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Clinical Pharmacokinetics of Systemically Administered Antimycotics
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Abstract: Systemic fungal infections are a major threaten for immunocompromised patients. Beside the antimycotic spec-
trum, the pharmacokinetic properties of an antifungal drug are crucial for its clinical efficacy. Since patients with systemic
mycoses frequently present with a significant co-morbidity, pharmacokinetics under special conditions such as renal in-
sufficiency, renal replacement therapy or impaired liver function have to be considered.

Amphotericin B is eliminated unchanged by the liver and the kidney. Its plasma protein binding accounts for 95 to 99 per-
cent. Conventional amphotericin B deoxycholate has a remarkable infusion related and renal toxicity. Therefore, lipid
formulations have been developed. By now, three lipid formulations are therapeutically used: liposomal amphotericin B,
amphotericin B colloidal dispersion and amphotericin B lipid complex. Striking differences in their plasma pharmacoki-
netics have been found. These differences can be attributed to the diverse disposition of the lipid moieties, while liberated
amphotericin B displays a pharmacokinetic behavior which is independent from the lipid-formulation applied. The highest
amphotericin B tissue concentrations have been found in the liver and in the spleen, followed by lung, kidney and heart.
Concentrations in brain tissue are very low.

Flucytosine has no relevant protein binding and is eliminated by glomerular filtration.

Fluconazole, itraconazole, voriconazole, posaconazole and ravuconazole are triazoles, used for treatment of systemic fun-
gal infections. Significant drug interactions have to be considered during therapy with triazoles, particularly in patients
dependent on immunosuppression. These interactions are caused by the metabolism of triazoles in the liver where the cy-
tochrome P450 (CYP) system is involved at a different extend as well as by their mechanisms of action. Triazoles display
a favorable tissue distribution with high penetration into the central nervous system.

Echinocandins such as caspofungin and micafungin are rapidly taken up by peripheral tissues, particularly by the liver. In
the first 24 hours this uptake appears to be the main route of elimination from plasma. Enzymatic degradation takes place,
but is independent of CYP. Thus, drug interactions are a minor problem during echinocandin treatment. The highest tissue
levels of caspofungin and micafungin have been measured in the liver. Moderate concentrations are achieved in lung,

spleen and kidney. Penetration into the brain is relatively poor.

Key Words Amphotericin B, triazoles, echinocandins, drug interactions, elimination, tissue penetration, target site pharma-
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INTRODUCTION

Systemic fungal infections are a major cause of death in
immunocompromised patients. Patients with hematologic
malignancies are at a particularly high risk as well as patients
who have undergone cytostatic chemotherapy, hematologic
stem cell transplantation, solid organ transplantation, and
critically ill patients at the intensive care unit (ICU). Inborn
immune deficiencies or acquired immune deficiency syn-
drome (AIDS) and immunosuppression for auto-immune
diseases are also predisposing for invasive mycoses. The
increased incidence of systemic mycoses during the last two
decades is attributed mainly to the administration of more
aggressive myeloablative regimens in hematology and on-
cology and by the emergence of HIV infection [1].

Since systemic fungal infections are opportunistic infec-
tions, they are frequently accompanied by a poor clinical
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condition that may end up with multi organ dysfunction syn-
drome. Renal failure, due to sepsis and co-administration of
nephrotoxic medications as well as impaired liver function
are common in patients at risk of invasive mycoses. In criti-
cally ill patients additional pathophysiological changes such
as edema and altered tissue perfusion, may influence the
absorption, distribution, metabolism and the elimination of
antimycotic drugs [2]. Renal replacement therapy, which is
required in a considerable number of patients suffering from
invasive fungal infections, can also result in an altered drug
elimination. On the other hand, the significant toxicity of
several antimycotics can deteriorate an impaired organ func-
tion and thus contribute to the poor outcome of fungal infec-
tions [3]. Thus, pharmacokinetics established in healthy vol-
unteers may often be of limited value in these patients.
Moreover, the influences of co-morbidity on pharmacoki-
netic behavior of antimycotics has to be taken into account in
order to warrant adequate dosage in clinical practice. There-
fore, pharmacokinetic studies in special patient groups are of
particular interest.

The high number of concomitant medications frequently
required in patients suffering from systemic mycoses is
prone to provoke numerous drug interactions resulting in
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toxicity or impaired efficacy of antifungal or concomitant
therapy. The effects of several antimycotics, particularly
azoles, on the cytochrome P 450 (CYP) system are well
documented, though other metabolic pathways may play a
role too.

The majority of pharmacokinetic investigations on an-
timycotics have been performed on plasma pharmacokinet-
ics. For clinical efficacy, however, the concentrations at the
site of infection may be more relevant. Data on tissue pene-
tration of antimycotics are mainly derived from animal ex-
periments.

This review focuses on human pharmacokinetics empha-
sizing pharmacokinetic changes in patients with co-
morbidity, such as renal failure, impaired liver function and
critical illness. Dose recommendations, as far as available,
are presented for these special clinical conditions and studies
on tissue penetration and target site pharmacokinetics are
discussed.

AMPHOTERICIN B

Amphotericin B has been in clinical use for half a cen-
tury [4-8]. It is a polyene antimycotic comprising a mono-
cyclic lactone ring which has a hydrophilic and a lipophilic
moiety and is linked to mycosamine. Amphotericin B is
nearly insoluble in water and poorly soluble in organic sol-
vents. Its molecular weight is 924 Da. Conventional ampho-
tericin B is a deoxycholate formulation forming a micellar
solution in water.

The molecular target for amphotericin B is ergosterol, an
essential constituent of fungal cell membranes. Eight ampho-
tericin B molecules interact with eight ergosterol molecules
forming a channel in the phospholipid bilayer membrane
resulting in the leakage of essential small molecules from the
cell [9-11].

Amphotericin B has a broad antimycotic spectrum. It is
fungicidal to the majority of Candida species. C. glabrata,
C. lustianiae and particularly C. krusei are less susceptible.
Amphotericin B is also efficacious against the most common
Aspergillus species, such as A. niger and A. fumigatus,
against Histoplasma capsulatum, Coccidioides immitis and
against Leishmania donovani. Zygomycetes are susceptible
or intermediate [12]. Thus, amphotericin B still plays an im-
portant role in the treatment of suspected or proven invasive
fungal infections, particularly in neutropenic patients [13].
Some A. terreus strains, Fusarium species, Scedosporium
species and Malassezia furfur are resistant against ampho-
tericin B.

The clinical use of amphotericin B is hampered by its
infusion-related toxicity, such as chills, fever, nausea and
hypotension, and by its nephrotoxicity [3, 14-22]. After a 1
mg test dose, the daily dose should be increased gradually up
to a maintenance dose of 1 mg/kg and has to be infused over
at least 4 hours. Continuous infusion appears to reduce ad-
verse reactions [18].

Pharmacokinetics of Conventional Amphotericin B

Amphotericin B has to be administered intravenously.
95-99% of the drug are bound to plasma proteins, mainly to
LDL, albumin and o1 acid glycoprotein [23, 24].
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In two patients, who had been on long-term amphotericin
B treatment, the total clearance (CL) was 1,800 mL/h (about
25 mL/h/kg) and the mean terminal half-life, representing
the elimination from the deep peripheral compartment (ty, Y)
was 15 days. The renal clearance accounted for only 3% of
the total body clearance (see Table 1) [25]. In both patients
amphotericin B had obviously caused a remarkable renal
damage. In another case report a peak concentration of 1.8
pg/mL and a half-life (t, B) of 21.5 hours was described af-
ter a dose of 0.5 mg/kg, which was given every other day.
The sampling time was 48 h, because this patient was still on
therapy [26]. In a study on healthy volunteers treated with
low doses of amphotericin B, half-life was longer (30.8 to
50.0 h) and the amphotericin B clearance was slow (see Ta-
ble 1) [27]. In eight patients with hematological malignan-
cies, who had obtained a dose of 50 mg (0.78 mg/kg in aver-
age), amphotericin B was eliminated faster after the first
dose (see Table 1). When amphotericin B had been dissolved
in 20% intralipid solution instead of 5 % dextrose, ampho-
tericin B concentrations were lower, the apparent volume of
distribution at steady state (V) was enhanced and CL was
faster [28]. In five critically ill patients, who had been treated
with a mean dose of 1.0 mg/kg, the mean amphotericin B
peak concentration was lower (1.7 pg/mL) and the mean
half-life was 26.8 h, whereas the clearance turned out to be
very slow (about 1 mL/h/kg, see Table 1) [29]. Bekersky and
colleagues measured free and protein-bound amphotericin B
separately in the plasma of five healthy volunteers, who had
obtained a single dose of 0.6 mg/kg of amphotericin B (see
Table 1). Twenty percent of labeled amphotericin B were
detected in the urine and 43 % in the feces after 7 days [23,
30].

Three studies on pharmacokinetics of conventional am-
photericin B were performed in children [31-33]. The de-
tailed data is displayed in Table 1. In children aged below 9
years the clearance was higher than in elder children (34 vs.
14 mL/h/kg) [31], but there was a negative correlation be-
tween age and amphotericin B half-life [32].

Thus, plasma pharmacokinetics of amphotericin B de-
oxycholate is variable with a elimination half-life (t, ) of
about 10 to 24 h and a CL of about 10 to 30 mL/h/kg.

Acute renal failure is a contraindication for treatment
with conventional amphotericin B. Patients with irreversible,
terminal renal failure requiring renal replacement therapy,
however, may of course obtain amphotericin B deoxycho-
late. During hemodialysis with cuprophane or cellulose
membranes amphotericin B clearance was 240 to 720 mL/h
(about 3.4 to 10 mL/h/kg, n=4) [34]. In a more recent report
on two cases, the amphotericin B clearance was also slow
using high-flux dialyzers and elimination of amphotericin B
by hemodialysis was poor (see Table 1) [35]. In another
study on 25 patients, amphotericin B doses between 25 and
50 mg, infused during dialysis, three times per week were
well tolerated [36]. Considering that renal elimination of
amphotericin B accounts for only 20% of total clearance the
risk of accumulation is anticipated to be low in patients on
hemodialysis. Thus, the doses administered in these three
studies appear to be relatively modest in comparison with the
standard dosage of 1 mg/kg daily. In dialysis patients suffer-
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Table 1. Plasma Pharmacokinetics of Conventional Amphotericin B
Diagnosis/ n Dose Day of Tins Cinax AUC tYip CL Vg Reference
Population (mg/kg) | therapy (ng/mL) (ng-h/mL) (h) (mL/h/kg) (L/kg)
Histoplasmosis 2 1.1/d 50/ 4h 1.8 Not shown Not 25 Not shown Atkinson &
0.9/2d 136 shown® Bennett 1978 [25]
Coccidioido- 1 0.5/2d | 13/25/39 1h 1.7 Not shown 21.5 Not shown | Notshown | Hoeprich 1990 [26]
mycosis
Healthy volun- 8 0.10 1/2/5 0.25 0.55 30.8 0.50 +0.05 Kan et al. 1991
teers 8 025 mg/kg/h 0.89 50.0 10 0.74+0.13 [27]
Neutropenic 8 0.78 1 lh 28+1.2 29415 15+5 33 0.56+£0.15 Ayestaran 1996
patients [28]
Critically ill 5 1 Not lh 1.7 (1.5- 18.7 (9.7- 26.8 (10- 1 241 (1.12- Heinemann 1997
shown® 2.1) 28.3) 37) 4.32) [29]
Healthy volun- | free 5 0.6 1 2h 0.06 1.22+0.13 6.8 94 + 15 1.8+0.2 Bekersky et al.
teers total 143 46.6+72 | Notshown | 1342 2002 [23,30]
Children (17 10 0.75-1.0 >5 2-6h 0.1-1.2 Not shown 202 (7- 10 -828 1.2-94 Starke et al. 1987
days— 15 693) [33]
years)
Children (3 11 0.5 (dl) | 1/3/7-10 4-6h 1+05 Not shown 10+1.5 26+5 0.378 + Koren et al. 1988
years, median (0.08-1.28)
11 years
Children (4 m 9 0.25-1 1-7 2-45h 0.78-10.2 Not shown 12-33 2-88 0.23-1.91 Benson & Nahata
— 14 a, mean 1989 [31]
6.6 years)
Hemodialysis 4 0.7-1.2 Not Not Not shown Not shown | Not shown 3.4-10° Not shown Block et al. 1974
shown shown® [34]
High effi- 2 30-40 10 Not 23 Not shown | Not shown 12-17° Not shown | Gussak efal. 2001
ciency-high mg at shown® [35]
flux hemo- dialysis
dialysis
Critically ill
on hemofiltra- 2 1.0 10 4h 0.54 6.6 9 349 4.18 Bellmann et al.
tion 2003 [37]
off hemofiltra- 2 1.0 10 4h 1.10 424 30 68 1.73
tion

n, number of subjects enrolled; Tj,, infusion time; AUC, total area under the concentration-time curve, AUC,...; CL, amphotericin B clearance; V, apparent volume of distribution

c

at steady state; data is displayed as mean + SD and/or (range); * t ,, ¥ was 15 d, ® pharmacokinetic assessment was performed at “presumed steady state”; © amphotericin B was admin-
istered during each hemodialysis, therefore it can be assumed, that it was given 3 times a week and T, was about 4 h; d amphotericin B clearance by hemodialysis; ¢ amphotericin B

clearance by hemodialysis calculated for a standard body weight of 70 kg.

ing from life threatening invasive fungal infections, how-
ever, higher doses may be required.

