an approximately 70% response rate in adult patients. Table 3 summarizes the available
evidence of PK parameters in clinical studies.

Table 3. Summary of Clinical Studies Assessing PK Parameters of Voriconazole.

Clinical
Context Dose AUC0–24 (mg h/L) Cmin (mg/L) Cmax (mg/L) Cl (L/h) Vd (L) Reference

Patients
with venous

haemofiltration

IV, 6 mg/kg
twice daily on

day 1;
maintenance

dose 4 mg/kg
twice daily

44.8 ± 7.4 1.1 ± 0.3 5.9 ± 2.9 12.9 ± 6.7 2.96 ± 0.55 [51]

454 patients
with invasive
aspergillosis

IV, 6 mg/kg
twice daily on

day 1;
maintenance

dose 4 mg/kg
twice daily

100.2 ± 43.08 3.10 (52) - - - [52]

2.4. Fluconazole and Isavuconazole

The last two azoles have not shown successful outcomes when performing TDM in
critically ill patients [22]. Fluconazole is an azole with good coverage for most Candida
species (except C. krusei and C. glarbata) [53]. Thanks to its linear pharmacokinetics as well
as its renal excretion, requiring dosage adjustment only when there is severe renal function
impairment, TDM might be recommended for dealing with CNS disease, or in patients
in renal replacement therapy, and infection with an organism with a high MIC [24,54].
Nevertheless, adverse drug reactions are not rare with the usage of concomitant drugs,
due to the high interaction between azoles and cytochrome P450 [55]. In these scenarios,
reaching an AUC/MIC ratio close to 100 might lead to better outcomes [56].

Isavuconazole is the newest of the azoles, currently used for the treatment of invasive
aspergillosis and mucormycosis [22]. Andes et al. argued against TDM in isavuconazole
treatment due to the drug’s stable pharmacological properties and the absence of defined
concentration thresholds [57], although they also stated that TDM might be warranted
in patients who are being treated with the drug and dealing with therapeutic failure or
unexplained liver injury, as well as obese patients, patients < 18 years old or those with a
past medical history of moderate hepatic failure [58].
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2.5. Recommendations for Azole TDM

As described earlier, TDM of azole therapy in critically ill patients can be beneficial not
only in terms of giving a safer exposure (in addition to taking covariates like height, weight,
liver/renal function, etc., into account), but also by decreasing the chances of therapy
failure [32]. Nevertheless, due to the pharmacokinetics of certain drugs of this family,
as well as to facilitate clinical practice and reduce costs, TDM in azoles should only be
considered when using itraconazole, posaconazole or voriconazole as antifungal therapy.

3. TDM of Echinocandins in Critically Ill Patients

Echinocandins are a class of antifungal drugs targeting fungal cell wall synthesis.
They act through non-competitive inhibition of the b-(1,3)-D-glucan synthase, the enzyme
responsible for the synthesis of b-(1,3)-D-glucan, which is an essential component of the
fungal cell wall. Although all echinocandins exhibit the same mechanism of action, they
differ in certain PK properties. However, they all demonstrate extensive protein binding,
lack of renal Cl, and lack of oral bioavailability [59,60]. The only fungi susceptible to
this class of antifungals are Candida and Aspergillus spp. Their clinical use has increased
significantly as they are recommended by some guidelines as the first-line therapy for
candidemia, and for chronic disseminated candidiasis [14]. Echinocandins are also used as
empiric therapy in patients with neutropenic fever, and in combination with triazoles as
the initial treatment for invasive aspergillosis [33].

Due to the increased use of this class of antifungal drugs, resistance rates are increasing.
For instance, Pfaller et al. documented an increase of 2.6% in the quantity of resistant
candida isolates for Caspofungin and C. parapsilosis, 3.3% for micafungin and C. Krusei, and
1.4% for anidulafungin and C. gablatra, documented over a period of 9 years in 100 centres
worldwide [13]. Echinocandin resistance can occur as a result of substitution mutations
in the FKS1 and FKS2 genes. These amino acid substitutions lead to decreased sensitivity
of the glucan synthase to the drug, and can elevate MIC values 5- to 100-fold [61]. The
increasing resistance can be in part due to suboptimal drug exposure in critically ill patients,
given that echinocandins demonstrate concentration- and dose-dependent efficacy [16].
There are several studies addressing the PK and PD changes of echinocandins in critically
ill patients, some with conflicting results but the majority showing suboptimal exposure,
as well as changes in Vd and Cl and changes in PK/PD indices compared to healthy
volunteers [17,62–64].

However, there is no clear opinion on whether TDM is useful for echinocandins. An
understanding of the relationship between antifungal exposure and response is necessary
to adequately specify clinical thresholds that would have an impact on clinical outcomes
and consequently the usefulness of TDM. In this section, we revise the available evidence
to address the relationship between systemic echinocandin concentrations and efficacy, as
well as inter-individual variability and covariates that may affect the drugs’ PK, before
finally giving recommendations for TDM.

3.1. Anidulafungin

Anidulafungin is a semisynthetic water-insoluble compound extracted from fermen-
tation products of the fungus Aspergillus nidulans. Anidulafungin differs from other
echinocandins in that it is cleared from the body by non-enzymatic slow chemical degrada-
tion in the plasma; therefore, the drug has neither hepatic metabolism nor renal excretion,
giving it a clinical advantage in that no dose adjustment is needed for hepatic or renal
failure [65]. As with all echinocandins, anidulafungin has no oral bioavailability and is
only administered by the intravenous route. It is a first-line treatment for candidemia, and
it is given as an initial loading dose of 200 mg followed by 100 mg daily [14]. However,
these doses were initially calculated for non-critically ill patients [66].

Preclinical evidence suggests anidulafungin exhibits a concentration-dependent killing
pattern, and AUC/MIC and Cmax/MIC (ratio of the maximum serum drug concentration to
the MIC) among the PK/PD indices have been the most predictive of in vivo efficacy [67]. In
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a neutropenic murine model of disseminated candidiasis, Andes et al. found that the anidu-
lafungin doses required for fungal killing of 1 log CFU (colony forming unit) for various
candida organisms (C. albicans, C. glabrata, C. tropicalis) were 2–13 mg/kg/24 h, and based
on nonlinear regression analysis the Cmax/MIC and AUC/MIC were the most predictive pa-
rameters of treatment success [67]. Furthermore, given the increasing rates of azole-resistant
invasive aspergillosis, echinocandins have emerged as an alternative chemotherapeutic
option for A. fumigatus. Studies have evaluated the efficacy of of echinocandin dose escala-
tion against A. fumigatus, in which anidulafungin needed an fAUC0–24/CLSI (Clinical &
Laboratory Standards Institute) MEC (minimum effective concentration) of 766 to achieve
99.9% of the maximal activity [68].

According to EUCAST, the following parameters may be predictive for efficacy against
Candida spp.: AUC0–24 h 110 mg·h/L, Cmax 7 mg/L, Cmin 3 mg/L [69]. However, many
clinical studies have detected suboptimal exposure of anidulafungin in critically ill pa-
tients. For instance, Liu et al. carried out an open label, multicentre study in 21 adult
ICU patients with invasive candidiasis. The average AUC0–24, and Cmax were 92.7 mg
h/L and 7.7 mg/L respectively, lower than in healthy volunteers [70]. Similar results have
been obtained in many other studies, for example a clinical trial which evaluated 20 ICU
patients with invasive candidiasis treated with the standard anidulafungin dose of 100 mg
daily after a 200 mg loading dose. The mean AUC0–24 was 69.8 ± 24.1 mg·h/L, Cmax was
4.7 ± 1.4 mg/L, and Cmin was 2.2 ± 0.8 mg/L [62]. Suboptimal exposure was also docu-
mented in a prospective multicentre observational study of ICU patients with suspected
intra-abdominal candidiasis, which found Cmax of 6.0 ± 1.8 mg/L, Cmin 3.2 ± 1.2 mg/L,
and AUC0–24 88.9 ±34.3 mg h/L [71]. Additionally, population PK data of anidulafun-
gin obtained from 23 critically ill patients with invasive fungal infection showed a mean
AUC0–24 of 102.19 mg h/L, with changes in clearance and therefore exposure in heavier
patients with lower PTA [72]. On average, based on the available clinical evidence (Table 4),
there was a decrease in the AUC0–24 of ≈23% in critically ill patients compared with healthy
volunteers [15,62,71–73].

While these studies have generally shown suboptimal drug exposure, in some of
them the concentrations were sufficient due to low MICs (<0.03 mg/L), and the required
PTA was achieved. Some authors concluded that in overweight patients, or with candida
isolates with higher MICs, a dose adjustment and TDM is warranted. Most recently, this
phenomenon was evaluated in a systematic review and meta-analysis, where it was con-
firmed that critically ill patients treated with anidulafungin had lower AUC0–24 compared
with healthy volunteers, as well as a lower Cmax [64]. Table 4 summarises the available
clinical studies regarding anidulafungin drug exposure in critically ill patients.

Given that echinocandins’ mechanism of action targets a component unique to the
fungal cell wall, the relationship between systemic concentrations and toxicity is less
relevant because significant side effects are uncommon. Humans lack the target that
echinocandins aim at, so drug-related toxicity is not frequent. Infrequently reported serious
side effects include modest elevation of transaminases (7–14%) and alkaline phosphatase,
and infusion hypersensitivity reactions (rash, pruritus, bronchospasm) related to infusion
velocity, while less severe side effects include pain at injection site and gastrointestinal
complaints, among others [74]. Recently, a systematic review and meta-analysis that
included 18,230 participants concluded that echinocandins are very safe and are the most
tolerated antifungal [75].

Large inter-patient variability makes the relationship between the dose and the plas-
matic concentrations not entirely reliable, so is one of the reasons for performing TDM.
Great inter-individual and inter-occasion variability was found in a recently published
anidulafungin PK model in critically ill patients, where inter-individual variability for Cl
was 45.1%, for central volume 59.2%, and for peripheral volume 37%. AUC0–24, although
decreased in the critically ill, does not seem to be the only factor contributing to reduced
drug exposure. A high inter-individual variability in clearance can reduce drug exposure
and can result in low PTA [17]. Inter-individual variability of anidulafungin was also docu-
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mented in the DALI study, in which the coefficient of variation ranged between 28–57% in
critically ill patients treated with anidulafungin or caspofungin [18].

Table 4. Summary of Clinical Studies Assessing PK Parameters of Anidulafungin in Critically
Ill Patients.

Clinical Context Dose AUC0–24 (mg h/L) Cmin (mg/L) Cmax (mg/L) Cl (L/h) Vd (L) Reference

Critically ill
patients with

proven or
suspected invasive

fungal infection

Standard *

- Sample
on day 3:
72.1 (IQR
61.3–94.0)

- Sample
on day 7:
82.7 (IQR
73.0–129.5

- Sample
on day 3:
2.2 (IQR
1.9–2.9)

- Sample
on day 7:
2.8 (IQR
2.2–4.2)

- Sample
on day 3:
5.3 (IQR
4.1–6.0)

- Sample
on day 7:
5.9 (IQR
4.6–8.0)

- Sample
on day 3:
1.4 (IQR
1.1–1.6)

- Sample on
day 7: CL
of 1.2 (IQR
0.8–1.4)

- Sample
on day 3:
46.0 (IQR
32.2–60.2)

- Sample
on day 7:
39.7 (IQR
32.2–54.4)

[15]

ICU patients
administered with

anidulafungin
Standard * 114 ± 40.78 3.21 ± 1.43 9.27 ± 2.76 0.842 - [17]

ICU patients
administered with

anidulafungin
Standard * 55 1.8 55 - - [18]

ICU patients with
invasive

candidiasis
Standard * 69.8 ± 24.1 2.2 ± 0.8 4.7 ± 1.4 1.6 ± 0.6 - [62]

ICU patients with
invasive

candidiasis
Standard * 92.7 3.0 7.7 1.3 38.8 [70]

ICU patients with
suspected

intra-abdominal
candidiasis

Standard * 88.9 ± 34.3 3.2 ± 1.2 6.0 ± 1.8 1.2 ± 0.5 72.8 ± 63.9 [71]

ICU patients with
proven or

suspected invasive
fungal infection

Standard * 102.19 - - - - [72]

Critically ill
patients with
continuous
venovenous

haemodiafiltration

Standard *

93.9 ± 19.4 (arterial
sample),

104.1 ± 20.3mg·h/L
(venous sample)

3.0 ± 0.6
6.2 ± 1.7 (arterial
sample) 7.1 ± 1.9
(venous sample)

- - [73]

* Standard dose: 200 mg loading dose followed by 100 mg daily.

