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Amphotericin B lipid complex (ABLC) was recently approved by the Food and Drug Administration for
treatment of patients with invasive fungal infections who are intolerant of or refractory to conventional
amphotericin B therapy. Little is known, however, about the pharmacokinetics of this new antifungal com-
pound. We therefore investigated the pharmacokinetics of ABLC in comparison with those of conventional
desoxycholate amphotericin B (DAmB) in rabbits. The pharmacokinetics of DAmB in a rabbit model were
similar to those previously reported in humans. The pharmacokinetics of ABLC differed substantially from
those of DAmB. Plasma amphotericin B levels following ABLC administration were 10 times lower than those
following administration of an equal dosage of DAmB. The levels of ABLC in whole blood were approximately
40 times greater than those in plasma. The ABLC model differed from the DAmB model by (i) a dose- and
time-dependent uptake and return between the plasma compartment and apparent cellular components of the
blood-sediment compartment and (ii) time-dependent tissue uptake and return to plasma from serially
connected compartments. Following infusion of ABLC, there was a nonlinear uptake into the apparent cellular
components of the blood-sediment compartment. This uptake was related to the reciprocal of the integral of
the total amount of drug infused (i.e., the more drug infused the greater the fractional uptake between 0.5 and
5 mg/kg of body weight for ABLC). The transfer of drug from plasma to the cellular components of the
blood-sediment compartment resulted in initial uptake followed by rapid redistribution back to the plasma.
The study describes a detailed model of the pharmacokinetics of ABLC and characterizes a potential role of
the cellular components of the blood-sediment compartment in the distribution of this new antifungal com-
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pound in tissue.

Invasive fungal infections have emerged as important causes
of morbidity and mortality in immunocompromised hosts (14,
15). Desoxycholate amphotericin B (DAmB) remains the
treatment of choice for treatment of many life-threatening
opportunistic mycoses. However, dose-limiting nephrotoxicity
often compromises the ability to administer DAmB, resulting
in therapeutic failures. Certain lipid formulations of ampho-
tericin B can be administered at higher dosages with reduced
nephrotoxicity (6, 9, 13, 17).

Amphotericin B lipid complex (ABLC or Abelcet; The Li-
posome Company, Princeton, N.J.) was developed to reduce
the toxicity and maximize the therapeutic utility of amphoter-
icin B in the treatment of invasive fungal infections (10). The
preparation of ABLC consists of amphotericin B complexed
with two lipids in a 1:1 drug-to-lipid molar ratio. These lipids,
dimyristoylphosphatidylcholine (DMPC) and dimyristoylphos-
phatidylglycerol (DMPG), are present in a 7:3 molar ratio.

Amphotericin B lipid complex was recently approved by the
Food and Drug Administration for treatment of patients with
invasive fungal infections who are intolerant of or refractory to
conventional amphotericin B therapy. Despite its clinical avail-
ability, little is known about the pharmacokinetics of ABLC.
As ABLC becomes more widely used, increased understanding

* Corresponding author. Mailing address: Pediatric Oncology
Branch, Bldg. 10, Room BN240, National Institutes of Health, Be-
thesda, MD 20892. Phone (301) 402-0023. Fax: (301) 402-0575. E-mail:
Walsht@mail. NIH.GOV.

T Deceased.

2068

of its optimal modes of administration, distribution, and clear-
ance mechanisms becomes more imperative. We therefore in-
vestigated the pharmacokinetics of ABLC in comparison with
those of conventional amphotericin B in rabbits in order to
more clearly define the relationships of dosage, distribution,
and clearance of this new agent.

A series of studies with conventional DAmB and ABLC
were conducted with rabbits. The studies with DAmB were
used to develop a compartmental model that with appropriate
modifications would also describe the kinetics of DAmB after
administration as the lipid complex (ABLC). As ABLC may be
used over a range of dosages, its pharmacokinetics were stud-
ied at doses of 0.5 to 10 mg/kg of body weight.

When preliminary analysis of these single-dose data re-
vealed a dose-related rapid disappearance of ABLC from
plasma, we sought to identify a readily sampled tissue(s) re-
sponsible for this initial distribution. Therefore, cellular com-
ponents of blood-sediment which may equilibrate with ABLC
(3) were studied by sampling whole blood.

Finally, because the drug is most often chronically adminis-
tered, a study with repeated dosing for 27 days was performed
to evaluate the performance of the single-dose model in pre-
dicting the results of chronic administration. The data from
each study with ABLC were fitted by using a nonlinear phar-
macokinetic model constructed to explain the study data.

MATERIALS AND METHODS

Animals. Female New Zealand White rabbits (weight, 2.5 to 3.5 kg) were used
throughout these experiments. Animals were individually housed and were pro-
vided food and water ad libitum, following National Institutes of Health guide-
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lines on the care and use of laboratory animals. Silastic venous catheters were
surgically placed under sterile operative conditions for nontraumatic venous
access, as described previously (16). The central silastic venous catheter facili-
tated parenteral administration of medications and withdrawal of blood for
pharmacokinetics.

