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It is generally accepted that the lipid formulations of amphotericin B (AMB) are not as potent as conventional
AMB on a milligram-per-kilogram basis. We used a neutropenic murine disseminated candidiasis model to
compare the in vivo potencies of AMB, liposomal AMB (L-AMB), and AMB lipid complex (ABLC) pharmaco-
dynamically. The pharmacokinetics of the antifungals were examined in serum and in three organs commonly
seeded in disseminated candidiasis (kidneys, liver, and lung). Both single-dose time-kill studies and multiple-
dosing-regimen studies were used with each of the compounds. Determinations of the numbers of CFU in the
kidneys were performed following the administration of three escalating single doses of the polyenes at various times
over 48 h. The areas under the time-kill curves (AUTKs) for each dose level of the drugs were compared by analysis
of variance (ANOVA). In the multiple-dosing-regimen studies with five Candida isolates, AMB, L-AMB, and ABLC
were administered daily for 72 h. The organism burdens in the mouse kidneys were similarly used as the treatment
end point. Additional multiple regimen-dosing-studies were performed with a single Candida albicans isolate, and
the microbiologic outcomes in four internal organs (kidneys, liver, spleen, and lung) were examined at the end of
therapy (48 h). The relationship between the dose and the drug exposure expressed by the pharmacokinetics of the
dosing regimens in serum and organ tissue were analyzed by using a maximum-effect model. ANOVA was used to
compare the drug exposures necessary to achieve the 25% effective dose (ED25), ED50, ED75, and 1 log10 killing.
Comparison of AUTKs suggested that AMB was 4.3- to 5.9-fold more potent than either ABLC or L-AMB. The
time-kill curves for both lipid formulations were very similar. In the multiple-dosing-regimen studies, AMB was 5.0-
to 8.0-fold more potent than each of the lipid formulations against five Candida isolates in the kidneys. Similar
differences in potency (5.1- to 7.2-fold) were observed in the other end organs. The difference in pharmacokinetics
in serum accounted for much of the difference in potency between AMB and ABLC (ratio of serum ABLC area under
the curve of effective doses to serum AMB area under the curve of effective doses, 1.2). The differences in the kinetics
in the various end organs between AMB and L-AMB were better at explaining the disparate potencies at these
infection sites (ratio of organ L-AMB area under the curve of effective doses to organ AMB area under the curve of
effective doses, 1.1).

Amphotericin B (AMB) remains the most broad spectrum
and potent antifungal agent. Until the recent development of
several new antifungal agents, the deoxycholate formulation of
amphotericin B was the first-line choice of treatment for nearly
all life-threatening fungal infections. The major factor limiting
the use of this compound has been dose-limiting nephrotoxic-
ity. The development of lipid formulations of amphotericin B
resulted in reduced toxicity (15, 27). However, it is generally
accepted that the lipid formulations of AMB are not as potent
as conventional AMB on an mg/kg basis. Most clinical trials
and current dosing conventions with each of the lipid prepa-
rations use doses 4- to 10-fold in excess of those for ampho-
tericin B deoxycholate (1, 8, 9, 10, 18, 24, 25). However, few
studies have performed systematic analyses to define the rela-
tive in vivo potencies of these compounds to discern if these
dose escalations are optimal.

Each of the lipid formulations is complexed to a different
lipid. The three approved formulations exhibit unique phar-

macokinetic characteristics (4, 5, 15, 20, 22, 23). For example,
the liposomal formulation of amphotericin B (L-AMB) achieves
extraordinarily high serum concentrations relative to those
achieved by the other formulations. Conversely, following admin-
istration of the lipid complex formulation of amphotericin B
(ABLC), serum levels are quite low, yet the distribution to certain
organs, such as the lungs, are reported to exceed those of the
other formulations. The relevance of these pharmacokinetic dif-
ferences in serum and tissues has not yet been shown.

The goals of the current investigations were to (i) systemat-
ically examine the differences in potencies among the conven-
tional amphotericin B formulation and two of the lipid prep-
arations and (ii) determine if the pharmacokinetics in serum
and various end organ tissues may explain the differences in
potencies in a disseminated candidiasis model.

MATERIALS AND METHODS

Antifungal. AMB, L-AMB, and ABLC were obtained as pharmaceutical-grade
powders. The drug solutions were prepared on the day of study by dissolving
them in sterile H2O. Subsequent drug dilutions were made with 5% dextrose.

