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Liposomal amphotericin B (LAMB) and caspofungin (CAS) are important antifungal agents in allogeneic hematopoietic stem
cell transplant (aHSCT) recipients. Little is known, however, about the pharmacokinetics (PK) of both agents and their combi-
nation in this population. The PK of LAMB and CAS and the potential for PK interactions between both agents were investigated
within a risk-stratified, randomized phase II clinical trial in 53 adult aHSCT recipients with granulocytopenia and refractory
fever. Patients received either LAMB (n � 17; 3 mg/kg once a day [QD]), CAS (n � 19; 50 mg QD; day 1, 70 mg), or the combina-
tion of both (CAS-LAMB; n � 17) for a median duration of 10 to 13 days (range, 4 to 28 days) until defervescence and granulo-
cyte recovery. PK sampling was performed on days 1 and 4. Drug concentrations in plasma (LAMB, 405 samples; CAS, 458 sam-
ples) were quantified by high-pressure liquid chromatography and were analyzed using population pharmacokinetic modeling.
CAS concentration data best fitted a two-compartment model with a proportional error model and interindividual variability
(IIV) for clearance (CL) and central volume of distribution (V1) (CL, 0.462 liter/h � 25%; V1, 8.33 liters � 29%; intercompart-
mental clearance [Q], 1.25 liters/h; peripheral volume of distribution [V2], 3.59 liters). Concentration data for LAMB best fitted a
two-compartment model with a proportional error model and IIV for all parameters (CL, 1.22 liters/h � 64%; V1, 19.2 liters �
38%; Q, 2.18 liters/h � 47%; V2, 52.8 liters � 84%). Internal model validation showed predictability and robustness of both
models. None of the covariates tested (LAMB or CAS comedication, gender, body weight, age, body surface area, serum biliru-
bin, and creatinine clearance) further improved the models. In summary, the disposition of LAMB and CAS was best described
by two-compartment models. Drug exposures in aHSCT patients were comparable to those in other populations, and no PK in-
teractions were observed between the two compounds.

Invasive opportunistic fungal infections are important causes of
morbidity and mortality following allogeneic hematopoietic

stem cell transplantation (aHSCT). Infection rates range between
10 and 25%, and overall mortality is 35 to 50% for invasive can-
didiasis and 65 to 90% for invasive aspergillosis and infections by
other filamentous fungi (5, 14).

Both liposomal amphotericin B (LAMB) and caspofungin
(CAS) are important agents in the management of invasive fungal
infections in aHSCT recipients. Although compromised by its po-
tential for nephrotoxicity, LAMB is a standard agent with broad-
spectrum fungicidal antifungal activity (12) and first-line indica-
tions against major opportunistic fungal infections (8, 24, 35).
CAS has favorable pharmacokinetic properties (15), documented
efficacy against Candida and Aspergillus infections, and an excel-
lent safety profile (26, 28, 32, 40). Despite limited clinical data,
both agents are also used in combination in patients with fulmi-
nant or refractory infections, infections in compartments that are
difficult to treat, and infections by pathogens with decreased an-
tifungal susceptibility (2, 6, 23, 26, 33).

In order to provide a foundation for further systematic clinical
evaluation, we investigated the safety and pharmacokinetics (PK)
of LAMB, CAS, and the combination of both in a formal risk-
stratified, randomized, phase II clinical trial in persistently febrile,

granulocytopenic adult aHSCT recipients immunosuppressed
with cyclosporine (13). Here we report a detailed population
pharmacokinetic analysis of this trial that provides evidence for
the absence of clinically relevant differences in drug exposures in
comparison to other populations, the lack of impact of gender,
body weight, body surface area, age, serum bilirubin, or creatinine
clearance (CLCR) on the pharmacokinetics of both agents, and the
absence of pharmacokinetic interactions between the agents in
combination in this special population.

(These results were presented in preliminary form at the 49th
Interscience Conference on Antimicrobial Agents and Chemo-
therapy, San Francisco, CA, 12 to 15 September 2009 [42].)
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MATERIALS AND METHODS
Study design overview. The study was designed as an open, prospective,
randomized multicenter phase II clinical trial conducted to investigate the
safety and pharmacokinetics (PK) of CAS, LAMB, and the combination
(CAS-LAMB) in 75 adult aHSCT recipients with granulocytopenia and
refractory fever despite adequate antibacterial therapy. After giving in-
formed consent, eligible patients were stratified according to donor status
(HLA matched/related versus HLA mismatched/unrelated) and random-
ized into one of three treatment arms: CAS at 50 mg once a day (QD) with
a loading dose of 70 mg on day 1, LAMB at 3 mg/kg QD, or the combina-
tion of CAS and LAMB at similar dosages. Treatment was to continue
until neutrophil engraftment (absolute neutrophil count of �500/�l for
three consecutive days) and defervescence (�38°C for 72 h) or diagnosis
of probable or proven (2) invasive fungal infection, or occurrence of a
nonhematological grade III/IV adverse event (NCI-CTCAE) judged to be
causally related to study drug medication. Safety and the absence of break-
through infections were monitored daily during treatment, at the end of
treatment (EOT), and 14 days after EOT. Serial PK samples were collected
on days 1 and 4 and twice weekly thereafter. Antifungal efficacy and sur-
vival were assessed at 14 days after EOT. The primary endpoint of the
study was determined by the number of toxicity-related premature study
drug discontinuations as well as clinical and laboratory adverse events
during treatment. PK assessments and the evaluation of treatment success
were used to determine secondary endpoints (13).