Antifungal compounds. DAmB (Fungisone; Bristol-Myers Squibb, Princeton,
N.J.) was reconstituted with distilled water, maintained at 4°C, and diluted 1:5
(by volume) with sterile 5% dextrose in water immediately prior to use. ABLC
(The Liposome Company) was provided as a 5-mg/ml solution. The stock solu-
tion of ABLC was diluted 1:5 (by volume) with sterile 5% dextrose in water to
yield an infusion solution of 1.0 mg/ml for ABLC.

Administration of antifungal compounds and pl pling. DAmB (0.5 to
1.5 mg/kg) was administered by constant infusion over 5 min with subsequent
sampling of plasma. Sampling times were at 0, 5, 10, 15, 30, and 60 min and 2, 3, 4,
6, 8, 12, 24, 48, and 72 h postinfusion. Infusion of DAmB at dosages of 0.5 to 1.0
mg/kg is well tolerated by rabbits. However, DAmB at 1.5 mg/kg is poorly tolerated
by intravenous infusion over times that range from 5 to 15 min. Approximately
one-half of the rabbits that receive DAmB at 1.5 mg/kg will sustain ventricular
fibrillation, presumably due to the extracellular efflux of potassium due to ampho-
tericin B-induced myocardial membrane injury during infusion through the central
silastic venous catheter. Thus, the ability to study DAmB at 1.5 mg/kg was limited by
the mortality induced by the drug at this dosage.

ABLC (0.5, 1.0, 2.5, 5.0, and 10.0 mg/kg) was administered by constant infu-
sion over 5 min, with subsequent sampling of plasma. Four additional animals
were given an infusion of the 5.0-mg/kg dose over 5 min, with whole blood then
sampled. There was no intolerance of infusion of ABLC. The sampling times
were the same as those for DAmB.

Analytical methods. Amphotericin B levels in plasma were assayed by high-
pressure liquid chromatography based upon a modification of the method de-
veloped by Granich et al. (8). Calibration curves were prepared with plasma with
low (25 to 1,000 ng/ml) and high (1 to 20 pg/ml) concentration ranges. The
resulting curves were linear, with correlation coefficients of 0.998. Assay sensi-
tivity was 25 ng/ml, with intraday variabilities of 10.2 and 5.4% at concentrations
of 75 and 1,000 ng/ml, respectively. Interday variabilities at these respective
concentrations were 12.4 and 6.2%. Assay accuracy was 92%.

Whole-blood samples that contained ABLC were analyzed by extraction with
dimethyl sulfoxide-methanol, after an aliquot had been removed for analysis of
plasma, with the resulting supernatant being quantitatively injected onto a high-
pressure liquid chromatograph for analysis by UV detection. The assay did not
use an internal standard. Standard calibration curves prepared with whole blood
were constructed in the ranges of 50 to 100 ng/ml and 1 to 30 wg/ml. Intraday
variability at concentrations of 50 ng/ml and 20 pg/ml were 6.5 and 3.2%,
respectively, with interday variabilities at the same concentrations being 7 and
5.1%, respectively. Assay accuracy was 95%, and drug recovery was 90%.

Data analysis. Plasma and cellular components of blood-sediment data were
fitted simultaneously by using CONSAM. (The CONSAM software is available
at no cost from Peter Greif at the National Cancer Institute, Building 10, Room
6B13, Bethesda, MD 20892 [(301) 496-8915], or by e-mail [Greif @SAAM.NCI
NIH.GOV] or anonymous FTP [ftp@SAAM.NCL.NIH.GOV].) When the final
model was developed, the parameters were adjusted individually for each rabbit
by nonlinear least-squares techniques to obtain a best fit of the data, as judged
visually both by the sum of squared deviations of the model-calculated values
from the observed data and by the magnitude of the percent coefficient of
variation for the estimated parameters. Clearance from plasma was estimated as
the quotient of the administered dose and the fitted area under the plasma
concentration-time curve.

Model validation. Model validation was done by external validation (4), with
the single-dose data for the 5-mg/kg dose with sampling of whole blood used as
the training data set and the data from the chronically infused rabbit, from which
only plasma was sampled, used as the validation data set. Both sets of data were
analyzed by use of the full model.

RESULTS

DAmB model. The reported pharmacokinetic properties of
DAmB include multicompartmental kinetics, a half-life of 24
to 48 h, excretion via urine and bile, partitioning into hydro-
philic environments, and binding to cellular components of
blood-sediment and plasma proteins. In order to account for
these properties and the present observations, a previously
proposed model for DAmB (2) which included separate equi-
librium distributions of drug in plasma with fast compartments
(interstitial fluid of tissues with discontinuous capillaries [liver,
spleen, and intestine]) with small distribution volumes, slowly
equilibrating tissues (interstitial fluid of muscles and blood
cells), and elimination from plasma was used to describe the
data (Fig. 1).

