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 INTRODUCTION
       Invasive pulmonary aspergillosis is an important cause of mor-
bidity and mortality in patients receiving cytotoxic chemotherapy 
for leukemia, bone marrow transplantation, and aplastic anemia 
(3, 12, 15, 28, 44, 45). Amphotericin B (AMB) is the most widely 
used drug for treating invasive pulmonary aspergillosis; however, 
its use is limited by dose-dependent nephrotoxicity (20, 53). Lipid 
formulations of AMB are significantly less nephrotoxic with similar 
therapeutic efficacy; however, their use is limited by cost and infu-
sion-related toxicity (19). Itraconazole has also been used for the 
treatment of invasive aspergillosis in neutropenic patients, but its 
oral formulations are either erratically absorbed or not well toler-
ated (29). Little is known about the recently introduced parenteral 
formulation of itraconazole. All of these compounds directly or in-
directly target the fungal cell membrane.
        The use of echinocandins provides a novel approach to target-
ing Aspergillus by inhibiting the synthesis of 1,3--D-glucan 
(13, 16, 21, 22, 34, 55). 1,3--D-Glucan is important for osmotic sta-
bility of fungal elements and plays an important role in cell growth 
and replication. By targeting this site, the cell wall of Aspergillus 
spp. may be disrupted and cell death can eventually occur (35).
In vitro studies have demonstrated the potent antifungal activity of 
caspofungin (CAS) against Candida spp. (5, 6, 32, 37, 39, 42, 43, 50). 
Additional studies have demonstrated that CAS is active against 
clinical isolates of filamentous fungi such as Aspergillus spp. and 
other molds (4, 6, 14, 46). CAS also has been evaluated in animal 
models of disseminated candidiasis (1, 2, 24, 25), disseminated 
aspergillosis (1, 2), cryptococcosis (1), histoplasmosis (23), and 
Pneumocystis carinii pneumonia
(47).
           CAS was recently approved for the treatment of invasive asper-
gillosis in patients refractory to or intolerant of conventional ther-
apy. However, the database of treatment of invasive pulmonary as-
pergillosis in persistently neutropenic patients with CAS is limited.
        The antifungal efficacy, pharmacokinetics, and safety of caspo-
fungin (CAS) were investigated in the treatment and prophylaxis 
of invasive pulmonary aspergillosis due to Aspergillus fumigatus in 
persistently neutropenic rabbits. Antifungal therapy consisted of 1, 
3, or 6 mg of CAS/kg of body weight/day (CAS1, CAS3, and CAS6, re-
spectively) or 1 mg of deoxycholate amphotericin B (AMB)/kg/day 
intravenously for 12 days starting 24 h after endotracheal inocula-
tion. Prophylaxis (CAS1) was initiated 4 days before endotracheal 
inoculation. Rabbits treated with CAS had significant improvement 
in survival and reduction in organism-mediated pulmonary injury 
(OMPI) measured by pulmonary infarct score and total lung weight 
(P < 0.01). However, animals treated with CAS demonstrated a para-
doxical trend toward increased residual fungal burden (log CFU per 
gram) and increased serum galactomannan antigen index (GMI) 
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despite improved survival. Rabbits receiving prophylactic CAS1 
also showed significant improvement in survival and reduction in 
OMPI (P < 0.01), but there was no effect on residual fungal burden. 
In vitro tetrazolium salt hyphal damage assays and histologic stud-
ies demonstrated that CAS had concentration- and dose-dependent 
effects on hyphal structural integrity. In parallel with a decline in 
GMI, AMB significantly reduced the pulmonary tissue burden of 
A. fumigatus (P < 0.01). The CAS1, CAS3, and CAS6 dose regimens 
demonstrated dose-proportional exposure and maintained drug 
levels in plasma above the MIC for the entire 24-h dosing interval 
at doses that were >3 mg/kg/day. As serial galactomannan antigen 
levels may be used for therapeutic monitoring, one should be aware 
that profoundly neutropenic patients receiving echinocandins for 
aspergillosis might have persistent galactomannan antigenemia de-
spite clinical improvement. CAS improved survival, reduced pulmo-
nary injury, and caused dose-dependent hyphal damage but with 
no reduction in residual fungal burden or galactomannan antigen-
emia in persistently neutropenic rabbits with invasive pulmonary 
aspergillosis.y
MATERIALS AND METHODS
Organism
         Aspergillus fumigatus strain 4215 (NIH 4215, ATCC MYA-
1163), which was obtained from a fatal case of pulmonary aspergil-
losis, was used in all experiments. The organism was subcultured 
from a frozen isolate (stored at 70°C) onto Sabouraud dextrose 
slants (BBL, Cockeysville, Md.) and incubated for 24 h at 37°C. The 
slants were then allowed to grow at room temperature for an addi-
tional 5 days before conidia were harvested.
MICs were determined according to NCCLS tentative standard 
M27-A microdilution methods (17, 18, 40). The inoculum of A. fu-
migatus was prepared in normal saline (NS) to an optical density 
(OD) of 80 to 82% to give a conidium concentration of 1.0  106 to 
5.0  106 CFU/ml in sterile NS. Aliquots of 0.1 ml of serially diluted 
drug and 0.1 ml of the inoculum suspension were inoculated into 
microtiter wells and incubated for 48 h at 35°C. The final concen-
trations of CAS (Merck & Co., Inc., Rahway, N.J.) ranged from 0.02 
to 128 g/ml. MICs were also determined by substituting antibiotic 
medium 3 (AM-3) (NIH Media Unit, Bethesda, Md.) for RPMI 1640 
with phenol red (BioWhittaker, Walkerville, Md.). The MIC was de-
fined as the lowest concentration of a drug that allowed no (0) or 
minimal (1) growth on a scale ranging from 0 to 4. The minimal fun-
gicidal concentration (MFC) was then determined by plating 100 l 
from those wells that showed no turbidity. The lowest concentra-
tion of drug that grew fewer than 3 colonies was designated as the 
MFC. The MICs of CAS and AMB were 0.06 and 1.0 g/ml, respective-
ly, in RPMI and 0.06 and 0.5 g/ml, respectively, in AM-3. The MFC of 
CAS was 128 g/ml in AM-3 and 128 g/ml in RPMI. The MFC of AMB 
was 1.0 g/ml in AM-3 and 1.0 g/ml in RPMI.