Patient eligibility. The study was performed at five German study sites
under a protocol approved by the institutions’ internal review boards.
Written informed consent was obtained from each patient prior to study
entry. Study-specific inclusion criteria were an age of �18 years, granulo-
cytopenia (absolute neutrophil count [ANC] of �500/�l) following
aHSCT, persisting or new fever (oral temperature of �38°C) despite ad-
equate antibacterial therapy for �36 to 48 h considered to require empir-
ical antifungal therapy, and immunosuppression with cyclosporine.

Study-specific exclusion criteria at entry were the presence of a prob-
able or proven invasive fungal infection according to the Mycoses Study
Group/European Organization for Research and Treatment of Cancer
(MSG/EORTC) criteria published in 2002 (2); active veno-occlusive dis-
ease; hemodynamic instability; estimated life expectancy of �5 days; se-
rum bilirubin �3 times, serum glutamic oxalacetic transaminase and/or
serum glutamic pyruvic transaminase (SGOT/SGPT) �3 times, alkaline
phosphatase �5 times, and serum creatinine �2 times the upper limit of
normal values; and comedication with rifampin, phenytoin, carbamaz-
epine, phenobarbital, and dexamethasone.

Study drug treatment. Eligible patients were stratified according to
donor status (HLA matched and/or related versus HLA mismatched
and/or unrelated) and randomized to receive either CAS 50 mg QD with
a loading dose of 70 mg on day 1, LAMB 3 mg/kg QD, or the combination
of CAS and LAMB (CAS-LAMB) at similar dosages. Treatment with CAS
and/or LAMB was to continue until neutrophil engraftment and defer-
vescence, diagnosis of probable or proven invasive fungal infection, or
occurrence of an NCI-CTCAE judged to be causally related to study drug
medication (13). CAS was provided by Merck, Sharp and Dohme (Haar,
Germany) as the approved Cancidas product, and LAMB was provided by
Gilead Sciences (Martinsried, Germany) as the approved AmBisome
product. Both compounds were prepared and administered according to
the manufacturer’s recommendations. The infusion time was 60 min for
each drug, with the process of drug administration being delineated in a
study-specific standard procedure. In the CAS-LAMB arm, the order of
drug administration was LAMB followed by CAS. To allow PK compari-
son, no dose adjustment of CAS was made in individuals with a weight of
�80 kg.

Pharmacokinetic sampling and recording of covariates. The dura-
tion of treatment with CAS and/or LAMB was determined by individual
clinical outcomes. Based on clinical trial experience concerning the dura-
tion of drug administration in the setting of empirical therapy (40, 41),
serial plasma sampling was performed on days 1 and 4 for up to 24 h after

dosing at prespecified time intervals (immediately before administration
and at 0.5 to 1.5 h, 1.5 to 3 h, 3 to 5 h, 5 to 11 h, and 22 to 23 h after
administration) and thereafter at random time points twice weekly until
the end of treatment. Blood specimens (5 ml) were collected through a
separate line in heparinized tubes and immediately centrifuged for 10 min
at 1,500 � g. Separated plasma was stored at �80°C until it was assayed.

For analysis of covariates, the age, gender, and height of each patient
were recorded on day 1; weight, serum bilirubin, and creatinine were
recorded daily. CLCR was calculated using the formula by Cockcroft and
Gault (7), and the body surface area (BSA) was calculated using the for-
mula of Mosteller (29). Missing covariates (for 481 CAS administrations,
1 weight, 24 serum bilirubin, and 3 serum creatinine values; for 400 LAMB
administrations, 24 serum bilirubin and 2 serum creatinine values) were
replaced as follows: for day 1 or the last day, the value from day 2 or the day
before, respectively, was used; for all other days, the mean of the day
before and the day after was used.

