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An in vitro method for determination of postantifungal effect (PAFE) in molds was developed by using three
isolates each of Aspergillus fumigatus, A. flavus, A. terreus, A. nidulans, and A. ustus. MICs of amphotericin B and
itraconazole were determined by using National Committee for Clinical Laboratory Standards guidelines
(M38-P). The inoculum was prepared in RPMI 1640 broth buffered with MOPS (morpholinepropanesulfonic
acid) at pH 7.0, and conidia were exposed to amphotericin B and itraconazole at concentrations of 4, 1, and
0.25 times the MIC, each for 4, 2, and 1 h at 37°C. The same procedure was followed for controls with drug-free
medium. Following exposure, the conidia were washed three times in saline and the numbers of CFU per
milliliter were determined. Exposed and control conidia were then inoculated into microtitration plates and
incubated at 37°C for 48 h in a spectrophotometer reader. The optical density (OD) was measured automat-
ically at 10-min intervals, resulting in growth curves. PAFE was quantified by comparing three arbitrary points
in the control growth curve, the first increase of OD and the points when 20 and 50% of the maximal growth
were reached, with the growth curve of drug-exposed conidia. Amphotericin B induced PAFE in A. fumigatus at
four times the MIC after 2 and 4 h of exposure ranging from 1.83 to 6.00 h and 9.33 to 10.80 h, respectively.
Significantly shorter PAFEs or lack of PAFE was observed for A. terreus, A. ustus, and A. nidulans. Itraconazole
did not induce measurable PAFE in the Aspergillus isolates at any concentration or exposure time tested.
Further studies are warranted to investigate the implications of PAFE in relation to clinical efficacy and dosing
frequency.

Aspergillus species are documented as some of the most
prevalent airborne molds, and the frequency of mycoses due to
these fungi is rising worldwide, especially invasive infections
that occur in immunocompromised patients, such as cancer
patients, bone marrow transplant recipients, solid-organ trans-
plant recipients (13), and human immunodeficiency virus-in-
fected patients (18).

Aspergillus fumigatus and Aspergillus flavus are encountered
most frequently, although other species have been docu-
mented to cause disease. Aspergillus terreus is an increasing
cause of invasive infection in neutropenic patients and As-
pergillus nidulans in patients with chronic granulomatous dis-
ease (22). Although amphotericin B is considered the drug of
choice for treatment of invasive aspergillosis, the clinical re-
sponse is limited, especially in infections caused by the latter
two species. Alternatively, itraconazole is a triazole antifungal
drug with good in vitro activity against Aspergillus and has been
used successfully as first-line treatment in patients with inva-
sive disease (2, 6).

Methods for in vitro susceptibility testing of molds have been
proposed only recently by the National Committee for Clinical
Laboratory Standards (NCCLS) (19), but the correlation be-
tween MIC and clinical response remains unclear, especially
for amphotericin B. With the exception of A. terreus, MICs for
clinical Aspergillus isolates of amphotericin B are normally
below 1 �g/ml, and the distribution range of MICs is narrow. A
correlation between treatment failure and MIC could not be

demonstrated in an animal model of invasive aspergillosis (24).
Only for itraconazole (7) and voriconazole was a good corre-
lation found between MIC and response in animal models.

One explanation of discrepancies between MIC and clinical
efficacy is post-drug-exposure effects. For instance, the success
of intermittent dosing regimens for some antimicrobial agents
has been attributed to delay in regrowth of microorganisms
after drug concentrations in the tissues have fallen below the
MIC. This so-called postantibiotic effect (PAE) was first de-
scribed for bacteria (20). Post-drug-exposure effects in fila-
mentous fungi have not been studied, mainly because of tech-
nical problems such as the nonhomogeneous growth of molds
in liquid media. The aim of this study was to develop a system
for studying postantifungal effects (PAFE) in filamentous fungi
and to evaluate the PAFE of amphotericin B and itraconazole
against Aspergillus species.