MTT hyphal damage assays
         A rapid colorimetric assay with tetrazolium salt (MTT) (36) 
was conducted to evaluate the effect of echinocandin on damage to 
the hyphae of A. fumigatus. The yellow MTT [3-(4,5-dimethylthi-
azol-2-yl)-2,5diphenyltetrazolium bromide] (Sigma, St. Louis, Mo.) 
is cleaved by dehydrogenases of metabolically active fungi, reducing 
it to its purple MTT formazan derivative, which is then quantitated 
by spectrophotometry after alcohol extraction. Fungal viability was 
evaluated at 1-, 3-, and 6-h time points at concentrations of CAS 
ranging from 0.01 to 10.0 g/ml and at a 0.5-g/ml concentration of 
AMB; results were reported as the mean percent damages for each 
concentration. Absorbance (A) readings were made on a microplate 
spectrophotometer (Multiscan MMC/340; Titertek, Huntsville, Ala.) 
at 570 and 690 nm. Hyphal damage was reported as a percentage of 
absorption of treated cells compared to untreated control cells by 
using the following equation: percent kill  1  (A570–690 with drug/
A570–690 without drug)  100.
ANIMALS
           Healthy female New Zealand White rabbits (Hazleton Research 
Products, Inc., Denver, Pa.) weighing 2.7 to 3.8 kg at the time of inoc-
ulation were used in all experiments. These studies were approved 
by the Animal Care and Use Committee of the National Cancer In-
stitute. All rabbits were housed and monitored under humane care 
and use in facilities accredited by the Association for Assessment 
and Accreditation of Laboratory Animal Care International and ac-
cording to National Institutes of Health guidelines for animal care 
and in fulfillment of the guidelines of the National Research Council 
(41). Rabbits were individually housed and maintained with water 
and standard rabbit feed ad libitum. A total of 77 rabbits were used 
for all experiments. Vascular access was established in each rabbit 
by the surgical placement of a Silastic tunneled central venous cath-
eter as previously described (56). The Silastic catheter permitted 
nontraumatic venous access for repeated blood sampling for the 
study of biochemical and hematological parameters, pharmacoki-
netics in plasma, serum galactomannan, and administration of par-
enteral agents. Serum samples were drawn from all rabbits at the 
initiation of immunosuppression, during the course of pulmonary 
aspergillosis, and before death. Rabbits were euthanatized by in-
travenous (i.v.) administration of sodium pentobarbital (65 mg [1 
ml]/kg of body weight; The Butler Company, Columbus, Ohio) at the 
end of each experiment, 24 h after administration of the last dose 
of study drug.
INOCULATION
          Pulmonary aspergillosis was established as previously de-
scribed (19). For each experiment, the inoculum of A. fumigatus 
was prepared from Sabouraud dextrose slants inoculated as de-
scribed above. Conidia were harvested under a laminar airflow 
hood with a solution of 10 ml of 0.025% Tween 20 (Fisher Scientif-
ic, Fair Lawn, N.J.) in 0.9% NaCl (Quality Biological, Inc., Gaithers-
burg, Md.), transferred to a 50-ml conical tube, washed, and count-
ed with a hemacytometer. The concentration was adjusted in order 
to give each rabbit a predetermined inoculum of 108 conidia of A. 
fumigatus in a volume of 250 to 350 l. The concentrations of the 
inocula were confirmed by serial dilutions cultured on Sabouraud 
glucose agar (SGA).
           Inoculation was performed on day 2 of the experiments 
while the animals were under general anesthesia. Each rabbit was 
anesthetized with 0.5 to 1.0 ml of a 2:1 mixture (vol/vol) of i.v. ad-
ministered ketamine (100 mg/ml) (Ketaset; Phoenix Scientific, Inc., 
St. Joseph, Mo.) and xylazine (20 mg/ml) (Rompun; Bayer Corp., 
Agriculture Division, Animal Health, Shawnee Mission, Kans.). Once 
satisfactory anesthesia was obtained, a Flagg O straight-blade la-
ryngoscope (WelchAllyn, Inc., Skaneateles Falls, N.Y.) was inserted 
in the oral cavity until the vocal cords were clearly visible. The A. 
fumigatus inoculum was then administered intratracheally with a 
tuberculin syringe attached to a 5 1/4-in. 16-gauge Teflon catheter 
(Becton Dickinson Infusion Therapy Systems, Inc., Sandy, Utah).
IMMUNOSUPPRESSION AND MAINTENANCE OF 
NEUTROPENIA
                                                   