Analytical methods. Concentrations of CAS and total amphotericin B
were measured based on previously published high-pressure liquid chro-
matography (HPLC) methods (1, 34) and were validated according to
Guidance for Industry—Bioanalytical Method Validation (38). Standard
curves were linear across the calibration range (r2 �0.99; 0.15 to 10 mg/
liter for CAS; 0.1 to 15 mg/liter for amphotericin B). The lower limits of
quantitation were 0.15 mg/liter for CAS and 0.1 mg/liter for amphotericin
B. Accuracies were within �11.7%, and intraday and interday variability
(precision) ranged from 5.8 to 11.3% and 2.2 to 10%, respectively.

Caspofungin acetate reference standard and the internal standard for
CAS were provided by Merck Research Laboratories (Rahway, NJ). The
assay was performed using 150 �l plasma diluted with 600 �l of a 40:60
(vol/vol) mixture of 0.1% trifluoroacetic acid in water adjusted to pH 3
with triethylamine and acetonitrile. After addition of the internal stan-
dard, the samples were subjected to solid-phase extraction (SPE) on
Cyano 100 columns (Mallinckrodt Baker Inc., Phillipsburg, NJ) precon-
ditioned with water and methanol. After washing with water and metha-
nol, the analytes were eluted with 500 �l of a methanolic solution con-
taining 865 �l 28% ammonium hydroxide solution and 25 �l 0.05%
trifluoroacetic acid per ml. The eluates were evaporated under nitrogen
and then dissolved with a 40:60 (vol/vol) mixture of 0.1% trifluoroacetic
acid in water adjusted to pH 3 with triethylamine and acetonitrile. A 75-�l
portion of this solution was separated by HPLC on a Lichrospher analyt-
ical column (100 CN, 250-4, 5 �m; Merck, Darmstadt, Germany) at a flow
rate of 1.5 ml/min using a binary gradient consisting of 0.1% trifluoro-
acetic acid in water adjusted to pH 3 with triethylamine and acetonitrile.
CAS and the internal standard were detected by fluorimetric detection
with an excitation wavelength of 224 nm and an emission wavelength of
302 nm.

Amphotericin B reference standard was purchased from the United
States Pharmacopeia (USP; Rockville, MD). The internal standard
4-dimethylaminobenzaldehyde was obtained from Sigma GmbH (De-
isenhofen, Germany). The assay was performed using 100 �l plasma di-
luted with 150 �l of a 25:75 (vol/vol) mixture of acetonitrile and methanol
containing 250 mg/liter of the internal standard. The samples were shaken
and heated at 70°C to facilitate protein precipitation and the release of
amphotericin B from the liposomes. After centrifugation at 14,000 rpm,
100 �l of the supernatant was injected onto the HPLC system. Separation
was performed on a Lichrocart LiChrospher analytical column (250-4,
100 RP18e; Merck) at a flow rate of 1 ml/min. The mobile phase consisted
of 63.5:36.5 (vol/vol) 10 mM ammonium acetate buffer (pH 7.4) and
acetonitrile. Amphotericin B and the internal standard were detected at a
wavelength of 405 nm.

Population pharmacokinetic analysis. Population pharmacokinetic
(PopPK) analysis was performed by nonlinear mixed-effects modeling
using NONMEM (version 7.1.0, level 1.0; ICON Development Solutions,
Ellicott City, MD). The objective function value (OFV), a measurement of
goodness of fit estimated by NONMEM (equal to a �2 log likelihood
value of data), as well as graphical model diagnostics within Xpose 4.3.2
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(20) and Pirana 2.4.0 (22), was used to search for appropriate models. For
hierarchical models, an OFV drop of 10.83 units, indicating an improved
fit at the P � 0.001 level for 1 degree of freedom, was considered statisti-
cally significant.

In the first step, the structural PopPK model was developed using the
first-order conditional estimate (FOCE) method with interaction. One-,
two-, and three-compartment models were tested. For amphotericin B, a
two-compartment model with Michaelis-Menten elimination, a time-
dependent change of clearance (CL) according to Boddy et al. (4) as well as
a mixture model was tested. Exponentially scaled interindividual variabil-
ity (IIV) was assessed for CL and central volume of distribution (V1).
Further, IIV was tested on intercompartmental clearance (Q) and periph-
eral volume of distribution (V2). Interoccasion variability (IOV) was
tested for CL and V1 on two occasions (day 1 and day 4). For assessing the
residual variability additive, proportional and combined error models
were examined.

