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The influences of test variables on the outcome of susceptibility testing with caspofungin were tested with
isolates of Candida spp. and Aspergillus fumigatus. Among six growth conditions tested with a range of inoculum
sizes, the highest control growth yields were obtained in Sabouraud broth for all fungi, followed by RPMI 1640
(pH 7) for Candida spp. and antibiotic medium 3 (AM3) for A. fumigatus. RPMI 1640 gave unacceptably low
growth yields with A. fumigatus. The caspofungin MICs under these various conditions ranged over more than
4 twofold dilutions for 7 of 16 fungi tested when a 50% inhibition (50% inhibitory concentration [IC50])
endpoint was used and for 12 of 16 fungi tested when an 80% inhibition (IC80) endpoint was used. A
multifactorial design to study the influences of six test variables on control growth and the MIC showed that,
for 14 isolates of Candida spp., the glucose concentration and the medium composition were the most common
factors significantly influencing both control growth yields and the MIC. For eight A. fumigatus isolates,
incubation time (24 versus 48 h) and temperature (30 versus 35°C) significantly affected control optical density
(OD) values, while growth medium (AM3 versus Sabouraud broth) was the most common process variable
affecting the MICs. Tests with AM3 from three suppliers showed significant variations in control OD values
related to supplier, but IC50s fell within a 2- or 3-dilution range for 19 (86%) of the 22 isolates tested. We
recommend that, at present, AM3 is superior to RPMI 1640 for testing of the susceptibilities of both yeasts and
filamentous fungi to caspofungin and that a minimum incubation time of 48 h is necessary to test A. fumigatus
adequately.

Caspofungin acetate (Cancidas [formerly MK-0991 and
L-743872]; Merck & Co., Inc.) is an echinocandin-class anti-
fungal agent recently approved in the United States and the
European Union for the treatment of invasive aspergillosis
refractory to other antifungal treatments and esophageal Can-
dida infections and approved in the European Union and
pending approval in the United States for the treatment of
invasive Candida infections (10). Caspofungin inhibits the syn-
thesis of �-1,3-D-glucan in fungal cell walls, a property that
results in fungicidal effects against species in which this poly-
saccharide is vital to cell wall integrity.

Preclinical evaluations of caspofungin in susceptibility tests
with Candida species have all been done under the conditions
of National Committee for Clinical Laboratory Standards
(NCCLS) method M27-A (16), approved for susceptibility test-
ing of yeasts with azoles, flucytosine, and polyene antifungal
agents (amphotericin B), or close derivatives of this method;
and they have shown reasonable interlaboratory reproducibil-
ities. Published caspofungin MICs for Candida albicans in
studies based on panels with from 4 to 486 isolates all fall in the
range of 0.015 to 4.0 �g/ml, with statistics indicating a central
tendency (MICs for 50% of isolates and geometric means) in
the narrow range of 0.063 to 0.5 �g/ml (2, 4, 8, 11, 13, 14, 17,
18). Quality control (QC) limits have been established for

caspofungin in tests with reference isolates of Candida parap-
silosis (ATCC 22019) and Candida krusei (ATCC 6258) (3).

For Aspergillus species, notably, Aspergillus fumigatus, the
level of agreement by MIC testing is far less impressive. For
tests with 26 A. fumigatus isolates, Arikan et al. (1) measured
geometric mean MICs of caspofungin of 0.43 �g/ml after 24 h
of incubation and �16 �g/ml after 72 h of incubation. These
results were determined by use of the methodological recom-
mendations for filamentous fungi with azoles, flucytosine, and
polyenes published by NCCLS (M38-A) (15). By comparison,
72-h geometric mean MICs for A. fumigatus were determined
to be �0.09 �g/ml by Del Poeta and colleagues (6) and 2.15
�g/ml by Espinel-Ingroff (8). In the laboratory of Pfaller and
colleagues (19), the 72-h caspofungin MICs for 12 isolates of
A. fumigatus were all 0.06 and 0.12 �g/ml. In all these studies
the growth medium used was RPMI 1640 buffered with mor-
pholinepropanesulfonic acid (MOPS), according to NCCLS
M38-P recommendations (15), although details such as inocu-
lum size and the temperature of incubation differed slightly
between studies.

