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There is increased interest in intermittent regimen of liposomal amphotericin B, which may facilitate use in ambulatory settings.
Little is known, however, about the most appropriate dosage and schedule of administration. Plasma pharmacokinetic data were
acquired from 30 patients receiving liposomal amphotericin B for empirical treatment of suspected invasive fungal infection.
Two cohorts were studied. The first cohort received 3 mg of liposomal amphotericin B/kg of body weight/day; the second cohort
received 10 mg of liposomal amphotericin B/kg at time zero, followed by 5 mg/kg at 48 and 120 h. The levels of liposomal ampho-
tericin B were measured by high-pressure liquid chromatography (HPLC). The pharmacokinetics were estimated by using a pop-
ulation methodology. Monte Carlo simulations were performed. D-optimal design was used to identify maximally informative
sampling times for both conventional and intermittent regimens for future studies. A three-compartment pharmacokinetic
model best described the data. The pharmacokinetics for both conventional and intermittent dosing were linear. The estimates
for the mean (standard deviation) for clearance and the volume of the central compartment were 1.60 (0.85) liter/h and 20.61
(15.27) liters, respectively. Monte Carlo simulations demonstrated considerable variability in drug exposure. Bayesian estimates
for clearance and volume increased in a linear manner with weight, but only the former was statistically significant (P = 0.039).
D-optimal design provided maximally informative sampling times for future pharmacokinetic studies. The pharmacokinetics of
a conventional and an intermittently administered high-dose regimen liposomal amphotericin B are linear. Further pharmaco-

kinetic-pharmacodynamic preclinical and clinical studies are required to identify safe and effective intermittent regimens.

iposomal amphotericin B (AmBisome; Gilead Sciences Europe

Ltd.) is a widely used antifungal compound for the treatment
of invasive fungal infections (9). This lipid formulation consists of
amphotericin B embedded in the wall of a unilamellar liposome of
approximately 80 nm in diameter. A regimen of 3 mg/kg of body
weight/day is effective for the treatment of invasive infections
caused by Candida spp. and Aspergillus spp. (7, 18). Liposomal
amphotericin B is also used for the treatment of cryptococcal
meningitis and infections caused by the Mucorales order (16, 19).

Despite extensive clinical trial data that support a regimen of 3
mg/kg/day, there is increased interest in the use of alternative reg-
imens. A longer dosing interval extends the utility of liposomal
amphotericin B to ambulatory settings, which may be especially
useful in the setting of prophylaxis (primary and secondary) and
for consolidation therapy for infections where the use of orally
bioavailable compounds is precluded. At this time, there is con-
siderable uncertainty regarding safe and effective intermittent reg-
imens. The clinical studies that have been performed are relatively
small and have not been designed to detect differences in clinical
outcomes (see, for example, references 6 and 10). Further clinical
studies are currently being planned and conducted.

Here, we describe the population pharmacokinetics of lipo-
somal amphotericin B. These data were acquired as a component
of a clinical study that compared a conventional (i.e., 3 mg/kg/
day) with an intermittent regimen (10 mg/kg on day 1, followed by
5 mg/kgat 48 and 120 h) of liposomal amphotericin B for patients
with profound and prolonged neutropenia with fever that was
refractory to broad-spectrum antimicrobial agents. The clinical
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aspects of this study have been previously reported (12). The cur-
rent study reports the population pharmacokinetics of liposomal
amphotericin B in these patients and represents a first critical step
for the future rational design of intermittent regimens.