Thereafter, the influence of the covariates comedication (for CAS,
comedication with LAMB, and for LAMB, comedication with CAS), gen-
der, weight (linear, allometric scaling [18] with fixed scaling factor of 0.75
on CL or estimated scaling factor), age, and BSA on the PK of CAS and
LAMB were investigated. Serum bilirubin and CLCR were considered in
the model in two different ways: first, based on the day 1 value, and sec-
ond, by using a linear function between all values. Relationships were
investigated by visual inspection of individual parameter values versus
covariates and based on physiological rationale and clinical meaning
(weight was tested as a potential covariate for all PK parameters; the other
covariates were tested only for CL and V1). Inclusion of covariates was
tested at a significance level (P) of 0.001. For continuous covariates, the
following equation was tested, taking weight as a covariate of CL: CLi �
�pop(1 � �2(WT � WTmedian)), where CLi is the individual value of CL,
�pop is the typical value of CL in the population, �2 is the fractional change
in the CL for each unit change in weight from the median value of weight,
and WTmedian is the median weight of the total population.

Categorical covariates were tested according to the following equa-
tion: CLi � �pop · �2, where �2 is 1 when the value of the group is 1.

The fit of the PopPK models was assessed by visual inspection using

goodness-of-fit (GOF) plots (observations versus population or individ-
ual predictions) and separate plots of conditional weighted residual versus
population predictions or time after dose (TAD).

In order to verify that the model predicted both the central tendency
and the variability in the observed data, a visual predictive check (VPC) as
an internal model evaluation method was performed using the Pearl-
speaks-NONMEM (PsN) (25) toolkit and Xpose (20). The robustness of
the model was assessed by performing a nonparametric bootstrap analysis
(n � 1000) using the PsN toolkit (25).

Statistical comparisons were performed with SAS version 9.1.3 Service
Pack 4 (SAS, Heidelberg, Germany).

RESULTS
Patients. Fifty-seven patients were recruited. For the analysis of
safety and efficacy, two erroneously registered and randomized
patients (CAS cohort) were removed (13). For the PK analyses, 4
of 57 patients were removed: one of the patients who had been
erroneously randomized to the CAS cohort despite lack of con-
comitant immunosuppression with cyclosporine was also re-
moved in this PK analysis, as cyclosporine is known to affect the
disposition of CAS (15, 21, 31); a second patient who had been
erroneously randomized to CAS despite SGOT values exceeding 3
times the upper limit of normal with available concentration data
was included in this PopPK analysis; three of the 20 patients ran-
domized to LAMB could not be included for PopPK analysis due
to the administration of less than one complete dose (n � 1) or
missing concentration data (n � 2). The majority of patients in-
cluded in this trial (70%) had either acute lymphatic leukemia
(ALL) or acute myeloid leukemia (AML) as an underlying condi-
tion, and two-thirds had received an HLA-mismatched and/or
unrelated stem cell product (13).

Population pharmacokinetics of caspofungin. Nineteen pa-
tients from the CAS cohort and 17 patients out of the CAS-LAMB
cohort received between 5 and 28 (median, 13) infusions of CAS

TABLE 1 Demographic data and covariates in the 53 patients included in the pharmacokinetic analysesa

Variable CAS arm (n � 19) LAMB arm (n � 17) CAS-LAMB arm (n � 17)

Gender (male/female) 11/8 11/6 10/7
Age (yr) 43.4 (20.1, 57.6)b 38.9 (18.2, 59.5)b 47.9 (20.1, 61.4)
Weight (kg) 71.2 (56.0, 99.2)b 72.3 (44.0, 105.3)b 79.5 (53.6, 99.1)
Body surface area (m2) 1.84 (1.61, 2.21)b 1.90 (1.37, 2.35)b 1.92 (1.56, 2.24)

Serum bilirubin (mg/dl)
Day 1 1.1 (0.3, 5.1)b 1.1 (0.4, 4.9)b 1.2 (0.4, 2.5)
Day 4 1.0 (0.2, 4.9)c 1.0 (0.4, 4.8)c 1.2 (0.5, 3.7)

CLCR (ml/min)
Day 1 125 (73.4, 350)b 146 (67.9, 250)b 136 (91.8, 189)
Day 4 131.9 (90.9, 225)c 111 (61.8, 235)d 116.9 (83.9, 239)

No. of infusions 239 164 242 236

No. of PK samples
Day 1 79 77 81 78
Day 4 98 78 88 85
After day 4 62 27 50 60
Total 239 182 219 223

a Continuous data are presented as medians, with ranges in parentheses. CLCR was determined according to the formula of Cockcroft and Gault (7), and body surface area was
calculated according to the formula of Mosteller (29).
b No statistically significant difference versus CAS-LAMB (paired t test, P � 0.05).
c No statistically significant difference between day 1 and day 4 values (paired t test, P � 0.05).
d Statistically significant difference between day 1 and day 4 (paired t test, P � 0.01).
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according to the protocol (70 mg on day 1, followed by 50 mg
QD). Covariates, total numbers of infusions, and numbers of PK
samples are listed in Table 1.