Covariates have also been analysed to account for decreased echinocandin exposure
in critically ill patients, for example body weight, body mass index (BMI), albumin levels,
illness severity and age. There is conflicting evidence, because some studies found that
gender, BMI, illness severity scores (APACHE II, SOFA etc.) and serum albumin did not
influence the PK parameters of anidulafungin [15,62]. However, a relationship between
higher SOFA scores and lower clearance values has been documented in other models [17].
Bodyweight has not been shown to have a significant correlation with anidulafungin
exposure [62]; nonetheless, patients with a weight above 140 kg have been shown to have
a mean AUC0–24 of <99 mg h/L, suggesting the need for a 25% increase in loading and
maintenance doses for these patients [76].

3.2. Caspofungin

Caspofungin was the first echinocandin to be approved by the FDA. It is a semisyn-
thetic lipopeptide derived from the fermentation product of the fungus Glarea lozoyensis. It
is used as a first-line therapy for candidemia at a loading dose of 70 mg and a maintenance
dose of 50 mg daily [14]. Caspofungin differs from anidulafungin because it is metabolised
by hydrolysis and N-acetylation [59] and it is excreted in the urine and feces. Thus, the
label recommendation for patients with liver impairment is a dose reduction, with 35 mg
as a daily dose compared to 50 mg [77].

As with anidulafungin, caspofungin exhibits concentration-dependent reduction in
fungal growth [78]. Thus, the proposed PK/PD indices related to efficacy in preclinical
studies have been AUC0–24 and AUC/MIC [79,80]. Clinical evidence of the PK behavior
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of caspofungin in critically ill patients is conflicting. In the DALI study, the AUC0–24
was 52.0 mg h/L, the Cmax was 3.9 mg/L, and the Cmin was 1.5 mg/L, compared to the
figures for healthy volunteers of 97.0 mg h/L, 12 mg/L, 1.4 mg/L respectively, suggesting
suboptimal exposure of caspofungin in critically ill patients [18]. Furthermore, high inter-
individual variability in Cl of ≈4.7% has been documented, and has been linked with a
decrease of >20% in caspofungin exposure [81].Based on Cl calculations after 3 doses, the
authors estimated that a maintenance dose of 50 mg would result in AUC0–24 of 89, 68
and 50 mg h/L for Cl values of 0.563 L/h, 0.737 L/h and 1.01 L/h respectively [81], none
of which would be sufficient exposure when observing the minimum target required for
efficacy (AUC0–24 97 mgh/L) [82].

Suboptimal exposure was also seen in a multicenter prospective study covering 20 ICU
patients with suspected invasive candidiasis, where the median caspofungin AUC0–24 was
78 mg·h/L, Cmax 7.4 mg/L and Cmin 1.7 mg/L. In 50% of the patients, dose adjustments
had to be made because they had a AUC0–24 below 79 mg·h/L. Interestingly, the authors
found that low caspofungin exposure was correlated with body weight above 75 kg and
hypoalbuminemia [83]. Further studies have documented suboptimal exposure in critically
ill patients with sepsis, for whom the mean AUC0–24 was 89 mg·h/L, Cmax 10.5 mg/L
and Cmin 2.6 mg/L. A Monte Carlo simulation was performed and showed that PTA was
achieved only for MICs < 0.03 mg/L when AUC0–24 was <75 mg·h/L; however, a PTA of
≈90% for a MIC of 0.125mg/L was not achieved. The authors concluded that in order to
obtain the AUC seen in healthy volunteers, the median loading dose should have been
2.3 times higher than the standard loading dose. The changes were attributed to the septic
state, where the PKs of hydrophilic compounds such as caspofungin are greatly altered [84].
Table 5 summarises the available clinical studies regarding caspofungin drug exposure
in critically ill patients. On the other hand, a recently published systematic review and
meta-analysis documented that when receiving caspofungin at a standard dose (70 mg
loading dose, 50 mg maintenance), the Cmax at a steady state and the AUC0–24 in critically
ill patients were similar to healthy volunteers; however, it only took into account the
measurements of a few studies [64].

Table 5. Summary of Clinical Studies Assessing PK Parameters of Caspofungin in Critically Ill Patients.

Clinical Context Dose AUC0–24 (mg h/L) Cmin (mg/L) Cmax (mg/L) Cl (L/h) Vd (L) Reference

1. ICU patients with
suspected or proven

invasive candida
infection

Standard * 57.8 (51.6 to 69.8) - - 0.88 11.9 [12]

2. ICU patients
administered with

caspofungin
Standard * 52.0 1.5 3.9 - - [18]

3. Critically ill adult
patients with suspected

or proven invasive
candidiasis receiving

continuous venovenous
hemodiafiltration

Standard * Arterial: 102 ± 46
Venous: 123 ± 46 2.4 ± 0.8 9.3 ± 2.3 0.630 ± 0.225 16.4 ± 5.4 [73]

4. ICU patients with
suspected invasive

candidiasis
Standard * 78 [IQR], 69 to 97

mg 1.7 (1.1–3.9) 7.4 (4.7–14.7) 0.66 (0.37–1.26) 9.1 (5.5–13.2) [83]

5. ICU septic patients
receiving caspofungin
as empirical treatment

Standard * 89.2 2.6 10.5 0.06 9.3 [84]

6. ICU patients
administered with

caspofungin
Standard * 88.7 (72.2–97.5) 2.15 (1.40–2.48) 7.51 (6.05–8.17) 0.57 (0.54–0.77) 7.72 (6.12–9.01) [85]

7. ICU patients with
Child–Pugh B

70 mg loading
dose followed
by 35 mg daily

65 (22–241) - - 0.55 - [86]

8. ICU patients
receiving caspofungin

140 mg
loading dose

79.1 (IQR 55.2;
108.4) - - - - [87]

* Standard dose of caspofungin: loading dose of 70 mg and a maintenance dose of 50 mg daily.
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As mentioned previously, a reduced dose of 35 mg daily compared to 50 mg is
suggested for patients with liver impairment. However, this dose resulted in an AUC0–24
of 65 mg·h/L in critically ill patients, with a PTA of >99% for MICs of 0.03 mg/mL, but for
MICs of 0.06 mg/mL it had a PTA of 81% for patients with a body weight of <80 kg, and a
PTA of 59% for heavier patients. Thus, the authors concluded that the maintenance dose
should not be reduced in non-cirrhotic patients if the Child–Pugh classification (used to
assess the severity of liver disease depending on the degree of ascites, serum bilirubin and
albumin concentrations, prothrombine time, and degree of encephalopathy) was driven
by hypoalbuminemia [86]. Hypoalbuminemia has been another covariate analysed in
relation to drug exposure in critically ill patients. Kurland et al. performed a study to
assess the relationship between the PK of caspofungin in critically ill patients and liver
function, plasma albumin levels and bilirubin levels. Most of the patients had a Child–Pugh
B score, and the mean AUC0–24, Cl and Vd scores obtained can be seen in Table 5 [12]. The
authors found no correlation between Child–Pugh scores and the AUC; however, there
was a negative correlation between lower albumin levels and lower AUC, speculating
that an increased free fraction of caspofungin would lead to a more effective elimination.
However, this association with hypoalbuminemia is controversial and in other studies no
link with drug exposure was shown [85]. The suggestion is not to reduce the maintenance
dose in critically ill patients with abnormal function tests in the absence of chronic liver
disease, but rather to maintain a daily dose of 50–70 mg based on the MIC values of the
pathogen [12,86].

Other covariates have also been analysed to account for decreased caspofungin expo-
sure in critically ill patients. For instance, body weight has been found to correlate with
lower Cmax and lower AUC0–72, regarding which the authors concluded that weight was
directly correlated with Vd and Cl [88]. A more recent study compared a weight-based
dose regimen, in which a loading dose of 2 mg/kg was followed by a maintenance dose
of 1.25 mg/kg, with a standard regimen. With the standard regimen, the percentages of
patients that achieved the target AUC (≈98 mg h/L) were 73%, 14% and 0% for patients of
50 kg, 78 kg and 120 kg respectively. For the weight-based regimen with the previously
stated doses, the PTA was 98%, obtaining an AUC of ≈200 mg h/L. Toxicity was not a
major concern given the safety of echinocandins [89]. This suggests a loading dose of
approximately 140 mg may be appropriate for critically ill patients. Actually, a loading
dose of 140 mg in critically ill patients was evaluated by Bailly et al. in a clinical trial
(NCT02413892); however, they obtained an AUC0–24 h of 79 mg h/L, which was similar to
the concentrations observed after a loading dose of 70 mg. However, the patients included
in that study were adult ICU patients with severe candidiasis, under mechanical ventilation,
and receiving more than 0.1 µg/kg/min of epinephrine or norepinephrine, which were not
inclusion criteria in the studies mentioned previously [87].

3.3. Micafungin

Micafungin is a water-soluble semisynthetic compound synthesised from the fermen-
tation product of the fungus Coleophoma empetri. It is recommended for the treatment of
candidemia, invasive candidiasis, and esophageal candidiasis, at a dose range of 50 to
150 mg daily with no recommendation for a loading dose [14,59]. It displays linear PK with
daily doses of 50 mg to 150 mg and 3 mg/kg to 8 mg/kg body weight [90]. It has also
been shown to be a mild inhibitor of CYP3A4. Micafungin is metabolized in the liver and
approximately 90% of plasma clearance is through biliary elimination and fecal route [91].
In contrast to caspofungin, it does not require dose reduction in hepatic failure [59]. As with
the other echinocandins, micafungin exhibits concentration-dependent killing but has also
demonstrated dose-dependent efficacy in preclinical studies using models of neutropenic
rabbits with disseminated candidiasis [92].

Critical illness has been associated with reduced micafungin exposure, demonstrated
as a lower AUC0–24 h after receiving standard doses in ICU patients compared to healthy
volunteers (Table 6). Lower drug exposure represents a problem because the PK/PD clinical
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marker suggested for micafungin efficacy is the AUC/MIC ratio [93]. For instance, neu-
tropenic murine models of disseminated candidiasis have shown that the total AUC/MIC
ratio required to inhibit growth of C. albicans is 2420, and for C. glabrata 1283; however,
higher drug exposure is required for fungicidal activity. Thus, based on clinical evidence,
the target AUC/MIC ratios are >3000, >5000 and ≥285 for Candida spp., Non-C. parapsilosis
and C. parapsilosis, respectively [94]. A prospective PK study in ICU patients treated with
micafungin for a suspected or proven invasive candida infection documented a mean
AUC0–24 h of 89.6 mg h/L while using a standard dose of 100 mg daily. In 17.6% of the
patients the target AUC/MIC [95] was not met. These levels were below the AUC0–24 h
found in healthy volunteers: 152.0 mg h/L and 134.0 mg h/L [96,97]. Furthermore, the
authors found a correlation between bodyweight and decreased micafungin exposure,
where patients with a body surface area of >2.10 m2 or a fat-free mass of >62 kg had
significantly lower drug exposure. No correlation was found between drug exposure and
albumin levels, nor with liver function tests, C-reactive protein or total bilirubin [95].

Another study evaluated micafungin exposure in ICU patients with sepsis and me-
chanical ventilation. They found that albumin levels and SOFA scores were associated with
drug exposure, where the AUC varied according to these parameters. Accordingly, the
AUC was 87.3 mg h/L (SOFA score ≥ 10 and albumin levels ≤ 25 g/L), 65.5 mg h/L (SOFA
score < 10 and albumin levels ≤ 25 g/L), 99.5 mg h/L (SOFA score ≥10 and albumin levels
> 25 g/L) and 74.6 mg h/L (SOFA score < 10, and albumin levels > 25 g/L) [98]. As with
other echinocandins, micafungin has high protein binding (99%), thus a hypothesis for
low drug exposure in the critically ill is that hypoalbuminemia results in increased free
drug and increased total clearance. Weight is another covariate that must be taken into
account for the altered PK of micafungin. Maseda et al. performed a PK model including
critically ill non-obese and critically ill morbidly obese patients, to estimate if they reached
the target AUC/MIC. Micafungin exposure was adequate with doses of 150 mg daily for
patients with weights up to 115 kg, and with 200 mg daily for patients weighing >115 kg,
however, regardless of weight or Candida spp., 100 mg daily did not lead to adequate drug
exposure [99]. In addition, in addition to the documented low drug exposure of micafungin
at steady states, there is also evidence suggesting that on the first day of treatment the PTA
is lower than 80%, hinting at the need for a loading dose. Kapralos et al. showed that a
loading dose of 200 mg or even 300 mg could improve efficacy and increase the PTA [100].

Table 6. Summary of Clinical Studies Assessing PK Parameters of Micafungin in Critically Ill Patients.