The rate constants L(3,2) and L(2,3) (for intercompartmen-
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FIG. 1. Model for DAmB showing all linear transfers with equilibrium be-
tween compartment 2 and compartments 3 and 6.

tal transfer between fast equilibrating tissues and plasma, re-
spectively), L(2,6) and L(6,2) (for intercompartmental transfer
between slowly equilibrating tissues and plasma, respectively),
and L(0,2) (elimination of drug from plasma) were estimated
from the best fit of the data. All kinetic transfers were first
order, and the volume of plasma in the rabbit was estimated to
be 38.8 ml/kg (T. J. Walsh, T. Whitcomb, and P. A. Pizzo,
Abstr. Am. Soc. Microbiol. Conf. Candida and Candidiasis.
Biology, Pathogenesis, and Management, abstr. 1341, 1996),
while the volume of the cellular components of blood-sediment
was 16.8 ml/kg (18). The differential equation used to describe
the concentration of drug in the central compartment is given
in the Appendix.

The fitted data for individual rabbits that received doses of
0.5, 1.0, and 1.5 mg/kg are presented in Fig. 2. Model param-
eters based upon the fitted data are given in Table 1. The fitted
parameters for equilibration between compartments 2 and 6
were similar for all three doses. However, the rate constants
L(3,2) and L(2,3) for equilibration with compartment 3 were
larger for the 1.5-mg/kg dose but smaller for the 1.0- and
0.5-mg/kg doses. The area under the plasma concentration-
time curve as a function of dose presented in Table 1 exhibits
an apparent loss in dose proportionality after administration of
the 1.0-mg/kg dose.

ABLC model. The a priori model used to begin the devel-
opment of a suitable model to describe the pharmacokinetics
of ABLC in rabbits was based upon several changes in that for
DAmB. The DAmB model was modified to account for obser-
vations at doses between 2 and 10 mg/kg. It was apparent from
preliminary examination of the data for the amphotericin B
concentration in plasma (Fig. 2) following DAmB administra-
tion that they were much higher following the 5-min infusion
than following administration of the equivalent dose of ABLC
(Fig. 3). This apparent drug formulation effect was investigated
with an additional study with four rabbits that received 5 mg/
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FIG. 2. Best-fit curves for amphotericin B in rabbits that received 0.5 mg (n = 3) (A), 1.0 mg (n = 3) (B), and 1.5 mg (n = 2) (C) of DAmB per kg via a 5-min

infusion.

ke, with sampling of whole blood to determine if significant
levels of ABLC were associated with blood compartments.
From this supplemental study it was apparent that the uptake
(association with) of ABLC by cellular components of blood-
sediment occurred during the infusion period, resulting in lev-
els in cellular components of blood-sediments 40-fold higher
than the levels in plasma at the end of the infusion (Fig. 4).
This information was used to modify the DAmB model to
describe ABLC by including the following factors: (i) dose- and
time-dependent uptake by (association with) and return from
cellular components of blood-sediment and (ii) time-depen-
dent tissue uptake and delayed return to plasma.

The transfer of drug from cellular components of blood-
sediment to plasma, L(2,6), was described by a function (see
equation A3 in the Appendix) whose sign at the beginning is
negative, indicating that initially the net transfer of drug is only
from plasma to cellular components of blood-sediment. At
some point during infusion, L(2,6) switches to a positive value.
The values for L(2,6) during infusion are related to the recip-
rocal of the cumulative amount of drug infused. Thus, the
larger the amount of drug infused per unit of time, the higher
the total dose, the slower the increase of L(2,6) toward zero,
and the smaller the positive value of L(2,6) prior to the end of
the infusion at 5 min. During the infusion period, the larger the
infusion rate, the greater the amount of drug accumulated by
(associated with) the cellular components of blood-sediment at
the end of the infusion period. This function was turned off at

5 min (i.e., the end of infusion) via a step function, u(t — a)
(equation 1).

1004 f "Ry-ult — a)P31,880) + 100 (1)

where ¢ is time elapsed since initiation of drug input, a is the
length of infusion, u(t — a) is equal to 1 for ¢ less than a, and
u(t — a) is equal to O for ¢ greater than a, and R, is the amount
infused over 5 min.

In other words, the amount of ABLC within the apparent
cellular components of the blood-sediment compartment is
dependent on the balance between the rates of association and
disassociation with the cellular components of blood-sediment.
As these rates cannot be independently determined from this
study design, we chose to make the fractional rate of accumu-
lation constant and build the nonlinearity and time depen-
dence into the rate of dissociation of ABLC from the cellular
components of blood-sediment. However, during infusion,
prior to collection of data, we modeled L(2,6) so that it was
negative (i.e., double arrow in Fig. 5). This not only allowed
control of efflux from the cellular components of the blood-
sediment but also facilitated a very rapid influx of drug to the
cellular components of the blood-sediment compartment to
describe the observed high levels in blood at the end of the
infusion as a function of the ABLC dose (Fig. 3).