Organisms. Three clinical isolates of Candida albicans (isolates K-1, 98-17,
and 98-234) and single clinical isolates of Candida krusei (isolate 5810) and
Candida dubliniensis (isolate 3588) were used in the experiments. Each Candida
strain with the exception of C. dubliniensis was a bloodstream isolate. C. dub-
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liniensis was an oropharyngeal isolate. The organisms were grown, subcultured,
and quantified on Sabouraud dextrose agar (SDA) slants (Difco Laboratories,
Detroit, MI).

In vitro susceptibility testing. MICs were determined by a broth micro-
dilution modification of the Clinical Laboratory Standards Institute (formerly
the NCCLS) M27-A method (17). Determinations were performed in dupli-
cate on at least two separate occasions. The final results are expressed as the
means of these results.

Animals. Six-week-old ICR/Swiss specific-pathogen-free female mice (Harlan
Sprague-Dawley, Indianapolis, IN) weighing 23 to 27 g were used for all studies.
The animal studies were approved by the Animal Research Committee of the
William S. Middleton Memorial Veterans Affairs Hospital.

Infection models. (i) Disseminated infection. The mice were rendered neutro-
penic (�100 per mm3) by injection of cyclophosphamide (Mead Johnson Phar-
maceuticals, Evansville, IN) intraperitoneally 4 days (150 mg/kg of body weight)
and 1 day (100 mg/kg) before infection. Neutropenia (�100 polymorphonuclear
leukocytes per mm3) was confirmed throughout the entire study (2, 3). The
organisms were subcultured on SDA 24 h prior to infection. The fungal counts
of the inoculum were determined with a hemacytometer; and the viable counts,
confirmed by plating on SDA, were 105.0 to 105.30 CFU/ml. Disseminated infec-
tion with the Candida organisms was achieved by injection of 0.1 ml of inoculum
via the lateral tail vein 2 h prior to the start of drug therapy. At the treatment end
points, the animals were euthanized by CO2 asphyxiation. After the mice were
killed, the kidneys, spleen, and liver of each mouse were immediately removed
and placed in sterile 0.9% saline at 4°C. The homogenate was then serially
diluted 1:10, and aliquots were plated on SDA for determination of viable fungal
colony counts after incubation for 24 h at 35°C. The lower limit of detection was
100 CFU/ml. The results are expressed as the mean log10 CFU per organ(s) for
two mice.

(ii) Lung infection. Although there was hematogenous spread to the mouse
lungs in the disseminated model described above, the burden of organisms was
relatively low. The inhalation pneumonitis model produces an invasive infection
(histopathologic data not shown) and provides a larger organism burden but is
less clinically relevant. However, the intent of this experiment was to allow
examination of the relationship between lung tissue drug exposure and micro-

biologic effect. In order to appropriately compare the various organ end points,
we believed that it was important to use the same organism (C. albicans). Thus,
in order to provide a larger dynamic range for determination of the differences
between effective and ineffective therapies, we used the direct (nasal) inoculation
model. Mice were similarly rendered neutropenic. The Candida albicans inocu-
lum was similarly prepared to a concentration of 105.9 CFU/ml. The inoculum
was administered in a 0.2-ml volume via the nares of mice anesthetized with
halothane. Antifungal therapy was started 2 h after infection, at which time the
organism burden in the lungs of mice was 104.77 CFU/lungs. At the end of
therapy, the lungs were removed and the organism burden was enumerated as
described above for the other organs.

Pharmacokinetics. Single-dose pharmacokinetics of AMB, L-AMB, and
ABLC were determined in neutropenic ICR/Swiss mice. Two dose levels of each
compound were examined. For AMB, doses of 5 and 20 mg/kg of body weight
were administered intraperitoneally in a 0.2-ml volume, and for both of the
lipid-associated preparations, doses of 20 and 80 mg/kg were administered in-
traperitoneally in a 0.2-ml volume. The choice of drug doses for both the phar-
macokinetic and the treatment efficacy studies was based upon prior experience
with AMB in this model and previously reported estimates of potency differences
between AMB and the lipid preparations (3). The intraperitoneal route instead
of the intravenous route was chosen due to the difficulty with repeated intrave-
nous dosing in mice and our prior experience with this method (3). Drug con-
centrations were measured in serum and organ homogenates, including homog-
enates of the kidney, liver, and lung, by using a microbiologic assay. In choosing
an assay method, we considered three factors: (i) the sensitivity of the assay or
the assay’s limit of detection, (ii) reproducibility, and (iii) the ability to estimate
concentrations available for drug activity (16, 19, 26). A direct physiochemical
measurement method such as high-pressure liquid chromatography (HPLC)
provides a more sensitive assay than a microbiologic assay. Both methods are
reproducible. The HPLC method provides an accurate estimate of the total
tissue drug concentration. Our eventual choice of a microbiologic assay was
based upon the ability of the assay to estimate the drug concentrations available
for treatment effect (the microbiologically active concentrations). Attempts were
made to include measurements in splenic tissue; however, the results were not
reproducible and are not reported. For each dose examined in the serum studies,