Clinical Context Dose AUC0–24
(mg h/L) AUC/MIC ratio Cl (L/h) Vd (L) Reference

1. ICU patients receiving
micafungin for suspected or

proven fungal infection

Standard * 91 (67–122) -

1.10 17.6 [86]150 mg daily 137 (101–183) -

200 mg daily 183 (135–244) -

2. ICU patients treated with
micafungin for a suspected or

proven invasive
candida infection

Standard * 89.6 6221 (C. albicans)
5643 (C. glabrata) - - [95]

3. ICU patients with sepsis
and mechanical ventilation Standard * 65.5 ** - 1.34 L/h 11.80 [98]

4. ICU patients treated with
micafungin for a suspected or

proven invasive
candida infection

Standard * 76.33 - 1.31 L/h 14.2 L [100]

* Standard dose for micafungin: 100 mg daily ** In patients with a SOFA score < 10, and albumin levels ≤ 25 g/L.

3.4. Recommendations for Echinocandin TDM

Finally, even though echinocandins have been demonstrated to be safe and to have
very little toxicity at high doses that could justify TDM, exposure monitoring should be con-
sidered in patients with variable PK, including critically ill patients. TDM of echinocandins
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in critically ill patients would lead to dose adjustment to guarantee target concentration
or exposure, which in the case of echinocandins is closely related to efficacy, as previously
discussed. To estimate drug exposure (AUC), multiple drug concentrations must be ob-
tained over a single dosing interval, but this is not practical. Thus, a limited sampling
strategy is the proposed method to estimate drug exposure. For instance, Van Wanrooy
et al. documented that anidulafungin exposure could adequately be estimated using the
concentration from a simple sample taken 12 h after the start of the infusion using linear
regression analysis or a population PK model [101]. This dosing software allows complex
PK/PD parameters to be calculated, and includes linear-regression-based dosing software,
population PK-based dosing software, and Bayesian forecasting dosing software [102].
We believe that AUC-guided echinocandin dosing and monitoring for critically ill adult
patients could improve clinical outcomes in the ICU.

4. TDM of Amphotericin B in Critically Ill Patients

Amphotericin B, amphotericin A and nystatin comprise the family of polyene antifun-
gals. Discovered in 1956 [103] and initially approved in 1959, amphotericin B is the central
drug of the polyenes [104] and although new antifungal agents (from different families)
have recently been introduced in clinical practice, it remains the mainstay therapy for many
severe and opportunistic fungal infections.

Its molecular structure comprises a 38-member macrocyclic ring with four main
domains: (1) a 14-carbon hydrophobic polyene chain, (2) a polyhydroxylated carbon chain
with seven free hydroxyl groups, (3) a hydrophobic tail with one free hydroxyl group,
and (4) a polar head containing a mycosamine residue and side chain with a free amino
group [105,106]. Despite possessing amphipathic properties, amphotericin B is primarily
insoluble in water, and thus requires the addition of excipients in order to gain stability
and exert its desired clinical effects. The first described formulation was with sodium
deoxycholate, a compound that increases amphotericin B’s solubility and its ability to
create stable micellar suspensions [106,107]. While sodium deoxycholate initially appeared
to be the appropriate solution to ensure structural stability, toxicity-related side effects
(discussed below) emerged in clinical use, which led to the development of safer forms,
namely lipid-enhanced formulations including liposomes, emulsions and lipid complexes,
some of which can be seen in current practice [108–111]. Moreover, current research has also
started to include formulations of amphotericin B in lipid-polymer hybrids (nanoemulsions)
and specialised micelle nanocarriers [112,113].

The main mechanism of action of amphotericin B (and polyenes in general) relies on
the binding with membrane sterols, predominantly ergosterol, and the subsequent dis-
ruption of the cell-medium electrolytic concentration homeostasis–particularly that of K+,
Mg2+ and Ca2+–leading to cell death [114,115]. While not completely understood, research
has also suggested an ergosterol-independent mechanism through which amphotericin
B, in considerably higher concentrations, can form membrane pores that result in fungal
death [116,117]. Additionally, a second, immune-mediated mechanism of action through
which amphotericin B exerts antifungal effects has been described. Studies have demon-
strated that amphotericin B induces oxidative stress in cells through the expression of stress
genes, increases the inducible form of nitric oxide synthase, and increases the induction
of proinflammatory cytokines [118–120]. Interestingly, the mechanism of action has been
shown to cause in vitro damage to Trypanosoma cruzi and Leishmania spp. [120]. Moreover,
the drug is known to interact with immune-specific cell receptors such as toll-like recep-
tors 2 and 4, respectively causing an increase in proinflammatory and anti-inflammatory
cytokine production [121–124].

As previously mentioned, amphotericin B is known to have adverse effects that range
from an innocuous rash following initial infusion, up to acute kidney injury that, although
uncommon, may even warrant renal replacement therapy [125]. Adverse effects associated
with amphotericin B vary according to the formulation used. They are known to occur more
frequently with sodium deoxycholate as the main excipient, and less frequently with lipid-
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based formulations [126]. Moreover, regardless of the mechanism that causes them, side
effects can be classified as either (a) infusion-associated adverse effects, or (b) direct toxicity
caused by amphotericin B. The first group most commonly present as immune-mediated
symptoms caused in the majority of cases by the interaction of the formulation excipients
with innate immune response mechanisms; these effects may include skin rashes, allergic
rhinitis, generalised pruritus and (rarely) anaphylaxis [126]; most of these side effects can
be prevented or treated with a premedication regime including acetaminophen with or
without antihistamine agents (e.g., diphenhydramine) [127]. The latter group, direct toxicity
caused by amphotericin B, are hypothesised to be caused by interaction of amphotericin
B with membrane cholesterol molecules. These are the most severe reactions and include
nephrotoxicity, often presenting as a reversible elevation of the basal levels of creatinine;
electrolyte disturbances including hypokalemia, hypomagnesemia and hyperchloremic
metabolic acidosis; and hematologic abnormalities such as anemia, leukopenia and, less
frequently, thrombocytopenia [126,128–130].

Regarding its therapeutic spectrum, amphotericin B possesses arguably the broad-
est coverage amongst all antifungal agents. Although some conflicting evidence exists
for certain species, there is consistency regarding most of the species considered both
susceptible and resistant to amphotericin B. Amongst susceptible organisms, Candida trop-
icalis, Candida krusei, Candida guilliermondii, Candida kefyr and Candida famata stand out
from the Candida genus, while Malassezia spp., Saccharomyces cerevisiae, Aspergillus niger,
Aspergillus nidulans and Cryptococcus neoformans are also considered sensitive [131–133].
Compellingly, Candida albicans and Candida parapsilosis, while still believed to be susceptible,
have been reported to exhibit resistance [132,134–136]. Regarding resistant species, Candida
auris, Candida lusitaniae, Candida haemulonii, Sporothrix schenckii and Scedosporium prolificans
are the most noteworthy organisms known to cause disease in human hosts [137–139].

Aspergillus fumigatus, Aspergillus flavus, Fusarim spp., Trichosporon beigelii and Scedospo-
rium apiospermum are some of the organisms that have generated controversial results
regarding amphotericin B resistance and clinical utility in spite of reports of therapeutic
failure [138,140]. Lastly, it should be mentioned that difficulty in culturing and testing
antifungal resistance in Zygomycetes makes it difficult to obtain a clear point of reference
regarding their susceptibility; nonetheless, amphotericin B remains a useful tool in severe
Mucor spp., Rhizopus spp., and Rhizomucor pusillus infections [141].

Invasive mycoses are a common complication in critically ill patients, a population
characterised by a profound comorbidity burden, and in many cases, variable states of
immune deficit [142,143]. Under these circumstances, treatment of fungal infection requires
a precise and fine-tuned approach in order to reach optimal outcomes. TDM has recently
emerged as a practice that may provide better results by optimising–dosages and adminis-
tration intervals through individualised approximation, maintaining adequate therapeutic
concentrations and decreasing the risk of toxicity-related adverse effects [22].

Recommendations for Amphotericin B TDM

In the critically ill, there are several considerations that have an impact in drug concen-
trations over time. For instance, age, sex, comorbidities, current condition, renal function,
and other concomitant drugs are known factors to consider [144]. Currently, among anti-
fungal agents, amphotericin B is not routinely monitored through TDM [24,32,144]. This is
mainly because, as previously mentioned, the PK and PD characteristics of amphotericin B
(despite over 60 years of clinical practice experience), are not completely understood, and
vary with each different formulation [145]. In that regard, it is not desirable routinely to
use TDM with amphotericin B, except in special scenarios in which a narrow therapeutic
range is desired and/or toxicity is a major concern.

5. Flucytosine

The pyrimidine analogue flucytosine was initially synthesised in 1957 as a chemother-
apeutic agent with anti-tumour properties. However, it proved inferior to other available
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drugs and quickly became overshadowed [146,147]. Some years later, in vitro studies
showed that flucytosine had previously unknown antimicrobial properties, which revived
clinical and experimental interest in the drug [148–150]. While flucytosine has no intrinsic
antifungal effects, its metabolite 5-fluorouracil is known to inhibit both RNA and DNA
synthesis in fungal cells. This process mainly occurs through the deamination of flucytosine
by cytosine deaminase in fungal cell cytoplasm shortly after it is taken up by cytosine per-
mease [151]. It should be noted that 5-fluorouracil is highly toxic to human and non-human
mammalian cells and is not readily taken up by fungal cells, thus leaving it ineffective as
an antifungal agent; instead, its main current use concerns the treatment of certain types of
cancer, mainly colorectal carcinoma [152,153].

Flucytosine is a fluorinated analogue of cytosine, hence its interactions with cytosine
permease and cytosine deaminase. It shares metabolic pathways with adenine, hypoxan-
thine and cytosine. Moreover, 5-fluorouracil–its active metabolite–exerts antifungal effects
through two main mechanisms: (1) it accepts three phosphate groups and becomes 5-
fluorouridine triphosphate, before being incorporated into fungal RNA in place of uridylic
acid, altering tRNA aminoacylation and damaging protein synthesis, and (2) it is converted
into 5-fluorodeoxyuridine monophosphate by uridine monophosphate pyrophosphory-
lase, becoming an inhibitor of thymidylate synthetase (a mechanism of action shared
with the chemotherapeutic agent capecitabine), and disrupting the synthesis of new DNA
molecules [154].

Flucytosine is active against most yeasts, including Cryptococcus, Candida and Torulop-
sis spp. Additionally, other types of fungi, such as Aspergillus, Cladosporium, Phialophora,
Cephalosporium, Sporothrix and Blastomyces are sensitive to flucytosine [154,155]. Minimal
inhibitory concentrations (MIC), while not thoroughly documented, have ranged widely
from <100 mg/L up to over 1000 mg/L [155]. However, flucytosine resistance has been thor-
oughly described in clinical and laboratory conditions and is a matter of concern, making it
a candidate for clinical follow-up through TDM. Importantly, intrinsic resistance has been
reported in several species such as C. albicans, C. neoformans and Torulopsis glabrata in up to
7–8% of strains, yet different factors mean these rates vary geographically [156]. Resistance
has been identified through two main mechanisms: (1) mutations in the enzymes necessary
for the biological processes undergone by flucytosine that decrease its final effects [157,158],
and (2) an upregulation of intrinsic pyrimidine production, which then leads to a competi-
tive inhibition of flucytosine’s metabolites, reducing its antifungal effects [158]. Moreover,
two flucytosine resistance phenotypes have recently been recognised [158–160]. Phenotype
1 is characterised by not being affected by flucytosine at high concentrations, and these
fungi are therefore considered to have full resistance to flucytosine and its metabolites. On
the other hand, phenotype 2 fungi are characterised by being susceptible to flucytosine, but
they develop resistance after being exposed for a certain period, and are thus considered to
have an inducible resistance to flucytosine.

Pharmacokinetically, while flucytosine’s dynamics have been extensively studied,
certain doubts remain. Regarding absorption, there is controversy about where flucytosine
is absorbed yet it possesses an oral bioavailability of 75–90% [161,162]. Flucytosine has high
body fluid penetration, reaching important levels in peritoneal, synovial and cerebrospinal
fluids [161–166]. Latency is usually short, with peak serum concentrations being readily
reached in about 1–2 h. Due to its molecular structure, flucytosine does not bind strongly
to serum proteins and is highly water-soluble [161–167]. Clearance and elimination mainly
take place in the kidneys, and almost no liver metabolism has been described [151,161,164].
Moreover, it should be noted that neither tubular reabsorption nor secretion has been docu-
mented. Flucytosine’s half-life in healthy volunteers ranges from 3 to 4 h, but its excretion is
in close relation to creatinine clearance, and can reach 70 to 86 h; thus, dosage adjustments
are needed in patients with glomerular filtration rates below 40 mL/min [161,162,164].