Covariates on day 1 were comparable in the CAS and the CAS-
LAMB cohorts, and no significant change in covariates during
treatment was observed (paired t test, P � 0.05). On day 1, 35% of
the 458 plasma samples were obtained. On day 4, 41% were col-
lected, and the remaining samples were collected on days 2 and 3
or between days 5 and 28 (Table 1). While a deep compartment
with a terminal half-life of 40 to 50 h has been reported for CAS
(11, 36), only 11 samples with a TAD of �30 h were collected. As
these data were too sparse to be modeled and as it was not the
primary objective of the study to describe this deep compartment,
data with a TAD of �30 h were excluded from further analysis.
Further, two samples were excluded due to uncertainties regard-
ing the exact time of their sampling, and four data points were
considered erroneous due to implausibly high or low concentra-
tions. Thus, the final data set consisted of 441 plasma samples
from 36 patients. The corresponding plasma concentration-time
data for CAS are shown in Fig. 1.

The PopPK of CAS was best described by a linear two-

compartment model with IIV in CL and V1, covariance between
CL and V1, and a proportional error model. Neither IIV in Q or V2

nor alternative error or compartment models improved the model
further. Inclusion of IOV or serum bilirubin significantly reduced
the OFV; however, as IIV of CL and V1 were not reduced, param-
eter estimates did not change and unexplained variability (ETA)-
versus-covariate plots did not improve after inclusion of serum
bilirubin, IOV or serum bilirubin were not included in the final
model. Of note, neither weight (linearly modeled on CL and/or V1

or on all PK-parameters as well as allometric scaling) nor come-
dication with LAMB influenced the PK of CAS (decrease in OFV
with LAMB comedication as the covariate for CL, �0.912; de-
crease with comedication as the covariate for V1, �0.430).

The parameter estimates of the final PopPK model are listed in
Table 2. All parameters were reliably estimated, as the relative
standard errors were �50%. GOF plots are shown in Fig. 2a and b.
No trend was observed in the conditional weighted residuals ver-
sus population predictions or versus TAD plots, indicating no
model misspecification (Fig. 2c and d). Evaluating the model for
its predictability, the VPC did not show any bias as the median and
the 5th and 95th percentiles of the observed CAS concentrations
were not under- or overpredicted by the model simulations (Fig.
2e and f). Robustness of the final model was shown by the boot-
strap results (Table 2). Based on the final PopPK model, we pre-
dicted the levels for the data collected more than 30 h after the last
administration, which were excluded during model building: data
with a TAD of 30 h to 88 h were well predicted, while predictions
for later time points were inadequate. These results were accepted,
as the PopPK model was not intended to describe data in this time
interval. Simulations of steady-state kinetics showed an area un-
der the curve (AUC) of 112 � 28.4 mg · h/liter, a maximum con-
centration (Cmax) of 8.47 � 2.73 mg/liter, and a trough concen-
tration (Cmin) of 2.86 � 1.13 mg/liter (mean values � standard
deviations [SD]).

Population pharmacokinetics of liposomal amphotericin B.
Seventeen patients in the LAMB cohort and 17 patients in the
CAS-LAMB cohort received 4 to 28 (median, 10) infusions of
LAMB according to the protocol (135 mg to 300 mg [median, 234
mg] or 2.67 mg/kg to 3.46 mg/kg [median, 3.0 mg/kg]). Covari-
ates, total numbers of infusions, and numbers of PK samples are
listed in Table 1.

FIG 1 Observed plasma concentrations of caspofungin as a function of time
after dose. Open circles represent the CAS arm; black triangles represent the
CAS-LAMB arm. The solid line is the LOESS curve for the CAS arm; the
dashed line is the LOESS curve for the CAS-LAMB arm.

TABLE 2 Population-based pharmacokinetic parameter estimatesa

Model parameter Caspofungin final model Amphotericin B final model Amphotericin B mixture model

CL (liters/h) 0.462 (4%) [0.462 (0.423–0.503)] 1.22 (16%) [1.21 (0.84–1.57)] 0.637 (17%) [0.70 (0.29–1.31)]
V1 (liters) 8.33 (11%) [8.11 (6.09–9.79)] 19.2 (9%) [19.12 (15.6–23.2)] 18.6 (12%) [18.7 (15–23)]
Q (liters/h) 1.25 (48%) [1.45 (0.59–3.14)] 2.18 (13%) [2.18 (1.7–2.75)] 2.27 (12%) [2.2 (1.76–2.69)]
V2 (liters) 3.59 (22%) [3.8 (2.45–5.71)] 52.8 (29%) [55 (29–103)] 49.2 (33%) [55.5 (27.6–109)]
Proportional error (%) 21 (9%) [21 (17–25)] 27 (7%) [26 (22–30)]