MATERIALS AND METHODS

Patients, dosage, and schedule of administration of liposomal ampho-
tericin B. The primary aim of this study was to assess the safety of an
intermittent regimen of liposomal amphotericin B. The results of this
study have been reported elsewhere (12). Briefly, the study was approved
by the Al Ain Medical District Human Research Ethics Committee. All
patients were treated at Tawam-Johns Hopkins Hospital, Al-Ain, United
Arab Emirates. All recruited patients provided informed, written consent.
The patients had hematological malignancy and were undergoing induc-
tion chemotherapy. All patients had profound and prolonged neutrope-
nia (<0.5 X 10° neutrophils/liter) with fever (=38.3°C as a single mea-
surement or =38°C for =1 h) that was refractory to broad-spectrum
antibacterial therapy with piperacillin-tazobactam. The underlying con-
ditions and other demographics are summarized in Table 1.

Liposomal amphotericin was administered until the resolution of fe-
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TABLE 1 Demographics of the 30 patients enrolled in this study®

Value for group

Intermittent Conventional
Demographic characteristic® regimen regimen
Age, yr (range) 36 (17-55) 38 (18-55)
No. of males/no. of females 13:2 9:6
No. of patients with AML 9 11
No. of patients with ALL 4 3
No. of patients with lymphoma 2 1

@ Data summarized in this table have been previously reported (12).
¥ AML, acute myelogenous leukemia; ALL, acute lymphoblastic leukemia.

ver and neutropenia and/or a minimum of 14 days had elapsed. The
patients were randomized to receive conventional regimen of 3 mg/kg of
body weight/day (n = 15) or an intermittent regimen of 10 mg/kg of body
weight at time zero, followed by 5 mg/kg at 48 and 120 h (n = 15). The
study size was selected to demonstrate a difference in nephrotoxicity be-
tween the two regimens of liposomal amphotericin B. Liposomal ampho-
tericin B was reconstituted according to the manufacturer’s instructions
in 5% dextrose and infused over a 2-hour period. All patients had serial
blood samples drawn throughout the study period to enable estimation of
their plasma pharmacokinetics.

The patients were monitored daily for evidence of drug toxicity, intol-
erance to study medication, and the development of an invasive fungal
infection (clinical, radiological, or microbiological evidence of a mold
infection or a positive fungal blood culture). The patients that developed
an invasive fungal infection were withdrawn from the study and treated
with voriconazole or caspofungin.

Sampling for measurement of amphotericin B concentrations in
plasma. Blood samples were taken to estimate the concentrations of lipo-
somal amphotericin B in plasma. For the intermittent arm of the study,
blood samples were taken at 0.5, 2, 4, 9, and 24 h after infusion on days 1,
3, and 5, and at the time of bone marrow aspiration if performed. For the
cohortreceiving drug on a daily basis, blood samples were taken on days 1,
3,6, 10, and 14. The total number of samples available for this analysis was
538. The mean numbers of samples per patient in the intermittent versus
daily arm were 16.14 and 23, respectively.

Measurement of liposomal amphotericin B HPLC. Liposomal am-
photericin B was measured in serum by high-pressure liquid chromatog-
raphy (HPLC). A C,5 5-pum 50- by 20-mm column (Agilent, Cheshire,
United Kingdom) was used. Active drug was extracted with 300 pl meth-
anol (Fisher, United Kingdom). The mobile phase was 0.1% aqueous
formic acid (Fisher, United Kingdom) (solution A) and 0.1% formic acid
in acetonitrile (Fisher, United Kingdom) (solution B). A gradient was
used. The gradient began with a 80:20 ratio of solution A-solution B, and
the ratio increased to 30:70 over 7 min. A flow rate of 0.8 ml/min was used.
Amphotericin B was measured using UV detection at a wavelength of 385
nm. The internal standard was piroxicam in methanol (2 pg/ml). Serum
concentrations were estimated using a standard curve in the concentra-
tion range from 0 to 100 mg/liter. The injection volume was 50 pl. The
retention times for amphotericin B and the internal standard were 4.0 and
2.3 min, respectively. The limit of detection was 0.05 mg/liter. The intra-
and interday variation in the assay were both <10%.