TABLE 1. Polyene tissue homogenate binding assay

Tissue

% of spiked drug concn recovered in homogenate supernatant

Amphotericin B L-AMB ABLC

80 �g/ml 20 �g/ml 5 �g/ml 80 �g/ml 20 �g/ml 5 �g/ml 80 �g/ml 20 �g/ml 5 �g/ml

Kidney 25 23 30 90 98 93 2 5 6
Liver 25 21 32 100 100 100 1 2 1
Lung 12 9 19 100 100 100 1 2 2

TABLE 2. Polyene pharmacokinetics in serum and tissue homogenates

Tissue Pharmacokinetic parameter AMB (20)a AMB (5) L-AMB (80) L-AMB (20) ABLC (80) ABLC (20)

Serum Cmax (�g/ml) 4.58 � 1.20 218 � 39.0 119 � 7.00 13.3 � 0.82 13.3 � 0.82 0.90 � 0.00
t1/2

b (h) 16 14.3 10.1 12.5 12.5 16
AUC0–�

c (mg � h/liter) 140 7,006 1,181 195 195 22

Kidney Cmax (�g/ml) 4.48 � 0.40 NDd 14.4 � 0.66 2.51 � 0.00 29.1 � 0.68 ND
Mean � SD Cmax (�g/ml) 3.84 � 0.70 ND 9.20 � 3.22 0.93 � 0.74 16.4 � 8.32 ND
AUC0–48

e (mg � h/liter) 137 ND 351 26.5 761 ND

Liver Cmax (�g/ml) 42.1 � 2.0 14.3 � 0.52 12.9 � 0.20 7.40 � 0.50 46 � 18 22 � 2.8
Mean � SD Cmax (�g/ml) 20.5 � 11.4 9.47 � 301 9.30 � 3.11 4.95 � 2.90 32 � 14 16 � 5.4
AUC0–48 (mg � h/liter) 1,150 301 521 297 1,760 778

Lung Cmax (�g/ml) 3.33 � 0.66 ND 7.90 � 0.23 4.23 � 0.54 218 � 26 ND
Mean � SD Cmax (�g/ml) 1.44 � 1.00 ND 4.53 � 2.20 1.35 � 0.54 52 � 81 ND
AUC0–48 (mg � h/liter) 72 ND 181 33.1 2,739 ND

a Values in parentheses are doses (milligram per kilogram).
b t1/2, half-life.
c AUC0–�, AUC from time zero to infinity.
d ND, not detected.
e AUC0–48, AUC from time zero to 48 h.
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groups of three mice each were sampled three or four times by retro-orbital
puncture. Blood (100 �l) was collected in heparinized capillary tubes (Fisher
Scientific, Pittsburgh, PA) at 0.5- to 12-h intervals (eight time points) over a 48-h
period. The maximal volume of blood collected from any single animal was less
than 5% of the total blood volume. The tubes were centrifuged (model MB;
International Equipment Co.) at 10,000 � g for 5 min. The serum was subse-
quently removed, and drug levels were determined by a drug diffusion bioassay
by using Paecilomyces variotii as the assay organism in antibiotic medium 12 (26).
Assay of serum samples and the preparation of standard curves for mouse serum
were performed on the same day. The intraday coefficients of variation ranged
from 4.2 to 7.5%. The lower level of detection for this assay was 0.15 �g/ml.
Pharmacokinetic constants, including the elimination half-life and the concen-
tration of drug in serum at time zero, were calculated by the nonlinear least-

squares techniques. The area under the concentration-time curve (AUC) was
calculated by use of the trapezoidal rule. For doses for which no kinetics were
determined, the pharmacokinetic parameters were extrapolated from the mea-
sured values.