MATERIALS AND METHODS

Isolates. Fifteen clinical strains from our private collection were evaluated: A.
fumigatus AZN VO2-31, AZN VO2-32, and AZN VO2-33; A. terreus AZN 5914,
AZN 2868, and AZN 515; Aspergillus ustus AZN 943, AZN 677, and AZN 678;
A. nidulans AZN 8033, AZN 8950, and AZN 8958; and A. flavus AZN 2865,
AZN 4094, and AZN 284. The strains were cultured from respiratory secretions
(12), the external ear (2), and cerebrospinal fluid (1).

Antifungal agents. Amphotericin B (Bristol-Myers Squibb, Woerden, The
Netherlands) and itraconazole (Janssen-Cilag, Beerse, Belgium) were utilized
for MIC determinations and PAFE studies. The drugs were dissolved in dimethyl
sulfoxide (DMSO) and aliquots of the stock solution were stored at �70°C until
used. Then they were diluted in RPMI 1640 medium (with L-glutamine and
without bicarbonate) (GIBCO BRL, Life Technologies, Woerden, The Nether-
lands) buffered to pH 7.0 with 0.165 M morpholinepropanesulfonic acid (MOPS)
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany).

Antifungal susceptibility testing. The isolates were passaged twice at an in-
terval of 5 to 7 days at 28°C by subculturing onto Sabouraud glucose agar (SGA)
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to obtain adequate sporulation. Conidia were collected with a cotton swab and
suspended in saline with 0.05% Tween 20. After the heavy particles had been
allowed to settle, the turbidity of supernatants was measured spectrophotometri-
cally (Spectronic 20D; Milton Roy, Rochester, N.Y.) at 530 nm, and transmission
was adjusted to 80 to 82%, corresponding to 0.5 � 106 to 4.5 � 106 CFU/ml. The
viability was confirmed by plating serial dilutions onto SGA plates.

For inoculum preparation the conidial suspensions were diluted 1:100 in order
to obtain a final inoculum of 0.5 � 104 to 4.5 � 104 CFU/ml. A broth microdi-
lution method was performed according to NCCLS guidelines (M38-P) (19)
using RPMI 1640 medium buffered to pH 7.0 with 0.165 M MOPS. Amphotericin
B and itraconazole were dissolved in DMSO at concentrations of 3,200 �g/ml.
Twofold serial dilutions of the drugs were made in RPMI 1640 medium in order
to obtain final concentrations that ranged from 0.015 to 16 �g/ml for both drugs.
A drug-free well containing 0.01% DMSO in the medium served as the growth
control. The tests were performed in 96-well flat-bottom microtitration plates
(Corning Incorporated, New York, N.Y.), which were kept at �70°C until the
day of testing. Conidial suspensions prepared as described above were diluted
1:50 in RPMI 1640 to obtain twice the desired inoculum. After the inoculation,
the microtitration plates were incubated at 35°C for 48 h. The MICs were read
by spectrophotometric reader (Rosys Anthos ht3; Anthos Labtex Instruments
GmbH, Salzburg, Austria). Background optical density (OD) was determined by
spectrophotometric measurement of noninoculated wells processed in the same
way as the inoculated wells. The relative ODs for each well based on measure-
ments at 405 nm were calculated (in percentages) with the following formula:
[(OD of drug-containing well � background OD)/(OD of drug-free well �
background OD)] � 100. The MIC of amphotericin B was defined as the lowest
concentration of the drug that resulted in at least 95% reduction of growth
compared with the growth control, and that of itraconazole was defined as the
lowest concentration of the drug that resulted in 50% of reduction of growth
compared with the growth control.