           To simulate the conditions of persistent neutropenia, treat-
ment with cytarabine (Ara-C) (Cytosar-U; The Upjohn Company, 
Kalamazoo, Mich.) was initiated i.v. 1 day before the endotracheal 
inoculation of the animals. Profound and persistent neutropenia 
(a granulocyte concentration of 100 granulocytes/l) was achieved 
by an initial course of 525 mg of Ara-C per m2 for five consecutive 
days. A maintenance dose of 484 mg of Ara-C per m2 was admin-
istered for four additional days on days 8, 9, 13, and 14 of the ex-
periment to maintain persistent neutropenia. Concomitant throm-
bocytopenia was present in a range of 30,000 to 50,000 platelets/l. 
Methylprednisolone (Abbott Laboratories, North Chicago, Il.) at a 
dose of 5 mg/kg of body weight/day was administered on days 1 
and 2 of the experiment to inhibit macrophage activity against co-
nidia in order to facilitate establishment of infection.
         Ceftazidime (75 mg/kg given i.v. twice daily; Glaxo, Inc., Re-
search Triangle Park, N.C.), gentamicin (5 mg/kg given i.v. every 
other day; Elkins-Sinn, Inc., Cherry Hill, N.J.), and vancomycin (15 
mg/kg given i.v. daily; Abbott Laboratories) were administered 
from day 4 of immunosuppression until study completion to pre-
vent opportunistic bacterial infections during neutropenia. In or-
der to prevent antibiotic-associated diarrhea due to Clostridium 
spiroforme, all rabbits continuously received 50 mg of vancomycin 
per liter of drinking water.
        Total leukocyte counts and the percentages of granulocytes 
were monitored twice weekly with a Coulter counter (Coulter Cor-
poration, Miami, Fla.) and by peripheral blood smears and differen-
tial counts, respectively.
       Antifungal compounds and treatment regimens. Rabbits were 
grouped to receive CAS or AMB deoxycholate (Bristol-Myers Squibb 
Company, Princeton, N.J.) for treatment of established invasive 
pulmonary aspergillosis or no drug (untreated controls). CAS was 
provided as a lyophilized powder and dissolved according to the 
recommendations of the manufacturer in sterile water to produce 
a 50-mg/ml stock solution that was maintained at 70°C. Prior to 
use, CAS was freshly diluted with sterile water to 2-, 5-, and 10-mg/
ml solutions for the 1-, 3-, and 6-mg/kg/day dosage groups (CAS1, 
CAS3, and CAS6, respectively). The reconstituted CAS was adminis-
tered at ambient temperature as a slow i.v. bolus over 1 min. AMB 
was diluted with sterile water to a 1-mg/ml concentration and 
slowly administered i.v. at a rate of 1 mg/kg/day (0.1 ml every 10 
s). Antifungal therapy was initiated 24 h after endotracheal inoc-
ulation. CAS and AMB therapies were continued throughout the 
course of the experiments for a maximum of 12 days in surviving 
rabbits.
PROPHYLACTIC REGIMEN
         In order to investigate the efficacy of CAS for prevention of 
pulmonary aspergillosis in a persistently neutropenic rabbit mod-
el, we compared CAS-treated rabbits to untreated controls. The 
prophylaxis studies used the same methods as described above 
with the following exceptions. Based upon assessment of response 
in the therapeutic model, a single dose regimen of CAS was selected 
for prophylaxis. Rabbits received CAS1 for 4 days before endotra-
cheal inoculation. Administration of CAS1 was then continued for 
a maximum of 12 days. In order to simulate the low initial tissue 
burden of A. fumigatus in the setting of antifungal prophylaxis, the 
administered inoculum was 5  107 conidia. All other methods, in-
cluding outcome variables, were identical for both the treatment 
and prophylaxis experiments.
OUTCOME VARIABLES
       The following panel of outcome variables was used to assess 
antifungal efficacy: survival, pulmonary infarct score, lung weight, 
residual fungal burden (log CFU/gram), fungal growth (log CFU/
gram) in bronchoalveolar lavage (BAL) fluid, computerized tomog-
raphy (CT) scores, galactomannan index (GMI), and histopathology. 
Pulmonary infarct score, lung weight, and CT scan were measures 
of organism-mediated pulmonary injury.
Survival. 
          The survival time in days postinoculation was recorded for 



each rabbit in each group. Surviving rabbits were euthanatized by 
sodium pentobarbital anesthesia on day 13 postinoculation, 24 h 
after the last dose of study drug.
PULMONARY LESION SCORES
         The entire heart-lung block was carefully resected at autopsy. 
The heart was then dissected away from the lungs, leaving the tra-
cheobronchial tree and lungs intact. The lungs were weighed and 
inspected by at least two observers who were blinded to the treat-
ment group, and the observers recorded the hemorrhagic infarct 
lesions (if any) in each individual lobe. Hemorrhagic infarcts were 
dark red consolidated lesions that corresponded histologically to 
coagulative necrosis and intra-alveolar hemorrhage. The number of 
positive lobes was added together, and the mean value of all posi-
tive lobes was calculated for each treatment group.
BAL
          BAL was performed on each lung preparation by the instillation 
and subsequent withdrawal of 10 ml of sterile NS into the clamped 
trachea with a sterile 12-ml syringe. This process was repeated for 
a total infusion of 20 ml of NS. The lavage material was then centri-
fuged for 10 min at 500  g. The supernatant was discarded, leaving 
2 ml of fluid in which the pellet was then resuspended. A 0.1-ml 
sample of this fluid and 0.1 ml of dilution (101) of this fluid were 
cultured on 5% SGA plates.
HISTOPATHOLOGY
           Pulmonary lesions were excised and fixed in 10% neutral 
buffered formalin. Paraffin-embedded tissue sections were then 
sectioned and stained with either periodic acid-Schiff or Gro-
cott-Gomori methenamine-silver stain. Tissues were microscopi-
cally examined for pulmonary injury and structural changes in As-
pergillus hyphae.
FUNGAL CULTURES
           Lung tissue from each rabbit was sampled and cultured 
by a standard excision of tissue from each lobe. Each fragment was 
weighed individually, placed in a sterile polyethylene bag (Tekmar 
Corp., Cincinnati, Ohio), and homogenized with sterile saline for 30 
s per tissue sample (Stomacher 80; Tekmar) (52). Lung homoge-
nate dilutions (101 and 102) were prepared in sterile saline. Ali-
quots (100 l) from homogenates and homogenate dilutions were 
plated onto SGA plates and incubated at 37°C for the first 24 h and 
then left at room temperature for another 24 h. The number of CFU 
of A. fumigatus was counted and recorded for each lobe, and the 
number of CFU per gram was calculated. A finding of one colony of 
A. fumigatus was considered positive.
CT
         Serial CT of the lungs was performed during all experiments in 
order to monitor the effects of antifungal therapy on organism-me-
diated pulmonary injury during the course of infection. Briefly, 
rabbits were sedated with ketamine and xylazine and then placed 
prone, head first, on the scanning couch. CT was performed with the 
ultrafast electron beam CT scanner (model C-100XL; Imatron, Oys-
ter Point, Calif.), as previously described (54). Using the high-res-
olution, table-incremented, volume acquisition mode, 3-mm-thick 
ultrafast CT scans were performed every 4 s. A small scan circle and 
a 9-cm-diameter reconstruction circle with a matrix of 512 by 512 
were used, which resulted in a pixel size of less than 1 mm. Scan pa-
rameters were 130 kV and 630 mA, and scan duration was 100 ms. 
In virtually all cases, 30 slices were sufficient to scan the entire tho-
rax of the rabbit. Images were photographed using lung windows 
with a level of 600 Hounsfield units and a width of 1,800 Hounsfield 
units. The radiologic features of invasive pulmonary aspergillosis 
observed in this experimental system are similar to those reported 
in persistently neutropenic patients (9, 10, 31, 33).
GALACTOMANNAN ASSAY
           Blood was collected every other day from each rabbit for 
the determination of serum galactomannan concentrations. Serum 
galactomannan concentrations were determined by the Platelia 
Aspergillus EIA (Genetic Systems/Sanofi Diagnostic Pasteur, Red-
mond, Wash.) one-stage immunoenzymatic sandwich microplate 