In two critically ill patients with terminal renal failure,
who required hemofiltration instead of intermittent hemo-
dialysis because of hemodynamic instability, amphotericin B
clearance appeared to be faster than in patients at the ICU

with normal renal function (349 vs. 68 mL/h/kg, see Table
1). Therefore a daily dose of 1 mg/kg or even 1.5 mg/kg may
be appropriate [37].

Systematic investigations on amphotericin B pharma-
cokinetics in patients with impaired liver function are lack-
ing. In a preclinical study on dogs, complete biliary obstruc-
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tion lead to enhanced amphotericin B plasma levels [38].
However, by the manufacturer no dose adjustment is rec-
ommended for patients with hepatic failure.

Since no metabolites of amphotericin B have been identi-
fied, pharmacokinetic interaction can be expected to play a
minor role in amphotericin B therapy [30, 39, 40]. However,
a delayed elimination of antipyrine has been demonstrated.
This was ascribed to the inhibition of CYP enzyme synthesis
by an unspecific damage of hepatocytes [41, 42, 43].

Tissue distribution of amphotericin B displayed a high
variability in animal experiments, even within the same spe-
cies. The highest tissue levels were detected in the spleen
(24.8 pg/g after administration of 1 mg/kg of amphotericin
B; the plasma level was 0.08 pg/mL under identical condi-
tions) and in the in liver, followed by kidney and lung. Am-
photericin B concentrations in brain were very low [44-53].

Two studies on amphotericin B distribution in human
autopsy material confirmed the amphotericin B accumulation
in liver and spleen. Amphotericin B concentrations in lung
and kidney were intermediate (mean levels 11 and 5 pg/g,
respectively, in the lung and 11 to 16 pg/g in the kidney). In
myocardium and brain tissue the amphotericin B concentra-
tions were low (3.7 and 1.33 pg/g in the myocardium [54,
55] and 1.0 + 1.8 in the brain [55]). No plasma concentra-
tions are available for comparison in these two autopsy stud-
ies.

LIPID-FORMULATED AMPHOTERICIN B

Lipid formulations of amphotericin B have been devel-
oped to overcome nephrotoxicity and infusion-associated
adverse effects. Liposomal amphotericin B (AmBisome”,
Gilead, Dublin, Ireland), amphotericin B colloidal dispersion
(Amphotec®, Amphocil®, Three Rivers Pharmaceutics, Cran-
berry Township, PA) and amphotericin B lipid complex
(Abelcet”, The Liposome Company Incorporation, Prince-
ton, NJ.) are in clinical use.

Liposomal amphotericin B consists of spherical lipo-
somes, 45 to 80 nm in size. The liposomal bilayer membrane
contains hydrogenated soy phosphatidylcholine, cholesterol,
distearoylphosphatidylglycerol and amphotericin B in a mo-
lecular ratio of 2:1:0.8:0.4 [56]. Amphotericin B colloidal
dispersion is a cholesteryl sulfate complex of amphotericin B
(in a molecular ratio of 1:1), forming disk-like structures
with a diameter of about 115 nm and a thickness of about 4
nm [57]. Amphotericin B lipid complex comprises L-o-
dimyrsitoylphosphatidylcholine, L-o-dimyrsitoylphosphati-
dylglycerol and amphotericin B forming ribbon-like struc-
tures, 1,600 to 11,000 nm in length [58, 59].

Pharmacokinetics of Lipid-Formulated Amphotericin B
Liposomal Amphotericin B

After infusion of a single dose of 2 mg/kg of liposomal
amphotericin B over 2h, pharmacokinetic parameters were
calculated using a non-compartmental method in 5 healthy
volunteers. Cpa Was 22.9 + 10 ug/mL, the area under the
concentration-time curve from zero to infinity (AUC,.,) was
288+209 pg-h/mL, t, B 6.0 + 2.1 h, Vi 0.8 + 0.6 mL/kg and
CL amounted 9.7 + 5.4 mL/h/kg. One week after administra-
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tion, only 4.5% of the drug were recovered from urine and
only 4.0% from the feces. [30]. After infusion of a dose of 3
mg/kg (infusion time [Ti, =1 h) liposomal amphotericin B
pharmacokinetics were investigated in 10 patients [60].
Mean C,,.,x was similar (29 pg/mL), Vi was smaller (0.37
L/kg) and t,, B was longer (23.6 h). The mean AUC,.,, was
423 pg-h/mL and CL was 23 mL/h/kg. In another study, 36
patients with febrile neutropenia obtained 1.0, 2.5, 5.0 or 7.5
mg/kg/d for empiric treatment. The mean duration of therapy
comprised 9.2 + 0.8 days (T;,r =1 h) [61]. Above a dose of
2.5 mg/kg an over-proportional increase in AUC was ob-
served (doubling the dose lead to a 4 fold increase in AUC).
Mean half-life was about 6-10 h, which is shorter than in the
study mentioned before. The AUCy.. was 213 + 196 pg-h/L
after 2.5 mg/kg at steady state. After administration of 5
mg/kg, Cn.x was about 90 pg/mL and AUC,., 621 + 371
pg-h/L during steady state. Vs declined from about 0.2 L/kg
(about 0.4 L/kg in the two low-dose groups) after the first
infusion to about 0.1 L/kg after the last infusion and the am-
photericin B clearance also decelerated during the treatment
period, e.g. from 21 + 14 mL/h/kg to 11 + 6 mL/h/kg in the
group treated with 5 mg/kg. This pharmacokinetic character-
istics of liposomal amphotericin B were attributed to a satur-
able uptake by reticulo-endothelial cells [61]. In another
study on 12 patients with suspected or documented invasive
fungal infections, the mean half-life amounted 17.2 h [62].
During high-dose treatment (7.5-15.0 mg/kg/day) pharma-
cokinetics of liposomal amphotericin B was investigated in
44 immunocompromised patients. The mean half-life was
5.0-10.5 h, the amphotericin B clearance was also compara-
ble with that in healthy subjects (5-25 mL/h/kg, declining
with increasing duration of treatment). V was between 0.13
and 0.23 L/kg. On day 7 of treatment with 15 mg/kg (Tinr =2
h), a Cp.x as high as 178.6 + 49.0 pg/mL and an AUCy_, of
1,355 + 693 pg-h/mL were achieved. After a single dose of
7.5 mg/kg, the values were 75.9 + 58.4 ug/mL and 815 +
1,068 pgh/mL, respectively [63].

The first reports on pharmacokinetics of liposomal ampho-
tericin B during renal replacement therapy were published in
1994. Peak and trough levels were measured in one patient
on hemofiltration [64] and in one on hemodiafiltration [65].
Cmax Was 4.24 pg/mL and Cp;, was 1.11 pg/mL after 3
mg/kg on day 3 of AmBisome treatment during hemofiltra-
tion. No amphotericin B was detectable in the ultrafiltrate
[64]. In the patient on hemodiafiltration, who had obtained 2
mg/kg of liposomal amphotericin B (Tiyr =1 h), Cpax was
4.88 pg/mL and the amphotericin B sieving coefficient was
0.07-0.45 [65]. In 16 critically ill patients Heinemann and
colleagues [66] found a median C,,,x of 14.4 pg/mL after a
dose of 3 mg/kg (Ti,r =1 h). Median t,, B was 13.5 h, V, was
0.37 L/kg and the median CL was as low as 0.23 mL/h/kg. In
one patient pharmacokinetics was determined during hemo-
dialysis as well as during a period of continuous veno-
venous hemofiltration. Cp,y, ty,, and CL were similar on and
off renal replacement therapy [66]. In a more recent study on
9 critically ill patients (6 on hemofiltration, 3 off hemofiltra-
tion) lipid-formulated and liberated, plasma protein bound
amphotericin B were separately determined after administra-
tion of a dose of 4 mg/kg during steady state [37]. The infu-
sion time was 4 h. For total liposomal amphotericin B, the
Cinax values were 2.66 and 3.44 pg/mL on and off hemofil-
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tration, respectively. The low peak levels can be probably
explained by the longer infusion time (4 h instead of 1 h).
The mean AUC,., values were 42.2 pg-h/mL and 49.5 pg-h/
mL, half-lives 13.6 and 14.9 h, CLs 140 and 61 mL/h/kg and
Vs values 2.27 and 1.12 L/kg on and off hemofiltration, re-
spectively. The difference in clearance was statistically sig-
nificant. For liberated amphotericin B, peak levels amounted
0.60 pg/mL and 0.51 pg/mL, half-lives 50 and 22 h and CLs
437 and 263 mL/h/kg, respectively, on and off hemofiltration
(differences not significant). Despite a slightly enhanced
elimination probably no dose adjustment is required since
AUC was similar on and off hemofiltration [37]. Similar data
was obtained from a patient on liposomal amphotericin B
who was treated with albumin dialysis for cholestatic liver
failure [67].

Thus, there are remarkable differences in pharmacoki-
netic parameters between the different study populations
reflecting the influence of a variety of pathophysiological
changes. In critically ill patients obviously lower plasma
levels are achieved.

Amphotericin B Colloidal Dispersion

In healthy volunteers low single doses of 0.25, 0.5, 1.0
and 1.5 mg/kg of amphotericin B colloidal dispersion have
been administered at a rate of 0.5 mg/kg/h [68]. The half-life
was much longer than that of liposomal amphotericin B and
increased with the dose form 86 + 20 h after 0.25 mg/kg to
244 + 49 h after 1.0 mg/kg (235 + 74 h after 1.5 mg/kg). The
clearance was rather constant and amounted about 26
mL/kg/h. The apparent volumes of distribution at steady
state were 3.4 + 0.7 L/kg after infusion of 0.25 mg/kg and
7.9 + 1.0 L/kg after 1.5 L/kg. In the group that had obtained
1.5 mg/kg, a Cyax of 2.5 + 1.0 pg/mL was measured. The
AUC,., increased in a linear fashion with the escalation of
the dosage (from 9.4 + 1.8 pg-h/mL to 57.3 + 14.3 pg-h/mL).
Population pharmacokinetics of amphotericin B colloidal
dispersion was calculated from data of 51 bone marrow
transplant recipients [69]. The mean Vi was 4.21 L/kg (4.57
L/kg in children) the total clearance was as high as 111
mL/h/kg (144 mL/h/kg in children), t,, B was 32 h and the
dose normalized AUC (AUC/dose) was 9.6 pg-h/mL per 1
mg/kg in adults and 7.1 pgh/mL per 1 mg/kg in children.
The daily doses were highly variable (0.5 — 8.0 mg/kg/d, Tinr
=4 h). So far, pharmacokinetics of amphotericin B colloidal
dispersion has not been investigated in patients suffering
from chronic renal insufficiency or impaired liver function.
The influence of intermittent hemodialysis is unknown.
Critically ill patients on continuous veno-venous hemofiltra-
tion displayed C.x- and AUC,., values that were slightly
below those measured in critically ill patients off hemofiltra-
tion (0.73 pg/mL vs. 0.82 pg/mL and 8.7 pg-h/mL vs. 18.4
pg-h/mL; Ti,r =4 h). CL and V¢ appeared to be slightly but
not significantly enhanced by hemofiltration. Therefore,
probably no dose adjustment is required during continuous
hemofiltration [37].

In comparison with liposomal amphotericin B, total am-
photericin B levels were much lower, whereas Vi and CL
were much higher in patients treated with amphotericin B
colloidal dispersion. However, when liberated amphotericin
B (bound to lipoproteins in plasma) was analyzed, ampho-
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tericin B pharmacokinetics were similar for treatment with
amphotericin B colloidal dispersion and for treatment with
liposomal amphotericin B [37].