TABLE 1. Parameter values for the rabbits dosed with DAmB at 1.5, 1.0, and 0.5 mg/kg via a 5-min infusion
based on the best fit of the curves for concentrations determined in plasma®

Parameter 1.5 mg/kg 1.0 mg/kg 0.5 mg/kg
L(3,2) (h™) 2,653 [5,000-306]° 111.9 (33) [154.4-86.4] 136.2 (16) [149-110.6]
L(23) (b7 301.2 [558-44] 13.3 (80) [25.5-6.6] 28.0 (21) [31.5-21.2]
L(0,2) (h™) 1.26 [1.26-1.16] 0.97 (20) [1.2-0.7] 0.89 (2.7) [0.9-0.8]
L(2,6) (h™) 0.69 [0.9-0.4] 1.14 (91) [2.3-0.4] 1.22 (61) [1.6-0.4]
L(6,2) (h™) 8.64 [10.7-6.5] 6.01 (55) [9.7-3.3] 8.77 (69) [12.3-1.8]
Clearance (ml/h) 124 80 (46) 77 (50)

AUC (pg * h/ml) 31.78 28.5 (18) 17.2 (27)

“ Values are means (*coefficients of variation) for three rabbits for all doses except the 1.5-mg/kg dose, for which only the mean for two rabbits is presented.

b Values in brackets are the rate constant range.
¢ AUC, area under the concentration-time curve.
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FIG. 3. Best-fit curves for amphotericin B with the ABLC model for rabbits following administration of ABLC at doses of 0.5 mg/kg (n = 4) (A), 1.0 mg/kg (n =
4) (B), 2.5 mg/kg (n = 4) (C), 5.0 mg/kg (n = 4) (D), and 10.0 mg/kg (n = 3) (E) via a 5-min infusion.

The final model was determined from the sampling of whole
blood after administration of the 5-mg/kg dosage to rabbits.
This dosage is that which is currently approved by the Food
and Drug Administration for treatment of invasive aspergillo-
sis in humans. The amphotericin B levels in the cellular com-
ponents of blood-sediment were estimated from the concen-
trations in whole blood on the basis of the rabbits’ hematocrits
and the concentrations in plasma.

Similar to DAmB, there was an equilibrium of ABLC with a
peripheral compartment. However, unlike DAmB, ABLC re-
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FIG. 4. Best-fit of amphotericin B levels in red cell-sediment (A) and plasma
(B) for rabbit B, which received 5 mg of ABLC per kg, with the ABLC model.

quired a slow time-dependent uptake into peripheral compart-
ment 7, with a delayed return to plasma. The return of drug
from compartment 7 to plasma was first order. The rate con-
stants for the delayed uptake into the peripheral compart-
ments, L(14,7), L(15,14), L(16,15), L(17,16), and L(2,17), were
all set equal to the same value to allow each to contribute to
drug delay equally.

Elimination of drug from the central compartment, L(0,2),
was dependent upon the quotient of the concentration in
plasma and the cumulative area under the curve to 5 min (see
equation A2 in the Appendix), which resulted in the elimina-
tion of a decreasing fraction of drug with time. The final model
is presented in Fig. 5.

The results of the fits for the rabbits from which plasma and
whole blood were sampled are given in Table 2. The results
reveal very large rate constants for transfer of drug from
plasma to compartment 3 and also from plasma to the cellular
components of blood-sediment.

Although most of the values were similar for the four rabbits
that received 5 mg/kg and from which whole blood was sam-
pled, the parameters related to tissue uptake and delayed re-
turn to plasma, i.e., P(3), P(4) [the exponential and intercept in
equation A3 in the Appendix that define L(7,2)], and P(10) (P
values are unassociated nonlinear estimated parameters in
SAAM [simulation, analysis, and modeling]), did exhibit large
interanimal differences.

This was a result of the fact that the values for these tissue
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FIG. 5. Model for amphotericin B in rabbits following ABLC administration.
The model consists of red blood cells (compartment 6) and plasma (compart-
ment 2). The model has a nonlinear return from red blood cells to plasma, a
time-dependent uptake of drug into compartment 7 with a delayed return to
plasma, an equilibrium with compartment 3, and nonlinear elimination from the
central compartment.

parameters were estimated solely from concentrations in
plasma. Therefore, P(10), P(3), and P(4) were highly variable,
as indicated by their high coefficients of variation.