Population pharmacokinetic modeling. All data were modeled using
a population methodology and with the pharmacokinetic program Non-
parametric Adaptive Grid (NPAG) (20). The weighting function for each
patient was obtained from the maximum likelihood estimator in the phar-
macokinetic program ADAPT 5 (8), as previously utilized by us and oth-
ers (see, for example, reference 17). Data from one patient were not avail-
able, and for another patient, there was significant uncertainty regarding
the validity of the measured values. This left a total of 28 patients, with 14
patients in each study arm. Our approach provided estimates for the ex-
tent of interindividual variability in pharmacokinetics, but we did not
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model interoccasion variability or use an interacting multiple model ap-
proach that would enable the patient’s pharmacokinetic parameter values
to change through the study period (23).

A number of structural models were (empirically) fitted to the data.
Initially, a standard two-compartment model with intravenous (i.v.) in-
fusion into the central compartment and first-order elimination was used.
Subsequently, a three-compartment model was also fitted. This model
enabled the relatively high peak concentrations and persistently detect-
able concentrations after cessation of dosing to be better described. These
two- and three-compartment models were compared and distinguished
on the basis of the observed-predicted values both before and after the
Bayesian step, the coefficient of determination of the linear regression of
these data, the log likelihood value, a measure of bias (mean weighted
error), and precision (bias-adjusted weighted mean squared error). Sta-
tistically significant differences in the log likelihood values were assessed
by calculating twice the difference and comparing this value against a
chi-squared distribution with the appropriate number of degrees of free-
dom (i.e., differences in the number of parameters between the respective
models).

The ordinary differential equations that describe this three-compart-
ment model were as follows:

dX,/dt = R, — (SCL/V, + K;,) X, + K, X, (1)
dX,/dt = KpX, — Ky X, + K Xs — Kp3X, )
dX,/dt = Ky3X, — Kpp X, 3)

where X, X,, and X, represent the amount of drug (in milligrams) in
compartments 1, 2, and 3, respectively. R, represents the infusion of drug.
SCLis the clearance from the central compartment. V_is the volume of the
central compartment. K,, K,,, K5, and K, are the first-order rate con-
stants that connect the respective compartments (e.g., K;, is the first-
order rate constant for compartment 1 to compartment 2). Equations 1, 2,
and 3 described the rate of change of liposomal amphotericin B in com-
partments 1, 2, and 3, respectively. The mean and median parameter
values were compared by assessing the observed and predicted values both
before and after the Bayesian step.

Monte Carlo simulation. Monte Carlo simulations were performed
to provide a further insight into the extent of pharmacokinetic variability
of both the intermittent and conventional dosing regimens—this variabil-
ity could have an impact on the pharmacodynamics, especially for inter-
mittent regimens. All simulations were performed using ADAPT 5 (8).
The parameter means and the full covariance matrix were inserted into
subroutine PRIOR of ADAPT 5 (8). Both normal and log normal param-
eter distributions were evaluated and distinguished on the basis of their
ability to recapitulate the original parameter values and their dispersions.
The 5th and 95th percentiles of the simulated population were plotted
(note that this is not the same as confidence intervals, which cannot be
accurately determined using a nonparametric approach).

Statistical methods. The Bayesian estimates for volume and clearance
for patients receiving intermittent versus conventional daily regimen were
plotted on a histogram and compared by using the Mann-Whitney U test
and the statistical program SYSTAT 11. A linear regression of the Bayesian
estimates for both volume and clearance against weight was performed.
An assessment was made as to whether the slope of the regression lines
deviated in a statistically significant manner from zero was performed by
using the statistical package SYSTAT 11.