Therapeutic monitoring has provided relatively scant evidence regarding flucytosine;
nonetheless, due to several factors, TDM may prove a valuable tool for improving patient
outcomes. Namely, high variability in serum concentrations following administration, lack
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of supporting clinical data on optimal concentrations for treatment, and severe adverse
effects when concentrations exceed the toxicity threshold make flucytosine a candidate
for TDM [168–171]. A summary of the PK parameters of flucytosine in clinical studies can
be seen in Table 7. The main preoccupation that warrants a tailored dosing regimen for
flucytosine is toxicity prevention. The most severe reactions include hepatotoxicity, bone
marrow suppression and gastrointestinal disturbances [172–175]. These findings have been
mostly associated with serum concentrations over 100 mg/L [172,176]. Hepatotoxicity
has been reported in up to 25% of patients in some case series, and is mostly seen as ALT
(alanine transaminase) and AST (aspartate aminotransferase) as well as alkaline phos-
phatase elevations [151,166,177]. Less commonly, hyperbilirubinemia and hepatomegaly
can also occur [151,177]. Fortunately, this liver damage side effect can be easily reversed
by decreasing dosages regardless of serum concentrations [172,178]. Gastrointestinal side
effects occur in less than 10% of patients, and usually include vomiting, diarrhea, bloat-
ing and abdominal pain; as with liver toxicity, these side effects usually subside with
decreased dosages [174,175]. Bone marrow suppression is the most severe side effect
associated with flucytosine toxicity [179]. Available evidence suggests a concentration-
dependent effect, with risk being present above 100 mg/L and critical in concentrations
over 125 mg/L [177–182]. Leucopenia and thrombocytopenia are the most common find-
ings, yet pancytopenia has also been reported in several studies [183,184]. Controversy
remains whether HIV infection is a factor associated with higher incidence rates of myelo-
suppression [185].

Table 7. Summary of Clinical Studies Assessing PK Parameters of Flucytosine in Healthy Volunteers
and Patients with Cryptococcal Infections.

Clinical Context Dose AUC0–24
(mcg h/mL) Cmin (mcg/mL) Cmax (mcg/mL) Cl

(L/h)
Vd
(L) Reference

Healthy volunteers
given

immediate-release oral
flucytosine

13.8–25.4 mg/kg
PO every 12 h 435 5.32 57.3 0.49 5.62 [186]

Healthy volunteers
given controlled-release

oral flucytosine
(Methocel K4M)

13.8–25.4 mg/kg
PO every 12 h 221 3.54 28.4 0.75 7.37 [186]

Healthy volunteers
given controlled-release

oral flucytosine
(Methocel K100M)

13.8–25.4 mg/kg
PO every 12 h 222 5.31 23.5 0.82 15.0 [186]

Case report of a patient
with a severe

cryptococcal infection
undergoing CVVHDF

25.8 mg/kg PO
every 12 h 2980 2.0 >8.0 1.92–2.31 48.1–57.7 [187]

Case report of a patient
with a severe

cryptococcal infection
undergoing CVVHDF

25 mg/kg PO
every 12 h - 45 62–64 1.32–1.36 0.42–0.42 (per Kg) [188]

Empiric antifungal
coverage in a patient
with refractory septic
shock and requiring

CVVHD

37.5 mg/kg on
day 1 and 50
mg/kg after

- 34 110 1.1 57.4 [189]

Recommendations for Flucytosine TDM

Current clinical recommendations suggest routine TDM for flucytosine, in light
of the aforementioned reasons [144]. The recommended serum concentration range is
25–100 mg/L with an initial dosing regimen of 37.5 mg/kg every 6 h adjusted regardless
of clinical indication and measured serum concentrations, which should be drawn ideally
within the first 72 h, and no later than 120 h after initiation [24,190,191]. An approach
suggested by the IDSA in its 2010 Cryptococcal Infections Guidelines is to target a 2 h
post-dose concentration of >30 mg/L measured at least 72 h after treatment initiation [191].
Consensus exists in aiming for serum concentrations above 20–25 mg/L in order to dimin-
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ish resistance induction rates, as previously mentioned, and below 100 mg/L to decrease
toxicity as well as individually to tailor the lowest permitted concentration in regard to MIC.

6. Conclusions

In conclusion, antifungal drugs are widely used in critically ill patients. Critical states
can alter the PK parameters of antifungal drugs to the point of lowering the probability
of treatment success and contributing to antimicrobial resistance. In general, we consider
that clinicians should adopt PK/PD-based dosing as part of routine clinical practice, in
order to avoid the suboptimal exposure seen with the use of standard dosing. Due to the
high toxicity of azoles and the high probability of drug-drug interactions, TDM should be
considered when using itraconazole, posaconazole or voriconazole as antifungal therapy.
For its part, echinocandin exposure has been shown to provide suboptimal exposure in
critically ill patients and also in overweight patients, with documented high inter-individual
variability, reasons that favor TDM. PK parameters are not well elucidated for amphotericin
B so routine TDM is not desirable, except when toxicity is a major concern, or a narrow
therapeutic range is needed. Finally, routine TDM for flucytosine is recommended due to
the high variability in serum concentrations following administration and severe adverse
effects when concentrations exceed the toxicity threshold. Furthermore, we consider further
studies are needed to evaluate PK parameters during antifungal treatment in critically ill
patients, especially those receiving amphotericin B, for which most studies to date have
been conducted in immunocompromised pediatric patients.

Author Contributions: Conceptualisation: D.B.-S., J.D.C.-G., G.J.M.-R., L.C.R.-R. and C.-A.C.-O.;
methodology: D.B.-S., J.D.C.-G., G.J.M.-R., L.C.R.-R. and C.-A.C.-O.; investigation: D.B.-S., J.D.C.-G.,
G.J.M.-R., L.C.R.-R. and C.-A.C.-O.; writing—original draft preparation, D.B.-S., J.D.C.-G. and
G.J.M.-R.; writing—review and editing: D.B.-S., J.D.C.-G., G.J.M.-R., L.C.R.-R. and C.-A.C.-O.; visuali-
sation: D.B.-S., J.D.C.-G., G.J.M.-R., L.C.R.-R. and C.-A.C.-O.; supervision: L.C.R.-R. and C.-A.C.-O.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Universidad del Rosario.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge the support given by Tim Hiley in English proofreading.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Vincent, J.L.; Rello, J.; Marshall, J.; Silva, E.; Anzueto, A.; Martin, C.D.; Moreno, R.; Lipman, J.; Gomersall, C.; Sakr, Y.; et al.

International Study of the Prevalence and Outcomes of Infection in Intensive Care Units. JAMA 2009, 302, 2323–2329. [CrossRef]
2. Pardo, E.; Lemiale, V.; Mokart, D.; Stoclin, A.; Moreau, A.S.; Kerhuel, L.; Calvet, L.; Valade, S.; de Jong, A.; Darmon, M.;

et al. Invasive Pulmonary Aspergillosis in Critically Ill Patients with Hematological Malignancies. Intensive Care Med. 2019,
45, 1732–1741. [CrossRef] [PubMed]

3. Chen, L.; Han, X.; Li, Y.; Zhang, C.; Xing, X. Invasive Pulmonary Aspergillosis in Immunocompetent Patients Hospitalised with
Influenza A-Related Pneumonia: A Multicenter Retrospective Study. BMC Pulm. Med. 2020, 20, 239. [CrossRef] [PubMed]

4. Al-Dorzi, H.M.; Sakkijha, H.; Khan, R.; Aldabbagh, T.; Toledo, A.; Ntinika, P.; al Johani, S.M.; Arabi, Y.M. Invasive Candidiasis
in Critically Ill Patients: A Prospective Cohort Study in Two Tertiary Care Centers. J. Intensive Care Med. 2020, 35, 542–553.
[CrossRef] [PubMed]

5. Klein, J.; Rello, J.; Dimopoulos, G.; Bulpa, P.; Blot, K.; Vogelaers, D.; Blot, S. Invasive Pulmonary Aspergillosis in Solid-Organ
Transplant Patients in the Intensive Care Unit. Transpl. Infect. Dis. 2021, 24, e13746. [CrossRef] [PubMed]

6. Bretagne, S.; Sitbon, K.; Botterel, F.; Dellière, S.; Letscher-Bru, V.; Chouaki, T.; Bellanger, A.-P.; Bonnal, C.; Fekkar, A.; Persat, F.;
et al. COVID-19-Associated Pulmonary Aspergillosis, Fungemia, and Pneumocystosis in the Intensive Care Unit: A Retrospective
Multicenter Observational Cohort during the First French Pandemic Wave. Microbiol. Spectr. 2021, 9, e01138-21. [CrossRef]
[PubMed]

http://doi.org/10.1001/jama.2009.1754
http://doi.org/10.1007/s00134-019-05789-6
http://www.ncbi.nlm.nih.gov/pubmed/31599334
http://doi.org/10.1186/s12890-020-01257-w
http://www.ncbi.nlm.nih.gov/pubmed/32907585
http://doi.org/10.1177/0885066618767835
http://www.ncbi.nlm.nih.gov/pubmed/29628014
http://doi.org/10.1111/tid.13746
http://www.ncbi.nlm.nih.gov/pubmed/34843161
http://doi.org/10.1128/Spectrum.01138-21
http://www.ncbi.nlm.nih.gov/pubmed/34668768


Antibiotics 2022, 11, 645 17 of 24

7. Tumbarello, M.; Posteraro, B.; Trecarichi, E.M.; Fiori, B.; Rossi, M.; Porta, R.; Donati, K.D.G.; la Sorda, M.; Spanu, T.; Fadda, G.;
et al. Biofilm Production by Candida Species and Inadequate Antifungal Therapy as Predictors of Mortality for Patients with
Candidemia. J. Clin. Microbiol. 2007, 45, 1843–1850. [CrossRef]

8. Kably, B.; Launay, M.; Derobertmasure, A.; Lefeuvre, S.; Dannaoui, E.; Billaud, E.M. Antifungal Drugs TDM: Trends and Update.
Ther. Drug Monit. 2022, 44, 166–197. [CrossRef]

9. Pea, F.; Viale, P.; Furlanut, M. Antimicrobial Therapy in Critically Ill Patients: A Review of Pathophysiological Conditions
Responsible for Altered Disposition and Pharmacokinetic Variability. Clin. Pharmacokinet. 2005, 44, 1009–1034. [CrossRef]

10. Williams, P.; Cotta, M.O.; Roberts, J.A. Pharmacokinetics/Pharmacodynamics of β-Lactams and Therapeutic Drug Monitoring:
From Theory to Practical Issues in the Intensive Care Unit. Semin. Respir. Crit. Care Med. 2019, 40, 476–487. [CrossRef]

11. Ince, C.; Mayeux, P.R.; Nguyen, T.; Gomez, H.; Kellum, J.A.; Ospina-Tascón, G.A.; Hernandez, G.; Murray, P.; de Backer, D. The
endothelium in sepsis. Shock 2016, 45, 259–270. [CrossRef] [PubMed]

12. Kurland, S.; Furebring, M.; Löwdin, E.; Eliasson, E.; Nielsen, E.I.; Sjölin, J. Pharmacokinetics of Caspofungin in Critically Ill
Patients in Relation to Liver Dysfunction: Differential Impact of Plasma Albumin and Bilirubin Levels. Antimicrob. Agents
Chemother. 2019, 63, e02466-18. [CrossRef] [PubMed]

13. Pfaller, M.; Boyken, L.; Hollis, R.; Kroeger, J.; Messer, S.; Tendolkar, S.; Diekema, D. Use of Epidemiological Cutoff Values to
Examine 9-Year Trends in Susceptibility of Candida Species to Anidulafungin, Caspofungin, and Micafungin. J. Clin. Microbiol.
2011, 49, 624–629. [CrossRef] [PubMed]

14. Pappas, P.G.; Kauffman, C.A.; Andes, D.R.; Clancy, C.J.; Marr, K.A.; Ostrosky-Zeichner, L.; Reboli, A.C.; Schuster, M.G.; Vazquez,
J.A.; Walsh, T.J.; et al. Clinical Practice Guideline for the Management of Candidiasis: 2016 Update by the Infectious Diseases
Society of America. Clin. Infect. Dis. 2016, 62, e1–e50. [CrossRef]

15. Brüggemann, R.J.M.; Middel-Baars, V.; de Lange, D.W.; Colbers, A.; Girbes, A.R.J.; Pickkers, P.; Swart, E.L. Pharmacokinetics of
Anidulafungin in Critically Ill Intensive Care Unit Patients with Suspected or Proven Invasive Fungal Infections. Antimicrob.
Agents Chemother. 2017, 61, e01894-16. [CrossRef]