The mean blood-sediment parameters for the rabbits from
which whole blood was sampled was used to define the cellular
components of the blood-sediment compartment for those an-
imals from which only plasma was sampled. Parameters L(2,3),
L(3,2), P(10), P(4), and P(3), related to uptake by other tissue,
were allowed to vary to fit the data for the rabbits from which
only plasma was sampled. Although the same mean cellular
components of the blood-sediment parameters were used for
each dose, the dose effect was reflected in L(2,6) by the mag-
nitude of R, (i.e., the amount of drug infused), as defined by
equation A3 in the Appendix, during the 5-min infusion.

The dose effect seen for the rabbits on the basis of the
analysis of plasma is presented in Fig. 3, which gives represen-

ANTIMICROB. AGENTS CHEMOTHER.

tative individual fits for curves for concentrations in plasma
after administration of 0.5, 1.0, 2.5, 5.0, and 10.0 mg/kg. A
nonlinear response to dose is indicated by the 10-fold increase
in initial levels in plasma following a 20-fold increase in the
dose. The values of the parameters from the fits are given in
Table 3. The parameters for plasma did not exhibit a trend
related to dose. However, there was some indication of non-
linearity in the area under the plasma concentration-time
curve versus dose (Fig. 6) above 5 mg/kg. This was supported
by the 95% confidence interval (i.e., 4.8 to 2.4) for the mean
slope calculated by using a power model (7).

The maximum capacity for an association between the cel-
lular components of blood-sediment and ABLC was achieved
with doses of between 5 and 10 mg/kg, as indicated by the
unexpected increase in the initial postinfusion concentration to
4 pg/ml for a dose of 10 mg/kg compared to the low initial
postinfusion values (1 pg/ml) for doses of between 0.5 and 5
mg/kg. The change in the rate constant for the elimination of
ABLC from the central compartment with respect to dose and
time, L(0,2), is given in Fig. 7. Figure 7 shows that as time
increases, there is a decrease in the rate constant for the
elimination of amphotericin B following ABLC dosing, L(0,2).

Model validation. The mean values for the variable param-
eters L(3,2), L(2,3), P(10), and P(4) from the data obtained
after administration of a single dose of 5 mg/kg in Table 2 were
used to fit the data obtained after administration of multiple
doses by allowing these parameters to deviate by no more than
10% from the mean. The resulting fit indicated that the pa-
rameters related to the recycling of ABLC from the single-dose
model would have to be quite different to adequately predict
the multiple-dose data.

Further testing and application of the model was done by
fitting the data from the multiple-dose study by allowing the
parameters L(3,2), L(2,3), P(10), P(3), and P(4) to vary as
required to best fit the data. The best fit of the validation data
following chronic administration of 5 mg/kg for 27 days is given
in Fig. 8. Visual inspection of the data indicates that the single-
dose model adequately predicts the effects of administration of
multiple doses of ABLC to rabbits but requires a different set
of parameter values related to tissue recycling of drug. On the
other hand, the nonlinear functions related to the cellular
components of blood-sediment and elimination were predic-
tive for the multiple-dose data. Best-fit parameters (and their
respective coefficients of variation) were as follows: L(3,2),
3,997 h ' (11.8 h™'); L(2,3), 8.42 h ™' (1.69 h™1); P(10), 0.073
h™' (60 h™1); P(3), 1.6 X 107> h ™' (86 h™'); and P(4), 1.29 X
10> h~' (112 h ™).

TABLE 2. Parameter values for four rabbits dosed with 5 mg of ABLC per kg via a 5-min infusion based on
best-fit curves from concentrations determined in whole blood and plasma

Parameter Rabbit A Rabbit B Rabbit C Rabbit D Mean (CV°)
L32) (h ™ 1,600 3,200 4,812 2,260 2,968 (47)
L(2,3) (hfl) 10.84 16.49 10.60 5.06 10.74 (43)
L(6,2) (h™1) 163.2 297 342 188 247.6 (34)°
P(2)" 1.97 3.70 4.68 1.97 3.08 (32)¢
P(3) (h7h 9.9 x107* 8.0 9.9 x10°* 9.9 x 1074 2.02 (197)
P(4) (hfl) 1,678 96.14 1.36 1,678 847.9 (108)
P(6) (h™h) 28 X103 23 %1072 28 %X 1073 23x1072 0.014 (93)“
P(10) (h™1) 1.62 X 1073 4.72 1.62 X 1073 1.62 X 1073 1.18 (199)
P(12) (h™1) 63 58.04 51.51 521 56.2 (9.7)
P(13) (h™1) 12.5 12.0 17.87 17.75 15.0 (21)*

“ The mean values of the parameters from these fits were used to define the red blood cell compartment for the animals from which whole blood was not collected.

> No units.
¢ CV, coefficient of variation.
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FIG. 6. Plot of area under the plasma concentration-time curve (AUC) (=
standard deviation) for amphotericin B versus dose based upon the best-fit
curves for plasma for the rabbits that received ABLC at 0.5 to 10 mg/kg.