IIV (%) for:
CL 25 (15%) [25 (18–33)] 64 (19%) [65 (44–92)] 35 (70%) [31 (9–63)]
V1 29 (18%) [30 (21–44)] 38 (25%) [38 (20–53)] 41 (26%) [40 (21–58)]
Q 47 (25%) [44 (17–63)] 37 (49) [36 (9–63)]
V2 84 (14%) [82 (55–105)] 95 (13%) [91 (58–117)]

Factor on CL in subpopulation 2 3.0 (21%) [3.4 (1.0–6.8)]
Fraction in subpopulation 1 0.56 (28%) [0.51 (0.07–0.87)]
a Values in parentheses are relative standard errors of the estimates; values in brackets are means and 95% confidence intervals from bootstrap analysis.
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Covariates on day 1 were comparable in the LAMB and the
CAS-LAMB cohorts. However, there was a significant increase in
serum creatinine combined with a significant decrease of CLCR

during treatment (day 1 versus day 4, paired t test, P � 0.01). On
day 1, 38% of the 405 plasma samples were obtained. On day 4,
40% were collected and the remaining samples were collected on
days 2 and 3 or between days 5 and 25. As with CAS, a deep
compartment with a long terminal half-life of 100 to 150 h has
been reported for LAMB (3, 10). As the number of samples (n �
12) with a TAD of �30 h was too low to be used for prediction of
such a compartment, these samples were excluded from further
analysis. One further sample was excluded due to uncertainties
regarding the exact time of its sampling, and six data points were
considered to be erroneous due to implausibly high or low con-
centrations. Moreover, the data points (n � 10) for one patient
were completely excluded as concentration data from day 1 were
much higher than data from day 4 and a dosing error had to be
considered. Thus, the final data set consisted of 376 plasma sam-
ples from 33 patients. The plasma concentration-time data for
amphotericin B after administration of LAMB are shown in Fig. 3.

The PopPK of amphotericin B after administration of LAMB
was best described by a linear two-compartment model with IIV
in CL, V1, Q, and V2 and a proportional error model. Inclusion of
covariance or IOV resulted in unstable runs. Neither allometric
scaling nor inclusion of weight as a covariate in CL and/or V1

improved the model. Linear modeling of weight as a covariate for
all PK parameters improved the model; however, the relative stan-
dard error (RSE) of the parameter estimate was inadequate. IIVs
of CL and V1 were not reduced, and bootstrap analysis could not
show robustness of the model. Therefore, weight was not included
as a covariate in the model. Comedication with CAS did not in-
fluence the PK of amphotericin B (decrease in OFV with CAS
comedication as a covariate for CL, �0.13, and as a covariate for
V1, �0.023). None of the other covariates improved the PK
model.

Visual inspection of individual concentration-time data
showed 20 patients (10 of the LAMB and 10 of the CAS-LAMB
cohort) with almost overlapping profiles on day 1 and day 4
whereas 13 patients (6 of the LAMB and 7 of the CAS-LAMB
cohort) showed much higher concentrations on day 4 than day 1.
Neither a three-compartment model nor Michaelis-Menten PK or
modeling of time-dependent PK according to the model of Boddy
et al. (4) could explain these findings. A mixture model with two
subpopulations for CL indicated subgroups of similar sizes, with
CL differing by a factor of three and IIV of CL reduced from 64%
to 35% (Table 2). However, allocation to the subgroups based on
the PopPK model or visual inspection differed. Bootstrap analyses
showed a wide range for the factor on CL in subgroup 2 (0.07 to

FIG 2 Final population pharmacokinetic model of caspofungin. (a and b) Observations versus population (a) or individual (b) predictions. The line of identity
is shown. (c and d) Conditional weighted residuals versus population predictions (c) or time after dose (d). (e and f) Visual predictive check showing observations
and model predictions on day 1 (e) and day 4 (f). The median (solid line) and the 5th and 95th percentiles (dashed black lines) for the observed data with 95%
confidence intervals (gray fields) based on simulations are shown.

FIG 3 Observed plasma concentrations of amphotericin B after administra-
tion of liposomal amphotericin B as a function of time after dose. Open circles
represent the LAMB arm; black triangles represent the CAS-LAMB arm. The
solid line is the LOESS curve for the LAMB arm; the dashed line is the LOESS
curve for the CAS-LAMB arm.
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0.87), and about 40% of the runs were unsuccessful. Based on
these results and the small population of only 34 patients included
in the present study, the mixture model was not regarded as the
final PopPK model.