Assay of the tissue homogenate concentrations of each of the compounds was
performed as described above. Tissue homogenates were produced with a me-
chanical tissue grinder as described previously (3). The same drug doses and
sampling schedule were used. For each time point examined, three mice were
euthanized; the organs were aseptically removed, placed in 0.85% NaCl, and
homogenized for 15 s. The drug concentrations in the tissue homogenate super-
natants were measured by the same microbiologic assay. Standard curves were
prepared for each of the drugs both as described above and by using 10% organ
homogenates spiked with three concentrations of each compound (5, 20, and 80

FIG. 1. Concentrations of AMB, ABLC, and L-AMB in serum, kidneys, liver, and lung of neutropenic mice after administration of intraperi-
toneal doses of 5 and 20 mg/kg of AMB and 20 and 80 mg/kg of ABLC and L-AMB. Each symbol represents the geometric mean � standard
deviation of concentrations from three measurements.
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�g/ml) (Table 1). Homogenates from each organ (kidney, liver, and lung) were
used in an attempt to estimate tissue binding, which may affect measurement of
microbiologically active drug in the assay. Reporting of tissue values in the
Results section is based upon correction for tissue binding (i.e., total organ drug
levels). The limit of detection and variation of the assay were the same as those
reported above.

Single-dose time-kill study. C. albicans K1 was used for the time-kill studies.
The growth of the organisms in saline-treated control animals was determined at
four sampling points over 36 h. Treatment (a single intraperitoneal dose) with
either AMB (0.25, 1.0, and 4 mg/kg), L-AMB (1.25, 5, and 20 mg/kg), or ABLC
(1.25, 5, and 20 mg/kg) was initiated 2 h after infection. The three fourfold
increasing doses were chosen based upon efficacy in prior published studies.
Groups of two mice were euthanized at six time points (every 1 to 12 h) over 48 h
to determine log10 CFU/kidneys. We observed the rate and the extent of organ-
ism killing for each of the compounds at the doses studied. To compare the time
course activities among the three drugs, we calculated the area under the time-
kill curve (AUTK) for each drug dose by use of the trapezoidal rule and by using
the log10 CFU/kidneys and the time of sampling. Smaller AUTK values are
indicative of more extensive in vivo antifungal activity over time. The results of
the AUTK studies with AMB, L-AMB, and ABLC were compared relative to the
doses used (the doses of the lipid-associated compounds were five times higher).
The statistical significance of the differences was analyzed by analysis of variance
(P values �0.05 were considered statistically significant).

Multiple-dose treatment studies. All five Candida isolates were used in the
multiple-dose treatment studies, where the organism burden in mouse kidneys
was the end point. C. albicans K1 was used in similar studies in which the
organism burdens in the kidneys, liver, spleen, and lung were the end points
examined. Groups of two animals were treated for 48 to 72 h (48 h for the
lung-only end point and 72 h for the all-organ end point) with fourfold increasing
doses administered every 24 h. The total doses of AMB ranged from 0.08 to 20
mg/kg/24 h, and the total doses of L-AMB and ABLC ranged from 0.312 to 80
mg/kg/24 h. Mice were euthanized at 48 or 72 h, and their organs were removed
for CFU determination. Saline-treated control mice were euthanized just before
treatment and at the end of the experiment. Efficacy was defined as the change
in log10 CFU/organ over the treatment period. A sigmoid dose-effect (maximum-
effect [Emax]) model was used to analyze the results. The model is derived from
the Hill equation: E � (Emax � DN)/(ED25, ED50, ED75

N � DN), where E is the
observed effect (change in log10 CFU/organ compared with the number of CFU
in the organs of the saline-treated controls); D is the cumulative dose; ED25,
ED50, and ED75 are the doses required to achieve 25, 50, and 75% of the
maximum effect, respectively; and N is the slope of the dose-response relation-
ship. The significance of differences among values for ED25, ED50, ED75, and
1-log10-CFU/kidney killing for AMB, L-AMB, and ABLC were determined by
analysis of variance.

Pharmacodynamic analysis. Pharmacodynamic analysis was undertaken to
determine if the differences in potencies among the three compounds on an

mg/kg basis could be explained on the basis of pharmacokinetics in serum or
tissue. The drug exposure for each of the end organ dose-response relationships
was considered relative to the serum AUC and specific end organ AUC. The
same sigmoid dose-effect (Emax) model was used to analyze the relationships
between these pharmacokinetic values and the outcomes.

RESULTS

In vitro susceptibility. The AMB MIC for the C. dubliniensis
isolate was 0.5 �g/ml. The AMB MIC for the four other iso-
lates was 0.25 �g/ml.

Pharmacokinetics. The pharmacokinetic profiles of AMB,
ABLC, and L-AMB at the two dose levels examined in serum
and tissue are shown in Table 2 and Fig. 1. The 20-mg/kg dose
was studied with each of the three drugs. At this dose level, the

FIG. 2. In vivo time-kill activity against C. albicans in neutropenic mice following the administration of single doses of AMB, L-AMB, and
ABLC at doses of 0.25, 1, and 4 mg/kg of AMB and 1.25, 5, and 20 mg/kg of L-AMB and ABLC. Each symbol represents the mean � standard
deviation for two mice. The solid symbols represent the growth of organisms in saline-treated mice.