DISCUSSION

The data obtained in this study demonstrate differences in
the pharmacokinetics of amphotericin B when it is infused as
DAmB (a mixed micellar dispersion) or as ABLC (a ribbon-
like lipid structure which is not a true liposome). Pharmaco-
kinetic data for DAmB appeared to be linear to 1 mg/kg, as has
been reported previously (2). As illustrated in Fig. 1, the model
developed by Atkinson and Bennett (2) to describe the data for
the concentration in plasma included equilibrium with a fast
and a slowly equilibrating tissue. The pharmacokinetics of
DAmB in a rabbit model was similar to that in humans (2). All
transfers and elimination from the central compartment were
linear. The equilibrium with compartment 6 was speculated to
represent interaction with cellular components of blood-sedi-
ment on the basis of the large uptake of AmB when it is given
as the lipid complex (ABLC). The previously reported nonlin-
earity above 1 mg/kg was not further investigated, but it is
possible that it may also be related to an interaction with
cellular components of blood-sediment (2, 3).

Administration of amphotericin B as ABLC resulted in sig-
nificant changes in the pharmacokinetics of the parent com-
pound. The most notable changes in pharmacokinetics were
the substantially smaller plasma amphotericin B concentra-
tions after the administration of 10-mg/kg doses of ABLC
compared to those seen after administration of the largest
DAmB dose (1.5 mg/kg). This difference appears to be the
result of the nonlinear uptake of ABLC by (association with)
the cellular components of blood-sediment and/or cell mem-
branes. This greater proportional amount of drug delivered to
tissues may have important implications for the greater efficacy
of higher dosages against severe infections.

The nonlinear uptake of ABLC by tissue was related to the
reciprocal of the integral of the total amount of drug infused
over 5 min, as described in equation 1. Consequently, the
greater the amount infused the smaller the rate constant L(2,6)
for the transport of amphotericin B from cellular components
of blood-sediment to plasma during the 5-min infusion. During
the 5-min infusion, the value for L(2,6) is initially negative and
becomes positive, which would not be considered physiologi-
cally possible. Although alternative models without negative
rate constants that describe the data during infusion exist, it
would be difficult to definitively establish an appropriate model
during the infusion since samples were not collected during the
5-min infusion. The change in sign is a technique that allows
the nonlinear process to be attributed to the transfer of drug
from cellular components of blood-sediment to plasma. How-
ever, this does not preclude the possibility that the transfer
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FIG. 7. Rate constant for elimination from the central compartment, L(0,2), plotted as a function of dose versus time. ABLC was administered at 0.5 mg/kg (. . . .. ),

1.0 mg/kg (- —-), 2.5 kg/kg (——-), 5.0 mg/kg (-----), and 10.0 mg/kg (——) (curves from top to bottom, respectively) via a 5-min infusion.

from plasma to cellular components of blood-sediment is also
nonlinear. The procedure that we chose allows the appropriate
accumulation of drug by (association with) the cellular com-
ponents of the blood-sediment compartment to simulate the
observed datum points for cellular components of blood-sed-
iment and plasma at the conclusion of the 5-min infusion.
Conversely, the smaller the amount of ABLC infused over
time, the greater the amount of drug delivered to plasma, thus
permitting the drug to reach other tissues. Thus, a slow rate of
infusion may permit improved delivery to noncellular compo-
nents of blood-sediment tissue compartments (i.e., interstitial
fluid of tissues with discontinuous capillaries [liver, spleen, and
intestine]).

Figure 6 shows the nonlinear relationship between the area
under the concentration-time curve and dose for plasma fol-
lowing dosing with ABLC. Initially, little drug escapes the
blood-sediment, resulting in low levels in plasma which in-
crease with dose and result in an apparent nonlinearity be-
tween 0.5 and 1 mg/kg. The derived area under the curve data
for blood-sediment in Table 3 shows nonlinearity for doses
between 5 and 10 mg/kg, although it is not clearly seen for the
concentration in plasma since the concentration in plasma is in
equilibrium with those in several other tissues and plasma is
not the tissue of origin for the nonlinearity. On the other hand,
the area under curve data for plasma in Table 1 show that
some possible nonlinearity for DAmB occurs at a dose of 1.5
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FIG. 8. Data obtained following the chronic administration of ABLC at 5 mg/kg/day for 27 days via a daily 5-min infusion to a rabbit. The levels in plasma following

chronic administration were fit by using the model presented in Fig. 5.
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mg/kg, although the small sample size precludes a definitive
conclusion.