Amphotericin B Lipid Complex

A single dose study was performed in healthy volunteers
treated with 0.10 mg/kg (n=3), 0.25 mg/kg (n=7) or 0.50
mg/kg (n=8) of amphotericin B lipid complex (Ti,r =0.25
mg/kg/h). Mean C,.x values were 0.116, 0.214 and 0.272
pg/mL, respectively. Thus, a 5 fold increase in the ampho-
tericin B dose lead to an elevation of its mean plasma level
by a factor of 2.25. The mean t,, was between 19 h (after 0.1
mg/kg) and 45 h (after 0.50 mg/kg). The mean clearance
amounted about 80 mL/h/kg and the mean Vg increased
from 1.71 (after 0.1 mg/kg) to 3.93 L/kg (after 0.5 mg/kg)
[27]. Different groups of patients were included in pharma-
cokinetic investigations by Adedoyin and colleagues, who
used whole blood samples [70]: Asymptomatic HIV infected
patients obtained single doses of 0.6 and 1.2 mg/kg of am-
photericin B lipid complex respectively (Ti,s =18 minutes).
Like in healthy volunteers, there was an increase in half-life
(107 to 144 h), CL (31 to 67 mL/h/kg) and Vg (4.6 to 7.9
L/kg) with increasing doses. The mean C,,,x was 2.72 pg/mL
after 1.2 mg/kg. In patients receiving antineoplastic chemo-
therapy, maximum concentrations were 1.14 pg/mL and 1.62
pg/mL after a 7 d treatment with 2.5 or 5.0 mg/kg/d (Tinr =2
h). The steady state appeared to be reached on day 2 or 3 of
therapy in spite of the long half-life of amphotericin B lipid
complex. In neutropenic patients with suspected or proven
fungal infection, a C,, of 2.4 + 0.9/mL was measured after
a single dose of 5 mg/kg (Tiyr =2 h). Similar data was ob-
tained in patients suffering from mucocutaneous Leish-
maniosis [70]. Another study was performed on 17 patients
with proven or suspected fungal infection by the same
authors” group. The patients obtained 5 mg/kg of ampho-
tericin B lipid complex for 10 to 17 d (Tis =2 h) [71]. The
results of the former investigations were confirmed: No sig-
nificant amphotericin B accumulation took place. The half-
life was as long as 393 + 486 h after the last dose. In 3 chil-
dren with hepatosplenic candidiasis, who had obtained 2.5
mg/kg, pharmacokinetics was determined on day 1, 7 and 42
of treatment [72]. Mean C,,x was 2.05 pg/mL on day 7 and
1.69 on day 42 (T;,r=1 h). Thus, there was a slight decline in
plasma levels during therapy rather than an accumulation.

Pharmacokinetics of amphotericin B lipid complex in 4
healthy subjects was compared with that in 2 patients suffer-
ing from renal failure (one patient had a severely and the
other one a moderately impaired renal function). The dose
was 2.5 mg/kg, the infusion time 2 h. In the healthy volun-
teers t,, was 140 h, the clearance about 70 mL/h/kg and V
was about 10 L/kg. The patient with moderately impaired
renal function displayed an increase in half-life (385 h) and
in Vg, while CL was reduced. However, in the patient with a
creatinine clearance below 30 mL/min/1.73 m* body surface
area, CL was only slightly reduced and the other parameters
were unchanged. Therefore the influence of renal function on
amphotericin B lipid complex clearance could not be clari-
fied by this study [70]. In two critically ill patients on con-
tinuous veno-venous hemofiltration, who had obtained a
dose of 5 mg/kg, plasma concentrations of amphotericin B
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lipid complex were lower (Cpx was 0.39-0.74 ng/mL) and
the half-life was shorter (14-19 h) than in the previous stud-
ies. The clearance was 377-729 mL/h/kg which is similar to
the clearance measured in patients treated for leishmaniosis
[70]. Vi amounted 6-12 L/kg. In one of the two patients am-
photericin B plasma levels were measured on and off
hemofiltration revealing nearly identical time-concentration
profiles [73].

Lipid-Formulated Amphotericin B in Liver Failure

Systematic trials assessing the pharmacokinetics of lipid-
formulated amphotericin B in patients with impaired liver
function are lacking. One liver transplant recipient with graft
failure presented enhanced plasma and lung amphotericin B
concentrations after AmBisome treatment [74].

Tissue Distribution of Lipid-Formulated Amphotericin B

In animal experiments, the highest amphotericin B con-
centrations were found in the spleen (up to 400 pg/g in rats
treated with liposomal amphotericin B) and the liver, fol-
lowed by lung and kidney [75].

Results of three small autopsy studies on liposomal am-
photericin B and amphotericin B lipid complex revealed a
very high variability in tissue concentrations [76, 77]. The
highest amphotericin B concentrations were measured in the
liver (92.8-291.3 pg/g after treatment with a cumulative dose
of 820-3,428 mg of liposomal amphotericin B and 196-868
pg/g after 1,200-22,200 mg of amphotericin B lipid com-
plex) and the spleen. Intermediate amounts were recovered
from the lung (0.55-45.39 pg/g after liposomal amphotericin
B and 222-1,019 pg/g after amphotericin B lipid complex)
and from the kidneys. Penetration of lipid formulated am-
photericin B into the brain was found to be low (1-2 pg/g for
liposomal amphotericin B and for amphotericin B lipid com-
plex) [76, 77]. In a patient who had died from graft dysfunc-
tion after liver transplantation amphotericin B liver concen-
tration was 105.7 pg/g and lung concentration was 69.4 pg/g
after a cumulative dose of 1,200 mg liposomal amphotericin
B [74]. Because of the great differences in cumulative doses
and duration of treatment, amphotericin B tissue concentra-
tions are hardly comparable and do not support superiority of
either liposomal amphotericin B or amphotericin B lipid
complex concerning their tissue penetration.

In autopsy material obtained from 13 patients, who had
been on therapy with amphotericin B colloidal dispersion,
the mean amphotericin B lung concentration exceeded that
measured in samples derived from 7 patients on liposomal
amphotericin B significantly by a factor of three. No signifi-
cant differences between the two treatment groups were de-
tected in liver, spleen, myocardium and brain. The cumula-
tive doses had been 2.91 g + 3.68 g and 2.74 + 3.75 g, re-
spectively [78]. In lung tissue samples taken from patients
with lung cancer during surgery, tissue pharmacokinetics of
liposomal amphotericin B were investigated after a single
dose of 1.5 mg/kg [79]. Samples were taken between 10 and
25 hours after the end of infusion. Plasma concentrations
decreased during the observation period from 3.54 to 0.98
pg/mL, whereas tissue levels increased from 0.95 to 2.58

ne/g.
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Dosage and Active form of Lipid-Formulated Ampho-
tericin B

The impressive differences in pharmacokinetics between
the three lipid formulations, liposomal amphotericin B, am-
photericin B colloidal dispersion and amphotericin B lipid
complex, have been ascribed to their different particle size
and - shape [59, 66, 68, 80, 81]. Because of this pharmacoki-
netic diversity, their clinical equivalence has been questioned
[82]. The clinical efficacy of lipid-formulations has been
compared with that of conventional amphotericin B using
standard doses. These studies suggest that the three lipid-
formulations are as effective as conventional amphotericin B
[83]. Only liposomal amphotericin B and amphotericin B
lipid complex were compared directly using similar daily
doses and the outcome was also comparable [84, 85].
Equivalence to conventional amphotericin B was assessed in
vitro, by animal experiments and in clinical trials for liposo-
mal amphotericin B [86-88] and for amphotericin B colloidal
dispersion [89-91]. A comparable efficacy of lipid-formu-
lations and conventional amphotericin B is achieved, if the
dose of lipid-formulated amphotericin B is about five times
higher.

Liberation of Amphotericin B from its
Encapsulation

Lipid-

The mechanisms underlying the reduced toxicity along
with preserved antimycotic efficacy are still a matter of dis-
cussion. Accumulation of liposomal amphotericin B at the
sites of fungal infection was observed in vitro and is sup-
posed to be responsible for efficacy in spite of the absence of
free amphotericin B in plasma [55, 58, 81, 91, 92]. However,
a significant amount of amphotericin B is obviously liberated
in the plasma and bound to plasma proteins [23, 37, 93].

After administration of liposomal amphotericin B to
healthy subjects, amphotericin B is slowly released from
liposomes. More than 90% of the liberated amphotericin B
fraction are bound to plasma proteins [23, 94]. The lower
toxicity of liposomal amphotericin B has been ascribed to
smaller amounts of unbound amphotericin B in the plasma. It
has been postulated that its antifungal effectiveness is main-
tained by its accumulation at target site, particularly at fungal
cell membranes. Deposition of liposomes on fungal surfaces
and amphotericin B uptake by fungal cells after treatment
with liposomal amphotericin B could be visualized by in
vitro experiments [56]. It was hypothesized that ampho-
tericin B is cleaved from liposomes by phospholipases [94].
The liposomes are obviously removed from the circulation
by cells of the RES via endocytosis. Therefore an efficacy
against intra-cellular parasites has been assumed.

In vitro experiments on amphotericin B colloidal disper-
sion revealed that amphotericin B dissociates from its lipid
moiety at therapeutic concentrations (0.1 pg/mL). After dis-
sociation, amphotericin B is bound mainly to HDL. Ampho-
tericin B colloidal dispersion is rapidly taken up by cells of
the mononuclear phagocytic system resulting in comparably
low plasma levels and reduced toxicity [89].

For amphotericin B lipid complex it is supposed, that
amphotericin B is liberated from its lipid-encapsulation at
the target site by fungal or host phospholipases [95]. Ex-
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periments with knock-out mutants, however, could not con-
firm the role of fungal phospholipases [96]. After incubation
of plasma with amphotericin B lipid complex, amphotericin
B was found to bind to high density lipoprotein (HDL 3),
whereas it bound to lipoprotein-deficient fractions (LPDP)
after incubation with amphotericin B deoxycholate [97].

FLUCYTOSINE

Flucytosine (5-fluorocytosine, Ancotil®, ICN Pharmaceu-
ticals Ltd., Cedarwood, Chinecham Business Park, Hamp-
shire, UK) is in therapeutic use since 1968 [98]. It is taken
up by susceptible fungal cells via the enzyme cytosine per-
mease, which is localized in the cell membrane. Inside the
fungal cell flucytosine is desaminated to its active form 5-
fluorouracil (SFU). Its antimycotic activity is based on two
molecular mechanism: firstly, SFU is converted into 5-fluo-
rouridine monophosphate (FUMP), S-fluorouridine diphos-
phate (FUDP) and finally S5-fluorouridine triphosphate
(FUTP), which is incorporated into the fungal RNA instead
of uridylic acid thus inhibiting protein synthesis. Secondly,
SFU is converted into fluorodeoxyuridine monophosphate
(FAUMP) by the uridine monophosphate pyrophosphorylase,
which inhibits the fungal thymidylate synthetase, a key en-
zyme in DNA synthesis. The main adverse effects of 5FU,
hepatotoxicity and myelotoxicity, have been ascribed to the
occurrence of significant plasma levels of SFU during treat-
ment with flucytosine. Flucytosine may convert to SFU
spontaneously or under the influence of the gut flora [99].

The antimycotic spectrum of flucytosine comprises Can-
dida species, Cryptococcus neoformans, Cladophialophora
carionii, Fonsaecea species and Phialophora verrucosa [100].
Because of frequently occurring resistance, flucytosine is
usually administered in combination with amphotericin B.
This therapeutic approach has been effective against several
Candida species such as C. tropicalis, C. parapsilosis and C.
guillermondii, as well as against Aspergillus species [99].

After oral intake flucytosine is well absorbed, its bioavail-
ability accounts for 76-89% [101]. It is highly water-soluble
and only about 3-4% are bound to plasma proteins [102].
After oral administration, about 90% of flucytosine are
eliminated unchanged through the kidneys via glomerular
filtration [102-104]. In healthy volunteers, the half-life
amounts 3-4 hours and Vg 0.4-0.8 L/kg. The recommended
daily dose is 150-200 mg/kg (37.5-50.0 mg/kg q.i.d.), the
infusion time about 30 minutes, resulting in Cy,x and Cyy;n
values of 50-100 pg/mL and 25-50 pg/mL, respectively [99,
105]. The clearance of flucytosine is similar to the creatinine
clearance. In patients with renal failure half-life can be as
long as 85 h [106]. Therefore a dose reduction according to
creatinine clearance is recommended: patients with a creatin-
ine clearance of 20-40 mL/min/1.73 m’ body surface area
should obtain 37.5-50.0 mg/kg b.i.d., if the creatinine clear-
ance is 10-20 mL/min/1.73 m" this dose should be adminis-
tered once daily [106].