assay method, which was performed according to the manufactur-
er’s directions (Platelia Aspergillus 62797, Immunoenzymatic de-
tection of galactomannan antigen of Aspergillus in serum, Sanofi 
Diagnostic Pasteur). The assay uses the rat monoclonal antibody 
EB-A2, which is directed against Aspergillus galactomannan (49). 
The monoclonal antibody is used to sensitize the wells of the mi-
croplate and to bind the antigen. Peroxidase-linked monoclonal rat 
antibody is used as the detector antibody. The optical absorbances 
of specimens and controls were determined by a microplate spec-
trophotometer equipped with 450- and 620-nm filters (Titertek 
Multiscan MMC/340). Enzyme immunoassay data were expressed 
as a serum GMI plotted over time. The GMI for each test serum is 
equal to the OD of a sample divided by the OD of a threshold serum 
provided in the test kit. Sera with GMIs of less than 1 were consid-
ered negative. Sera with GMIs of greater than 1.5 were considered 
positive. Sera with GMIs between 1 and 1.5 were considered inde-
terminate. Serial serum galactomannan levels were plotted over 
time as a function of antifungal compound and time of initiation of 
study drug treatment (treatment versus prophylaxis).
PHARMACOKINETIC STUDIES
        The plasma pharmacokinetics of CAS were investigated in 12 
infected animals per dosage cohort by using optimal plasma sam-
pling. Time points for optimal plasma sampling were determined on 
the basis of full plasma concentration profiles obtained in healthy 
rabbits (26) with the aid of the Adapt II computer program (D. Z. 
D’Argenio and A. Schumitzky, Adapt II user’s guide, Biomedical Sim-
ulations Resource, University of Southern California, Los Angeles). 
Plasma sampling was performed on day 5 of antifungal therapy. 
Blood samples were drawn at 0.17, 2.5, 8, 12, and 24 h postdose. 
Similarly, infected lung tissue and BAL fluid were sampled postmor-
tem as described above for the analysis of CAS effectiveness.
Blood samples were collected in heparinized syringes. 
       Plasma was immediately separated by centrifugation. Plasma, 
lung tissue, and BAL fluid were stored at 80°C until shipment in 
dry ice to the laboratories of Merck Sharp & DohmeChibret, Riom, 
France, for assay.
        Drug levels were determined after solid-phase extraction and di-
lution in the mobile phase by reversed-phase high-performance liq-
uid chromatography. Lung tissues were homogenized in sterile NS 
prior to extraction. The mobile phase consisted of acetonitrile–0.01 
M KH2PO4 (60:40 [vol/vol]), pH 3. Separation was achieved using 
a Brownlee Cyano column (220- by 4.6-mm inside diameter, 5-m 
particle size; Perkin Elmer, Norwalk, Conn.). CAS was detected by 
fluorometric detection (excitation, 224 nm; emission, 302 nm ). 
Quantitation was based on an internal standard method using the 
semisynthetic echinocandin L-733,560 as the internal standard. 
Eight-point standard curves (range of concentrations, 0.15 to 10 
g/ml) were linear with r2 values of greater than 0.998. The lower 
limits of quantitation were 0.15 g/ml for plasma, 0.10 g/ml for BAL 
material, and 0.17 g/g for lung tissues. Accuracies were within 
15% and intra- and interday variability (precision) was 5%.
         Pharmacokinetic parameters for CAS were determined by 
compartmental analysis and the Bayesian approach by using mi-
croconstants derived from pharmacokinetic studies in healthy 
rabbits (26) as priors. Pharmacokinetic modeling was performed 
with the Adapt II (D’Argenio and Schumitzky, Adapt II user’s guide) 
computer program using iterative weighted nonlinear least squares 
regression analysis. Model selection was guided by Akaike’s infor-
mation criterion (57). Concentration-time profiles of CAS were best 
described by a 3-compartment open model with intravenous bolus 
input and linear first-order elimination from the central compart-
ment (26). The model fit the optimal sampling-derived data well. 
The regression lines through the plot of observed versus estimated 
concentrations did not differ from the line of identity, and no bias 
was observed. r2 values for the individual fits ranged from 0.949 
to 1.00 (mean, 0.997). Peak concentrations in plasma (Cmax) were 
determined as model-estimated concentrations immediately after 
bolus administration, and the values for the area under the concen



tration-time curve from 0 to 24 h (AUC0–24) were calculated from 
estimated plasma concentration profiles using the trapezoidal rule.
Toxicity studies. Blood was collected from each rabbit every other 
day, starting the first day after inoculation and continuing through-
out the treatment. Plasma samples were stored in Sarstedt tubes 
(Sarstedt, Inc., Newton, N.C.) at 70°C until all samples were pro-
cessed simultaneously. Chemical determinations of potassium, as-
partate aminotransferase (AST), alanine aminotransferase (ALT), 
creatinine, urea nitrogen, and total bilirubin concentrations in se-
rum were performed on the penultimate sample drawn from each 
rabbit.
STATISTICAL ANALYSIS  
         Comparisons between groups were performed by analysis of 
variance (ANOVA) with Bonferroni’s correction for multiple com-
parisons or the Mann-Whitney U test, as appropriate, against un-
treated controls. KaplanMeier survival plots were analyzed by the 
Mantel-Haenzsel chi-square test. All P values were two sided, and 
a P value of 0.05 was considered to be significant. Values are ex-
pressed as means standard errors of the means (SEMs).
RESULTS
MTT hyphal damage assays
      In vitro MTT hyphal damage assays demonstrated that there 
were significant (P  0.0001) concentration-dependent effects. After 
1 h, a 0.01-g/ml concentration of CAS produced a mean percentage 
of hyphal damage of 28.12% 3.96%, whereas a 10.00-g/ml concen-
tration of CAS produced a mean percentage of hyphal damage of 
51.59% 1.37% (Fig. 1). In comparison, a 0.5-g/ml concentration 
of AMB produced a mean percentage of hyphal damage of 95.32% 
0.41%. There was no significant timedependent effect on hyphal 
damage for the further incubation for 24 h.
ANTIFUNGAL THERAPY
         There was a significant improvement in the survival of rabbits 
treated with CAS1 (3 of 12 [25%], P  0.001), CAS3 (2 of 12 [16.7%], 
P  0.01), and CAS6 (3 of 12 [25%], P  0.05) in comparison with those 
of the untreated controls (Table 1). Survival was also improved in 
the overall population of CAS-treated rabbits, with 8 of 36 (22.2%) 
animals surviving through the entire duration of the study (P 
0.001).