Approximately 2 to 5% of the administered DAmB has been
reported to be excreted unchanged in urine and bile each (1, 2,
4,5). No metabolites have yet been identified in plasma or
urine. The model used to describe the kinetics of amphotericin
B after the administration of DAmB has linear elimination.
However, the elimination rate constant L(0,2) becomes non-
linear when AmB is administered as ABLC. This change is
dependent on both the time following infusion and the total
dose infused and suggests diminished renal or hepatic function
with time during infusion.

As ABLC is used over a number of dosages, understanding
of its pharmacokinetic parameters may further facilitate im-
proved approaches to administering this novel agent. ABLC is
approved for use for the treatment of invasive aspergillosis at
5.0 mg/kg/day. However, higher dosages (7.5 to 10 mg/kg/day)
are sometimes used to treat profoundly immunocompromised
patients whose infections fail to respond to 5.0 mg/kg/day (9).
A lower dosage of 2.5 mg/kg/day was administered for 6 weeks
for the successful treatment of hepatosplenic candidiasis in
children (Walsh et al., Abstr. Am. Soc. Microbiol. Conf. Can-
dida and Candidiasis).

The role of cellular components of blood-sediment in serv-
ing as a major compartment carries several pathophysiological
implications. This interaction occurs in the apparent absence
of hemolysis. First, the improved therapeutic index afforded by
the DMPG-DMPC (3:7) lipid complex protects cellular com-
ponents of blood-sediment from high concentrations of AmB,
in contrast to the effect observed with DAmB, in which hemo-
lysis occurs at relatively low concentrations (11). Second, im-
munocompromised patients receiving ABLC for treatment of
life-threatening mycoses are often anemic, with hematocrit
values 25 to 50% below normal baseline values. The implica-
tions of anemia on the pharmacokinetics of ABLC have yet to
be explored; however, anemic states may allow transfer of
ABLC to noncellular components of blood-sediment mem-
brane sites that otherwise would not be involved in patients
with normal hematocrit values. Third, the impact of acquired
or inherited membrane defects in cellular components of
blood-sediment that result in altered binding or interaction
sites could further influence the distribution of ABLC (12).

The transfer of ABLC into noncellular components of
blood-sediment tissue compartments occurs predominantly in
reticuloendothelial system (RES) tissues, particularly the liver
and spleen. The slow time-dependent uptake into peripheral
compartment 7 with a delayed return to plasma may reflect this
uptake by RES tissues. This distribution into RES tissues pro-
vides a compelling pharmacodynamic rationale for treatment
of hepatosplenic (chronic disseminated) candidiasis. These
properties have led to the use of ABLC in a protocol for
children with hepatosplenic candidiasis (17; Walsh et al., Ab-
str. Am. Soc. Microbiol. Conf. Candida and Candidiasis). All
patients in that study responded to ABLC with complete or
partial resolution of physical findings and lesions of hepato-
splenic candidiasis. During the course of ABLC infusions and
monitoring, there was no progression of hepatosplenic candi-
diasis, breakthrough fungemia, or posttherapy recurrence. He-
patic lesions continued to resolve after completion of admin-
istration of ABLC, reflecting the high concentrations in the
liver and spleen.

The physiological entities which comprise the cellular com-
ponents of blood-sediment compartment are red blood cells,
leukocytes, platelets, lipoproteins, and nonlipoprotein plasma
proteins. This was presented as the rapidly equilibrating com-
partment since clear definition of the component which inter-
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acts with ABLC and which results in high blood ABLC levels
would require the analysis of washed red blood cells to be
certain that the reported levels are a result of drug that has
partioned into the red blood cell and not merely the result of
an association with the cellular components of blood-sediment.

In summary, this study is the first to our knowledge to de-
scribe a detailed model of the pharmacokinetics of ABLC and
the first to characterize a possible role of the cellular compo-
nents of the blood-sediment compartment in the distribution
of this novel antifungal compound in tissue.

APPENDIX

Model equations for amphotericin B in the central compartment
(Cp):
dC,/dt = —[L(0,2) + L(3,2) + L(6,2)]- C, (A1)
+ L(2,6) - Cs
+L(2,3)-C;
+ Ry u(t —a)

where C; and C; are amounts in compartments 6 and 3, respectively.
Model equations for ABLC in the central compartment:

dC,/dt = —[L(0,2) + L(3,2) + L(6,2) + L7,2)]- C, (A2)
+ L(2,6) * Cpe
+L(2,17) - Cy;
+ L(2,3)-Cs
+ Ry ul(t —a)

where C,, is the red blood cell sediment compartment.

Model equation for cellular components of blood-sediments:
dCy/dt = *+ L(2,6) Cye + L(6,2)-C, (A3)

where

5
L(02) =C,/ f C,dt

0
L(7,2) = P(4)-(1 — EPOT)
L(2,6) = {P(12) - [(1 — E""U3T) — 407}

5
- (100 ugz/{[f Ry~ u(t —a)*/31,880 h™'}) + 100 h™")
0

S(EPUDT 4 p(2) . EPOT)

where E is exponential function for natural log, P(11) is 1.0 h™!, and
T is time.