PAFE assay. The method used for determining PAFE in molds was based on
methods used for bacteria and yeasts, with some modifications (4, 10, 12).
Amphotericin B and itraconazole were dissolved in DMSO at initial concentra-
tions of 400 �g/ml, and aliquots of the stock solution were stored at �70°C until
used. Then they were diluted 50 times in RPMI 1640 medium (with L-glutamine
without bicarbonate) buffered to pH 7.0 with 0.165 M MOPS. Serial dilutions of
the drugs were made in RPMI 1640 in order to obtain final concentrations of 4,
1, and 0.25 times the corresponding MIC of each drug for each strain. Control
conidial suspensions were made in RPMI 1640. The isolates were passaged twice
at an interval of 5 to 7 days at 28°C by subculturing onto SGA to obtain adequate
sporulation. Conidia were collected with a cotton swab and suspended in saline
with 0.5% Tween 20. After the heavy particles were allowed to settle, the
supernatant was transferred to another tube and vortexed for 10 s, and 10- and
100-fold dilutions were made. The concentration of conidia was established
microscopically by Burker Turk hemocytometer chambers. Then the concentra-
tion was adjusted to obtain 4 � 105 conidia/ml. One milliliter of this suspension
was added to tubes containing 9 ml of RPMI 1640 alone (control) or with
amphotericin B or itraconazole at the concentrations mentioned above, resulting
in a final volume of 10 ml. The hydrophobic nature of Aspergillus species made
it necessary to add 0.5% Tween 20 to the media in order to keep the conidia in
the solution during washing. The final inoculum therefore was 4 � 104 CFU/ml.
Following this procedure, each strain was incubated for either 4, 2, or 1 h with
continuous shaking at 37°C.

After incubation, the conidia were washed with saline 0.5% Tween 20, and
centrifuged at 3,500 � g during 15 min. After three wash cycles, 98% of the
supernatant was completely decanted and the pellets were resuspended in a final
volume of 10 ml RPMI 1640 with 0.05% Tween 20. The procedure with two
washings and removal of 90% of supernatant has been shown to reduce the
antimicrobial concentration by 100-fold and with complete decanting, two wash-
ings can reduce concentrations as much as 10,000-fold (4). Following this step,
100 �l of sample was diluted 10-fold in sterile water, and 30-�l aliquots were
plated onto SGA plates for colony count determination and incubated at 37°C
for 24 and 48 h. The concentration of viable CFU per milliliter for drug-exposed
conidia was determined in order to verify the concentration of viable conidia
after drug exposure and to allow adjustment of the inoculum, if necessary, to
match that of controls. From the resuspended suspension, 200 �l was placed in
microtitration plates which were incubated at 37°C in a computerized spectro-
photometric reader (Rosys Anthos ht3; Anthos Labtex Instruments GmbH).
Growth was automatically monitored in terms of change in turbidity at 405 nm
at 10-min intervals for 48 h. All assays were performed in duplicate.

In order to correlate OD changes with the morphology of the Aspergillus
species, the microscopic morphology was examined in microtitration plates by a
reverse microscope at different time points for each species for the control and

the drug-exposed strains. Conidia were counted, and the percent germination
was estimated in duplicate at 0, 4, 8, 12, 16, 24, and 36 h.

Data analysis. Three points in the growth curve were considered to quantify
the PAFE: (i) the first significant increase in the OD (repeatable increase in OD
for three consecutive measurements; OD0) (16); (ii) the point where the OD
reached 20% of the maximum of the growth curve at 48 h (OD20); and (iii) the
point where the OD reached 50% of the maximum of the growth curve at 48 h
(OD50). The PAFE was quantified by using the formula T � C, where T was the
time of the first significant increase in OD0 of the drug-exposed conidia after
removal of the drug and C was the time of the first significant increase in OD0

of the control. For OD20 and OD50, T was defined as the time required for the
relative OD of the drug-exposed conidial suspension to reach the absorbance
level calculated by the formula FC � (ODmax � ODmin) � ODmin after removal
of the drug and C was the time required for the relative OD of the drug-free
control conidial suspension to reach the same absorbance level calculated by the
same formula, where ODmax is the maximum OD reached, ODmin is the baseline
OD level reached, and FC is a variable of 0.2 and 0.5 that gives a point at 20%
and 50% of the maximum of the curve, respectively. Thus, PAFE was defined as
the difference in the time required to reach the defined point in the growth
curves of drug-exposed conidia and controls and was expressed in hours.

The time to reach these chosen arbitrary points (OD0, OD20, and OD50) of at
least eight controls for each species was determined, and the mean, range, upper
95% confidence interval (CI), and coefficient of variation (CV) were calculated
in order to determine the reproducibility of the control curves at each point and
to establish the reproducibility of the experiments.