The parameter estimates of the final model are listed in Table 2.
PK parameters were reliably estimated. The GOF plots are shown
in Fig. 4a and b. Population predictions versus observations were
wide but roughly symmetrically distributed around the line of
identity; only a few high observed plasma concentrations were
individually underpredicted by the model. A regular distribution
of the conditional weighted residuals versus population predic-
tion or versus TAD plots around the line of identity was observed
without indicating a model misspecification (Fig. 4c and d). Based
on simulations, the VPC did not show a distinct bias, and the
median and 5th and 95th percentiles of the observed amphoteri-
cin B concentrations were not under- or overpredicted (Fig. 4e
and f). The mean values obtained by bootstrap analysis were com-
parable to the parameter estimates from the original data set, in-
dicating that the accuracy and robustness of the final model was
acceptable. PK data with a TAD of �30 h, which were excluded
during PK modeling, were well predicted based on the final
PopPK model. The mean (� SD) values of the derived PK param-
eters at steady state were 228 � 159 mg·h/liter for AUC, 18.0 � 8.6
mg/liter for Cmax, and 6.5 � 5.8 mg/liter for Cmin.

DISCUSSION

Information on the pharmacokinetics of therapeutics in a relevant
target population is essential for their safe and effective use. In
order to provide a foundation for further clinical investigations of
antifungal combination therapy, we selected the setting of empir-
ical therapy to study the safety and PK of CAS, LAMB, and the
combination of both in a risk-stratified, randomized phase II clin-
ical trial in adult aHSCT recipients receiving immunosuppression
with cyclosporine (13). Apart from the assessments of safety, drug

exposure, and treatment success, the data also allowed a more
detailed PK modeling of CAS and LAMB to further explore dose
intensity, impact of covariates, and the PK interaction of both
agents in this population.

Concentration-time data for CAS were best described by a
two-compartment PK model. IIVs of CL (25%) and V1 (29%)
were low. While in the present study half-lives were estimated to
be 1.34 h (�) and 18.5 h (�), an additional � phase has been
observed by others at low concentrations after 48 h postdosing
(11, 36). However, it was not the primary objective of the study to
describe this terminal phase in the clinical setting of critically ill
patients after bone marrow transplantation, and the number of
data was too low to model such an additional compartment.

In accordance with published data (9, 11, 21), the present
PopPK analysis demonstrated that no dosage adjustments of CAS
are necessary on the basis of gender, age (range, 20.1 to 61.4 years),
or renal impairment as assessed by the CLCR (range, 73.4 to 350
ml/min). For patients with moderate hepatic insufficiency (11,
27), a dosage reduction to 35 mg daily following the 70-mg load-
ing dose is recommended. Increases of serum bilirubin to �3
times, of SGOT/SGPT to �3 times, and of alkaline phosphatase to
�5 times the upper limit of normal values were defined as study-
specific exclusion criteria. Serum bilirubin (range of baseline val-
ues, 0.3 to 5.1 mg/dl) as potential covariate for CL or V1 improved
the model. However, as IIV was not reduced, parameter estimates
did not change and ETA-versus-covariate plots did not improve
after inclusion of serum bilirubin, serum bilirubin was not in-
cluded in the final model. Of note, in contrast to the FDA label
information (11), the European Public Assessment Report (9) rec-
ommends dose adjustment for patients weighing �80 kg. Patients
in the present study showed a wide range of weights (53.6 kg to
99.2 kg), and 15 of the 36 patients receiving CAS had a weight
exceeding 80 kg. However, neither linear nor allometric scaling of
weight as a potential covariate in the PK parameters improved the

FIG 4 Final population pharmacokinetic model of amphotericin B after administration of liposomal amphotericin B. (a and b) Observations versus population
(a) or individual (b) predictions. The line of identity is shown. (c and d) Conditional weighted residuals versus population predictions (c) or time after dose (d).
(e and f) Visual predictive check showing observations and model predictions on day 1 (e) and day 4 (f). The median (solid line) and the 5th and 95th percentiles
(dashed black lines) for the observed data with 95% confidence intervals (gray fields) based on simulations are shown.
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PopPK model, and thus the results did not support to the need for
dose adjustment according to weight in the adult aHSCT popula-
tion.

The PopPK analysis clearly showed that the PK of CAS is not
altered by the concomitant administration of LAMB. Mean peak
plasma concentrations at steady state were within the range of
published data (8.47 � 2.73 mg/liter; mean values in the literature,
7.39 to 10.0 mg/liter), and trough concentrations were higher than
published data (mean, 2.86 � 1.13 mg/liter; range, 0.39 to 8.61
mg/liter; mean values in the literature, 1.41 to 2.4 mg/liter) (27, 30,
36, 37, 39). Based on the lower fluctuation of CAS concentrations
during daily treatment, total drug exposure of CAS was in the
upper range of reported data (112 � 28.4 mg · h/liter; mean values
in the literature: 83.17 to 107.59 mg · h/liter) (27, 30, 36, 37, 39)
(see Table SA in the supplemental material). In the present study,
all patients received comedication with cyclosporine. Cyclospo-
rine is known to moderately increase the AUC of CAS by about
35% (15, 21, 31), thus explaining the moderately higher AUC in
our patients. Although the critical CAS PK parameter for efficacy
in patients is unknown, dosing in the present study ensured that
drug exposures considered to be effective (22) were achieved.