FIG. 3. Calculated area under the time-kill curve for activity against
C. albicans in neutropenic mice following the administration of AMB,
L-AMB, and ABLC at single doses of 0.25, 1, and 4 mg/kg of AMB and
1.25, 5, and 20 mg/kg of L-AMB and ABLC. Each symbol represents the
area under the time-kill curve for a dose level calculated by using the
trapezoidal rule.
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FIG. 4. Relationship between the 24-h total dose (mg/kg/24 h) and the change in the log10 CFU/kidneys relative to the organism burden at the
start of therapy for AMB, L-AMB, and ABLC against five Candida isolates in neutropenic mice. Each symbol represents data from two mice. The
solid horizontal line represents the burden of organisms at the start of therapy. The dashed horizontal line represents a 1-log10 reduction in
organism burden in kidneys.

FIG. 5. Relationship between the 24-h total dose (mg/kg/24 h) and the change in the log10 CFU/kidneys relative to the organism burden at the
start of therapy for AMB, L-AMB, and ABLC against five Candida isolates in neutropenic mice. Each symbol represents data from two mice.
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maximum concentration (Cmax) was markedly higher (26-fold)
for L-AMB than AMB, and the Cmax for ABLC was lower than
that for AMB (5-fold). Conversely, the elimination half-life
was 2.4 to 4 h shorter for the L-AMB preparation than for the
other compounds, which exhibited similar serum elimination
profiles. The AUC in serum was not surprisingly larger for
L-AMB (eightfold larger than that that of AMB) and was
smaller for ABLC (fivefold lower than that of AMB).

The tissue binding assay produced remarkably reproducible
results in three replicate studies (Table 1). The degrees of
tissue homogenate binding were relatively similar across the
three organs and over the 16-fold range of drug concentra-
tions. ABLC exhibited the highest degree of tissue binding,
ranging from 94 to 99%. The tissue binding of AMB (range, 75
to 89%) was intermediate among the three compounds, and
L-AMB was the least bound (range 1 to 10%) in the assay.
Tissue binding was taken into consideration in the reporting of
the organ pharmacokinetic results. For example, the reported
tissue concentration for AMB in the kidney was a calculation
of the measured value multiplied by a factor to account for the
drug that the assay did not detect due to tissue binding. Thus,
the estimated values represent total tissue concentrations. At
the 20-mg/kg dose level, the AMB exposures in the kidney
were fivefold higher than those for L-AMB based upon the
tissue AUC. However, for the lower doses of AMB (5 mg/kg)
and ABLC (20 mg/kg), tissue binding precluded the detection
of measurable levels in the kidneys and lungs; thus, it was not
possible to correct and report the values. Liver tissue concen-
trations were relatively similar for AMB and ABLC, and the
concentrations of both were nearly fourfold greater than those
of L-AMB. The site of the greatest apparent distribution for
ABLC was the lung. The lung tissue AUC for ABLC was more
than 15-fold higher than that for L-AMB. The concentrations
of ABLC in liver tissue were slightly higher than those in the
kidney tissue, which in turn were higher than the serum expo-
sures. AMB exposures were the highest in the liver, were
relatively similar in the kidney and serum, and were the lowest
in the lung. L-AMB concentrations in the serum far exceeded
those in the tissue sites examined, which were relatively similar.

Single-dose time-kill study. The time courses of antifungal
activity for the three doses of AMB, L-AMB, and ABLC are
shown in Fig. 2. The control growth in the saline-treated ani-
mals over the 36-h sampling period increased more than 4
log10 CFU/kidneys. Only the highest doses of each of the three
compounds resulted in significant organism reductions (kill-
ing) relative to the counts in the control animals at the start of
drug therapy. The 4-mg/kg dose of AMB resulted in a 101.1-
CFU/kidney reduction at the 12-h time point. The 20-mg/kg
doses of both L-AMB and ABLC similarly resulted in 101.0-
CFU/kidney and 100.90-CFU/kidney reductions, respectively,
at the 12-h time point. Organism regrowth from the lowest
kidney burden after exposure did not occur for each of the
highest dose levels of the polyenes during the study period.
Following the administration of two lower dose levels of AMB,
the organisms did not begin to regrow markedly until 24 h
following the single-dose administration. Similarly, after expo-
sure to the middle dose level of each of the lipid-associated
polyenes, marked organism recovery did not begin until 24 h.
In mice treated with the lowest doses of L-AMB and ABLC,
however, regrowth began as early as 6 h after treatment. The
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relationship between drug dose and AUTK for AMB, L-AMB,
and ABLC, shown in Fig. 3, was linear over the dose range
studied. Comparison of the AUTKs at each of the three dose
levels (the low, middle, and high doses for each compound)
suggests that AMB was 4.3- to 5.9-fold more active than the
lipid preparations of AMB (ratio of the L-AMB and ABLC
AUTK to the AMB AUTK times a dose difference factor of 5).
The difference between the AMB curves and each of the lipid-
associated AMB curves was statistically significant (P � 0.01).