REFERENCES

1. Adamson, P. C., M. G. Rinaldi, P. A. Pizzo, and T. J. Walsh. 1989. Ampho-
tericin B in treatment of Candida cholecystitis. Pediatr. Infect. Dis. J. 8:408—
411.

2. Atkinson, A. J., and J. E. Bennett. 1978. Amphotericin B pharmacokinetics
in humans. Antimicrob. Agents Chemother. 13:271-276.

3. Bhamra, R., A. Sa’ad, L. E. Bolcsak, A. S. Janoff, and C. E. Swenson. 1997.
Behavior of amphotericin B lipid complex in plasma in vitro and in the
circulation of rats. Antimicrob. Agents Chemother. 41:886-892.

4. Bruno, R., N. Vivier, J. C. Vergniol, S. L. DePhillips, G. Montay, and L. B.
Sheiner. 1996. A population pharmacokinetic model for doxcetaxel (Taxo-
tere®): model building and validation. J. Pharmacokinet. Biopharm. 24:153—
172.

5. Craven, P. C., T. M. Ludden, D. J. Drutz, W. Rogers, K. A. Haegek, and H. B.
Skrdlant. 1979. Excretion pathways of amphotericin B. J. Infect. Dis. 140:
329-341.

6. de Marie, S. 1996. Liposomal and lipid-based formulations of amphotericin
B. Leukemia 10(Suppl. 2):S93-S96.



2076

7.

10.

11.

12.

WALSH ET AL.

Gough, K., M. H. Hutchison, O. Keene, B. Byrom, S. Elli, L. Lacey, and J.
McKellar. 1995. Assessment of dose proportionality: report from the statis-
ticians in the Pharmaceutical Industry/Pharmacokinetics UK Joint Working
Party. Drug Infect. J. 29:1039-1048.

. Granich, G. G., G. S. Kobayashi, and D. J. Krogstad. 1986. Sensitive high

pressure liquid chromatographic assay for amphotericin B which incorpo-
rates an internal standard. Antimicrob. Agents Chemother. 29:584-588.

. Hiemenz, J. W., and T. J. Walsh. 1996. Lipid formulations of amphotericin

B: recent progress and future directions. Clin. Infect. Dis. 22:5133-S144.
Janoff, A. S., L. T. Boni, M. C. Popescu, S. R. Minchey, P. R. Cullis, T. D.
Madden, T. Taraschl, S. M. Gruner, E. Shyarnsunder, and M. W. Tate. 1988.
Unusual lipid structures selectively reduce the toxicity of amphotericin B.
Proc. Natl. Acad. Sci. USA 85:6122-6126.

Mehta, R., G. Lopez-Berestein, R. Hopfer, K. Mills, and R. L. Juliano. 1984.
Liposomal amphotericin B is toxic to fungal cells but not to mammalian cells.
Biochim. Biophys. Acta 770:230-4.

Palek, J. 1991. Red cell membrane disorders in hematology, p. 472-503. In
R. Hoffman, E. J. Benz, Jr., S. J. Shattil, B. Furie, and H. Cohen (ed.), Basic
principles and practice. Churchill Livingstone, Inc., New York, N.Y.

13.

14.

15.

16.

17.

18.

ANTIMICROB. AGENTS CHEMOTHER.

Sjanknegt, R., S. de Marie, I. A. J. M. Bakker-Woudenberg, and D. J. A.
Crommelin. 1992. Liposomal and lipid formulations of amphotericin B. Clin.
Pharmacokinet. 23:279-291.

Vartivarian, S. E., E. J. Anaissie, and G. P. Bodey. 1993. Emerging fungal
pathogens in immunocompromised patients: classification, diagnosis, and
management. Clin. Infect. Dis. 17(Suppl. 2):S487-S491.

Walsh, T. J., J. Hiemenz, and E. Anaissie. 1996. Recent progress and current
problems in treatment of invasive fungal infections in neutropenic patients.
Infect. Dis. Clin. N. Am. 10:365-400.

Walsh, T. J., J. Bachar, and P. A. Pizzo. 1988. Chronic silastic central venous
catheterization for induction, maintenance, and support of persistent gran-
ulocytopenia in rabbits. Lab. Anim. Med. 38:467-471.

Walsh, T. J., P. Whitcomb, S. Piscitelli, W. D. Figg, S. Hill, S. J. Chanock, P.
Jarosinski, R. Gupta, and P. A. Pizzo. 1997. Safety, tolerance, and pharma-
cokinetics of amphotericin B lipid complex in children with hepatosplenic
candidiasis. Antimicrob. Agents Chemother. 41:1944-1948.

Weisbroth, H., and R. E. Flatt. 1974. The biology of the laboratory rabbit, p.
57. Kraus Academic Press, New York, N.Y.