Optimal sampling times. Optimal sampling times for both a conven-
tional and intermittent regimen were estimated using the SAMPLE mod-
ule of ADAPT 5. An estimate of these times for the population was ob-
tained using the method originally described by Tam et al. (25). Briefly,
the multiple model file from the output of NPAG was obtained; this file
contains the support points for the entire population and their associated
probabilities. Liposomal amphotericin B at 3 mg/kg or 10 mg/kg was
administered to each of these support points (infused over 2 h). Optimal
sampling times were obtained throughout the subsequent 24 and 96 h for
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TABLE 2 Population parameter values”

Parameter (unit) Mean Median Standard deviation
Volume (liter) 20.61 16.82 15.27

K, (hY) 1.94 1.12 3.00

K, (h™Y) 15.34 1531 12.71

Clearance (liter/h) 1.60 1.36 0.85

Ky (h™Y) 1135 3.59 10.31

Ks, (b1 5.69 0.24 9.90

“ These estimates are from the overall model fitted to patients receiving an intermittent
and conventional regimen.

the conventional and intermittent regimen, respectively. As the sampling
times from each support point were obtained, they were weighted by
multiplying by the probability of each support point and then transferred
to a histogram. For the 3 mg/kg/day group, 15-min increments were used.
For the group given 10 mg/kg every 96 h, hourly increments were used.

RESULTS

Patients and demographics. Patient demographics are summa-
rized in Table 1. There were no significant differences in weight
and age between the patients receiving a conventional versus in-
termittent regimen.

Population pharmacokinetic modeling. A three-compart-
ment model resulted in a higher log likelihood value than the
two-compartment model (twice difference in log likelihood value
[9.026] compared to a chi-squared distribution with two degrees
of freedom [P = 0.01]). The estimates for the population param-
eter means, medians, and standard deviations are shown in Table
2. Both the mean and median parameter values could have rea-
sonably been used with comparable measures of precision and
bias and with similar regression lines before and after the Bayesian
step. Ultimately, the means were chosen for the subsequent sim-
ulations. The fit of the model to the population (i.e., prior to the
Bayesian step) was acceptable (Fig. 1A). The mean weighted error
(a measure of bias) and bias-adjusted mean weighted squared er-
ror (a measure of precision) were 1.15 and 15.30, respectively.
After the Bayesian step, these measures were —0.17 and 1.43, re-
spectively (Fig. 1B).

There were no differences in the Bayesian estimates for volume
and clearance for patients receiving an intermittent versus con-
ventional regimen (Fig. 2). The P values using the Mann-Whitney
U test for the two groups of patients for volume and clearance
were 0.22 and 0.29, respectively.

The mean concentration-time profiles for a patient weighing
68 kg (the mean weight of the study population) and receiving a
conventional and intermittent regimen are shown in Fig. 3A and
B, respectively. As is evident from Fig. 3, there was considerable
variability in the concentrations of liposomal amphotericin B, es-
pecially in terms of peak concentrations. The extent of this phar-
macokinetic variability is further reflected in the Monte Carlo
simulations that are shown in Fig. 3. Approximately 10% of the
observations fell outside the concentration-time trajectories de-
lineated by the 5th and 95th percentiles, although these were all
low concentrations (i.e., all <5th percentile).

The linear regressions of the Bayesian estimates for volume and
clearance versus weight are shown in Fig. 4. Heavier patients
tended to have higher estimates for volume. The regression line
was given by the following equation: volume (in liters) = 7.20 +
(0.20 X weight). The slope of the regression line for volume versus
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weight was not statistically significant (i.e., the estimate did not
deviate in a statistically significant manner from zero; P = 0.27).
Conversely, the regression line for the relationship between
weight and clearance was statistically significant (Fig. 4B). The
regression line was given by the following equation: clearance (li-
ter/h) = 0.22 + (0.02 X weight). The P value of the slope was
0.039.

The histograms containing the optimal sampling times for 3
mg/kg administered daily and 10 mg/kg administered every 96 h
are shown in Fig. 5. The most informative sampling times for 3
mg/kg administered every day were 2, 4, 6, 8, 15.25, and 24 h. The
most informative sampling times for 10 mg/kg administered every
96 hwere2,5,26,48,73,and 96 h. As seen in Fig. 5B, information-
rich sampling times clustered around the end of the initial infu-
sion and then at the end of days 1, 2, 3, and 4.