The favorable tissue penetration of flucytosine is ascribed
to its small molecular size and its high solubility in water. In
human cerebrospinal fluid (CSF) its concentrations reached
71-85% of the respective serum levels. In bronchial secretion
76%, in saliva 50% and in ascites 25-40% of the respective
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serum concentrations were measured. Even in tissues, that
are not easily accessible, significant amounts of flucytosine
could be determined: in bone 3 pg/mL (30% of the respec-
tive serum level), 26 pg/mL (41% of serum concentration) in
synovial fluid and in aqueous humour 10 pg/mL (20% of
serum levels). More than 10 fold serum concentrations are
measured in urine [107, 108]. Target site pharmacokinetics
of flucytosine in bronchial secretion was investigated in the
dog. Its concentration was rather constant (about 20 pg/mL)
during a 3 h sampling period [109].

Flucytosine is efficiently removed by hemodialysis - its
clearance during dialysis is identical with that of creatinine
[34]. Therefore it should be administered after dialysis [34,
102, 106, 107, 110, 111]. For patients requiring continuous
veno-venous hemofiltration different dose recommendations
can be found in the literature. This may be due to different
hemofiltration protocols, particularly different ultrafiltration
rates, which influence flucytosine elimination. Ittel et al.
recommended a dose of 25 mg/kg every 14 h [112]. A much
higher dosage interval of 48-72 h was proposed by Thomson
and co-workers [113]. Hepatic metabolism plays a minor
role in elimination of flucytosine [101, 107, 111, 114]. Thus,
probably no dose reduction is required in patients with im-
paired liver function. Data on flucytosine pharmacokinetics,
however, are very sparse in this group.

An increased hematotoxicity has to be expected when
flucytosine is administered together with cytostatic and im-
munosuppressive drugs. Cytarabine, however, competitively
inhibits flucytosine uptake by the fungal cell resulting in an
impaired antimycotic efficacy [99].

AZOLES

Azole antimycotics include two subclasses of drugs: the
imidazoles and the triazoles. Imidazoles contain an imida-
zole ring, which is a hetercyclic five-member ring with 2
nitrogen atoms. The triazole group has 3 nitrogens. Most
imidazole derivatives are locally applied. Only ketoconazole
can be administered systemically. The majority of azoles for
systemic use are triazoles. Beside fluconazole and itracona-
zole, new broad spectrum triazoles such as voriconazole,
posaconazole and ravuconazole were introduced in therapy
during the last years. Azole antimycotics inhibit C14 o des-
methylase by binding to the hem group of CYP. C14 o des-
methylase is required for the conversion of lanosterol into
ergosterol. This molecular mechanism is in part responsible
for the clinically relevant drug interactions of this class of
antifungals. The extent of drug interactions, however, varies
between the different azoles depending on their hepatic me-
tabolism.

Ketoconazole

Ketoconazole (Nizoral®, Janssen-Cilag, Beerse, Belgium)
is an imidazole dioxolane derivative. It is active against
Candida species, Cryptococcus immitis, Histoplasma capsu-
latum, Malassezia furfur, Paracoccidioides brasiliensis and
against dermatophytes. But it is inactive against Aspergillus
species and Zygomycetes [100]. Beside its antimycotic effi-
cacy it decreases the synthesis of corticosteroids and testos-
terone synthesis [115]. It is also used in androgen independ-
ent prostate cancer [116]. Beside local application, it was
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orally administered for skin and mucosal infections which
failed to respond to topical therapy. Its bioavailability is
highly variable. Enteral absorption is improved by food and
acidic pH. In plasma, 84% of ketoconazole are bound to pro-
tein, mainly to albumin, and 15 % to erythrocytes. Only 1%
exists as free drug [117].

The standard dose is 200 mg - 400 mg once per day.
CYP3A4 is involved in its hepatic metabolism. CYP2C8 and
CPY2C9 are probably also inhibited by ketoconazole. Fur-
thermore, ketoconazole is an inhibitor of P-glycoprotein
(PGP). Accordingly, numerous drug interactions have been
described and ketoconazole is used as a model substance for
CYP3A4 inhibition in pharmacokinetic studies e.g. [118-
120]. For example, ketoconazole has been demonstrated to
enhance plasma levels of cyclosporine A [121, 122] clarithro-
mycin, telithromycin [123], everolimus [119], antihistamines
[124], rosiglitazone [125] and many other drugs which are
metabolized by the CYP system or eliminated by PGP. The
metabolites of ketoconazole are inactive. Ketoconazole is
eliminated mainly by the feces [117]. The plasma elimina-
tion is biphasic and dose dependent. The half-life during the
first 10 h is about 2 h, the terminal half-life is 8 h. Ketocona-
zole has been reported to penetrate well into the urine, the
saliva, the synovial fluid, into sebum and cerumen, but not
sufficiently into the cerebrospinal fluid [117].

Fluconazole

Fluconazole contains two azole rings and a phenyl ring
which is substituted by two fluoride atoms in position 2 and
4. Tt is soluble in water. Fluconazole is active against Can-
dida albicans and Cryptococcus species [126, 127].

The main side effects of fluconazole are hepatotoxicity
and prolongation of the QT interval in ECG bearing the risk
of ventricular arrhythmias such as torsades de point.

Fluconazole has a bioavailability of more than 90% after
oral administration [128] that is uninfluenced by food or pH
[129]. A bioavailability of approximately 100% was deter-
mined even in critically ill patients after recent gastro-intes-
tinal surgery [130]. After intake of 100 mg of fluconazole, a
Cmax of 1.7 pg/mL was measured in healthy volunteers. The
AUC., was 93 pg-h/mL. After intake of 400 mg C,,,x Was
9.1 pg/mL. Ty, after oral administration was 0.5 h — 1.0 h.
The plasma protein binding of fluconazole amounts only
12% [129], the plasma half-life about 30 h. Thus, steady
state conditions are not reached before the 6™ day of treat-
ment with the maintenance dose. The total fluconazole clear-
ance in healthy volunteers was 15-24 mL/h/kg [129-131] and
Vss about 0.75 L/kg [132, 133]. 60% to 80 % of fluconazole
are eliminated unchanged by the kidneys via glomerular fil-
tration. Tubular re-absorption takes place.

Only small amounts of fluconazole are metabolized in
the liver. Nevertheless, a variety of relevant drug interactions
has to be taken into account in clinical practice as a result of
its mechanism of action [129]. Fluconazole inhibits hepatic
CYP 3A4 and CYP 2C9 [121]. Co-administration of cis-
apride and fluconazole even at low doses such as 200 mg per
day led to an increase in cisapride levels and a significant
prolongation of the QT-interval. Several cases of complex
ventricular arrhythmias occurred [134]. Therefore the simul-
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taneous treatment with cisapride and fluconazole is contrain-
dicated and cisapride has been withdrawn from the market in
many countries. Prolongation of the QT interval as well as
hepatotoxicity was observed when fluconazole was given
together with antihistamines, such as astemizole, terfenadine
or desloratadine [135, 136]. Therefore, this combination
should also be avoided. Fluconazole prescription together
with warfarin can significantly affect the prothrombin time
(enhance the international normalized ratio [INR]) bearing
the risk of life threatening bleedings [137, 138]. Frequent
monitoring of INR is therefore mandatory if the combination
is unavoidable.

Phenytoin levels are significantly enhanced by concomi-
tant fluconazole therapy, since phenytoin is metabolized by
CYP2C. Neurological side effects, such as double vision,
dizziness, nystagmus and impaired coordination have been
recognized [139-141].

Sulfonylureas, such as tolbutamide display significantly
enhanced C,,x and AUCy., values, if taken together with
fluconazole, which can cause severe hypoglycemias [142].
Co-administration of fluconazole with benzodiazepines such
as midazolam and triazolam resulted in a prolonged hypnotic
effect and amnesia [121, 143]. Plasma levels of the contra-
ceptive hormones ethinyl estradiol and levonorgestrel were
enhanced by 40% and 24%, respectively, after 200 mg of
fluconazole. Cy,,x of celecoxib, which has affinity to CYP2C9,
increased by 60% and the AUC by 130% [144]. After ad-
ministration of 100 mg of fluconazole b.i.d. for 3 d, the
theophylline clearance was reduced by 15-18% [145]. Thus,
fluconazole may increase the arrhythmogenic effect of theo-
phylline. The zidovudin metabolism is also reduced by flu-
conazole [146]. Its AUC was increased by 20% after 15 days
of fluconazole 200 mg per day. When the fluconazole dose
was 400 mg per day, the AUC was enhanced by 74% [121].

Rifampin as an inducer of CYP3A caused a 20% de-
crease in fluconazole half-life and AUC [147, 148]. In criti-
cally ill patients this effect appears to be much more pro-
nounced and probably leads to an insufficient antimycotic
activity [148]. On the other hand, fluconazole enhances the
AUC of rifabutin increasing the risk of uveitis [149].

In patients stabilized on cyclosporine A after kidney-,
kidney-pancreas- or bone marrow transplantation, cyclos-
porine A levels will usually rise, when fluconazole treatment
is started, particularly when the dose exceeds 100 mg/d.
Nephrotoxicity is the major concern in this setting [150-
155]. Tacrolimus plasma levels were increased by concomi-
tant fluconazole administration. When fluconazole was ad-
ministered orally, the tacrolimus dose had to be reduced by
56%; after intravenous infusion of fluconazole a dose reduc-
tion of only 26% was required [156, 157]. Sirolimus levels
are also enhanced, when fluconazole is applied at the same
time [158].

A favorable tissue distribution of fluconazole has been
demonstrated in rats [121] and in rabbits [159]. In humans,
fluconazole concentrations were determined in saliva, spu-
tum, cerebrospinal fluid, vagina, blister fluid, blister roof,
skin scrapings and in urine. The highest fluconazole concen-
trations were present in urine, in skin scrapings and in blister
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roof (2 to 12 times higher than in plasma). In the other tis-
sues, fluconazole concentrations were similar to those meas-
ured in the plasma. Concentrations in the cerebrospinal fluid
were even 50 to 90% of the respective plasma levels [160-
162]. Fluconazole penetration into the human brain was
studied by Thaler and co-workers in tissue samples obtained
during resection of brain tumors [163]. The brain concentra-
tions amounted 17.6 + 6.6 pg/g (133 + 74% of the respective
plasma levels) [163]. Fluconazole pharmacokinetics in the
extra-cellular space of brain tissue was determined in rats
using microdialysis technique. The ratio AUCg, / AUC
plasma Was 0.6 in this model. After administration of 10 mg/
kg, the maximum concentration in brain tissue was 8 pg/mL
[164].

The required dose of fluconazole depends on the underly-
ing disease. For localized candidiasis, such as onychomyco-
sis a dose as low as 150 mg once per week is sufficient.
Doses of 800-1,200 mg per day are required in critically ill
patients [165]. Peak plasma levels of 40-60 mg/mL are
achieved then [166]. In patients with renal failure flucona-
zole elimination is markedly slowed. When the creatinine
clearance was 35 mL/min/1.73 m” body surface area (normal
range 70-100 mL/min/1.73 mz), the half-life was enhanced
by a factor of 3 (96 h) and the fluconazole clearance was
reduced by one half (about 10 mL/h/kg) [131]. Therefore the
manufacturer recommends a dose reduction by 50%, if the
creatinine clearance is between 11 and 50 mL/min/1.73 m*
[144]. Because of its low protein binding, its water solubility
and its relatively small molecular size, fluconazole is effi-
ciently eliminated by renal replacement therapy. After a
hemodialysis for 3 h, the fluconazole plasma concentration
was reduced by 26 + 3% , after 4 hours by 39 + 2% [167]. In
patients on continuous ambulatory peritoneal dialysis, phar-
macokinetic parameters are similar to those in patients with a
creatinine clearance of 35 mL/min/1.73 m? (t, was 79 h, CL
8 mL/kg/h) [168, 169].

Very high amounts of fluconazole are obviously elimi-
nated by continuous veno-venous hemofiltration and hemo-
diafiltration. This is of particular relevance since in critically
ill patients high plasma levels should be achieved. In patients
on hemodiafiltration a mean peak concentration of 25.9
pg/mL, a plasma half-life of 9 h, a CL of 60 mL/h/kg and a
Vg of 0.7 L/kg were found after an intravenous dose of 800
mg (Tiyr =2 h). Therefore the authors recommended a dose of
500-600 mg twice daily for patients on hemodiafiltration
[170]. Muhl et al. have proposed to administer 400-800 mg
per day in this group of patients [171]. For patients on
hemofiltration, 800 mg once daily have been recommended
[172].