For each chosen point (OD0, OD20, and OD50) and for each species the upper
95% CI of the controls and the lower 95% CI of the drug-exposed isolates were
chosen as the cutoff that distinguished between presence and absence of PAFE.
When regrowth of the drug-exposed isolates occurred within the upper 95% CI
time frame of the controls, PAFE was considered absent. Alternatively, if re-
growth was delayed following drug exposure and the lower 95% CI of the
drug-exposed isolates was delayed until beyond the upper 95% CI of the con-
trols, PAFE was considered present (Fig. 1). Growth curves of each drug-
exposed isolate were compared only with pooled controls from that same isolate.

The inter- and intraspecies variation of PAFE were analyzed with all the raw
data by analysis of variance using Tukey-Kramer multiple-comparison tests. P
values of �0.05 were considered statistically significant.

RESULTS

For all Aspergillus isolates tested the amphotericin B MIC
was 1 �g/ml and that of itraconazole ranged between 0.125 and
2 �g/ml (A. fumigatus, 0.125 to 0.5 �g/ml; A. flavus, 0.125 to
0.25 �g/ml; A. terreus, 0.125 �g/ml; A. nidulans, 0.125 to 0.25
�g/ml; and A. ustus, 2 �g/ml).

Inoculum. Based on the inoculum preparation procedure of
the NCCLS M38-P guideline, the range of numbers of viable

FIG. 1. Growth curve of control (—) and drug-exposed (– – –)
molds showing PAFE. The mold was grown in RPMI 1640 medium
incubated at 37°C during 48 h. Following drug exposure, the curve was
shifted to the right when PAFE is present. PAFE was quantified by
using OD0, OD20, and OD50. The time needed to reach each criterion
for the control was subtracted from that for the drug-exposed conidia
(C). PAFE was considered to be present when the upper 95% CI of the
control growth curve (A) did not overlap with the lower 95% CI of the
drug-exposed-conidia growth curve (B).
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CFU per milliliter recovered in the colony counts was too great
to achieve reproducible growth curves. Therefore, a more
stringent range was used based on inoculum preparation by
hemocytometer. By this method, a limited range of 2 � 104 to
4 � 104 viable CFU/ml was achieved. Exposure of conidia to
amphotericin B and itraconazole for 1 to 4 h had no effect on
the viability of the Aspergillus species based on subculture of
serial twofold dilutions (data not shown). Therefore adjust-
ment of the inoculum following drug exposure to match that of
the controls was not necessary.

Microscopic morphology. Microscopic examination of the
conidia before and after drug exposure showed that germina-
tion did not occur within the maximal exposure period of 4 h
for any species except A. flavus, where germ tubes were visible
within 4 h of incubation. At 8 h, germination had not occurred
for any species except A. flavus. For A. fumigatus and A. ustus,
germination of conidia occurred after 12 h for 95% of the
controls and drug-exposed conidia in strains where PAFE was
not present. When PAFE was present, germination of conidia
was further delayed. A. terreus and A. nidulans germinated
after 16 and 20 h, respectively. After 36 h, mycelia were ob-
served for all the species for both controls and drug-exposed
conidia.

There were no microscopic differences between drug-ex-
posed conidia and controls. During incubation, the morphol-
ogy of the hyphae and the frequency of branching appeared to
be similar for both drug-exposed and non-drug-exposed
strains. The only difference between drug-exposed and non-
drug-exposed strains was the time at which germination com-
menced.

PAFE assay. The shapes of the growth curves were different
depending on the species tested; however, they were reproduc-
ible among the replicates. For the same species, the shapes of
the control and the drug-exposed strains were identical. When
PAFE was present, the growth curve of the drug-exposed
conidia was shifted to the right compared with that of the
control. Examples of growth curves for A. fumigatus and A.
ustus are shown in Fig. 2. A sharp increase in OD was observed
for A. ustus after 30 h of incubation which was found to be
related to the formation of crystals in the well (Fig. 2C and D).