Multiple-dose treatment studies. All five Candida isolates
grew well in the mice. The kidney burden at the start of therapy
ranged from 103.4 � 100.30 to 103.5 � 100.24 CFU/kidneys. The
organism burden after 48 h in control mice increased from 103.7 �
100.32 to 104.2 � 100.27 CFU/kidneys. The dose-response relation-
ship for each of the five strains is shown in Fig. 4 and 5. The
slopes of the dose-response relationships were relatively simi-
lar among the five strains. The higher doses of each of the
polyene compounds resulted in at least a 1-log10 CFU/kidney
reduction (dashed horizontal lines) relative to the organism

burden at the start of therapy. For all of the strains, the L-
AMB and ABLC dose-response curves were shifted to the
right relative to the AMB curves, suggesting less activity in
vivo. The ED25, ED50, ED75, and 1-log10-CFU/kidney killing
(and 95% confidence interval [CI]) for each drug and strain are
shown in Table 3. AMB was 4.9- to 8.0-fold (median fold
difference) more potent than the lipid preparations at these
treatment end points. The fold differences between AMB and
either of the lipid preparations were statistically significant for
nearly all of the end points and organisms. There was not an
appreciable difference in potency between the two lipid prep-
arations (ratio of end point dose of ABLC to end point dose of
L-AMB, 1.4 � 2.2). The amount of drug on an mg/kg basis
associated with the various end points was not statistically
different when the results for the five Candida isolates were
compared. Similarly, the fold differences among the treatment
end points were also not markedly different.

The next goal of the studies was to determine the impact of
the internal organ end point. Candida albicans K1 grew rela-

FIG. 6. Relationship between the 24-h total dose (mg/kg/24 h) and the change in the log10 CFU/kidneys, spleen, liver, and lung relative to the
organism burden at the start of therapy for AMB, L-AMB, and ABLC against a strain of C. albicans in neutropenic mice. Each symbol represents
data from two mice.

680 ANDES ET AL. ANTIMICROB. AGENTS CHEMOTHER.



tively well in each of the other organs assayed. The organ
burdens at the start of therapy were 103.5 � 100.30 CFU/liver,
103.4 � 100.17 CFU/spleen, and 104.8 � 100.10 CFU/lungs. The
organism grew to a higher burden in the kidneys than the other
organs, as previously shown in other Candida animal model
investigations (3a). The organism burdens in the liver, spleen,
and lungs of untreated control mice increased 101.4 � 100.33

CFU/liver, 101.2 � 100.40 CFU/spleen, and 101.0 � 100.10 CFU/
lungs, respectively. The dose-response relationship based on
dose level (mg/kg/24 h) for each of the three end organs is
shown in Fig. 6. The slopes of the dose-response relationships
were relatively similar among the four infection sites. The
higher doses of each of the polyene compounds resulted in a
reduction of at least 1 log10 CFU/organ relative to the organ-
ism burden at the start of therapy. For all of the end organs,
the L-AMB and ABLC dose-response curves are shifted to the
right relative to the AMB curves, suggesting less in vivo activ-
ity. The difference in potency was most marked in the liver.
The ED25, ED50, ED75, and 1-log10-CFU/kidney killing (and
95% CI) for each drug and organ are shown in Table 4. AMB
was 3- to 3.5-fold (mean fold difference) more potent in the
kidneys, 6- to 19-fold more potent in the liver, 3- to 6.2-fold
more potent in the spleen, and 2.5- to 4.1-fold more potent in
the lungs than either of the lipid-associated preparations. The
fold differences for AMB compared to results for the lipid
preparations were statistically significant for the kidney and
liver at each of the end points. In the lung and spleen, only the
higher-level end points (ED75 and 1-log10 killing) were statis-
tically significant.