Following administration of LAMB, two-thirds of the patients
had comparable plasma concentration-time profiles after the 1st
and 4th doses, whereas the remaining proportion of patients had
significantly increased plasma concentrations after repeated dos-
ing. As patients were evenly distributed in the LAMB and CAS-
LAMB arms, a potential influence of comedication of CAS can be
excluded. Walsh et al. (41) reported a more than 50% decrease in
CL after a mean duration of treatment of 7.6 � 1.1 days combined
with a significant increase in drug exposure in patients with neu-
tropenic fever. A potential explanation is the existence of at least
one saturable pathway involved in the disposition of amphoteri-
cin B (41), including but not limited to saturable reticuloendothe-
lial uptake mechanisms.

In the present data set, the PopPK of LAMB was best de-
scribed by a linear two-compartment model. Neither a three-
compartment model, Michaelis-Menten kinetics, nor time-
dependent modeling of PK parameters according to Boddy et
al. (4) improved the fit of the data further or accounted for a
possible time-dependent or saturable PK of amphotericin B after
multiple-dose administration of LAMB. A mixture model with
two subpopulations for CL indicated subgroups which were sim-
ilar in size, but the CL values between the subgroups differed by a
factor of 3. The physiological rationale for these subpopulations is
unclear. Possible explanations might be a saturable elimination
pathway, disease status, or differences in parenteral nutrition.
However, due to these uncertainties and due to the small popula-
tion (only 34 patients) in the present study, the mixture model was
not regarded as the final PopPK model.

Hong et al. (19) also used a two-compartment model to de-
scribe the PK of amphotericin B in pediatric patients with malig-
nant diseases after multiple-dose administration of LAMB. These
investigators found a high IOV for CL and V1, with an occasion
being defined as period of time in which patients were adminis-
tered LAMB on a daily basis and the interval between two occa-
sions being at least 2 weeks. However, inclusion of IOV in our
PopPK model did not lead to any improvement in the results of
the PopPK analysis, and IOV was therefore not included in the
PopPK model. Of note, none of the tested covariates (CAS come-
dication, gender, weight, age, BSA, serum bilirubin, and CLCR)

improved the model, and the data clearly show that the PK of
LAMB is not altered by concomitant administration of CAS.

The CL values of 1.22 liters/h as well as peak plasma concen-
trations of 18.0 mg/liter obtained in the present study are within
the range of data reported for other populations; the terminal
half-life of 54.3 h is comparable to results obtained by Hong et al.
(59.4 h) but longer than those found in other studies (3, 10, 16, 41)
(see Table SB in the supplemental material). While the IIVs of
38% for V1 and up to 84% for V2 observed in our study may
appear high, the results of previous studies suggested that LAMB
PK is characterized by significant interpatient variability: For ex-
ample, based on a PopPK analysis, Hong et al. (19) estimated IIVs
of 10% for CL, 77% for Q, and 74% for V2 combined with IOV of
46% for CL and 56% for V1. IIV reported by Bekersky et al. (3) was
about 40% to 75%. Finally, using a dose of 2.5 mg/kg, Walsh et al.
(41) found an IIV for CL of 68%. The high PK variability of LAMB
may be founded in differences in the uptake of the liposomal car-
rier with bound drug into nonblood compartments or in the dis-
solution of the drug from the liposomal carriers with conse-
quences for its disposition in the blood; further potential factors
include differences in disease status and inflammatory molecules,
the composition of plasma proteins, and solutions used for con-
comitant parenteral nutrition (3). Interestingly, liposomal encap-
sulation of daunorubicin with liposomes of similar structure
(Daunoxome) resulted in a substantial reduction of IIV in the PK
parameters (17).

In conclusion, PopPK models were developed for CAS and
LAMB in adult aHSCT recipients. There were no clinically rele-
vant differences in drug exposures relative to other populations.
The PK of CAS was not altered by coadministration of LAMB and
vice versa. Covariates, including age, gender, weight, BSA, and
serum bilirubin, and CLCR as parameters of hepatic and renal
function, respectively, did not influence the PK of either com-
pound. As reported in detail elsewhere (13), except for a higher
frequency of hypokalemia with the combination, CAS-LAMB
combination therapy was as safe as monotherapy with CAS and
LAMB, and there were no apparent differences in the occurrence
of breakthrough invasive fungal infections and survival between
the three treatments.
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