The variability in OD for each of the chosen points for all
tested species was calculated by analyzing 180 growth curves in
total. In general the variability, expressed as the CV, was not
significantly different for the three criteria analyzed, although
the CV was the lowest for OD0 (Table 1). When four replicates
were used for both control and drug-exposed isolates, the CV
was lower than 13% for OD0 and lower than 25% for OD20

and OD50.
Amphotericin B. In general, PAFE was not observed after

1 h of exposure to amphotericin B at any concentration for all
the species and for any of the three criteria used (data not
shown). The magnitude of the PAFEs induced by amphoteri-
cin B at the chosen points in the growth curve (OD0, OD20,
and OD50) after 2 and 4 h of exposure and at four times the
corresponding MIC and at the MIC in RPMI 1640 broth are
shown in Table 2.

A. fumigatus. By the OD0 criterion, the PAFE induced by
amphotericin B was longer for A. fumigatus than for the other
Aspergillus species, with mean PAFEs of 9.9 and 4.0 h after 4 h
of exposure at four times the MIC and at the MIC, respec-

FIG. 2. Growth curves of A. fumigatus and A. ustus following exposure to amphotericin B (– – –) compared with controls (—). (A and B) A.
fumigatus after 4 h of incubation at four times the MIC (A) and at the MIC (B). (C and D) A. ustus after 4 h of incubation at four times the MIC
(C) and at the MIC (D). (A and C) PAFE is present; (B and D) PAFE is absent.
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tively, and 4.0 h after 2 h of exposure to four times the MIC.
Also, at concentrations of amphotericin B of four times the
MIC and equal to the MIC, after 4 h PAFE was observed for
A. fumigatus, with means of 8.9 and 3.6 h, respectively, using
the OD20 criterion. At OD50 the A. fumigatus isolates also
displayed PAFE, with means of 5.3 h after 4 h of exposure and
four times the MIC and 2.7 h at the MIC. Amphotericin B

induced PAFE against A. fumigatus after 2 h of incubation at
four times the MIC, with a mean of 4.0 h using the OD0

criterion.
Other Aspergillus species. For A. terreus and A. nidulans,

after 4 h of exposure to concentrations of amphotericin B of
four times the MIC, the mean PAFEs were 2.5 and 0.7 h at
OD0. Amphotericin B induced PAFE against A. ustus at con-

TABLE 1. Variability in time of one Aspergillus strain of each species to reach the three arbitrary growth curve criteriaa

Strain Criterion
4-h incubation 2-h incubation

Mean time (range)b Upper 95% CI (CV) Mean time (range)b Upper 95% CI (CV)

A. fumigatus AZN VO2-33 OD0 8.1 (7.5–9.6) 9.8 (12.7) 8.9 (8.2–10.6) 10.7 (12.4)
OD20 11.7 (11.1–12.6) 12.9 (6.6) 11.7 (11.1–12.6) 14.4 (4.7)
OD50 24.4 (22.5–26.5) 27.1 (6.7) 24.3 (22.5–26.5) 27.1 (6.7)

A. terreus AZN 5914 OD0 12.4 (12–12.7) 13.1 (5.8) 15 (14.2–15.7) 16.4 (5.8)
OD20 21.7 (16.6–25.8) 29.3 (22.0) 24.2 (18.2–29.7) 33.8 (25.1)
OD50 28.9 (24.1–34.0) 36.6 (16.6) 30.2 (25.3–34.7) 38.3 (16.8)

A. ustus AZN 677 OD0 12.7 (12–133.3) 13.9 (6.1) 8.5 (7.7–9.3) 10 (10.7)
OD20 18.6 (14.7–24.9) 25.9 (24.7) 18 (15.6–24.3) 24.7 (23.3)
OD50 29.3 (20.9–35.3) 40.7 (24.3) 32.1 (23.8–38.2) 43.4 (22.2)

A. nidulans AZN 8950 OD0 27.9 (27.2–28.7) 29.3 (3.1) 26.5 (25–28) 29.3 (6.5)
OD20 25.4 (20–29.7) 31.9 (16.1) 26.8 (10.9–38.7) 45.3 (43.2)
OD50 34.7 (27.3–42.1) 44.7 (18.2) 38.2 (31.1–44.7) 48.4 (16.7)

A. flavus AZN 4094 OD0 7.5 (6.2–9.9) 12.7 (27.6) 11 (10.3–11.4) 12.5 (5.5)
OD20 14 (10.6–17.6) 19.6 (25.3) 18.8 (13.8–21.9) 24.8 (20.1)
OD50 25.3 (17.5–29) 33.7 (21) 25.2 (18.8–28.1) 32.2 (17.3)

a Strains were incubated for 2 or 4 hours to serve as controls for the drug-exposed isolates.
b In hours.