16. Udy, A.A.; Roberts, J.A.; Lipman, J. Antibiotic Pharmacokinetic/Pharmacodynamic Considerations in the Critically Ill; Springer:
Berlin/Heidelberg, Germany, 2017; pp. 1–275. [CrossRef]

17. Kapralos, I.; Mainas, E.; Apostolopoulou, O.; Siopi, M.; Neroutsos, E.; Apostolidi, S.; Dimopoulos, G.; Sambatakou, H.; Valsami,
G.; Meletiadis, J.; et al. Population Pharmacokinetics of Anidulafungin in ICU Patients Assessing Inter- and Intrasubject Variability.
Br. J. Clin. Pharmacol. 2021, 87, 1024–1032. [CrossRef]

18. Sinnollareddy, M.G.; Roberts, J.A.; Lipman, J.; Akova, M.; Bassetti, M.; de Waele, J.J.; Kaukonen, K.M.; Koulenti, D.; Martin, C.;
Montravers, P.; et al. Pharmacokinetic Variability and Exposures of Fluconazole, Anidulafungin, and Caspofungin in Intensive
Care Unit Patients: Data from Multinational Defining Antibiotic Levels in Intensive Care Unit (DALI) Patients Study. Crit. Care
2015, 19, 33. [CrossRef]

19. Zonios, D.I.; Bennett, J.E. Update on Azole Antifungals. Semin. Respir. Crit. Care Med. 2008, 29, 198–210. [CrossRef]
20. Koltin, Y.; Hitchcock, C.A. The Search for New Triazole Antifungal Agents. Curr. Opin. Chem. Biol. 1997, 1, 176–182. [CrossRef]
21. Rodrigues, M.L. The Multifunctional Fungal Ergosterol. MBio 2018, 9, e01755-18. [CrossRef]
22. John, J.; Loo, A.; Mazur, S.; Walsh, T.J. Therapeutic Drug Monitoring of Systemic Antifungal Agents: A Pragmatic Approach for

Adult and Pediatric Patients. Expert Opin. Drug Metab. Toxicol. 2019, 15, 881–895. [CrossRef] [PubMed]
23. Gómez-López, A. Antifungal Therapeutic Drug Monitoring: Focus on Drugs without a Clear Recommendation. Clin. Microbiol.

Infect. 2020, 26, 1481–1487. [CrossRef] [PubMed]
24. Ashbee, H.R.; Barnes, R.A.; Johnson, E.M.; Richardson, M.D.; Gorton, R.; Hope, W.W. Therapeutic Drug Monitoring (TDM) of

Antifungal Agents: Guidelines from the British Society for Medical Mycology. J. Antimicrob. Chemother. 2014, 69, 1162–1176.
[CrossRef] [PubMed]

25. Willems, L.; van der Geest, R.; de Beule, K. Itraconazole Oral Solution and Intravenous Formulations: A Review of Pharmacoki-
netics and Pharmacodynamics. J. Clin. Pharm. Ther. 2001, 26, 159–169. [CrossRef]

26. Vandewoude, K.; Vogelaers, D.; Decruyenaere, J.; Jaqmin, P.; de Beule, K.; van Peer, A.; Woestenborghs, R.; Groen, K.; Colardyn, F.
Concentrations in Plasma and Safety of 7 Days of Intravenous Itraconazole Followed by 2 Weeks of Oral Itraconazole Solution in
Patients in Intensive Care Units. Antimicrob. Agents Chemother. 1997, 41, 2714–2718. [CrossRef] [PubMed]

27. McCreary, E.K.; Bayless, M.; Van, A.P.; Lepak, A.J.; Wiebe, D.A.; Schulz, L.T.; Andes, D.R. Impact of Triazole Therapeutic Drug
Monitoring Availability and Timing. Antimicrob. Agents Chemother. 2019, 63, e01245-19. [CrossRef] [PubMed]

28. Wheat, J.; Hafner, R.; Korzun, A.H.; Limj, M.T.; Spencer, P.; Larsen, R.A.; Hecht, F.M.; Powderly, W. Itraconazole Treatment of
Disseminated Histoplasmosis in Patients with the Acquired Immunodeficiency Syndrome. AIDS Clinical Trial Group. Am. J. Med.
1995, 98, 336–342. [CrossRef]

29. Sharkey, P.K.; Rinaldi, M.G.; Dunn, J.F.; Hardin, T.C.; Fetchick, R.J.; Graybill, J.R. High-Dose Itraconazole in the Treatment of
Severe Mycoses. Antimicrob. Agents Chemother. 1991, 35, 707–713. [CrossRef]

30. Denning, D.W.; Tucker, R.M.; Hanson, L.H.; Hamilton, J.R.; Stevens, D.A. Itraconazole Therapy for Cryptococcal Meningitis and
Cryptococcosis. Arch. Intern. Med. 1989, 149, 2301–2308. [CrossRef]

31. Denning, D.W.; Tucker, R.M.; Hansen, L.H.; Stevens, D.A. Treatment of Invasive Aspergillosis with Itraconazole. Am. J. Med.
1989, 86, 791–800. [CrossRef]

http://doi.org/10.1128/JCM.00131-07
http://doi.org/10.1097/FTD.0000000000000952
http://doi.org/10.2165/00003088-200544100-00002
http://doi.org/10.1055/s-0039-1693498
http://doi.org/10.1097/SHK.0000000000000473
http://www.ncbi.nlm.nih.gov/pubmed/26871664
http://doi.org/10.1128/AAC.02466-18
http://www.ncbi.nlm.nih.gov/pubmed/30962329
http://doi.org/10.1128/JCM.02120-10
http://www.ncbi.nlm.nih.gov/pubmed/21147948
http://doi.org/10.1093/cid/civ933
http://doi.org/10.1128/AAC.01894-16
http://doi.org/10.1007/978-981-10-5336-8
http://doi.org/10.1111/bcp.14457
http://doi.org/10.1186/s13054-015-0758-3
http://doi.org/10.1055/s-2008-1063858
http://doi.org/10.1016/S1367-5931(97)80007-5
http://doi.org/10.1128/mBio.01755-18
http://doi.org/10.1080/17425255.2019.1671971
http://www.ncbi.nlm.nih.gov/pubmed/31550939
http://doi.org/10.1016/j.cmi.2020.05.037
http://www.ncbi.nlm.nih.gov/pubmed/32535150
http://doi.org/10.1093/jac/dkt508
http://www.ncbi.nlm.nih.gov/pubmed/24379304
http://doi.org/10.1046/j.1365-2710.2001.00338.x
http://doi.org/10.1128/AAC.41.12.2714
http://www.ncbi.nlm.nih.gov/pubmed/9420044
http://doi.org/10.1128/AAC.01245-19
http://www.ncbi.nlm.nih.gov/pubmed/31332058
http://doi.org/10.1016/S0002-9343(99)80311-8
http://doi.org/10.1128/AAC.35.4.707
http://doi.org/10.1001/archinte.1989.00390100107024
http://doi.org/10.1016/0002-9343(89)90475-0


Antibiotics 2022, 11, 645 18 of 24

32. Stott, K.E.; Hope, W.W. Therapeutic Drug Monitoring for Invasive Mould Infections and Disease: Pharmacokinetic and Pharma-
codynamic Considerations. J. Antimicrob. Chemother. 2017, 72, i12–i18. [CrossRef] [PubMed]

33. Patterson, T.F.; Thompson, G.R.; Denning, D.W.; Fishman, J.A.; Hadley, S.; Herbrecht, R.; Kontoyiannis, D.P.; Marr, K.A.; Morrison,
V.A.; Nguyen, M.H.; et al. Practice Guidelines for the Diagnosis and Management of Aspergillosis: 2016 Update by the Infectious
Diseases Society of America. Clin. Infect. Dis. 2016, 63, e1–e60. [CrossRef] [PubMed]

34. Lestner, J.M.; Roberts, S.A.; Moore, C.B.; Howard, S.J.; Denning, D.W.; Hope, W.W. Toxicodynamics of Itraconazole: Implications
for Therapeutic Drug Monitoring. Clin. Infect. Dis. 2009, 49, 928–930. [CrossRef]

35. Fung, S.L.; Chau, C.H.; Yew, W.W. Cardiovascular Adverse Effects during Itraconazole Therapy. Eur. Respir. J. 2008, 32, 240.
[CrossRef] [PubMed]

36. Hagihara, M.; Kasai, H.; Umemura, T.; Kato, T.; Hasegawa, T.; Mikamo, H. Pharmacokinetic-Pharmacodynamic Study of
Itraconazole in Patients with Fungal Infections in Intensive Care Units. J. Infect. Chemother. 2011, 17, 224–230. [CrossRef]
[PubMed]

37. EUCAST European Committee on Antimicrobial Susceptibility Testing. Itraconazole: Rationale for the Clinical Breakpoints,
Version 3.0. Available online: https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Rationale_documents/
Itraconazole_RD_v3.0_final.pdf. (accessed on 13 March 2022).

38. Hardin, T.C.; Graybill, J.R.; Fetchick, R.; Woestenborghs, R.; Rinaldi, M.G.; Kuhn, J.G. Pharmacokinetics of Itraconazole Following
Oral Administration to Normal Volunteers. Antimicrob. Agents Chemother. 1988, 32, 1310–1313. [CrossRef]

39. Dekkers, B.G.J.; Bakker, M.; van der Elst, K.C.M.; Sturkenboom, M.G.G.; Veringa, A.; Span, L.F.R.; Alffenaar, J.W.C. Therapeutic
Drug Monitoring of Posaconazole: An Update. Curr. Fungal Infect. Rep. 2016, 10, 51–61. [CrossRef]

40. Andes, D.; Marchillo, K.; Conklin, R.; Krishna, G.; Ezzet, F.; Cacciapuoti, A.; Loebenberg, D. Pharmacodynamics of a New Triazole,
Posaconazole, in a Murine Model of Disseminated Candidiasis. Antimicrob. Agents Chemother. 2004, 48, 137–142. [CrossRef]

41. Dolton, M.J.; Ray, J.E.; Marriott, D.; McLachlan, A.J. Posaconazole Exposure-Response Relationship: Evaluating the Utility of
Therapeutic Drug Monitoring. Antimicrob. Agents Chemother. 2012, 56, 2806–2813. [CrossRef]

42. Seyedmousavi, S.; Mouton, J.W.; Verweij, P.E.; Brüggemann, R.J.M. Therapeutic Drug Monitoring of Voriconazole and Posacona-
zole for Invasive Aspergillosis. Expert Rev. Anti-Infect. Ther. 2014, 11, 931–941. [CrossRef]

43. Ray, J.; Campbell, L.; Rudham, S.; Nguyen, Q.; Marriott, D. Posaconazole Plasma Concentrations in Critically Ill Patients. Ther.
Drug Monit. 2011, 33, 387–392. [CrossRef] [PubMed]

44. Walsh, T.J.; Raad, I.; Patterson, T.F.; Chandrasekar, P.; Donowitz, G.R.; Graybill, R.; Greene, R.E.; Hachem, R.; Hadley, S.; Herbrecht,
R.; et al. Treatment of Invasive Aspergillosis with Posaconazole in Patients Who Are Refractory to or Intolerant of Conventional
Therapy: An Externally Controlled Trial. Clin. Infect. Dis. 2007, 44, 2–12. [CrossRef] [PubMed]

45. Cornely, O.A.; Maertens, J.; Winston, D.J.; Perfect, J.; Ullmann, A.J.; Walsh, T.J.; Helfgott, D.; Holowiecki, J.; Stockelberg, D.;
Goh, Y.-T.; et al. Posaconazole vs. Fluconazole or Itraconazole Prophylaxis in Patients with Neutropenia. N. Engl. J. Med. 2007,
356, 348–359. [CrossRef] [PubMed]

46. Baracaldo-Santamaría, D.; Llinás-Caballero, K.; Corso-Ramirez, J.M.; Restrepo, C.M.; Dominguez-Dominguez, C.A.; Fonseca-
Mendoza, D.J.; Calderon-Ospina, C.A. Genetic and Molecular Aspects of Drug-Induced QT Interval Prolongation. Int. J. Mol. Sci.
2021, 22, 8090. [CrossRef]

47. Maertens, J.; Cornely, O.A.; Ullmann, A.J.; Heinz, W.J.; Krishna, G.; Patino, H.; Caceres, M.; Kartsonis, N.; Waskin, H.; Robertson,
M.N. Phase 1B Study of the Pharmacokinetics and Safety of Posaconazole Intravenous Solution in Patients at Risk for Invasive
Fungal Disease. Antimicrob. Agents Chemother. 2014, 58, 3610–3617. [CrossRef]