DISCUSSION

Liposomal amphotericin B (AmBisome; Gilead Sciences Europe
Ltd.) is used extensively for the treatment of suspected or estab-
lished invasive fungal infections. There have been considerable
investigations to identify safe and effective regimens for humans

Observed Concentrations (mg/L)

0 10 20 30 40

Observed Concentrations (mg/L)

0 10 20 30 40
Predicted Concentrations (mg/L)

FIG 1 (A) Fit of the three-compartment pharmacokinetic model to the serum
data from the population. Predicted concentration = 0.59 + (0.99 X observed
concentration); * = 0.35. (B) Observed-predicted values for fit of Bayesian
estimates to the data from each individual patient. Predicted concentration =
0.77 + (1.16 X observed concentration); ° = 0.56.
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FIG 2 Bayesian estimates for volume (A) and clearance (B) for patients re-
ceiving an intermittent regimen and a daily regimen (conventional dosing).
There were no statistical differences in the estimates using the Mann-Whitney
U test.

(7, 18, 28-30). Most authorities recommend a regimen of 3 mg/
kg/day for the treatment if the patient has invasive candidiasis or
invasive aspergillosis and empirical treatment of patients with
profound and prolonged neutropenia that is refractory to broad-
spectrum antibacterial agents (24, 27, 28). While the pharmaco-
kinetics are relatively poorly understood, there is increasing inter-
est in the administration of liposomal amphotericin B for intervals
exceeding 24 h (11), and limited clinical data suggest that this may
be an effective strategy for the prevention of invasive fungal infec-
tions (6, 10). Nevertheless, there is considerable uncertainty re-
garding the optimal dosage and schedule of administration. While
amphotericin B appears to exhibit concentration-dependent an-
tifungal effects in preclinical models (potentially supporting the
use of less fractionated regimens) (2, 3), the use of progressively
longer dosing intervals means that drug concentrations at the site
of infection must ultimately decline to levels that enable fungal
regrowth. The length of this interval and the minimum effective
concentration at the relevant site of infection are not known.
There is an increased understanding of the serum pharmaco-
kinetics of liposomal amphotericin B. In this regard, the findings
of this study are largely consistent with previous studies (4, 5, 15,
33). Importantly, the conclusions of this study cannot be extrap-
olated to other lipid formulations of amphotericin B, including
compounds otherwise referred to as “liposomal amphotericin.”
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FIG 3 Pharmacokinetics of liposomal amphotericin B administered at differ-
ent doses. Liposomal amphotericin B was given at a dose of 3 mg/kg/day (A)
and in doses of 10 mg/kg, 5 mg/kg, and 5 mg/kg at 0, 48, and 120 h, respectively
(B). The open circles are the raw data points from patients (n = 14 in each
group; 28 patients total). The solid black line is the mean concentration-time
profile of liposomal amphotericin B for a patient weighing 68 kg. The broken
lines in both panels represents the 5th and 95th percentile for the simulated
population.

Liposomal amphotericin B has a relatively small volume of distri-
bution (circa 20 liters) and a clearance of approximately 1 to 2
liters/h. The pharmacokinetics of conventional dosages (3 mg/kg)
appear linear, relatively predictable, and readily described by two-
or three-compartment pharmacokinetic models. Importantly,
however, there is less certainty about the pharmacokinetics of
higher dosages of liposomal amphotericin B. While the pharma-
cokinetics of the higher dosages in this study remained linear,
other investigators have described progressively lower estimates
for the maximum concentration of drug in serum (C,,,,,) and area
under the concentration-time curve (AUC) for patients receiving
7.5 to 15 mg/kg (29). This observation has led to the hypothesis
that there may be a concentration-dependent clearance path-
way(s). Perhaps this was not evident in our study, because the
dosages that were used were not high enough to trigger these al-
ternative clearance mechanisms. The relationship between weight
and clearance identified in this study, while weak, is statistically
significant and does support the use of weight-based dosing. Such
a relationship between weight and clearance was not evident in a
recent population pharmacokinetic study (33). The likely expla-
nation for this is that inherent pharmacokinetic variability
swamps any signal related to weight.
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FIG 4 Relationship between weight and volume (A) and weight and clearance
(B). The regression of weight versus clearance was statistically significant (P =
0.039).