TABLE 2. PAFEs induced by exposure of Aspergillus species to amphotericin B

Strain

PAFE (h) obtained with indicated criterion, exposure time, and drug concna

OD0 OD20 OD50

4 h 2 h 4 h 2 h 4 h 2 h

4� 1� 4� 1� 4� 1� 4� 1� 4� 1� 4� 1�

A. fumigatus
AZN VO2-31 9.3b 3.6b 1.8b 0.8 10.5b 5.6b 2.5 0.9 4.2b 2.8b 2.5 0.9
AZN VO2-32 9.7b 3.3b 6.0b 2.2b 8.9b 1.5 5.4b 2.5b 5.3b 3.7b 1.9 1.8
AZN VO2-33 10.8b 5.2b 4.3b 2.7b 7.1b 3.7b 6.5b 1.7b 6.5b 1.6 4.4b 0.1

A. terreus
AZN 5914 1.2 0.5 0.7 0.5 1.2 0.7 0.9 0.4 0.4 0.3 0.7 0.5
AZN 515 2.1b 0.4 0.2 0.1 4.2b 2.3b 0.8 0.6 4.3b 2.1b 0.4 0.6
AZN 2868 4.3b 2.1b 1.1b 0.4b 1.2b 0.8b 0.7b 0.2 1.4b 1.5b 0.6 0.7

A. ustus
AZN 677 4.2b 2.3b 1.3b 0.2b 2.9 1.9 1.5 0.3 3.2 2.3 3.3 0.3
AZN 678 5.8b 1.8b 1.2b 0.5b 3.1 2.1 1.2 0.1 4.8b 2.8b 0.1 0.3
AZN 943 1.8 1.2 0.5 0.5 5.2 2.1 1.8 0.8 2.9 1.5 2.9 1.3

A. nidulans
AZN 8950 0.3 �0.2 0.2 0.5 0.5 0.1 0.8 0.8 0.1 0.1 2.9 1.2
AZN 8033 0.8b 0.1b 0.2b 2.2b 1.5 3.1 4.9 0.9 4.6b 1.8b 2.0 0.5
AZN 8958 0.8b 0.7b 4.7 0.1 2.4 1.7 0.9 0.7 2.1 4.7 0.8 0.6

A. flavus
AZN 4094 1.7 0.1 �2.5 �3.2 2.1 0.1 �2.4 2.6 0.1 0.2 0.7 1.6
AZN 2865 3.5 �0.7 0.2 0.8 2.9 0.9 �4.5 1.7b 1.2 0.1 0.1 3.3
AZN 284 3.5b 1.0 0.2 1.8 2.8 �0.8 �3.0 1.4b 0.1 0.1 0.1 0.1

a 4�, 4 times the MIC; 1�, MIC.
b PAFE was significant.
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centrations of four times the MIC and equal to the MIC after
4 and 2 h of exposure, with mean PAFEs of 3.9, 1.8, 1.0, and
0.4 h, respectively, using the OD0 criterion. The results for A.
flavus were inconsistent and did not allow conclusions to be
drawn.

At OD0, PAFE was induced by amphotericin B after 4 h of
exposure for all three A. fumigatus isolates and for two of three
strains of A. ustus, A. terreus, and A. nidulans. After 2 h of
exposure, PAFE was observed only for A. fumigatus for all the
chosen criteria (Table 2). A statistically significantly longer
PAFE was induced by amphotericin B after 4 h of exposure at
four times the MIC for A. fumigatus than for the other As-
pergillus species (P � 0.05). For A. fumigatus, significantly
longer PAFEs were found after 4 h of exposure to amphoter-
icin B at the MIC compared with A. terreus, after 2 h of
exposure at four times the MIC compared with A. nidulans,
and after 2 h of exposure at the MIC compared with A. terreus
and A. ustus (P � 0.05). No statistically significant intraspecies
variation was observed.