 
Figure. 1. Hyphal damage to A. fumigatus by CAS versus AMB by 
MTT assay. In vitro MTT assays demonstrated significant (P  0.0001 
by ANOVA) concentration-dependent effects on hyphal damage. 
Values are given as means SEMs (error bars). As the SEMs were 
small for several time points, the error bars may not always be ap-
parent in the hyphal damage curves.
        There also was a reduction in organism-mediated pulmonary         

injury as measured by total lung weight and pulmonary infarct 
score in rabbits treated with CAS and AMB (Fig. 2). The mean lung 
weights in rabbits treated with CAS1, CAS6, and AMB were signifi-
cantly reduced compared to those of the untreated controls (P  0.05, 
P  0.01, and P  0.001, respectively). No differences in lung weight 
were noted between the untreated controls and CAS3. CAS1- and 
AMB-treated animals showed a significant reduction in the mean 
pulmonary infarct score in comparison with untreated controls (P  
0.01 and P  0.001, respectively). However, no differences in mean 
pulmonary infarct score were noted between untreated controls 
and animals treated with CAS3 and CAS6. As there were no dose-re-
lated.
TABLE 1. Survival of persistently neutropenic rabbits with primary 
pulmonary aspergillosis treated with different doses of CAS or AMB 
compared to that of untreated control rabbits.

TREATMENT 
GROUP

SURVIVAL (DAYS)

M E A N -
SEM

MEDIAN RANGE 9 5 % 
% CI

PVAL-
UEB

Control (12) 0.69 6.0 4–13 5.40–
8.44

CAS (ALL 
DOSES) (36)

0.36 10.0 6–13 9.31–
10.75

0.001

CAS1 (12) 0.54 10.0 7–13 9.22–
11.61

0.001

CAS3 (12) 0.61 10.5 5–13 8.82–
11.52

0.01

CAS6 (12) 0.70 9.0 6–13 7.96–
11.04

0.05

AMB (6) 0.48 9.0 7–10 7.61–
10.06

0.05

a 95% CI, 95% confidence interval.
b P values comparing survival values for the treated group 
to those for the control group were calculated by using ANOVA with 
Bonferroni’s correction for 
effects of CAS on pulmonary injury (measured by pulmonary infarct 
scores or lung weights) over the dose range selected, all three dos-
age groups were combined for further analysis. There was a sig-
nificant reduction of mean pulmonary infarct scores (3.36 
0.53 versus 5.17 0.38, P  0.0156) and mean lung weights (35.1 
4.27 g versus 49.5 2.03 g, P  0.0033) in CAS-treated rabbits in com-
parison with those of the untreated controls.
         CAS-treated animals demonstrated a paradoxical trend toward 
increased concentration of residual organisms (Fig. 2). By compar-
ison, there was a significant quantitative reduction in A. fumigatus 
growth in pulmonary tissue from AMB-treated rabbits compared to 
that observed in the untreated controls (P  0.01). There was a trend 
toward higher frequency of negative BAL cultures for A. fumigatus 
in rabbits treated with CAS than in untreated rabbits (Table 2), 
whereas BAL fluid from AMB-treated rabbits showed no detectable 
organisms in any sample.
          Consistent with the reduction in organism-mediated pul-
monary injury, ultrafast CT scans demonstrated resolution of pul-
monary infiltrates in rabbits treated with CAS (Fig. 3) (P  0.0001 
by ANOVA). As there was no significant intergroup difference of 
pulmonary infiltrate scores by CT scan among the different dosage 
cohorts of CAS, all three groups were combined for analysis. During 
the first 7 days of treatment, there was an increase in the number 
of pulmonary infiltrates. However, the magnitude of the pulmonary 
infiltrate scores in treated animals within the first 7 days was less 
than that of
         FIG. 2. Response of primary pulmonary aspergillosis in persis-
tently neutropenic rabbits to antifungal therapy measured by sur-
vival, mean lung weight, mean pulmonary infarct score, and mean 
pulmonary tissue concentration of residual organisms (log CFU/
gram) in untreated controls (n  12) and rabbits treated with CAS 
(CAS1 [n  12], CAS3 [n  12], CAS6 [n  12]) or AMB (1 mg/kg/day) (n  



6). Values are given as means SEMs (error bars). P values are indi-
cated as follows (in comparison to untreated controls, calculated 
by using ANOVA with Bonferroni’s correction for multiple compar-
isons): , P  0.05; §, P  0.01; ¶, P  0.001. For the measure of survival, 
the values on the x axis are days following