48. Lee, J.; Ng, P.; Hamandi, B.; Husain, S.; Lefebvre, M.J.; Battistella, M. Effect of Therapeutic Drug Monitoring and Cytochrome P450
2C19 Genotyping on Clinical Outcomes of Voriconazole: A Systematic Review. Ann. Pharmacother. 2021, 55, 509–529. [CrossRef]

49. Park, W.B.; Kim, N.H.; Kim, K.H.; Lee, S.H.; Nam, W.S.; Yoon, S.H.; Song, K.H.; Choe, P.G.; Kim, N.J.; Jang, I.J.; et al. The Effect of
Therapeutic Drug Monitoring on Safety and Efficacy of Voriconazole in Invasive Fungal Infections: A Randomized Controlled
Trial. Clin. Infect. Dis. 2012, 55, 1080–1087. [CrossRef]

50. Bienvenu, A.L.; Pradat, P.; Plesa, A.; Leclerc, V.; Piriou, V.; Fellahi, J.L.; Argaud, L.; Rimmelé, T.; Menotti, J.; Aubrun, F.; et al.
Association between Voriconazole Exposure and Sequential Organ Failure Assessment (SOFA) Score in Critically Ill Patients.
PLoS ONE 2021, 16, e0260656. [CrossRef]

51. Fuhrmann, V.; Schenk, P.; Jaeger, W.; Miksits, M.; Kneidinger, N.; Warszawska, J.; Holzinger, U.; Kitzberger, R.; Thalhammer,
F. Pharmacokinetics of Voriconazole during Continuous Venovenous Haemodiafiltration. J. Antimicrob. Chemother. 2007,
60, 1085–1090. [CrossRef]

52. Liu, P.; Mould, D.R. Population Pharmacokinetic Analysis of Voriconazole and Anidulafungin in Adult Patients with Invasive
Aspergillosis. Antimicrob. Agents Chemother. 2014, 58, 4718–4726. [CrossRef]

53. Chatelon, J.; Cortegiani, A.; Hammad, E.; Cassir, N.; Leone, M. Choosing the Right Antifungal Agent in ICU Patients. Adv. Ther.
2019, 36, 3308–3320. [CrossRef] [PubMed]

54. Pai, M.P.; Turpin, R.S.; Garey, K.W. Association of Fluconazole Area under the Concentration-Time Curve/MIC and Dose/MIC
Ratios with Mortality in Nonneutropenic Patients with Candidemia. Antimicrob. Agents Chemother. 2007, 51, 35–39. [CrossRef]
[PubMed]

http://doi.org/10.1093/jac/dkx029
http://www.ncbi.nlm.nih.gov/pubmed/28355463
http://doi.org/10.1093/cid/ciw326
http://www.ncbi.nlm.nih.gov/pubmed/27365388
http://doi.org/10.1086/605499
http://doi.org/10.1183/09031936.00021208
http://www.ncbi.nlm.nih.gov/pubmed/18591345
http://doi.org/10.1007/s10156-010-0102-4
http://www.ncbi.nlm.nih.gov/pubmed/20799049
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Rationale_documents/Itraconazole_RD_v3.0_final.pdf.
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Rationale_documents/Itraconazole_RD_v3.0_final.pdf.
http://doi.org/10.1128/AAC.32.9.1310
http://doi.org/10.1007/s12281-016-0255-4
http://doi.org/10.1128/AAC.48.1.137-142.2004
http://doi.org/10.1128/AAC.05900-11
http://doi.org/10.1586/14787210.2013.826989
http://doi.org/10.1097/FTD.0b013e31821fb197
http://www.ncbi.nlm.nih.gov/pubmed/21654350
http://doi.org/10.1086/508774
http://www.ncbi.nlm.nih.gov/pubmed/17143808
http://doi.org/10.1056/NEJMoa061094
http://www.ncbi.nlm.nih.gov/pubmed/17251531
http://doi.org/10.3390/ijms22158090
http://doi.org/10.1128/AAC.02686-13
http://doi.org/10.1177/1060028020948174
http://doi.org/10.1093/cid/cis599
http://doi.org/10.1371/journal.pone.0260656
http://doi.org/10.1093/jac/dkm349
http://doi.org/10.1128/AAC.02808-13
http://doi.org/10.1007/s12325-019-01115-0
http://www.ncbi.nlm.nih.gov/pubmed/31617055
http://doi.org/10.1128/AAC.00474-06
http://www.ncbi.nlm.nih.gov/pubmed/17101684


Antibiotics 2022, 11, 645 19 of 24

55. Tang, C.; Chiba, M.; Nishime, J.; Hochman, J.; Chen, I.; Williams, T.; Lin, J. Comparison of Imidazole- and 2-Methyl Imidazole-
Containing Farnesyl-Protein Transferase Inhibitors: Interaction with and Metabolism by Rat Hepatic Cytochrome P450s. Drug
Metab. Dispos. 2000, 28, 680–686. [PubMed]

56. Rodríguez-Tudela, J.L.; Almirante, B.; Rodríguez-Pardo, D.; Laguna, F.; Donnelly, J.P.; Mouton, J.W.; Pahissa, A.; Cuenca-Estrella,
M. Correlation of the MIC and Dose/MIC Ratio of Fluconazole to the Therapeutic Response of Patients with Mucosal Candidiasis
and Candidemia. Antimicrob. Agents Chemother. 2007, 51, 3599–3604. [CrossRef]

57. Andes, D.; Kovanda, L.; Desai, A.; Kitt, T.; Zhao, M.; Walsh, T.J. Isavuconazole Concentration in Real-World Practice: Consistency
with Results from Clinical Trials. Antimicrob. Agents Chemother. 2018, 62, e00585-18. [CrossRef]

58. Schmitt-Hoffmann, A.; Roos, B.; Spickermann, J.; Heep, M.; Peterfaí, É.; Edwards, D.J.; Stoeckel, K. Effect of Mild and Moderate
Liver Disease on the Pharmacokinetics of Isavuconazole after Intravenous and Oral Administration of a Single Dose of the
Prodrug BAL8557. Antimicrob. Agents Chemother. 2009, 53, 4885–4890. [CrossRef]

59. Brunton, L.; Chabner, B.; Knollmann, B. Goodman & Gilman: Las Bases Farmacológicas De La Terapéutica, Decimotercera Edición;
McGraw Hill: New York, NY, USA, 2019.

60. Theuretzbacher, U. Pharmacokinetics/Pharmacodynamics of Echinocandins. Eur. J. Clin. Microbiol. Infect. Dis. 2004, 23, 805–812.
[CrossRef]

61. Cowen, L.E.; Sanglard, D.; Howard, S.J.; Rogers, P.D.; Perlin, D.S. Mechanisms of Antifungal Drug Resistance. Cold Spring Harb.
Perspect. Med. 2014, 5, a019752. [CrossRef]

62. van Wanrooy, M.J.P.; Rodgers, M.G.G.; Uges, D.R.A.; Arends, J.P.; Zijlstra, J.G.; van der Werf, T.S.; Kosterink, J.G.W.; Alffenaar,
J.W.C. Low but Sufficient Anidulafungin Exposure in Critically Ill Patients. Antimicrob. Agents Chemother. 2014, 58, 304–308.
[CrossRef]

63. Liu, P. Population Pharmacokinetic-Pharmacodynamic Analysis of Anidulafungin in Adult Patients with Fungal Infections.
Antimicrob. Agents Chemother. 2013, 57, 466–474. [CrossRef]

64. Liu, X.; Liu, D.; Pan, Y.; Li, Y. Pharmacokinetic/Pharmacodynamics Variability of Echinocandins in Critically Ill Patients: A
Systematic Review and Meta-Analysis. J. Clin. Pharm. Ther. 2020, 45, 1207–1217. [CrossRef] [PubMed]

65. Vazquez, J.A.; Sobel, J.D. Anidulafungin: A Novel Echinocandin. Clin. Infect. Dis. 2006, 43, 215–222. [CrossRef] [PubMed]
66. Krause, D.S.; Reinhardt, J.; Vazquez, J.A.; Reboli, A.; Goldstein, B.P.; Wible, M.; Henkel, T. Phase 2, Randomized, Dose-Ranging

Study Evaluating the Safety and Efficacy of Anidulafungin in Invasive Candidiasis and Candidemia. Antimicrob. Agents Chemother.
2004, 48, 2021–2024. [CrossRef] [PubMed]

67. Andes, D.; Diekema, D.J.; Pfaller, M.A.; Prince, R.A.; Marchillo, K.; Ashbeck, J.; Hou, J. In Vivo Pharmacodynamic Characterization
of Anidulafungin in a Neutropenic Murine Candidiasis Model. Antimicrob. Agents Chemother. 2008, 52, 539–550. [CrossRef]

68. Siopi, M.; Perlin, D.S.; Arendrup, M.C.; Pournaras, S.; Meletiadis, J. Comparative Pharmacodynamics of Echinocandins against
Aspergillus Fumigatus Using an in Vitro Pharmacokinetic/Pharmacodynamic Model That Correlates with Clinical Response to
Caspofungin Therapy: Is There a Place for Dose Optimization? Antimicrob. Agents Chemother. 2021, 65, e01618-20. [CrossRef]

69. European Committee on Antimicrobial Susceptibility Testing. Anidulafungin: Rationale for the Clinical Breakpoints, Version 3.0.
Available online: https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Rationale_documents/Anidulafungin_
RD_v3.0_final_13_02.pdf (accessed on 27 January 2022).

70. Liu, P.; Ruhnke, M.; Meersseman, W.; Paiva, J.A.; Kantecki, M.; Damle, B. Pharmacokinetics of Anidulafungin in Critically Ill
Patients with Candidemia/Invasive Candidiasis. Antimicrob. Agents Chemother. 2013, 57, 1672–1676. [CrossRef]

71. 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, 1429–1432. [CrossRef]

72. Luque, S.; Hope, W.; Campillo, N.; Muñoz-Bermúdez, R.; Sorli, L.; Barceló-Vidal, J.; González-Colominas, E.; Alvarez-Lerma, F.;
Masclans, J.R.; Montero, M.; et al. Population Pharmacokinetics of Anidulafungin in Critically Ill Patients. Antimicrob. Agents
Chemother. 2019, 63, e00378-19. [CrossRef]

73. Aguilar, G.; Azanza, J.R.; Carbonell, J.A.; Ferrando, C.; Badenes, R.; Parra, M.A.; Sadaba, B.; Navarro, D.; Puig, J.; Miñana, A.; et al.
Anidulafungin Dosing in Critically Ill Patients with Continuous Venovenous Haemodiafiltration. J. Antimicrob. Chemother. 2014,
69, 1620–1623. [CrossRef]

74. Division of Pfizer Inc. Final Package Insert for ERAXIS (Anidulafungin) for Injection. Available online: https://www.accessdata.
fda.gov/drugsatfda_docs/label/2006/021632s000,021948s000lbl.pdf (accessed on 30 January 2022).

75. Yang, Y.L.; Xiang, Z.J.; Yang, J.H.; Wang, W.J.; Xu, Z.C.; Xiang, R.L. Adverse Effects Associated With Currently Commonly Used
Antifungal Agents: A Network Meta-Analysis and Systematic Review. Front. Pharmacol. 2021, 12, 3046. [CrossRef]

76. Wasmann, R.E.; ter Heine, R.; van Dongen, E.P.; Burger, D.M.; Lempers, V.J.; Knibbe, C.A.; Brüggemann, R.J. Pharmacokinetics of
Anidulafungin in Obese and Normal-Weight Adults. Antimicrob. Agents Chemother. 2018, 62, e00063-18. [CrossRef] [PubMed]

77. Cancidas (Previously Caspofungin MSD)|European Medicines Agency. Available online: https://www.ema.europa.eu/en/
medicines/human/EPAR/cancidas-previously-caspofungin-msd (accessed on 31 January 2022).