Itraconazole. Itraconazole failed to induce a PAFE at any
concentration tested and for any exposure time. Even exposure
to itraconazole concentrations as high as 10, 20, and 50 times
the MIC failed to induce a PAFE (data not shown).

DISCUSSION

PAFE assay. In this study a method that allows the quanti-
fication and study of post-antifungal-drug-exposure effects in
molds was developed. Since the use of viability counts to mon-
itor microbial growth kinetics following drug removal is not
feasible with molds due to their nonhomogeneous growth, OD
measurements were used. Although the growth curves thus
obtained allow quantification of PAFE, microscopic examina-
tion of the fungal growth in the wells of the microtitration
plates is of great importance. Post-drug-exposure effects other
than growth suppression could have an impact on the OD
measured. For instance, alteration of the frequency of hyphal
branching could result in changes in the OD. However, careful
microscopic examination of the molds at different times post-
exposure revealed no differences in morphology compared
with unexposed controls. The reliability of measurement of
fungal growth using this spectrophotometric system has been
described before, and even small changes in morphology can
be detected (16).

It has been demonstrated that Aspergillus conidia germinate
when incubated at 37°C in RPMI 1640 after 6 h or more (15,
16), with exception only of A. flavus, which germinates within
4 h. Therefore, a maximum exposure period of 4 h was chosen.
The exposure of Aspergillus conidia to amphotericin B did not
affect the viability of the conidia at any of the concentrations or
incubation times used. Consequently, adjustment of the inoc-
ulum to match that of the controls was not necessary.

The criterion used to define PAFE is arbitrary, although
most workers have used the difference between time required
for the control and the drug-exposed bacteria or yeasts to
increase 1 log10 compared with the initial CFU count (4, 10) or,
if a spectrophotometric procedure was used, time to reach a
0.05 absorbance level (9). In the present study, PAFE was not
evaluated with CFU counts because of the nonhomogeneous
growth of molds. Therefore, we used a spectrophotometric

procedure that was originally developed to study growth char-
acteristics of molds (16). Since viability counts were not per-
formed, several arbitrary chosen criteria were analyzed to cal-
culate the PAFE, namely, OD0, OD20, and OD50. The
variability between replicates of control isolates with these
three criteria was not significantly different. Furthermore, for
each criterion, only small differences in PAFE were observed,
especially for A. fumigatus and A. terreus. However, using OD0

to quantify PAFE has several advantages. First, the variability
among the controls was lower when OD0 was used than with
the other two criteria. When four replicates were used, the CV
was below 13% for both drug-exposed and control strains with
OD0. Second, OD0 is reached earlier than the other criteria,
leaving less impact of variables such as production of metab-
olites, crystals, or cellular debris that might interfere with the
OD reading (12). Third, in order to calculate OD20 and OD50,
the OD that corresponds to maximal growth is required,
thereby prolonging the time before results become available,
especially in slow-growing fungi. RPMI 1640 medium was cho-
sen since it is recommended by the NCCLS for MIC determi-
nation of conidium-forming fungi. However, it has been shown
that RPMI 1640 poorly supports the growth of Aspergillus
species (16). The optimal growth curve, which contains a lag
phase, a log phase, and a plateau, is not obtained when As-
pergillus species are cultured in RPMI 1640, but a linear curve
was found with the same spectrophotometric system (16). Max-
imal growth of Aspergillus is not reached within 99 h, and
therefore we defined maximal growth as the OD that was
reached after 48 h of incubation. Alternative media that sup-
port the growth of Aspergillus more adequately could be useful
in this respect, although further studies are needed.