Fluconazole is the standard drug for the treatment of sus-
pected or proven C. albicans infections. Since this species is
still very common, fluconazole plays an important role in
antifungal prophylaxis. The pharmacokinetic behavior of
fluconazole is well characterized and its excellent tissue
penetration is of clear advantage.

Itraconazole

Itraconazole (Sporanox”, Janssen-Cilag, Beerse, Belgium)
is a highly lipophilic triazole. It is active against numerous
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dermatophytes, such as Trichophyton, Microsporum and
Epidermophyton floccosum, against yeasts, such as Candida
albicans and C. krusei, Cryptococcus neoformans, Pity-
rosporum and Trichosporum. It has also some activity
against several Aspergillus species, Paracoccidioides brasil-
iensis, Cladosporium and Pseudallescheria boydii [173,
174]. Beside gastro-intestinal adverse effects and hepatotox-
icity, congestive heart failure was associated with itracona-
zole treatment [175].

Itraconazole is available as a capsule formulation. The
bioavailability of the capsule formulation amounts about
55% and is highly variable. The absorption is improved by
acidic gastric environment and by taking the capsule together
with fatty food [176-178]. After bone marrow transplantation
and in patients with HIV infection, a decreased bioavailabil-
ity of the capsule formulation was found [179-181]. Two
hydroxypropyl-B-cyclodextrin containing formulations have
been developed: an oral solution with an improved bioavail-
ability and a solution for i.v. administration. Unlike the cap-
sule formulation, the oral solution should be taken without
food.

In plasma, 99.8% of itraconazole are bound to proteins.
Pharmacokinetics of itraconazole and its main metabolite
were compared in healthy volunteers after intake of the con-
ventional capsule formulation and the oral solution. The
half-life is about 10-20 h after a single dose and about 30 h
at steady state. After an oral dose of 200 mg C,,,x was 0.3
pg/mL and the time to Cpax (Tmax) Was 5 h. The peak concen-
tration of the active metabolite hydroxy-itraconazole was
about 0.5 pg/mL. No difference between the capsule formu-
lation and the oral solution was found in itraconazole peak
concentrations, T and t,. However, the AUC._, values for
itraconazole and hydroxy-itraconazole were increased by
about 30% when the oral solution had been taken [182]. In
HIV infected patients, C,,x was significantly higher (1.33
png/mL) after the intake of the oral solution compared to the
capsule formulation (0.74 pg/mL). Each formulation had
been taken at a dose of 200 mg twice daily for 7 days [183].
The V of itraconazole is relatively high (11 L/kg). Itracona-
zole is excessively metabolized by CYP3A4 in the liver.
Thirty metabolites are known. The major active metabolite is
hydroxy-itraconazole [184-186]. About 90% of itraconazole
are eliminated as inactive metabolites within seven days
(35% by the kidney and 54% via the feces). The unchanged
drug can be recovered mainly from the feces [173].

Itraconazole concentrations in fat exceed plasma concen-
trations 17 fold and those in skin 19 fold. The ratio of tissue
concentration to plasma concentration is about 4 in bone,
about 3 in liver and about 2 in lung, kidney, spleen and mus-
cle [183]. In vitro experiments revealed an itraconazole ac-
cumulation in alveolar macrophages [187].

The oral standard dose is 200 mg b.i.d. If i.v. administra-
tion is required, 200 mg b.i.d. should be given for the first
two days followed by 200 mg once daily. Treatment should
be continued orally with 200 mg b.i.d. as soon as possible to
avoid accumulation of the solvent hydroxypropyl-B-
cyclodextrin. Since itraconazole is keratinophilic and tends
to accumulate in skin, hair and nail, a one-week oral pulse
therapy at a daily dose of 200-400 mg is effective against
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dermatophyte skin infections. Two pulses with 400 mg per
day are required for treatment of onychomycosis of the fin-
gers, three pulses for onychomycosis of the toes [174].

In critically ill patients intravenous administration of 200
mg b.i.d. for the first two days followed by 200 mg i.v. once
daily over 5 days and then by 200 mg of the oral solution
b.i.d. was reported to yield sufficient trough levels exceeding
0.25 pg/mL [188].

Itraconazole is hardly eliminated by hemodialysis. Hy-
droxypropyl-B-cyclodextrin, however, is dialyzable. Hemo-
diafiltration appears to require enhanced doses. An oral dose
of 300 mg t.i.d. resulted in a Cy,,, of only 0.28 pg/mL (about
half of the Cy, after 200 pg/mL given to subjects with nor-
mal renal function) [183, 189]. Since itraconazole is a strong
inhibitor of CYP 3A4, co-administration of terfenadine,
astemizole, cisapride, midazolam, triazolam, quinidine, sim-
vastatin, lovastatin and atorvastatin must be avoided. En-
hanced plasma levels of warfarin, immunosuppressants such
as cyclosporine A, tacrolimus, sirolimus and everolimus, of
anti HIV drugs such as ritonavir, indinavir, saquinavir, of
digoxin, carbamazepine, rifabutin and of methylprednisolone
have to be taken into account [121, 190]. Co-administration
of negative inotropic drugs may enhance the risk of conges-
tive heart failure and plasma levels of calcium antagonists
are enhanced by itraconazole (see Table 2) [191-194].

Itraconazole has a broader antimycotic spectrum than
fluconazole, which is advantageous in immunocompromised

Table 2. Drug Interactions of Itraconazole
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patients. It has proven to be effective in antifungal prophy-
laxis in this group as well as in critically ill patients. In
treatment of onychomycosis it was superior to fluconazole
[174].

Voriconazole

The chemical structure of voriconazole (Vfend®, Pfizer
Limited, Sandwich, Kent, UK) is similar to that of flucona-
zole. But a methyl group has been introduced into the pro-
panol back bone and one of the two triazole groups has been
replaced by a fluoropyrimidine ring. Voriconazole has a
broader antimycotic spectrum than fluconazole: It is active
against non-albicans Candida species and against Aspergil-
lus as well as against Scedosporium, Fusarium, Histoplasma
capsulatum, Blastomyces dermatitidis and Coccidioides im-
mitis. But voriconazole lacks activity against Zygomycetes.

Voriconazole has an intermediate plasma protein binding
of 58 % and a bioavailability as high as 96 % after oral ad-
ministration, which is independent from the gastric pH. It is
available as a tablet form, as an oral solution and as an i.v.
formulation. The half-life is dose-dependent. After admini-
stration of 3 mg/kg i.v. or 200 mg p.o. it is about 6 h. The
peak levels rise in a non-linear fashion with the increase in
the administered dose. The Cy,,x was 3.01 pg/mL after an i.v.
dose of 3 mg/kg b.i.d. (T;,r =1h) and 1.89 pg/mL after 200
mg b.i.d. given orally. The trough levels are 0.5-2.5 pg/mL,
when standard dosage is applied. An increase of the i.v. dose

Drugs displaying enhanced
levels during itraconazole

Possible complications

Reference

Drugs that lower itracona- Reference

zole levels

closporine A, tacrolimus,
sirolimus, everolimus)

nephrotoxicity, CNS toxicity

[121]

therapy
HMG-CoA-reductase inhibi- Rhabdomyolysis Lomaestro & Piatek 1998 Phenytoin Lomaestro & Piatek 1998
tors (lovastatin, simvastatin, [121] [121]
atorvastatin)
Immunosuppressives (Cy- Over-immunosuppression, Lomaestro & Piatek 1998 Carbamazepine Lomaestro & Piatek 1998

[121], Sporanox package
insert [173]

Antihistamines (terfenadine,
astemizole)

Cardiac arrhythmias

Lomaestro & Piatek 1998
[121, Sporanox package
insert [173]

Tuberculostatics (rifampin,
rifampicin, isoniazid)

Lomaestro & Piatek 1998
[121]

Sporanox package insert

[173]

conazole levels

Midazolam, triazolam Over-sedation Lomaestro & Piatek 1998 [173]
[121]
Warfarin Bleedings Lomaestro & Piatek 1998
[121]
Quinidine Arrhythmias, nausea Sporanox package insert Drugs that enhance itra- Reference

Calcium antagonists (felodip-
ine, nifedipine)

Hypotension, edema

Jalava et al. 1997 [192],
Neuvonen & Suhonen 1995
[193], Tailor et al. 1996
[194]

Macrolides (clarithromycin,
erythromycin)

Sporanox package insert
[173]

Anti HIV medication (rito-
navir, indinavir, saquinavir)

Enhanced toxicity

Sporanox package insert
[173]

Anti HIV medication (rito-
navir, indinavir, saquinavir)

Sporanox package insert
[173]
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by a factor of 1.7 lead to a 2.4 fold C,,,x value and elevated
the AUC over the dosage interval (AUC,) by a factor of 3.1
[195, 196]. The peak level was reached 1.5-3 h after an oral
dosage. V is about 4.5 L/kg, the voriconazole clearance in
healthy volunteers is about 7 L/h (100 mL/h/kg). About 80%
of the administered dose are eliminated by the kidney after
metabolization in the liver, 20% via the feces [196, 197].
Animal experiments revealed a non-linear decay of vori-
conazole plasma levels which was accelerated after 6-20 h
depending on the administered dose [196].

Voriconazole is metabolized in the liver. The rate-limi-
ting step in voriconazole degradation, the fluoropyrimidine-
N-oxidation, depends on CYP2C9. CYP3A4 and CYP2C19
are also involved in voriconazole metabolisms but play a
minor role. CYP2C9 displays a genetic polymorphism. Con-
sequently, there are fast and slow voriconazole metabolizers.
In slow metabolizers, a 4 fold elevation in voriconazole
plasma levels has been described. In the Asian population
the prevalence of slow voriconazole metabolizers is reported
to be about 20% [195, 196].

The mechanism of action of voriconazole comprises in-
hibition of CYP3A4 and CYP2C10. On the other hand,
CYP3A4 and CYP2C19 are involved in its metabolism.
Therefore, numerous drug interactions are observed during
treatment with voriconazole. In particular, plasma levels of
immunosuppressants are enhanced. Thus, the dose of cy-
closporine A has to be reduced by 50 % and the dose of tac-
rolimus to one third, if voriconazole is co-administered. Fre-
quent monitoring of plasma levels of immunosuppressants is
necessary to prevent nephrotoxicity and over-immunosup-
pression. Co-administration of sirolimus has to be avoided,
since Cax of sirolimus is enhanced by 556% and AUC, by
1,014% [198]. Plasma concentrations of histamine blockers
(e.g. terfenadine and astemizole or cimetidine), cisapride,
pimozide and quinidine are also enhanced by voriconazole.
As mentioned, this can provoke QT prolongation and tor-
sades de point. In patients on warfarin or coumarin an in-
creased bleeding risk by voriconazole has to be considered.
Therefore, a dose adaptation and frequent controls of INR
are required. An increased and prolonged effect of benzodi-
azepines with over-sedation has to be anticipated. Co-
administration of voriconazole together with sulfonylureas
may cause hypoglycemia. Prednisolone levels are moder-
ately enhanced by voriconazole. In vitro experiments on liver
microsomes suggest, that levels of HMG-CoA reductase
inhibitors are also elevated by voriconazole. The omeprazole
dose should be reduced by 50% under concomitant vori-
conazole treatment [199]. Enzyme inducers, particularly ri-
fampicin, carbamazepine and phenobarbital, excessively
reduce voriconazole concentrations and co-administration is
therefore contraindicated. If the combination of rifabutin and
voriconazole is inevitable, voriconazole dosage should be
increased to 5 mg/kg i.v. or 350 mg p.o. twice a day [198].
Complex interactions are faced with phenytoin. Therefore,
frequent phenytoin level controls are mandatory and vori-
conazole dosage has to be enhanced up to 5 mg/kg i.v. twice
daily or 400 mg p.o. twice daily. In vitro experiments sug-
gest that the voriconazole metabolism is delayed by HIV
protease inhibitors such as saquinavir, amprenavir and nelfi-
navir. On the other hand, voriconazole may inhibit the me-
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tabolism of these drugs [198]. In vitro experiments suggest,
that the voriconazole disposition is also delayed by the non-
nucleoside HIV reverse transcriptase inhibitors delaviridine
and efavirenz [195, 198, 200]. Long-term intake of St. Johns
wort enhanced the voriconazole clearance and reduced the
AUC., and the Cy,y significantly [201]. Co-administration
of anidulafungin had no effect on voriconazole pharmacoki-
netics [202].