Pharmacodynamic analysis. The final data analyses were
intended to discern if the pharmacokinetics in serum and in the
organ tissues may explain the apparent differences in potency
on an mg/kg basis. The slopes of the exposure-response rela-
tionships with the pharmacodynamic values (serum AUC and
organ AUC) remained similar to the original dose (mg/kg)-
effect relationship. However, consideration of serum values
moved the exposure response curve for ABLC to the left for
each of the end organs (Fig. 7). Serum pharmacokinetic con-
siderations eliminated apparent differences in potencies be-
tween AMB and ABLC. The ratio of serum AUC of ABLC to
serum AUC of AMB required for each of the end points
(ED25, ED50, and ED75) was only 1.2 � 1.9. Similar consider-
ation of the serum pharmacokinetic relationship for L-AMB
shifted the dose-response curve even farther to the right, sug-
gesting less potency. The ratio of the serum AUC of L-AMB to
the serum AUC of AMB for the same end points was 21 � 16.
The organ-specific pharmacokinetic response relationship,
however, moved the L-AMB curve to the left, very similar to
that for AMB (Fig. 8). The ratio of the organ-specific AUC of
L-AMB to the organ-specific AUC of AMB for the treatment
end points was only 1.1 � 0.8. The ABLC organ AUC-re-
sponse curve was shifted to the right, with an organ AUC
exposure ratio (organ-specific AUC of ABLC to organ-specific
AUC of AMB) of 10 � 12.

DISCUSSION

AMB was the first systemic antifungal drug to be made
available. The deoxycholate formulation has been in use since
the mid-1950s and remained the primary systemic antifungal
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until the development of the triazoles in the late 1980s (6).
AMB was the first-line treatment for most life-threatening
systemic antifungal infections because it was the only choice
and because of its potency and broad spectrum of activity. The
predominant factor which has made use of this compound
difficult is the associated dose-limiting nephrotoxicity (6, 13).
The more recent development of less toxic lipid formulations
of amphotericin B has significantly improved the therapeutic
drug window for this drug class (4, 15, 20, 27).

Three lipid formulations were developed and approved for
use in the 1990s. While each of the formulations involves
complexing of AMB to a lipid entity, the specific molecules
vary markedly. The active compound in AMB colloidal disper-
sion is complexed to cholesterol sulfate, resulting in the for-
mation of 0.12- to 0.14-�m disk-like structures. ABLC forms
ribbon-like particles. The lipid components of ABLC include
dimyristoyl phosphatidylcholine and dimyristoyl phosphatidyl-
glycerol in a 7:3 ratio. The lipid moiety in liposomal AMB is a
mixture of phosphatidylcholine-distearoyl phosphatidylglycerol-

cholesterol in a ratio of 2:0.8:1:0.4 that forms a unilamellar lipo-
some. Conventional AMB is solubilized with deoxycholate as a
micellar suspension.

Depending on the composition of the lipid moiety, electrical
charge, particle size, and configuration, each of the AMB for-
mulations possesses unique pharmacokinetic characteristics.
Following the intravenous infusion of AMB, the amphotericin
B molecule is released from the deoxycholate carrier molecule,
distributed with lipoproteins, and subsequently taken up by
organs of the mononuclear phagocytic system. Each of the lipid
formulations also distributes preferentially to organs of the
mononuclear phagocytic system and functionally spares the
kidney. However, there are extreme differences in serum ki-
netics and other tissue distribution profiles. Compared with
AMB deoxycholate, ABLC has a lower serum Cmax, a shorter
circulating half-life, a smaller AUC, and a larger volume of
distribution, consistent with uptake into tissues. In contrast,
the small unilamellar formulation, liposomal AMB, is more
slowly cleared from the bloodstream and achieves much higher

FIG. 7. Relationship between the 24-h serum AUC (mg · h/liter) and the change in the log10 CFU/kidneys, liver, and lung relative to the
organism burden at the start of therapy for AMB, L-AMB, and ABLC against a strain of C. albicans in neutropenic mice. Each symbol represents
data from two mice.
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Cmax and AUC values but has a smaller volume of distribution
than AMB. Whether these distinct kinetic features translate into
different pharmacodynamic properties and clinical effectiveness is
largely unknown.

The current pharmacokinetic studies with each of the com-
pounds demonstrated profiles similar to those described pre-
viously (7, 14, 21). The serum exposure observed with L-AMB
exceeded that observed with either AMB or ABLC. Con-
versely, the serum profile following administration of ABLC
was marked by low Cmax and AUC values. In the tissue distri-
bution studies, the AMB kidney exposure exceeded that of
either of the lipid preparations. Among the lipid formulations,
the tissue exposure of L-AMB was much less than the serum
exposure. ABLC exposures in tissues were much greater than
those in serum. The ABLC exposure in the lung exceeded that
of L-AMB by a factor of 15. The distribution of ABLC in the
liver was also greater than that of L-AMB.