untreated controls. Following day 7 of treatment, there was a reduc-
tion in the number of infiltrates in rabbits receiving CAS therapy.
Similarly there also was no dosage-related effect in the reduction 
of CT-measured pulmonary injury. When the results of CT monitor-
ing are combined for all groups, there is a significant reduction in 
CT-measured pulmonary injury in CAStreated rabbits.
      We also investigated the expression of galactomannan in the se-
rum of rabbits with pulmonary aspergillosis as a surrogate marker 
of therapeutic response to the echinocandins (Fig. 4).
      TABLE 2. BAL cultures for A. fumigatus in persistently neutro-
penic rabbits with pulmonary aspergillosis
Treatment group (n) Mean SEM
(log CFU/g) No. (%) of
positive cultures
Control (12) 0.79 0.31 5 (41.6)
CAS (all doses) (36) 0.6 0.18 10 (27.8)
CAS1 (12) 0.86 0.32 5 (41.6)
CAS3 (12) 0.53 0.33 3 (25)
CAS6 (12) 0.41 0.27 2 (16.7)
AMB (6) 0 0
       The GMI was studied in animals receiving treatment (Fig. 4A) 
and prophylaxis (Fig. 4B). Serial serum samples in untreated con-
trol rabbits showed progressive galactomannan antigenemia cor-
relating with progression of invasive pulmonary aspergillosis (Fig. 
4A). Despite a reduction in pulmonary infiltrates, lung weights, 
and mortality, GMI increased in CAS-treated rabbits. This finding 
paralleled the previously noted paradoxical increase in the residu-
al fungal burden (log CFU/gram) in the lung tissue of CAS-treated 
animals. A similar rise in GMI also was observed in rabbits receiv-
ing prophylaxis with CAS1 (Fig. 4B). Serial serum GMI values of 
AMB-treated rabbits were positive 1 day after inoculation and de-
clined during the treatment. In parallel with a decline in GMI, AMB 
significantly reduced the pulmonary tissue burden of A. fumigatus 
(P  0.01) (Fig. 4A).
         The histopathological features of aspergillosis were studied in 
the lungs of rabbits in all treatment groups. There was dose-depend-
ent damage of hyphal structures in the lung tissue of CAS-treated 
rabbits. Each panel in Fig. 5 demonstrates a representative section 
of hyphal morphology in a corresponding treatment group. Organ

FIG. 3. Pulmonary infiltrate scores determined by image analysis of 
serial CT scans of untreated control and CAS-treated rabbits from 
all groups. Animals treated with CAS demonstrated significant reso-
lution of pulmonary infiltrates in comparison to untreated controls 
(P  0.0001 by ANOVA). Pulmonary infiltrates increased during the 
first 7 days in untreated control and treated rabbits. The pulmonary 
infiltrate curve ends on day 7 due to mortality in untreated control 
rabbits. Pulmonary infiltrates declined following day 7 in the CAS 
treatment cohort.
-isms from untreated control rabbits demonstrated typical dichot-
omously branching septate hyphae of A. fumigatus (Fig. 5A). In Fig. 
5B, organisms from the lung tissue of a rabbit treated with CAS1 
had increased fragmentation of hyphal elements. As depicted in Fig. 
5D and E, hyphae from rabbits treated with CAS6 had the greatest 
level of cell wall damage, as evidenced by increased fragmentation 
and vacuolization. Tissues from AMB-treated rabbits seldom re-
vealed hyphal elements (Fig. 5F).
ANTIFUNGAL PROPHYLAXIS
          Rabbits receiving prophylactic CAS1 (n  13) showed signifi-
cant improvement in survival (P  0.0019) and reduction in organ-
ism-mediated pulmonary injury as measured by infarct scores (P  
0.01), but again no effect on residual fungal burden was observed 
(Fig. 6).
        Plasma pharmacokinetics of CAS. The estimated plasma con-
centration-time profiles of CAS, the corresponding compartmental 
pharmacokinetic parameters, and the concentrations of CAS in lung 
tissue and BAL fluid are shown in Fig. 7 and Table 3. Dosages of 
1, 3, and 6 mg/kg/day resulted in escalating peak levels in plasma 
that ranged from 21.85 1.20 to 69.36 6.23 g/ml, greatly exceed-
ing the MIC for the experimental isolate. At the 3- and 6-mg/kg/
day dosage levels, mean levels in plasma remained above this MIC 
throughout the dosing interval. The concentrations of CAS in lung 
tissue increased in relation to increasing doses and exceeded the 
MIC. The levels of CAS in BAL fluid also increased in relation to dose 
and exceeded the MIC.
        CAS was eliminated from plasma with a mean terminal half-life 
ranging from 32 to 38 h. CAS in these infected animals demonstrat-
ed a decrease in total clearance with increasing dosages (Table 3), 
corresponding to a dose-related decrease of the apparent volume 
of distribution at steady state (Vss). However, the dose-normalized 
AUC0–  did not demonstrate a significant difference across the dos-
age range.
 SAFETY
         Table 4 demonstrates that rabbits treated with AMB had sig-
nificant increases in their levels of creatinine and urea nitrogen in 
serum compared to those of CAS-treated rabbits or untreated con-
trols (P  0.001). There was no significant elevation of the levels 



of serum bilirubin or serum hepatic transaminases in any of the 
treatment groups
DISCUSSION
        This study demonstrated that CAS administered therapeuti-
cally to persistently neutropenic rabbits with primary pulmonary 
aspergillosis improved survival and reduced organismmediated 
pulmonary injury as measured by lung weight, pulmonary infarct 
score, and CT scan. These effects on survival and reduced pulmo-
nary infarction were comparable to those of AMB. However, there 
was no improvement in organism clearance of A. fumigatus from 
the lung tissue (measured in log
         FIG. 4. Expression of galactomannan antigenemia in persistent-
ly neutropenic rabbits with pulmonary aspergillosis in the treat-
ment (A) and

CFU/gram) in CAS-treated rabbits. By comparison, there was a sig-
nificant reduction of residual fungal burden in AMBtreated animals. 
Despite the lack of an effect on the clearance of A. fumigatus from 
lung tissue, there was a dosage-dependent alteration in the cell wall 
morphology of Aspergillus hyphae in lung tissue. Corresponding 
to these microscopic findings, there was a concentration-depend-
ent effect of CAS-induced hyphal damage measured by MTT assay. 
There was no evidence of hepatic or renal toxicity due to CAS. By 
comparison, AMB administered at a dose of 1 mg/kg/day caused 
significant renal impairment. When administered prophylactically, 
CAS significantly improved survival and reduced lung weight but 
again had no effect on residual fungal burden. CAS administered at 
doses from 1 to 6 mg/kg/day demonstrated linear plasma pharma-
cokinetics while maintaining concentrations in plasma above the 
MIC throughout the 24-h dosing interval at dosages of 3 mg/kg/
day.
           Pulmonary infarction and hemorrhagic necrosis due to angi-
oinvasive hyphae are key elements in the pathogenesis of invasive 
pulmonary aspergillosis in profoundly neutropenic hosts (7). Or-
ganism-mediated pulmonary injury may be measured experimen-
tally by several variables: total lung weight, pulmonary 