The tissue distribution of voriconazole has been investi-
gated in animals. Five minutes after administration of a dose
of 10 mg/kg to rats, the following tissue concentrations were
measured: 21.1 pgEq/g in the liver, 10.4 pgEq/g in the adre-
nal cortex, 5.8 pgEq/g in the lungs and 8.1 pgEq/g in the
brain [195]. In guinea pigs concentrations of voriconazole in
cerebrospinal fluid (CSF) amounted 68 % of the simultane-
ously determined plasma concentration after the same dose,
given orally over 5 days [203].

Published data on the penetration of voriconazole into
human tissue are sparse. In CSF specimens drawn from 14
patients, median voriconazole levels of 0.65 pg/mL (range
0.08 to 3.93 pg/mL) were measured by Lutsar e al. [203].
Plasma concentrations ranged from < 0.1 pg/mL to 7.23
pg/mL (median 1.08 pg/mL) at the same time. The median
penetration ratio (CSF / plasma) amounted 0.46 (range 0.22
— 1.00). Lower CSF concentrations (0,08-0.17 pg/mL) were
recovered through a ventricular drainage by Denes et al.
[204]. The Ty in CSF was 6 h. No plasma concentrations
are displayed in this report. In pulmonary epithelial lining
fluid (ELF) of 12 lung transplant recipients, who had taken
200 mg of voriconazole orally once to twice daily (mean
number of doses 66 + 44), concentrations between 0.29
pg/mL and 83.32 pg/mL were found. The simultaneously
determined plasma levels were 0.15 to 4.56 pg/mL. Bron-
choscopies had been performed 0.5 - 13.5 h after voricona-
zole administration. The ELF concentrations had their maxi-
mum at 5 h- 6 h after voriconazole intake. The average ratio
of ELF concentration to plasma concentration (Cgpg/Cplasma)
was 11 + 8 [205]. In pleural empyema, voriconazole concen-
trations of 0.8 pg/mL to 1.4 pg/mL were measured. The ratio
empyema to plasma (Cempyema/Criasma) amounted 0.45 to 0.95
[206].

When voriconazole is administered intravenously, a load-
ing dose of 6 mg/kg b.i.d. should be given, followed by a
maintenance dose of 4 mg b.i.d. The oral standard dose rec-
ommended for adults is 400 mg at the first day followed by
200 mg b.i.d. Adult patients with a body weight below 40 kg
should obtain a loading dose of 200 mg b.i.d and a mainte-
nance dose of 100 mg b.i.d. Children (aged 2 to 12 years)
should obtain an oral dose of 200 mg twice daily or 7 mg /kg
1.v. twice daily. A loading dose is not recommended for pe-
diatric patients [207].

Patients with impaired renal function can be treated with
the standard dosage. The solvent sulfobutylether-B-cyclodex-
trine (SBECD), which is added to the i.v. formulation, how-
ever, accumulates and has a potential nephrotoxicity [195].
During a hemodialysis of 8 h, 8% of voriconazole and 46%
of SBECD were removed [195]. In patients suffering from
liver cirrhosis (stage Child-Pugh A and B), the voriconazole
clearance has been found to be reduced by about 50% [195].
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Therefore a 50% reduction of the maintenance dose is rec-
ommended for this group [207]. For patients with advanced
liver cirrhosis at Child-Pugh C stage, pharmacokinetic data
are lacking so far. Plasma levels were measured in one pa-
tient undergoing continuous veno-venous hemodiafiltration.
Pharmacokinetic parameters were similar to those in patients
off hemodiafiltration. The sieving coefficient was 0.53 and
the hemodiafiltration clearance was below 10 % of the total
voriconazole clearance [208].

Considering the complex pharmacokinetics and the nu-
merous interactions of voriconazole, therapeutic drug moni-
toring is certainly advisable, particularly in patients with
impaired liver function and in the critically ill.

Voriconazole has a very broad spectrum comprising most
of the relevant pathogenic fungi (Zygomecetes, however, are
not in its spectrum). It is available for i.v. and for oral use.
Published data on its tissue distribution suggests a satisfying
penetration, particularly into the CNS and into the lung.

Posaconazole

Posaconazole (Noxafil®, Schering Plough, Hérouville St
Clair, France), a new broad spectrum triazole, has recently
been launched. It bears chemical resemblance to itracona-
zole. Its antimycotic spectrum is similar to that of voricona-
zole but includes Zygomycetes in addition. Posaconazole is
available as a tablet formulation and as an oral suspension.
No i.v. formulation is available at the time. The enteral ab-
sorption is improved by the intake of food, particularly high
fat nutrition, or by nutritional supplements (e.g. 360 Kal of
Boost Plus resulted in a 3.4 fold increase in Cy,, and a 2.6
fold increase in AUC) [209-211]. Its bioavailability has been
studied in mice, rats, dogs and Cynomolgus monkeys. When
the hydroxy-B-cyclodextrin containing oral solution was
used, it amounted 52-100%. For the methylcellulose formu-
lation, the bioavailability was between 14% and 48% [212].
Posaconazole has a plasma protein binding of 98-99% [213].
After a single dose of 400 mg, C.x was 0.6 pg/mL, Tpx 6.3
h, AUCy., 19.4 pg-h/mL, and the clearance (CL/F) was 230
to 300 mL/h/kg in healthy subjects [213, 214]. The half-life
is about 20 h resulting in a time of 7-10 d to reach steady
state [214]. Under steady state conditions, on day 14 of
treatment with 400 mg of posaconazole b.i.d., the mean C,,,«
was 4.15 pg/mL, Ty S h, t, 31 h, the posaconazole clear-
ance (CL/F) 11.5 L/h (about 150 mL/h/kg) and the apparent
volume of distribution Vd/F was about 6.5 L/kg. Despite the
long t;, splitting the daily dose of 800 mg led to an enhanced
AUC by improved absorption. Obviously, the oral absorp-
tion is saturable. Thus, 200 mg four time a day, followed by
400 mg b.i.d. appear to be the optimal dosage [209, 215].
Renal clearance of unchanged posaconazole is negligible. In
patients with mild or moderate renal impairment as well as in
patients on intermittent hemodialysis, no significant altera-
tion in posaconazole pharmacokinetics was observed [216].
In elderly patients (> 65 years) AUC was enhanced by 29%
to 42%. In liver failure of a different degree, so far no sig-
nificant differences in plasma levels could be detected [217].

Like all the other triazoles, posaconazole is an inhibitor
of CYP3A4. It is transformed into inactive metabolites by
glucuronidation in the liver. 77% of the administered drug
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are eliminated by the feces without modification, about 14%
are excreted in the urine after glucuronidation by UDP-
glucuronyl-transferase 1A4 and minor amounts as parent
drug. Posaconazole is not a substrate for CYP1A2, CYP2C8,
CYP2C9, CYP2D6, and CYP2EIL. Drug interactions have
been reported with tacrolimus (leading to a 2.2 fold C,,,, and
a 4.5 fold AUC of tacrolimus), with cyclosporine A, glipiz-
ide and with midazolam [209, 218] . No interactions have
been observed with caffeine (metabolized by CYP1A2), tol-
butamide (metabolized by CYP2C8/9), dextrometorphan
(metabolized by CYP2D6) and chloroxazone (metabolized
by CYP2E21) [218]. The AUC values of etinavir and indi-
navir were enhanced when co-administered with posacona-
zole. Rifabutin, phenytoin and cimetidine lowered the
AUCof posaconazole by about 50% [217].

The broad spectrum of activity, including Zygomycetes,
is an advantage of posaconazole. Although published data on
its tissue penetration are very limited, it can be assumed that
its CNS penetration is superior to that of amphotericin B.

Ravuconazole

The chemical structure of ravuconazole is similar to that
of fluconazole and voriconazole. The fluorinated pyrimidine
ring of voriconazole is replaced by a thiazole ring bound to a
cyano-phenyl group. It appears to have a broad antimycotic
spectrum comprising Candida, Aspergillus, Scedosporium,
Cryptococcus neoformans, Histoplasma and Trichosporon
species. It is reported to be less active against Fusarium
[219]. Published data on ravuconazole pharmacokinetics are
very sparse: In a murine candidiasis model, ravuconazole
had been administered p.o. at single doses of 10, 40, and 160
mg/kg. The Cy,.x values were 0.36 + 0.01pg/mL after 10 mg/
kg and 4.37 + 0.64 pg/mL after 140 mg/mL, the AUCs were
3.4 and 48.0 ug-h/mL respectively and half-lives were 3.9-
4.8 h. The protein binding of ravuconazole was determined
at concentrations of 100 and 400 pg/mL and amounted
95.8% [220]. Its bioavailability has been found to be 48 to
74% in animals.

In healthy volunteers, however, a half-life ranging from
80 to 157 h has been reported after doses between 50 and
800 mg. Peak levels were between 0.23 and 1.15 pg/mL.
Because of the long t,, a remarkable accumulation took
place (e.g. 8-10 fold C,,.x after 14 days of treatment) [221].
In 24 adult patients who had undergone allogenic hematopo-
etic stem cell transplantation, 3 dosages were compared: 400
mg, 600 mg and 800 mg once daily p.o. (8 patients in each
group). After a single dose, the ravuconazole clearance was
between 25 +4 L/h and 31 + 7 L/h (about 350 mL/h/kg) and
Vd was between 760 + 84 and 816 + 116 (about 10 L/kg).
The 400 mg dose resulted in a Cpx of 0.82 + 0.11 pg/mL
and an AUC_, of 18.93 + 3.33 pg-h/mL, the intake of 800
mg in a Cppx of 1.68 +0.29 pg/mL and an AUCy.,, 0f 37.93 +
6.20 pg/mL. Thus, plasma levels appear to increase in linear
fashion with the dose. The half life was 22-36 h after a single
dose (“ty, 024”) and 371 h- 733 h in the wash-out phase (t,, Y)

! Sansone A, Belle D, Statkevich P, Joseph D, Kantesaria B, Laughlin M, Courtney R.
Effect of posaconazole on the pharmacokinetics of tacrolimus in healthy volunteers.
43" Interscience Conference on Antimicrobial Agents and Chemotherapy 2003; 1603
(abstr).
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in this studyz. A t, of 5-7 d has been reported elsewhere
[222].

For i.v. administration a lysine phosphorester of ravu-
conazole has been developed. After i.v. injection of ravu-
conazole lysine phosphorester at doses of 2.5, 5 or 10 pg/kg
for 6 days in rabbits, C,,,, values of 2.7 + 0.38, 7.96 + 0.74
and 13.88 + 1.37 pg/mL, respectively, were measured. The
dose normalized AUC, AUC,., /dose, was dose-independent
(the values were 2.86 + 0.40 h/mL, 2.36 + 0.20 h/mL and
2.53 + 0.28 h/mL, respectively). The Vi was 9.65 L/kg after
2.50 mg/kg, 5.02 L/kg after 5 mg/kg and 3.50 L/kg after ad-
ministration of 10 mg/kg [223].

Ravuconazole tissue penetration has been investigated in
rat lung and uterus: levels were 2 to 6 times higher than in
the corresponding plasma samples [224]. In patients with
onychomycosis ravuconazole concentrations in plasma and
toenails were determined during three different twelve-week
regimens i.e. 200 mg per day, 100 mg once per week and
400 once per week. By administration of 200 mg daily
plasma levels of 2-3 mg/mL and toenail concentrations of
about 1 pg/mL were achieved. In patients treated with 100
mg/week plasma levels reached only about 0.2 pg/mL and
nail concentrations about 0.1 pg/mL [222].

Ravuconazole is still under investigation. Published
clinical data are limited at the time and its position in the
antimycotic armentarium has yet to be determined, despite of
its broad antifungal spectrum.

ECHINOCANDINS

Echinocandins are semi-synthetic derivatives of fungal
fermentation products. They are cyclic lipopeptides compris-
ing six amino acids. An N-aryl side chain which is relevant
for their antifungal activity as well as for their toxicity is
bound to the N-terminus of the cyclic peptide by N-
acetylation. Echinocandins inhibit the fungal B—(1, 3)-D-
glucan synthase. B-(1, 3)-D-glucan is an essential component
of the inner layer of the fungal cell wall, which plays an im-
portant role in cell metabolism and resistance against host
defense mechanisms. Echinocandins display a poor enteral
absorption and are therefore only available as i.v. formula-
tions [225].

Caspofungin

Caspofungin (Cancidas®, Merck & Co., Inc., Whitehouse
Station, N.J., USA) has a molecular weight of 1093 Da. It is
active against Candida including several non-albicans strains
e.g. C. lusitaniae and against Aspergilli. Cryptococcus neo-
formans, Fusarium species and Zygomycetes are not sensi-
tive to caspofungin.