PAFE. PAEs have been found to be dependent on several
factors, such as the concentration of the antibiotic agent, the
time during which the bacteria were exposed to the drug, and
the characteristics of the drug used to induce the effect (20).
PAFE also appears to depend on drug, concentration, and
duration of exposure, as was described for Candida species
(10). In the present study, the PAFE displayed by amphoteri-
cin B showed dependence on the concentration and the expo-
sure period. This is partly consistent with a previous published
study with Candida, where longer PAFEs were found following
exposure to amphotericin B at concentrations above the MIC
compared with shorter PAFEs following exposure to sub-MIC
drug concentrations (10). The echinocandin caspofungin (MK-
0991) also induced a PAFE against Candida, and the magni-
tude of the effect depended on the concentration of the drug.
Both amphotericin B and caspofungin exhibit fungicidal activ-
ity in vitro against Candida (10, 21, 23).

Amphotericin B. Overall, the magnitude of the PAFE in-
duced by amphotericin B in vitro was the greatest against A.
fumigatus. The range found in our study was similar to that
found in a previous study with Candida species, where the
PAFE ranged between 0.5 and 10 h (9, 11). However, signifi-
cantly shorter PAFEs were observed for A. terreus and A.
nidulans, where only exposure to high concentrations of am-
photericin B could induce a PAFE. Invasive aspergillosis
caused by A. terreus and A. nidulans is often clinically unre-
sponsive to treatment with amphotericin B (5, 22). The short
PAFE or lack of PAFE we found in A. terreus and A. nidulans
isolates could contribute to the poor clinical response.
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Itraconazole. In our study, exposure to the triazole drug
itraconazole did not induce PAFE in any of the Aspergillus
species tested. Even exposure of Aspergillus isolates to a con-
centration of 50 times the MIC for 4 h was not sufficient to
induce PAFE. The inability of itraconazole to induce PAFE in
Aspergillus is in accordance with observations reported for
Candida, where no measurable PAFE was observed following
exposure to fluconazole (10, 17, 23). The lack of PAFE in-
duced by azoles could be due to the exposure period being too
short to cause sufficient damage to the mold. However, longer
exposure periods could not be investigated with our system,
since germination of the control strains occurred after 6 h of
incubation.

Implications. Two characteristics determine the time course
of antimicrobial activity: the effect of increasing drug concen-
trations on the extent of killing of the microorganism and the
presence or absence of postexposure effects. Our results indi-
cate that post-antifungal-drug-exposure effects occur in As-
pergillus. The consequences of PAFE of amphotericin B in
several Aspergillus species for the dosing regimen of the drug
remain unclear. Due to the pharmacokinetics of amphotericin
B, the concentrations in plasma do not normally exceed 2
�g/ml (14), and after leaving the circulation, the drug slowly
accumulates in some tissue compartments (3). Consequently,
the concentrations of amphotericin B in the blood do not
accurately reflect the concentrations in tissues (14). The con-
centration in mouse kidneys can be up to four times greater
than the level in serum, and it may appear that antifungal
activity persists despite little to no measurable drug in serum
(8). The MICs for strains tested in this study were 1 �g/ml,
indicating that four times the MIC is a concentration that is
achievable in vivo.

Given the fact that amphotericin B is administered once
daily, our results suggest that growth suppression is achieved
for a significant period for A. fumigatus depending on the
concentration at the site of infection. However, a larger col-
lection of isolates should be tested and in vivo models are
required to confirm our findings. In a murine model of invasive
candidiasis, the pharmacodynamics of amphotericin B were
best predicted by the peak serum level/MIC ratio (1). Further-
more, high infrequent doses of amphotericin B were as effec-
tive as lower, more frequently administered doses in treating
invasive candidiasis (1). Since PAFEs of amphotericin B for A.
fumigatus were similar to those observed with Candida albi-
cans, infrequent dosing might be a useful strategy in the treat-
ment of invasive aspergillosis due to A. fumigatus.

In conclusion, we have developed an assay that allows the
study of PAFE of different antifungal agents in Aspergillus
species and other molds. Amphotericin B induced PAFE in A.
fumigatus, but in A. terreus and A. nidulans short PAFEs or a
lack of PAFE was observed. However, further studies are war-
ranted, including in vivo experiments, to study the impact of
PAFE in Aspergillus on dosing regimens of amphotericin B.
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