The reduced nephrotoxicity of lipid formulations allows the
delivery of doses higher than those of the deoxycholate prep-
aration that can be delivered. However, a number of animal
model investigations have demonstrated that higher doses of a
liposomal preparation of AMB on an mg/kg basis are necessary
to obtain the same antifungal effect achieved with AMB des-
oxycholate (1, 8, 9, 10, 13). Studies with animal models of
cryptococcosis and aspergillosis compared the efficacies of
three lipid amphotericin B formulations and amphotericin B
deoxycholate. Comparable microbiologic efficacies and rates of
survival were observed with lipid formulation dose levels 5- to
10-fold higher than that of the conventional formulation of this
polyene. The present investigations examined the relative in
vivo potencies of AMB, ABLC, and L-AMB against five Can-

dida isolates in four end organs by using both single-dose
time-kill regimen and multiple-dose-regimen studies. Over a
16-fold dose range in the time-kill studies and a more than
250-fold dose range in the multiple-dose-regimen studies,
AMB was 4.3- to 8.0-fold more potent on an mg/kg basis. In the
single-dose time-kill studies, the differences in potencies be-
tween conventional AMB and the lipid preparations ranged
from 4.3- to 5.9-fold. The time-kill curves obtained with the
lipid formulations were nearly identical. Comparison of the
potencies in the multiple-does-regimen studies similarly iden-
tified a 5.0- to 8.0-fold difference between the deoxycholate
formulation and each of the lipid products. The mean differ-
ences were similar among the Candida isolates and the various
end organs.

The use of pharmacodynamic analyses to correlate antimi-
crobial pharmacokinetics with treatment outcome has been
critical for adequate comparison of the in vivo potencies of
antimicrobials (2, 3, 11). Comparative pharmacokinetic studies
with this group of antifungal compounds have demonstrated
disparate serum and tissue profiles. Yet, few studies have been
able to demonstrate a relationship between these unique ki-
netic profiles and antifungal effect. Groll et al. examined the
relationship between the pharmacokinetics of these com-
pounds in serum, cerebrospinal fluid, and brain and the organ-
ism burden in the brain and cerebrospinal fluid using a Can-
dida meningitis model (12). The concentrations of AMB
deoxycholate and liposomal AMB were significantly higher in
the brain tissue, and treatment resulted in a reduction of the
organism burden to below the limit of detection. Conversely,
treatment with ABLC and AMB colloidal dispersion regimens,
which achieved lower concentrations in the brain tissue, re-

FIG. 8. Relationship between the 24-h organ AUC (mg · h/liter) and the change in the log10 CFU/kidneys, liver, and lung relative to the
organism burden at the start of therapy for AMB, L-AMB, and ABLC against a strain of C. albicans in neutropenic mice. Each symbol represents
data from two mice.
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sulted in residual meningitis in this rabbit model. The current
studies similarly examined the relationship between the phar-
macokinetics of the three polyene preparations and in vivo
microbiologic activity. Expression of the polyene drug expo-
sure in pharmacokinetic terms in place of the dose level (mg/
kg) helped to explain many of the differences in potencies
between the conventional AMB formulation and each of the
lipid formulations. The ABLC and AMB serum pharmaco-
kinetics accounted for the most of the apparent disparity in
potencies between these two compounds. However, the much
higher serum levels achieved with L-AMB did not appear to be
entirely available for microbiologic activity compared to the
availabilities of the other two preparations. Conversely, con-
sideration of tissue pharmacokinetics explained the disparate
potencies for AMB and L-AMB. However, the estimated tis-
sue pharmacokinetics for ABLC suggested that it has less po-
tency than the other compounds. It is possible that the current
assay and the organ concentration correction for ABLC tissue
binding may have markedly affected these relationships. Sen-
sitivity would be enhanced by the use a physiochemical assay,
such as HPLC. However, these types of assays measure total
tissue content and do not differentiate between drug that is
microbiologically available and that for which tissue or protein
binding may preclude activity against the target organism. It
would be interesting to compare the results from HPLC and
microbiologic assays in future studies.

In sum, the pharmacokinetics of these AMB preparations
are disparate. On an mg/kg basis, AMB is four- to eightfold
more potent than either of the lipid-associated drugs. On the
same basis, both of the lipid-associated compounds are simi-
larly potent in vivo. Consideration of the differences in phar-
macokinetics in serum and tissues helps to explain these dif-
ferences. These investigations underscore the importance of
considering drug concentrations in both serum and tissue in
attempting to further our understanding of the antifungal
drug-fungus interaction in the host.
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