The pharmacokinetics of caspofungin has been studied in
male healthy volunteers [226, 227]. Plasma concentration-
time curves declined in a polyexponential fashion, t,,3 was
8-10 h, t,y 27 h. After infusion of a single dose of 70 mg
(Tine=1 h) a mean C,,,x of about 12 pg/mL and a trough level

2 Lin P, Micjiene D, Roden MM, Buchanan W, Knudsen T, Sarkisova T, Geabana-
cloche J, Childs R, Walsh TJ. Pharmacokinetics and safety of ravuconazole for prophy-
laxis in patients undergoing allogenic hematopoetic stem cell transplantation. 45"
Interscience Conference on Antimicrobial Agents and Chemotherapy 2005; 220 (abstr).
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of about 1.3 mg/mL and a mean AUCy., of 118 pg-h/mL
were obtained [226]. Mean AUC,., values of 635 to 814
pg-h/mL have been found using *H caspofungin by the same
investigators [227]. The caspofungin clearance was about 10
mL/h/kg. After 2 weeks of treatment with the standard dos-
age (70 mg on day 1 followed by a maintenance dose of 50
mg/d) the mean AUC,.,, was 100pug-h/mL and the C,,, Was
10 pg/mL. Within the first hours after infusion, caspofungin
is mainly eliminated by uptake into tissues where active
transport may be involved. Within 27 d after infusion of 70
mg of *H caspofungin, 41% of the radioactivity have been
recovered from urine and 34% from the feces [226, 227].
About 95% of caspofungin are bound to plasma proteins
[226, 227]. The apparent volume of distribution of caspo-
fungin has been estimated to be very low at the beginning of
treatment (about 0.05 L/kg) and to increase during the first 3
to 4 days until it reached a plateau of 23 to 160 L (0.3 to 2.0
L/kg) [226].

Caspofungin is metabolized in the liver independently
from the CYP system. MO is the main metabolite emerging
in the plasma 24-30 h after administration. It is formed by
hydrolysis. The metabolites M1, also formed by hydrolysis,
and M2, an N-acetylation product of M1, are excreted in the
urine, where only small amounts of unchanged parent drug
can be detected [228].

Tissue concentrations of caspofungin were measured in
rats 0.5, 2.0, 24 and 288 h after injection of 2.0 mg/kg of
[*H] caspofungin. Half an hour after the injection, the maxi-
mum concentrations appeared in red blood cells (4.08 + 2.57
pg Eq/mL), lung (5.12 + 0.19 pg Eq/mL), spleen (4.37 +
0.04 pg Eq/mL), heart (2.31 + 0.14 pg Eq/mL), in fat, intes-
tine, lymph nodes (1.93 + 0.12 pg Eq/mL) and in the eye
(0.52 + 0.06 pg Eq/mL). In skeletal muscle, peak concentra-
tions were measured after 2 h, in the kidney (11.40 + 1.64 pg
Eg/mL), liver (22.20 +2.43 pg Eq/mL) and in the brain (0.16
+ 0.11 pg Eq/mL) the maximum levels appeared 24 h after
injection. The respective plasma concentrations were 11.00 +
5.73 pg/mL 0.5 h after injection, 6.10 + 0.60 pg/mL after 2 h
, 1.74 + 0.85 pg/mL and 0.07 + 0.04 pg/mL 288 h after the
caspofungin bolus. Thus, caspofungin displays a relatively
high penetration into the liver and the kidneys and an inter-
mediate penetration into spleen, lung, red blood cells, and
small intestine. Caspofungin concentrations in heart, lymph
nodes, muscle, eyes and brain are low [227].

Since caspofungin is not an inhibitor or a substrate of
CYP enzymes or for P-glycoprotein (PGP), drug interactions
can be expected to play a minor role in patients on caspo-
fungin treatment. Nevertheless, the AUC of caspofungin was
enhanced by 35%, when cyclosporine A was co-adminis-
tered, and elevated serum transaminase activities (ALT,
AST) were observed. A 26% decrease in Cy,,x of caspofungin
was found when it was combined with tacrolimus. A reduced
AUC for caspofungin has been reported for simultaneous
administration of caspofungin together with efavirenz, nevi-
rapine, rifampicin, dexamethasone, phenytoin or carba-
mazepine [229].

The recommended standard dosage of caspofungin is 70
mg as a loading dose, followed by a maintenance dose of 50
mg once per day. In patients with a body weight above 80
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kg, 70 mg once daily should be given throughout the entire
treatment. No dose adjustment is suggested in patients with
impaired renal function, even in those with terminal renal
failure requiring hemodialysis. In mild to moderate liver
dysfunction (Child-Plough 7-9), the maintenance dose
should be 35 mg once dailzy [229]. For treatment of children
a daily dose of 50 mg/m” body surface has recently been
recommend [230]. No pharmacokinetic data is available for
critically ill patients, for patients on continuous renal re-
placement therapy and for severe liver failure.

Caspofungin is the first licensed echinocandin. It is char-
acterized by its activity against various Candida and Asper-
gillus species, a low toxicity and a low potential for relevant
drug interactions. Therefore it is an important antimycotic
for treatment of severely compromised patients requiring a
multitude of co-medications, particularly in infections with
fluconazole resistant Candida species.

Micafungin

Micafungin (Fungard®, Astellas, Japan) has a molecular
weight of 1,292 Da. A side chain containing 3 aromatic rings
was inserted instead of the aliphatic side chain of caspo-
fungin.

Micafungin has a very high protein binding of 99.85 % 3
and can be administered only i.v. because of its poor absorp-
tion from the gastrointestinal tract. In adult patients undergo-
ing bone morrow or peripheral stem cell transplantation,
pharmacokinetics of micafungin was studied on day 1 and
day 7 of therapy with 12.5, 25, 50, 75, 100, 150 or 200 mg
once daily. After a daily dose of 200 mg (Tj,r =1 h), which
was well tolerated, the mean C,,,x was 13.1 w/mL on day 1
and 22.6 on day 7, the AUC,.,, amounted164 pg-h/mL on
day 1 and 238 pgh/mL on day 7. The t,, was about 13 to 20
h being longer at steady state. The micafungin clearance was
about 1 L/h (about 12.5 mL/kg) and Vg, amounted about 25
L (0.3 L/kg) [231].

Tissue distribution of micafungin was investigated in
rabbits [232] and more recently in rats [233]. In rabbits
treated with micafungin for 8 d at a daily dose of 2 mg/kg
(injected as a 4 min bolus), the following mean tissue con-
centrations were found 30 minutes after the last application:
11.76 + 1.40 nug/g in the lung, 8.82 + 0.72 pg/g in the liver,
9.05 + 0.25 pg/g in the spleen, 6.12 + 0.17 pg/g in the kid-
ney and 0.18 + 0.02 pg/g in the brain. On day 7, the Cy,.x in
plasma was 19.17 + 0.31 pg/mL [232]. In another experi-
ment on rats, tissue levels were measured 0.083, 0.25, 0.5, 1,
2,4, 6, 8 and 24 h after a 1.0 mg/kg bolus injection. The
peak tissue concentrations appeared 5 minutes later. The
lung concentrations exceeded the respective plasma levels by
258 %. The tissue half-life was about 5h [233].

Micafungin is reported to be a weak inhibitor of CYP 3A.
When 5 mg/kg of cyclosporine A were administered p.o.
together with 100 mg of micafungin i.v. as a single dose or
until steady state was reached, the clearance of cyclosporine
A was significantly reduced by 15% [234]. However, ad-

* Mukai T, Ohkuma T, Nakahara K, Takaya T, Uematsu T Azuma J. Pharmacokinetic
of FK 463, anovel echinocandin analogue, in elderly and non-elderly subjects. 41%
Interscience Conference on Antimicrobial Agents and Chemotherapy 2001; 30 (abstr).
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ministration of micafungin as a single dose of 100 mg or at
steady state did not exert any influence on the AUC of tac-
rolimus (5 mg p.o.) in healthy volunteers [235]. Co-
administration of fluconazole and micafungin had no influ-
ence on the pharmacokinetics of either of the two drugs
[236]. Rifampicin, an inducer of CYP3A4, and ritonavir, a
strong inhibitor of CYP3A4, had no influence on the AUC.,
of micafungin . Treatment with warfarin, diazepam, salicylic
acid or metothrexate had no influence on micafungin phar-
macokinetics [237].

For prophylaxis in liver transplant recipients a dose of 40
mg - 50 mg per day has been suggested [238]. The standard
dosage recommended for the therapy of invasive aspergillo-
sis is 50 mg -150 mg once daily (maximum 150 mg per day),
for invasive candidiasis it is 50 mg/d (maximum 150 mg per
day) [239].

Micafungin pharmacokinetics was investigated in 73
pediatric patients (children aged 2-12 years and adolescents
aged 13-17 years) with febrile neutropenia. Children were
treated with 0.5-4.0 mg/kg/day, adolescents with 0.5-1.5
mg/kg/day. The time-concentration profiles were determined
on day 1 and day 4 of treatment, T;,r was 1 h. After 2 mg/kg,
the pharmacokinetic parameters were similar to the respec-
tive vales obtained in adults after administration of 400 mg:
Cax values were 15.3 + 3.8 pg/mL on day 1 and 21.4 +£9.7
pg/mL on day 4; the AUCsg.,, were 113.8 + 16.0 pg-h/mL
and 132.3 + 27.1 pg-h/mL, respectively [240]. The half-life
was 12-13 h, the clearance about 20 mL/h/kg and Vg was
0.3-0.4 L/kg. There was a statistically significant difference
in CL, Vi and t,, between the age group of 2 to 8-year-old
children and the group of 9- to 17-year-old patients: the mi-
cafungin elimination appears to be faster in younger children
[240]. In premature infants, who had obtained a single dose
of 0.75 mg/kg , the Cy was 2.52 pg/mL, the AUC 20.6
pg-h/mL and t, 7.5 h [239]. No difference in Cy, ty,, CL
and Vg was detected between healthy volunteers aged 66-78
years and subjects aged 20-24 years.3

In 8 patients with moderately impaired liver function
(Child Pugh score 7 to 9), the AUC,.,, was significantly re-
duced (97.5 + 19 pg-h/mL vs. 125.9 +26.4 pg-h/mL, p=0.03)
in comparison with 9 healthy volunteers. A single dose of
100 mg of micafungin had been administered to both groups.
The difference in mean AUC,_,, has been attributed to differ-
ences in body weight between the two groups, and thus, no
dose adjustment is recommended for patients with moder-
ately impaired liver function [239, 241]. Recently, in rats
with carbon tetrachloride induced acute liver failure, V¢ of
micafungin was found to be significantly enhanced, while
the CL was unaffected [242].

Renal impairment did not influence micafungin pharma-
cokinetics [241].

The influence of continuous hemofiltration on mica-
fungin pharmacokinetics was investigated in 3 liver trans-
plant recipients, who had obtained a prophylactic dose of 40-
50 mg of micafungin once daily. Pharmacokinetics was de-
termined on the third day of treatment with micafungin. The

* Undre NA, Stevenson P, Amakye DD. Rifampicin and ritonavir do not affect the
pharmacokinetics of micafungin (FK 463), an echinocandin antifungal. 14" European
Congress of Clinical Microbiology and Infectious Diseases 2004 (abstr).
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half-lives were 13 h and 14 h and the total micafungin clear-
ances were 0.65 L/h and 0.59 L/h on and off hemofiltration,
respectively. The hemofilter clearance was as low as 0.054 +
0.04 L/h (8 % of the total micafungin clearance). Therefore
hemofiltration appears to have a minor impact on micafungin
pharmacokinetics [243].

Micafungin, which is not licensed in several countries
yet, resembles caspofungin in its antimycotic spectrum and
its pharmacokinetics. A considerable amount of data is al-
ready available for special clinical conditions. Pre-clinical
data suggests a satisfying lung penetration of micafungin.

Anidulafungin

The chemical structure of anidulafungin is similar to that
of micafungin. Its side chain contains three phenyl groups.
The antimycotic spectrum of anidulafungin comprises Can-
dida, species including C. albicans, C. glabrata, C. krusei
and C. tropicalis, as well as Aspergillus flavus, A. fumigatus,
A. terreus and A. niger. Anidulafungin is less active against
other filamentous fungi, against Blastomyces dermatitidis
and Histoplasma capsulatum and it is inactive against
Fusarium species and Cryptococcus neoformans [244].