78. van Vianen, W.; de Marie, S.; ten Kate, M.T.; Mathot, R.A.A.; Bakker-Woudenberg, I.A.J.M. Caspofungin: Antifungal Activity
in Vitro, Pharmacokinetics, and Effects on Fungal Load and Animal Survival in Neutropenic Rats with Invasive Pulmonary
Aspergillosis. J. Antimicrob. Chemother. 2006, 57, 732–740. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/10820141
http://doi.org/10.1128/AAC.00296-07
http://doi.org/10.1128/AAC.00585-18
http://doi.org/10.1128/AAC.00319-09
http://doi.org/10.1007/s10096-004-1228-z
http://doi.org/10.1101/cshperspect.a019752
http://doi.org/10.1128/AAC.01607-13
http://doi.org/10.1128/AAC.01473-12
http://doi.org/10.1111/jcpt.13211
http://www.ncbi.nlm.nih.gov/pubmed/32672361
http://doi.org/10.1086/505204
http://www.ncbi.nlm.nih.gov/pubmed/16779750
http://doi.org/10.1128/AAC.48.6.2021-2024.2004
http://www.ncbi.nlm.nih.gov/pubmed/15155194
http://doi.org/10.1128/AAC.01061-07
http://doi.org/10.1128/AAC.01618-20
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Rationale_documents/Anidulafungin_RD_v3.0_final_13_02.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Rationale_documents/Anidulafungin_RD_v3.0_final_13_02.pdf
http://doi.org/10.1128/AAC.02139-12
http://doi.org/10.1093/jac/dkw568
http://doi.org/10.1128/AAC.00378-19
http://doi.org/10.1093/jac/dkt542
https://www.accessdata.fda.gov/drugsatfda_docs/label/2006/021632s000,021948s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2006/021632s000,021948s000lbl.pdf
http://doi.org/10.3389/fphar.2021.697330
http://doi.org/10.1128/AAC.00063-18
http://www.ncbi.nlm.nih.gov/pubmed/29712664
https://www.ema.europa.eu/en/medicines/human/EPAR/cancidas-previously-caspofungin-msd
https://www.ema.europa.eu/en/medicines/human/EPAR/cancidas-previously-caspofungin-msd
http://doi.org/10.1093/jac/dkl015
http://www.ncbi.nlm.nih.gov/pubmed/16464895


Antibiotics 2022, 11, 645 20 of 24

79. Louie, A.; Deziel, M.; Liu, W.; Drusano, M.F.; Gumbo, T.; Drusano, G.L. Pharmacodynamics of Caspofungin in a Murine Model of
Systemic Candidiasis: Importance of Persistence of Caspofungin in Tissues to Understanding Drug Activity. Antimicrob. Agents
Chemother. 2005, 49, 5058–5068. [CrossRef] [PubMed]

80. Andes, D.; Diekema, D.J.; Pfaller, M.A.; Bohrmuller, J.; Marchillo, K.; Lepak, A. In Vivo Comparison of the Pharmacodynamic
Targets for Echinocandin Drugs against Candida Species. Antimicrob. Agents Chemother. 2010, 54, 2497–2506. [CrossRef] [PubMed]

81. de Moor, A.B.; Sysiak-Sławecka, J.; Rypulak, E.; Borys, M.; Piwowarczyk, P.; Raszewski, G.; Onichimowski, D.; Czuczwar, M.;
Wiczling, P. Nonstationary Pharmacokinetics of Caspofungin in ICU Patients. Antimicrob. Agents Chemother. 2020, 64, e00345-20.
[CrossRef] [PubMed]

82. Stone, J.A.; Holland, S.D.; Wickersham, P.J.; Sterrett, A.; Schwartz, M.; Bonfiglio, C.; Hesney, M.; Winchell, G.A.; Deutsch, P.J.;
Greenberg, H.; et al. Single- and Multiple-Dose Pharmacokinetics of Caspofungin in Healthy Men. Antimicrob. Agents Chemother.
2002, 46, 739–745. [CrossRef] [PubMed]

83. van der Elst, K.C.M.; Veringa, A.; Zijlstra, J.G.; Beishuizen, A.; Klont, R.; Brummelhuis-Visser, P.; Uges, D.R.A.; Touw, D.J.;
Kosterink, J.G.W.; van der Werf, T.S.; et al. Low Caspofungin Exposure in Patients in Intensive Care Units. Antimicrob. Agents
Chemother. 2017, 61, e01582-16. [CrossRef]

84. Adembri, C.; Villa, G.; Rosi, E.; Tofani, L.; Fallani, S.; de Gaudio, A.R.; Novelli, A. Caspofungin PK in Critically Ill Patients after
the First and Fourth Doses: Suggestions for Therapeutic Drug Monitoring? J. Chemother. 2020, 32, 124–131. [CrossRef]

85. Muilwijk, E.W.; Schouten, J.A.; van Leeuwen, H.J.; van Zanten, A.R.H.; de Lange, D.W.; Colbers, A.; Verweij, P.E.; Burger, D.M.;
Pickkers, P.; Brüggemann, R.J.M. Pharmacokinetics of Caspofungin in ICU Patients. J. Antimicrob. Chemother. 2014, 69, 3294–3299.
[CrossRef]

86. Martial, L.C.; Brü Ggemann, J.M.; Schouten, J.A.; van Leeuwen, J.; van Zanten, A.R.; de Lange, D.W.; Muilwijk, E.W.; Verweij,
P.E.; Burger, D.M.; Aarnoutse, R.E.; et al. Dose Reduction of Caspofungin in Intensive Care Unit Patients with Child Pugh B Will
Result in Suboptimal Exposure Key Points. Clin. Pharmacokinet. 2016, 55, 723–733. [CrossRef]

87. Bailly, S.; Gautier-Veyret, E.; Lê, M.P.; Bouadma, L.; Andremont, O.; Neuville, M.; Mourvillier, B.; Sonneville, R.; Magalhaes,
E.; Lebut, J.; et al. Impact of Loading Dose of Caspofungin in Pharmacokinetic-Pharmacodynamic Target Attainment for
Severe Candidiasis Infections in Patients in Intensive Care Units: The CASPOLOAD Study. Antimicrob. Agents Chemother. 2020,
64, e01545-20. [CrossRef] [PubMed]

88. Hall, R.G.; Swancutt, M.A.; Meek, C.; Leff, R.; Gumbo, T. Weight Drives Caspofungin Pharmacokinetic Variability in Overweight
and Obese People: Fractal Power Signatures beyond Two-Thirds or Three-Fourths. Antimicrob. Agents Chemother. 2013,
57, 2259–2264. [CrossRef] [PubMed]

89. Märtson, A.G.; van der Elst, K.C.M.; Veringa, A.; Zijlstra, J.G.; Beishuizen, A.; van der Werf, T.S.; Kosterink, J.G.W.; Neely, M.;
Alffenaar, J.W. Caspofungin Weight-Based Dosing Supported by a Population Pharmacokinetic Model in Critically Ill Patients.
Antimicrob. Agents Chemother. 2020, 64, e00905-20. [CrossRef] [PubMed]

90. Astellas Pharma US, Inc. Mycamine ®(Micafungin Sodium) For Injection. Available online: https://www.accessdata.fda.gov/
drugsatfda_docs/label/2007/021506s009lbl.pdf (accessed on 3 February 2022).

91. Hebert, M.F.; Smith, H.E.; Marbury, T.C.; Swan, S.K.; Smith, W.B.; Townsend, R.W.; Buell, D.; Keirns, J.; Bekersky, I. Pharmacoki-
netics of Micafungin in Healthy Volunteers, Volunteers with Moderate Liver Disease, and Volunteers with Renal Dysfunction.
J. Clin. Pharmacol. 2005, 45, 1145–1152. [CrossRef]

92. Petraitis, V.; Petraitiene, R.; Groll, A.H.; Roussillon, K.; Hemmings, M.; Lyman, C.A.; Sein, T.; Bacher, J.; Bekersky, I.; Walsh,
T.J. Comparative Antifungal Activities and Plasma Pharmacokinetics of Micafungin (FK463) against Disseminated Candidiasis
and Invasive Pulmonary Aspergillosis in Persistently Neutropenic Rabbits. Antimicrob. Agents Chemother. 2002, 46, 1857–1869.
[CrossRef]

93. Gumbo, T.; Drusano, G.L.; Liu, W.; Kulawy, R.W.; Fregeau, C.; Hsu, V.; Louie, A. Once-Weekly Micafungin Therapy is as
Effective as Daily Therapy for Disseminated Candidiasis in Mice with Persistent Neutropenia. Antimicrob. Agents Chemother. 2007,
51, 968–974. [CrossRef]

94. Micafungin and Candida Spp.: Rationale for the EUCAST Clinical Breakpoints, version 2.0; Rationale for EUCAST Clinical Breakpoints
Agent Micafungin against Candida Spp.; Current Version 2.0.4; European Committee on Antimicrobial Susceptibility Testing. 2020.
Available online: https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Rationale_documents/Micafungin_
RD_v2.0_final_13_02.pdf (accessed on 8 February 2022).

95. Boonstra, J.M.; van der Elst, K.C.; Veringa, A.; Jongedijk, E.M.; Brüggemann, R.J.; Koster, R.A.; Kampinga, G.A.; Kosterink, J.G.;
van der Werf, T.S.; Zijlstra, J.G.; et al. Pharmacokinetic Properties of Micafungin in Critically Ill Patients Diagnosed with Invasive
Candidiasis. Antimicrob. Agents Chemother. 2017, 61, e01398-17. [CrossRef]

96. Hebert, M.F.; Blough, D.K.; Townsend, R.W.; Allison, M.; Buell, D.; Keirns, J.; Bekersky, I. Concomitant Tacrolimus and Micafungin
Pharmacokinetics in Healthy Volunteers. J. Clin. Pharmacol. 2005, 45, 1018–1024. [CrossRef]

97. Hebert, M.F.; Townsend, R.W.; Austin, S.; Balan, G.; Blough, D.K.; Buell, D.; Keirns, J.; Bekersky, I. Concomitant Cyclosporine and
Micafungin Pharmacokinetics in Healthy Volunteers. J. Clin. Pharmacol. 2005, 45, 954–960. [CrossRef]

98. Jullien, V.; Azoulay, E.; Schwebel, C.; le Saux, T.; Charles, P.E.; Cornet, M.; Souweine, B.; Klouche, K.; Jaber, S.; Trouillet, J.L.; et al.
Population Pharmacokinetics of Micafungin in ICU Patients with Sepsis and Mechanical Ventilation. J. Antimicrob. Chemother.
2017, 72, 181–189. [CrossRef]

http://doi.org/10.1128/AAC.49.12.5058-5068.2005
http://www.ncbi.nlm.nih.gov/pubmed/16304173
http://doi.org/10.1128/AAC.01584-09
http://www.ncbi.nlm.nih.gov/pubmed/20385855
http://doi.org/10.1128/AAC.00345-20
http://www.ncbi.nlm.nih.gov/pubmed/32601169
http://doi.org/10.1128/AAC.46.3.739-745.2002
http://www.ncbi.nlm.nih.gov/pubmed/11850256
http://doi.org/10.1128/AAC.01582-16
http://doi.org/10.1080/1120009X.2020.1737783
http://doi.org/10.1093/jac/dku313
http://doi.org/10.1007/s40262-015-0347-2
http://doi.org/10.1128/AAC.01545-20
http://www.ncbi.nlm.nih.gov/pubmed/32958709
http://doi.org/10.1128/AAC.01490-12
http://www.ncbi.nlm.nih.gov/pubmed/23459494
http://doi.org/10.1128/AAC.00905-20
http://www.ncbi.nlm.nih.gov/pubmed/32660990
https://www.accessdata.fda.gov/drugsatfda_docs/label/2007/021506s009lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2007/021506s009lbl.pdf
http://doi.org/10.1177/0091270005279580
http://doi.org/10.1128/AAC.46.6.1857-1869.2002
http://doi.org/10.1128/AAC.01337-06
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Rationale_documents/Micafungin_RD_v2.0_final_13_02.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Rationale_documents/Micafungin_RD_v2.0_final_13_02.pdf
http://doi.org/10.1128/AAC.01398-17
http://doi.org/10.1177/0091270005279274
http://doi.org/10.1177/0091270005278601
http://doi.org/10.1093/jac/dkw352


Antibiotics 2022, 11, 645 21 of 24

99. Maseda, E.; Grau, S.; Luque, S.; Castillo-Mafla, M.P.; Suárez-de-la-Rica, A.; Montero-Feijoo, A.; Salgado, P.; Gimenez, M.J.;
García-Bernedo, C.A.; Gilsanz, F.; et al. Population Pharmacokinetics/Pharmacodynamics of Micafungin against Candida Species
in Obese, Critically Ill, and Morbidly Obese Critically Ill Patients. Crit. Care 2018, 22, 94. [CrossRef] [PubMed]

100. Kapralos, I.; Mainas, E.; Neroutsos, E.; Apostolidi, S.; Siopi, M.; Apostolopoulou, O.; Dimopoulos, G.; Sambatakou, H.; Valsami,
G.; Meletiadis, J.; et al. Population Pharmacokinetics of Micafungin over Repeated Doses in Critically Ill Patients: A Need for a
Loading Dose? J. Pharm. Pharmacol. 2020, 72, 1750–1760. [CrossRef] [PubMed]

101. van Wanrooy, M.J.P.; Proost, J.H.; Rodgers, M.G.G.; Zijlstra, J.G.; Uges, D.R.A.; Kosterink, J.G.W.; van der Werf, T.S.; Alffenaar,
J.W.C. Limited-Sampling Strategies for Anidulafungin in Critically Ill Patients. Antimicrob. Agents Chemother. 2015, 59, 1177–1181.
[CrossRef] [PubMed]

102. Chai, M.G.; Cotta, M.O.; Abdul-Aziz, M.H.; Roberts, J.A. What Are the Current Approaches to Optimising Antimicrobial Dosing
in the Intensive Care Unit? Pharmaceutics 2020, 12, 638. [CrossRef]

103. Donovick, R.; Gold, W.; Pagano, J.; Sout, H. Amphotericins A and B, Antifungal Antibiotics Produced by a Streptomycete. I. In
Vitro Studies. Antibiot. Annu. 1955, 3, 579–586.