Exp. Ther., 301, 241–248.
22. UNDERWOOD, D.C., BOCHNOWICZ, S., OSBORN, R.R., 
KOTZER, C.J.,LUTTMANN, M.A., D.W.P., GORYCKI, 
P.O., CHRISTENSEN, S.B. & TORPHY, T.J. (1998). 
23. Antiasthmatic activity of the second-generation phos-
phodiesterase 4 (PDE4) inhibitor SB 207499 (Ariflo) in the guinea 
pig. J. Pharmacol. Exp. Ther., 298, 988–995.
infarct lesions, and CT scan score. This study reveals that CAS in-
terdicts the progression of organism-mediated pulmonary injury in 
comparison with that of the untreated controls. This effect appears 
to be comparable to that of AMB; however, the antifungal mecha-
nisms are notably different.
         As an echinocandin, CAS is a noncompetitive inhibitor of 
1,3--D-glucan synthase activity (21, 22, 35, 36). Consistent with 
this mechanism of action was a concentration-dependent

FIG. 5. Effects of CAS and AMB in vivo on hyphal structures and 
microbiological clearance of Aspergillus fumigatus in experimen-
tal pulmonary aspergillosis. All specimens were stained with 
Grocott-Gomori’s methenamine-silver. Panels A to D demonstrate 
dose-dependent fragmentation, reduction in length, and increas-
ing swelling and vacuolization of hyphal elements in a represent-
ative section of lung tissue from each dosage group. Panel E is a 
high magnification of the chlamydospore-like structure formed 
in CAS-treated hyphae. Panels: A, control; B, CAS1; C, CAS3; D and 
E, CAS6; F, AMB at a dose of 1 mg/kg/day. Magnification for panel 
E, 800. Magnification for all other panels, 320. antifungal effect of 
hyphal damage in vitro and alteration of Douglas and colleagues 



have demonstrated that CAS prefhyphal cell wall structure in vivo. 
However, individual damaged erentially destroys the apical cells 
and branching junctional cellular units appear to be still viable as 
measured by the lack cells of the hyphal structure of A. fumigatus 
(C. M. Douglas, of reduction in fungal burden (measured in CFU/
gram). J. C. Bowman, G. K. Abruzzo, A. M. Flattery, C. J. Gill, L.

FIG. 6. Response of primary pulmonary aspergillosis in persis-
tently neutropenic rabbits to prophylaxis as measured by surviv-
al, mean lung weight, mean pulmonary infarct score, and mean 
pulmonary tissue concentration of residual organisms (log CFU/
gram) in untreated controls (n  10) and rabbits treated with CAS1 
(n  13). Values are given as means SEMs (error bars). §, P  0.01 
(Mann-Whitney U test). For the measure of survival, the values on 
the x axis are days following inoculation and the values on the y axis 
are probability of survival.
           Kong, C. Leighton, J. G. Smith, V. B. Pikounis, K. Bartizal, M. B. 
Kurtz, and H. Rosen, Abstr. 40th Intersci. Conf. Antimicrob. Agents 
Chemother., abstr. 1683, 2000). Other cellular units of the hyphal el-
ement may remain viable. Destruction of the junctional cells in the 
hyphal structure fragment the hyphal elements and lead to more 
CFU than the single hyphal element would have originally produced 
on quantitative cultures. The histological findings of hyphal frag-
mentation and the paradoxical rise in residual fungal burden (log 
CFU/gram) in our rabbit model are consistent with these in vitro 
findings of Douglas et al. and of Kurtz et al. (35; C. M. Douglas et al., 
40th ICAAC). By comparison, AMB damages all cells in the hyphal 
structure.
           These damaged cells treated with CAS appear histologically to 
have a reduced capacity to invade blood vessels. This reduction in 
angioinvasive potential coincides with reduced pulmonary infarct 
scores, lung weights, and CT scan scores, all of which are markers of 
organism-mediated pulmonary injury. The echinocandins are par-
ticularly novel in this regard, i.e., they may paradoxically increase 
the residual fungal burden while improving survival and reducing 
pulmonary injury due to A. fumigatus.
       The deaths of rabbits in the AMB group are likely due to a com-
bination of nephrotoxicity and invasive aspergillosis. The levels of 
creatinine in serum were higher in animals treated with AMB than 
in those treated with CAS. The rapid rates of hyphal injury and fun-
gal cell death due to AMB are reflected in the lower fungal burden 
(measured in CFU/gram) as well as in the parameters indicating 
pulmonary injury (infarct scores and lung weights). CAS improved 
survival and did not cause nephrotoxicity. CAS reduced pulmonary