The protein binding of anidulafungin is 84%, and thus, it
is lower than that of caspofungin and micafungin [245]. Like
caspofungin and micafungin, anidulafungin is poorly ab-
sorbed after enteral administration and therefore only avail-
able for i.v. infusion. Plasma pharmacokinetics was studied
in healthy volunteers and in patients suffering from esophag-
eal or invasive candidiasis [246]*°. Dowell and colleagues
analyzed 600 plasma levels collected from 225 patients with
Candida infection during phase II and phase III trials. An
elimination half-life of 25.6 h, a Vi of 32.5 L (0.54 L/kg)
and an anidulafungin clearance of 0.93 L/h (15 mL/h/kg)
have been calculated. Peak levels of about 7 and 3.5 pg/mL
are to be anticipated after daily doses of 100 mg and 50 mg,
respectively. The respective values for the AUCs,., were 106
pgh/mL and 53 pg-h/mL [246]. In 9 healthy volunteers, who
had obtained 90 mg of "C-labeled anidulafungin, the mean
Cmax Was 4.11 pg/mL, the AUC was 102.2 pg-h/mL and the
t,, amounted 28 h. Anidulafungin was eliminated by the fe-
ces. Only 10% of the administered radioactivity was recov-
ered as intact drug, 90% as degradants’. Anidulafungin is not
metabolized but undergoes spontaneous chemical degrada-
tion [247].

Tissue distribution of anidulafungin was investigated in
rabbits after 10 days of treatment with doses ranging from
0.1 to 10 mg/kg/d. In the animals, that had obtained 5 mg/kg
by bolus injection, the highest concentrations were measured
in the lung (17.9 + 0.9 pg/g) and in the liver (16.8 + 0.8
ng/g), followed by spleen (9.8 + 0.8 ng/g), kidney (6.8 + 0.7

* Dowell J, Pu F, Stogniew M, Krause D, Henkel T. A clinical mass balance study of
Anidulafungin (ANID) showing complete fecal elimination. 43rd Interscience Confer-
ence on Antimicrobial Agents and Chemotherapy 2003; 1576 (abstr).

° Dowell J, Schranz M, Buckwater M, Stogniew M, Krause D. Safety and pharmacoki-
netics of co-administered anidulafungin and tacrolimus 45™ Interscience Conference on
Antimicrobial Agents and Chemotherapy 2005; 1190 (abstr).

7 Benjamin DK, Driscoll T, Seibel NL, Gonzales CE, Roden MM, Dowekk JA ,
Schranz J, Walsh TJ. Safety and Pharmacokinetics of Anidulafungin in Pediatric Pa-
tients with Neutropenia. 44" Interscience Conference on Antimicrobial Agents and
Chemotherapy 2004; 34 (abstr).
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png/g) and brain (1.6 + 0.1 pg/g). In the vitreous humor, the
aqueous humor and the choroid, anidulafungin concentra-
tions were negligible. On day 7, peak plasma concentration
had amounted 14.28 + 2.26 pg/mL and the trough level had
been 0.49 +0.08 pg/mL [248].

Potential drug interactions with anidulafungin were ana-
lyzed in several studies. In healthy volunteers, who had ob-
tained anidulafungin together with voriconazole, co-adminis-
tration had no effect on pharmacokinetics on either of the
two drugs [249]. Simultaneous administration of cyclos-
porine A (1.25 mg/kg p.o.) and anidulafungin resulted in an
increase in AUCy., of anidulafungin by 22%, in peak con-
centration by 8%, and in trough concentration by 22%. The
anidulafungin clearance was decreased by 16%. These
changes, however, were considered to be of minor clinical
relevance and therefore no dose adjustment is recommended
by the authors. In an in vitro experiment, no influence of
anidulafungin on cyclosporine A metabolism was observed
[250]. Tacrolimus and anidulafungin did not display any
signi{lcant drug interaction in a study on 35 healthy volun-
teers .

A loading dose of 100 mg followed by 50 mg per day is
looked upon as appropriate in esophageal candidiasis. For
patients with invasive candidiasis, the loading dose should
be 200 mg and the maintenance dose 100 mg once daily.
Children with neutropenia were treated with anidulafungin
doses of 0.75 and 1.5 mg/kg/d, respectively (a 2 fold loading
dose had been injected on day 1). The pharmacokinetic data
was quite comparable with that obtained in adults after 100
mg and 50 mg per day, respectively’.

In patients with mild renal impairment (creatinine clear-
ance between 51 and 79 mL/min/1.73 m* body surface area),
moderate impairment (creatinine clearance between 31 and
50 mL/min/1.73 m?) and severe renal dysfunction (creatinine
clearance below 30 mL/min/1.73 m?) as well as in patients
on intermittent hemodialysis, the Cy,,x and the AUC vales for
anidulafungin were largely unaffected [247].

Impaired liver function, however, appears to cause a de-
cay in anidulafungin plasma levels. After administration of a
50-mg single dose to patients with mild, moderate or severe
hepatic impairment and to healthy volunteers, there was a
significant reduction of the Cy, and the AUC in patients
with severe liver dysfunction. In mild and moderate liver
impairment, anidulafungin exposure was only slightly and
insignificantly reduced. The lowered anidulafungin plasma
levels have been ascribed to enhanced volume of distribution
and increased degradation because of a reduced plasma pro-
tein binding [247].

Anidulafungin is not on the market yet. It merits interest,
particularly, because of its unique pharmacokinetics.

SUGGESTIONS FOR THE CHOICE OF ANTIMY-
COTICS IN DIFFERENT CLINICAL CONDITIONS

The choice of the most appropriate antimycotic depends
on the causative agent which is suspected or has been micro-
biologically confirmed, on the site of infection and on the
clinical condition of the patient. Infections caused by C. al-
bicans will be treated with fluconazole which has a low tox-
icity, is comparatively inexpensive and displays a favorable
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tissue distribution. For fluconazole-resistant Candida (non-
albicans Candida) echinocandins, such as caspofungin are an
effective option with low toxicity. Amphotericin B prepara-
tions and voriconazole are also effective.

For aspergillosis, amphotericin B and itraconazole have
been the only effective drugs for years. The armentarium has
now been increased by the new broad-spectrum azoles, vori-
conazole and posaconazole and by the echinocandins. Thus,
amphotericin B and its lipid formulations, voriconazole
(eventually posaconazole, which is available only orally) and
echinocandins, such as caspofungin, are treatment options
for invasive aspergillosis. Caspofungin is licensed for treat-
ment of refractory invasive aspergillosis. When Aspergillus
terreus has been identified, amphotericin B should be
avoided because of its poor activity against this species. In
pulmonary aspergillosis, lung concentrations are probably
crucial for the outcome. Amphotericin B lung concentrations
after colloidal amphotericin B appear to exceed those meas-
ured after therapy with liposomal amphotericin B. Whether
colloidal amphotericin B is superior in pulmonary mycoses,
however, has not been investigated in clinical studies so far.
Voriconazole penetration into alveolar epithelial lining fluid
was recently found to be favorable. In CNS manifestations,
voriconazole may be preferred because its CNS penetration
is probably superior, as assessed in animal models.

Zygomycetes are very difficult to treat and are only sensi-
tive to amphotericin B and to posaconazole. The latter is
available only as an oral formulation with a highly variable,
food dependent bioavailability. Therefore the use of posa-
conazole is presently confined to patients without gastro-
intestinal impairment.

For antimycotic prophylaxis, fluconazole or itraconazole
are usually administered. Fluconazole has a lower potential
for drug interactions, but a narrow antimycotic spectrum. For
secondary prophylaxis in patients with previous invasive
fungal infection, amphotericin B may still be the drug of
choice.

The choice of the appropriate antimycotic for empiric
therapy depends on the suspected fungi and thus on the re-
gional epidemiology. If zygomycosis is a concern, ampho-
tericin B — conventional or lipid-formulated — is the drug of
choice. In febrile neutropenia refractory to antibacterial
treatment, voriconazole and caspofungin are licensed beside
amphotericin B.

In patients with renal impairment the dosage has to be
adjusted for fluconazole and flucytosine. High fluconazole
doses are required in the critically ill on continuous renal
replacement therapy. Renal impairment and the requirement
of nephrotoxic co-medication are contraindications for am-
photericin deoxycholate. The nephrotoxicity of amphotericin
B is reduced, but not abolished by lipid encapsulation.

By the use of liposomal amphotericin B or of ampho-
tericin B colloidal dispersion, the incidence of renal toxicity
can be reduced by about 50% in comparison with conven-
tional amphotericin B treatment. For amphotericin B lipid
complex a reduced nephrotoxicity is generally accepted.
However, in one randomized double blind study, renal im-
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pairment occurred more frequently during treatment with
amphotericin B lipid complex than on therapy with liposo-
mal amphotericin B (in 42% vs. 15% of the patients) [84].
Thus, liposomal amphotericin B and amphotericin colloidal
dispersion can be administered to patients with renal im-
pairment, if the broad spectrum of amphotericin B is re-
quired. Amphotericin B lipid complex may be the prepara-
tion of choice, if the renal function is more stable, but infu-
sion-related toxicity is a major concern. Lipid-formulations
of amphotericin B can be administered at standard dosage in
renal failure and during continuous hemofiltration. For vori-
conazole, posaconazole and echinocandins, no dose adjust-
ment is necessary in renal impairment and intermittent
hemodialysis. Data on continuous renal replacement are al-
most lacking for these new drugs, but based on theoretical
considerations, standard dosages are probably applicable.

In patients with impaired liver function, dose reductions
are recommended for voriconazole and caspofungin. In se-
vere liver failure published data on these new drugs are lack-
ing, but a significant accumulation has to be anticipated.

Drug interactions are a major problem in the treatment
with azoles, particularly in patients under immunosuppres-
sive, antiepileptic or antiretroviral therapy. Several antibacte-
rial drugs, such as macrolides and quinolones, interact also
relevantly with triazoles. This can result in cardiac arrhyth-
mias caused by a prolonged QT interval and in an increased
hepatotoxicity.

Combination therapy is an option for refractory invasive
fungal infections. Flucytosine has been traditionally com-
bined with amphotericin B and fluconazole. Combination of
amphotericin B and azoles is still discussed controversially
for potential antagonistic effects. The use of echinocandins
together with any of the other drugs appears to be attractive.

FINAL REMARKS

Despite considerable efforts in the development of new
antifungal drugs during the last decades, the mortality of
invasive fungal infections is still very high. The reasons for
this modest progress in clinical outcome comprise host fac-
tors (patients with fungal infections are usually immuno-
compromised), as well as properties of the infectious agent
(fungi are eukaryotes and therefore less susceptible to antim-
icrobial agents without significant toxicity). The improve-
ment of our knowledge on pharmacokinetics of antimycotics
may contribute to the clinical outcome, since it can help to
avoid toxicity and to warrant effective drug concentrations,
particularly at the site of fungal infection. Lacking clinical
efficacy in spite of documented in vitro sensitivity of the
infectious agent may in part be ascribed to insufficient drug
exposure at the target site.

The first pharmacokinetics study on amphotericin B has
been performed almost 20 years after its introduction into
therapy. Considering the long time of its clinical use, our
knowledge on pharmacokinetics of this drug is still relatively
incomplete. The pharmacokinetics of amphotericin B lipid
formulations is complex. Despite numerous in vitro ap-
proaches and clinical studies, there are still many unresolved
questions e.g. concerning the liberation of the active drug
from lipid-encapsulation and its disposition at the target site.
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The availability of basic pharmacokinetic data is nowadays a
standard requirement for marketing authorization. Therefore,
plasma pharmacokinetics of the newer antimycotics, such as
triazoles and echinocandins, has been investigated in healthy
volunteers and under the most common clinical conditions.
Therapeutic drug monitoring would be a valuable option
under special clinical circumstances, such as treatment of
multi-organ dysfunction at the ICU. Information about tissue
penetration of antimycotics is mainly derived from homoge-
nized tissue samples obtained in animal experiments or stud-
ies with radioactive markers. Thus, a discrimination between
intra- and extra-cellular drug concentrations and between
free and protein-bound substance is precluded. In contrary,
target site pharmacokinetics of antibacterial agents has been
assessed to a much greater extend and by more sophisticated
approaches e.g. by in vivo microdialysis technique. The only
antifungal drug investigated by the latter method is flucona-
zole. Methodical problems, such as high molecular weight
and lipophilicity of most antimycotics, have to be solved.

Beside the development of new, more potent antifungal
drugs, a more detailed knowledge of pharmacokinetics is
required to improve the outcome in invasive fungal infec-
tions.
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