104. Dutcher, J. Amphotericin B, Its Production, and Its Salts. U.S. Patent 2908,611, 13 October 1959.
105. Williams, M. The Merck Index: An Encyclopedia of Chemicals, Drugs, and Biologicals, 15th ed.; O’Neil, M.J., Ed.; Royal Society of

Chemistry: Cambridge, UK, 2013; 2708p, ISBN 9781849736701.
106. Wong-Beringer, A.; Jacobs, R.A.; Guglielmo, B.J. Lipid Formulations of Amphotericin B: Clinical Efficacy and Toxicities. Clin.

Infect. Dis. 1998, 27, 603–618. [CrossRef]
107. Adler-Moore, J.P.; Gangneux, J.P.; Pappas, P.G. Comparison between Liposomal Formulations of Amphotericin B. Med. Mycol.

2016, 54, 223–231. [CrossRef]
108. Janoff, A.S.; Boni, L.T.; Popescu, M.C.; Minchey, S.R.; Cullis, P.R.; Madden, T.D.; Taraschi, T.; Gruner, S.M.; Shyamsunder, E.;

Tate, M.W.; et al. Unusual Lipid Structures Selectively Reduce the Toxicity of Amphotericin B. Proc. Natl. Acad. Sci. USA 1988,
85, 6122–6126. [CrossRef]

109. Moribe, K.; Maruyama, K.; Iwatsuru, M. Molecular Localization and State of Amphotericin B in PEG Liposomes. Int. J. Pharm.
1999, 193, 97–106. [CrossRef]

110. Jung, S.H.; Lim, D.H.; Jung, S.H.; Lee, J.E.; Jeong, K.S.; Seong, H.; Shin, B.C. Amphotericin B-Entrapping Lipid Nanoparticles and
Their in Vitro and in Vivo Characteristics. Eur. J. Pharm. Sci. 2009, 37, 313–320. [CrossRef]

111. Chopra, R.; Blair, S.; Strang, J.; Cervi, P.; Patterson, K.G.; Goldstone, A.H. Liposomal Amphotericin B (AmBisome) in the Treatment
of Fungal Infections in Neutropenic Patients. J. Antimicrob. Chemother. 1991, 28, 93–104. [CrossRef]

112. Parvez, S.; Yadagiri, G.; Karole, A.; Singh, O.P.; Verma, A.; Sundar, S.; Mudavath, S.L. Recuperating Biopharmaceutical Aspects of
Amphotericin B and Paromomycin Using a Chitosan Functionalized Nanocarrier via Oral Route for Enhanced Anti-Leishmanial
Activity. Front. Cell. Infect. Microbiol. 2020, 10, 576. [CrossRef] [PubMed]

113. Asthana, S.; Jaiswal, A.K.; Gupta, P.K.; Pawar, V.K.; Dube, A.; Chourasia, M.K. Immunoadjuvant Chemotherapy of Visceral Leish-
maniasis in Hamsters Using Amphotericin B-Encapsulated Nanoemulsion Template-Based Chitosan Nanocapsules. Antimicrob.
Agents Chemother. 2013, 57, 1714–1722. [CrossRef] [PubMed]

114. Mesa-Arango, A.C.; Scorzoni, L.; Zaragoza, O. It Only Takes One to Do Many Jobs: Amphotericin B as Antifungal and
Immunomodulatory Drug. Front. Microbiol. 2012, 3, 286. [CrossRef] [PubMed]

115. Baginski, M.; Sternal, K.; Czub, J.; Borowski, E. Molecular Modelling of Membrane Activity of Amphotericin B, a Polyene
Macrolide Antifungal Antibiotic. Acta Biochim. Pol. 2005, 52, 655–658. [CrossRef] [PubMed]

116. Venegas, B.; González-Damián, J.; Celis, H.; Ortega-Blake, I. Amphotericin B Channels in the Bacterial Membrane: Role of Sterol
and Temperature. Biophys. J. 2003, 85, 2323–2332. [CrossRef]

117. Vertut-Croquin, A.; Bolard, J.; Chabbert, M.; Gary-Bobo, C. Differences in the Interaction of the Polyene Antibiotic Amphotericin
B with Cholesterol- or Ergosterol-Containing Phospholipid Vesicles. A Circular Dichroism and Permeability Study. Biochemistry
2002, 22, 2939–2944. [CrossRef]

118. Sokol-Anderson, M.L.; Brajtburg, J.; Medoff, G. Amphotericin B-Induced Oxidative Damage and Killing of Candida Albicans.
J. Infect. Dis. 1986, 154, 76–83. [CrossRef]

119. Liu, T.T.; Lee, R.E.B.; Barker, K.S.; Lee, R.E.; Wei, L.; Homayouni, R.; Rogers, P.D. Genome-Wide Expression Profiling of the
Response to Azole, Polyene, Echinocandin, and Pyrimidine Antifungal Agents in Candida Albicans. Antimicrob. Agents Chemother.
2005, 49, 2226–2236. [CrossRef]

120. Haido, R.M.T.; Barreto-Bergter, E. Amphotericin B-Induced Damage of Trypanosoma Cruzi Epimastigotes. Chem. Biol. Interact.
1989, 71, 91–103. [CrossRef]

121. Simitsopoulou, M.; Roilides, E.; Dotis, J.; Dalakiouridou, M.; Dudkova, F.; Andreadou, E.; Walsh, T.J. Differential Expression
of Cytokines and Chemokines in Human Monocytes Induced by Lipid Formulations of Amphotericin B. Antimicrob. Agents
Chemother. 2005, 49, 1397–1403. [CrossRef] [PubMed]

122. Bellocchio, S.; Gaziano, R.; Bozza, S.; Rossi, G.; Montagnoli, C.; Perruccio, K.; Calvitti, M.; Pitzurra, L.; Romani, L. Liposomal
Amphotericin B Activates Antifungal Resistance with Reduced Toxicity by Diverting Toll-like Receptor Signalling from TLR-2 to
TLR-4. J. Antimicrob. Chemother. 2005, 55, 214–222. [CrossRef] [PubMed]

http://doi.org/10.1186/s13054-018-2019-8
http://www.ncbi.nlm.nih.gov/pubmed/29655372
http://doi.org/10.1111/jphp.13353
http://www.ncbi.nlm.nih.gov/pubmed/32789881
http://doi.org/10.1128/AAC.03375-14
http://www.ncbi.nlm.nih.gov/pubmed/25487797
http://doi.org/10.3390/pharmaceutics12070638
http://doi.org/10.1086/514704
http://doi.org/10.1093/mmy/myv111
http://doi.org/10.1073/pnas.85.16.6122
http://doi.org/10.1016/S0378-5173(99)00323-3
http://doi.org/10.1016/j.ejps.2009.02.021
http://doi.org/10.1093/jac/28.suppl_B.93
http://doi.org/10.3389/fcimb.2020.570573
http://www.ncbi.nlm.nih.gov/pubmed/33178626
http://doi.org/10.1128/AAC.01984-12
http://www.ncbi.nlm.nih.gov/pubmed/23357762
http://doi.org/10.3389/fmicb.2012.00286
http://www.ncbi.nlm.nih.gov/pubmed/23024638
http://doi.org/10.18388/abp.2005_3426
http://www.ncbi.nlm.nih.gov/pubmed/16086075
http://doi.org/10.1016/S0006-3495(03)74656-6
http://doi.org/10.1021/bi00281a024
http://doi.org/10.1093/infdis/154.1.76
http://doi.org/10.1128/AAC.49.6.2226-2236.2005
http://doi.org/10.1016/0009-2797(89)90092-6
http://doi.org/10.1128/AAC.49.4.1397-1403.2005
http://www.ncbi.nlm.nih.gov/pubmed/15793118
http://doi.org/10.1093/jac/dkh542
http://www.ncbi.nlm.nih.gov/pubmed/15649994


Antibiotics 2022, 11, 645 22 of 24

123. Suschek, C.V.; Bonmann, E.; Kapsokefalou, A.; Hemmrich, K.; Kleinert, H.; Förstermann, U.; Kröncke, K.D.; Mahotka, C.;
Kolb-Bachofen, V. Revisiting an Old Antimicrobial Drug: Amphotericin B Induces Interleukin-1-Converting Enzyme as the Main
Factor for Inducible Nitric-Oxide Synthase Expression in Activated Endothelia. Mol. Pharmacol. 2002, 62, 936–946. [CrossRef]
[PubMed]

124. Shadkchan, Y.; Keisari, Y.; Segal, E. Cytokines in Mice Treated with Amphotericin B-Intralipid. Med. Mycol. 2004, 42, 123–128.
[CrossRef] [PubMed]

125. Ringdèn, O.; Andström, E.; Remberger, M.; Svahn, B.; Tollemar, J. Safety of Liposomal Amphotericin B (AmBisome) in
187 Transplant Recipients Treated with Cyclosporin. Bone Marrow Transpl. 1994, 14, S10-4.

126. Steimbach, L.M.; Tonin, F.S.; Virtuoso, S.; Borba, H.H.L.; Sanches, A.C.C.; Wiens, A.; Fernandez-Llimós, F.; Pontarolo, R. Efficacy
and Safety of Amphotericin B Lipid-Based Formulations-A Systematic Review and Meta-Analysis. Mycoses 2017, 60, 146–154.
[CrossRef]

127. Gigliotti, F.; Shenep, J.L.; Lott, L.; Thornton, D. Induction of Prostaglandin Synthesis as the Mechanism Responsible for the Chills
and Fever Produced by Infusing Amphotericin B. J. Infect. Dis. 1987, 156, 784–789. [CrossRef]

128. Falci, D.R.; da Rosa, F.B.; Pasqualotto, A.C. Hematological Toxicities Associated with Amphotericin B Formulations. Leuk.
Lymphoma 2015, 56, 2889–2894. [CrossRef]

129. Ellis, M.; Spence, D.; de Pauw, B.; Meunier, F.; Marinus, A.; Collette, L.; Sylvester, R.; Meis, J.; Boogaerts, M.; Selleslag, D.;
et al. An EORTC International Multicenter Randomized Trial (EORTC Number 19923) Comparing Two Dosages of Liposomal
Amphotericin B for Treatment of Invasive Aspergillosis. Clin. Infect. Dis. 1998, 27, 1406–1412. [CrossRef]

130. Meunier, F.; Prentice, H.G.; Ringden, O. Liposomal Amphotericin B (AmBisome): Safety Data from a Phase II/III Clinical Trial.
J. Antimicrob. Chemother. 1991, 28, 83–91. [CrossRef]

131. Davey, K.G.; Holmes, A.D.; Johnson, E.M.; Szekely, A.; Warnock, D.W. Comparative Evaluation of FUNGITEST and Broth
Microdilution Methods for Antifungal Drug Susceptibility Testing of Candida Species and Cryptococcus Neoformans. J. Clin.
Microbiol. 1998, 36, 926–930. [CrossRef] [PubMed]

132. Ellis, D. Amphotericin B: Spectrum and Resistance. J. Antimicrob. Chemother. 2002, 49, 7–10. [CrossRef] [PubMed]
133. Arthington-Skaggs, B.A.; Motley, M.; Warnock, D.W.; Morrison, C.J. Comparative Evaluation of PASCO and National Committee

for Clinical Laboratory Standards M27-A Broth Microdilution Methods for Antifungal Drug Susceptibility Testing of Yeasts.
J. Clin. Microbiol. 2000, 38, 2254–2260. [CrossRef] [PubMed]

134. Seidenfeld, S.M.; Cooper, B.H.; Smith, J.W.; Luby, J.P.; Mackowiak, P.A. Amphotericin B Tolerance: A Characteristic of Candida
Parapsilosis Not Shared by Other Candida Species. J. Infect. Dis. 1983, 147, 116–119. [CrossRef] [PubMed]

135. Binder, U.; Arastehfar, A.; Schnegg, L.; Hörtnagl, C.; Hilmioğlu-Polat, S.; Perlin, D.S.; Lass-Flörl, C. Efficacy of LAMB against
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