 injury (measured by reduced lung weights and pulmonary infarct 
scores), but it did so to a lesser extent than did AMB. This reduced 
rate of hyphal injury caused by CAS in vivo correlates with a re-
duced rate of hyphal damage in vitro in comparison to that caused 
by AMB, as shown in Fig. 1. A slower rate of hyphal injury by CAS 
may permit more time for angioinvasion and pulmonary infarction 
and, hence, reduced survival. Thus, there may be reduced survival 
due to nephrotoxicity in AMB-treated rabbits and reduced survival 
due to organism-mediated pulmonary infarction, possibly related 
to a slower rate of hyphal injury, in CAS-treated animals.
          Host response may have a critical role in the effect of echino-
candins against invasive aspergillosis. For example, Chiller et al. re-
cently demonstrated that human phagocytic cells collaborate with 
CAS to enhance its antifungal activity against A. fumigatus (11). 
Brummer et al. found similar properties between micafungin and 
human phagocytes (8). The persistent and profound neutropenia in 
our rabbit model abrogates any contribution of neutrophils to the 
antifungal effect of CAS. Consequently, the microbiologic findings in 
this model are consistent with in vitro findings in which one also 
observes microcolonies and fragmented hyphal elements.
The levels of galactomannan in serum also paralleled the micro-
biologic increase in residual fungal burden of A. fumigatus in lung 
tissue (38, 48, 51). To our knowledge this is the first in vivo study 
to describe serial galactomannan levels in serum in invasive pulmo-
nary aspergillosis in neutropenic hosts receiving an echinocandin. 
As serial galactomannan antigen levels may be used for therapeu-
tic monitoring, one should be aware that profoundly neutropenic 
patients receiving echinocandins for aspergillosis might have per-
sistent galactomannan antigenemia despite clinical improvement. 
Conversely, nonneutropenic hosts, who tend to clear A. fumigatus 
from their lungs when treated with an echinocandin, may be ex-
pected to have a corresponding decline in serum galactomannan 
antigenemia.
Optimal plasma sampling in infected animals on day 5 of antifungal 
treatment with CAS documented the maintenance of drug levels in 
plasma above the MIC for the experimental isolate throughout the 
dosing interval of 24 h in animals receiving the compound at dos-
ages of 3 mg/kg/day. At dosages of 6 mg/kg/day, the mean AUC0–  
and trough concentration of CAS exceeded the corresponding val-
ues measured after a single-dose administration of 70 mg to human 
volunteers while surpassing mean peak levels in plasma (J. A. Stone, 
C. H. Ballow, S. D. Holland, P. J. Deutsch, W. Hauck, E. Pequignot, M. 
Friel, T. Cicero, and J. B. Mccrea, Abstr. 40th Intersci. Conf. Antimi-
crob. Agents Chemother., abstr. 853, 2000). This plasma exposure 
of CAS is at least similar to that achieved with dosages currently 
recommended for second-line treatment of
 
TABLE 3. Estimated pharmacokinetic parameters of CAS and con-
centrations of CAS in plasma, lung tissue, and BAL fluida
 
Cmax (g/ml) 21.85 1.20 42.30 2.75 69.36 
6.23 0.0001 Cmin (g/ml) 0.089 0.03 0.580 0.13 1.34 
0.16 0.0001 AUC0–24 (g/ml  h) 21.73 2.73 77.65 1 1 . 1 
163.30 14.78 0.0001 AUC0– /dose (g/ml  h) 8.580 1 . 4 5 
12.01 2.18 12.83 1.31 0.1979 Vss (liter/kg) 0.325 
0.03 0.184 0.01 0.094 0.01 0.0001 CL (liter/h/kg) 
0.052 0.00 0.016 0.00 0.007 0.00 0.0001 t1/2 
(h) 32.61 0.72 37.34 0.68 38.42 0.86 0.0001
Clung (g/g) (range) 1.300 0.20 (0.41–2.55) 5 . 8 2  
0.94 (1.11–11.9) 7.68 1.67 (1.45–23.9) 0.0010
CBAL (g/ml) (range) 0.014 0.014 (0.00–0.10) 0 .302 
0.08 (0.00–0.86) 0.563 0.19 (0.00–1.41) 0.0265
 
a All values are expressed as means SEMs for 12 rab-
bits.
b Cmin, concentration 24 h after dosing; CL, total clearance 
in plasma; t1/2, terminal elimination half-life; Clung, concentration 
of CAS in lung tissue; CBAL,
concentration of CAS in BAL fluid. c P values were calculated by us-
ing ANOVA.



TABLE 4. Effects of CAS and AMB on creatinine, urea nitrogen, ALT, 
AST, and bilirubin levels in the serum of persistently neutropenic 
rabbits with pulmonary aspergillosis
Treatment group (n)  Level (mean  
SEM) in serum of:  
 Creatinine (mg/dl) Urea nitrogen (mg/dl) 
ALT (U/liter) AST (U/liter) Bilirubin (mg/dl)
Control (12)  0.95 0.06  20.25 
1.41 89.08 26.85 100.00 60.45 0.27 0.06
CAS (35)  0.98 0.05  18.31 1 . 2 7  
66.43 14.08 35.86 9.40 0.32 0.05
AMB (6)  2.00 0.19a  89.50 12.60a 
58.67 27.55 31.83 25.44 0.12 0.01
a P  0.001; calculated by using ANOVA with Bonferroni’s correction 
for multiple comparisons. invasive aspergillosis in patients. These 
data and the demonstration of substantial lung tissue concentra-
tions make it appear unlikely that dosage regimen and/or differ-
ences in disposition were responsible for the lack of reduction of 
residual fungal burden by CAS (30).
          In comparison to the previously reported compartmental plas-
ma pharmacokinetics of CAS in healthy animals (26), neutropenic 
rabbits with lethal experimental invasive pulmonary aspergillosis 
exhibited a dose-dependent diminished clearance rate of CAS from 
plasma, associated with a higher AUC and a smaller Vss. Neverthe-
less, analysis of the dose-normalized AUC revealed dose-propor-
tional exposure. These findings suggest that dose-related changes 
in AUC0–  and Vss reflected pseudononlinearity due to an inability 
to accurately measure below the lower limits of quantitation.
        Differences in plasma pharmacokinetics between healthy and 
severely compromised animals also have been observed with anid-
ulafungin (LY303366) (27) and may be explained by changes in 
blood volume, hematocrit, and/or protein binding as well as altera-
tions in metabolism and excretion. Irrespective of their cause, these 
observations underscore the value of obtaining pharmacokinetic 
parameters from infected as well as healthy animals. Healthy ani-
mals permit intensive pharmacokinetic sampling and provide the 
a priori data for minimal sampling strategies in infected animals.
We conclude that CAS treatment in persistently neutropenic hosts 
improves and reduces organism-mediated pulmonary injury. This 
beneficial effect appears to be due to a dose-dependent effect on 
hyphal damage and fragmentation. Although these fragmented hy-
phae may paradoxically yield a higher fungal burden, the damaged 
and disrupted hyphae histologically caused less angioinvasion and, 
hence, reduced pulmonary injury and improved survival. The par-
adoxical rise of galactomannan antigen levels may be an important 
serological correlate of the increased residual fungal burden (meas-
ured in log CFU/gram).
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