The relatively dependable plasma pharmacokinetics belie the
complicated cellular and molecular pharmacology of liposomal
amphotericin B. Much has been written about the potential im-
portance of tissue pharmacokinetics in governing the shape of the
plasma concentration-time curve and potentially providing im-
proved efficacy compared with other formulations. While lipo-
somal amphotericin B may achieve higher concentrations in some
tissue subcompartments such as reticuloendothelial tissues (21),
the precise relationship between amphotericin B and the liposome
carrying drug to these tissue sites is unclear. The majority of active
drug in tissues probably remains preferentially bound to the lipo-
some rather than existing as free drug. Some have proposed that
active compound is released under the effect of phagocytic degra-
dation of the liposome (31). A further possibility is that the lipo-
some becomes embedded within host cellular membranes, and
active drug is able to engage with the fungus when the cell is
breached in the course of invasion (22). These considerations are
further complicated by the extensive and relatively complicated
binding properties of amphotericin B itself, where the active drug
is bound to lipoproteins such as high-density lipoprotein (HDL).

The use of an intermittent dosing regimen of liposomal am-
photericin B may be facilitated by favorable tissue pharmacoki-
netics. Drug concentrations at the site of infection may be signif-
icantly higher than plasma drug concentrations, or drug may
persist in tissue long after serum concentrations have become un-
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FIG 5 Optimal sampling times for two liposomal amphotericin B regimens.
The two liposomal amphotericin B regimens were 3 mg/kg/day (A) and 10
mg/kg administered every 96 h (B).

detectable. Following systemic administration, liposomal ampho-
tericin B achieves quantifiable concentrations in the liver, spleen,
lung tissue, epithelial lining fluid, and buccal mucosa in both lab-
oratory animals and humans (14, 15, 21, 26, 32). The clinical rel-
evance of these concentrations remains poorly understood. The
MIC is frequently used to provide an insight into potentially ef-
fective concentrations, but the biological relevance of this measure
of antifungal potency in tissues is completely unknown. Persis-
tence of drug at the site of infection may also be clinically relevant.
In this circumstance, there may be relatively high tissue concen-
trations despite undetectable plasma concentrations, and this may
account for ongoing antifungal activity that appears disconnected
with drug administration. This concept is supported by the resis-
tance of mice to infection with Histoplasma 7 days after receiving
a single dose of liposomal amphotericin B (13).

Well-conducted pharmacokinetic studies describing both
plasma and tissue drug concentrations are a necessary but insuf-
ficient step to support a strategy of intermittent dosing; the drug
may be in the wrong tissue compartment or cellular subcompart-
ment or may not achieve effective concentrations at the site of
infection. Rather, a combination of pharmacokinetic and phar-
macodynamic data are required to demonstrate that intermittent
dosing is potentially effective. Some of these studies have already
been performed in laboratory animal models. For example, the
effect of liposomal amphotericin B in doses of 1 mg/kg/day for 4
days is comparable to the effect produced by 4 mg/kg adminis-
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tered once (1). Comprehensive pharmacokinetic-pharmacody-
namic studies are now required where concentrations of lipo-
somal amphotericin B in plasma and tissues are directly linked
with the observed antifungal effect. Mathematical modeling and
bridging studies can then be employed to identify potentially ef-
fective regimens for humans with a range of invasive fungal infec-
tions.
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