The minimal effective concentration, defined as the lowest
caspofungin concentration that results in the growth of A.
fumigatus with conspicuously aberrant hyphae, has been sug-
gested as a measurement that gives more consistent results
than those found by MIC testing (1, 12). Use of alternative
growth media such as antibiotic medium 3 (AM3) for caspo-
fungin susceptibility testing leads to a lowering of MIC end-
points in tests with Aspergillus and Candida species (1, 11, 17),
but the reduction was small for Candida spp., even when me-
dium variations were combined with systematic alterations in
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pH and incubation temperature (11). It is evident that the
optimum conditions for reproducible testing of the suscepti-
bilities of Candida and Aspergillus spp. to caspofungin remain
to be established.

The influences of performance variables on the outcomes of
antifungal susceptibility tests can be tested statistically in pro-
spectively designed studies. For itraconazole, such a fractional
factorial approach revealed that each of 18 fungal isolates
individually differed in sensitivity to alterations in 10 process
variables, confirming how complex it is to design a single sus-
ceptibility test system applicable to all yeasts or all filamentous
fungi (20). The present study was designed along similar fac-
torial lines, but with caspofungin as the test agent. Because this
compound is water soluble, the influence of the solvent used to
prepare stock solutions was omitted from the design. Addition-
ally, the influence of the endpoint used for MIC determination
was also assessed.

MATERIALS AND METHODS

Fungi and inoculum preparation. All fungal isolates were preserved at �80°C
in 10% (vol/vol) glycerol and were maintained by subculture on Sabouraud agar
(Oxoid, Basingstoke, United Kingdom) for the duration of the study. The fol-
lowing isolates were originally obtained from clinical specimens: C. albicans
B56930, J990578, J981364, and J981371; Candida glabrata J981216; and A. fu-
migatus J980659, J980561, J970398, J970377, J960180, J960330, J940362, and
J931199. C. albicans isolates NR2, NR3, T25, NR4, T32, T28, and T26 were
laboratory-derived mutants that differed in their caspofungin susceptibilities (7)
and were provided by Merck Research Laboratories (Rahway, N.J.). Candida
parapsilosis ATCC 22019 and Candida krusei ATCC 6258 were QC strains des-
ignated for antifungal susceptibility testing by the NCCLS (16).

Inocula for Candida spp. were grown for 18 h at 30°C in 5-ml volumes of NGY
medium, comprising 0.1% neopeptone (Difco Laboratories, Detroit, Mich.),
0.4% glucose, and 0.1% yeast extract (Difco), with shaking at 200 rpm. This
procedure resulted in suspensions containing a mean of 2 � 107 yeast CFU/ml,
with a variation of �0.5 log10. For A. fumigatus isolates, cultures were grown on
potato-dextrose agar at 30°C for 2 to 7 days until large numbers of conidia had
formed. Conidial suspensions were harvested in sterile 0.5% sodium dodecyl
sulfate adjusted to give an optical density (OD) of 1.0 at 570 nm, divided into
small lots, and stored at �20°C. For use in susceptibility tests, the conidial
suspensions were thawed and adjusted spectrophotometrically to the appropriate
dilution. Viable counts were used to confirm that the initial fungal concentrations
fell within the expected limits.

Caspofungin. Caspofungin was supplied by Merck Research Laboratories as a
pure powder. It was dissolved in sterile distilled water to provide a stock solution
containing 16 mg/ml and was stored frozen in small lots at �20°C.

Culture media. Four basic culture media were used in the experiments. All
were prepared at twice their final concentrations for experimental use. Gibco
RPMI 1640 was purchased as a 10� concentrated solution without glutamine or
bicarbonate (Becton Dickinson Co., Sparks, Md.). To 1 volume of this concen-
trate was added 1 volume of concentrated glucose solution (the exact concen-
tration was dependent on the experimental conditions), 1 volume of 1.65 M
MOPS (pH 7.2), 0.1 volume of a 200 mM L-glutamine solution, and 1.9 volumes
of water. The mixture was filter sterilized and had a final pH of 7.0. For some
experiments the final mixture was adjusted to pH 5.0 by addition of concentrated
HCl before filter sterilization.

Difco AM3 was purchased as dry powder from Becton Dickinson Co. and was
dissolved in water together with extra glucose when necessary and filter steril-
ized. For some experiments the pH of this medium was adjusted to 5.0 by
addition of concentrated HCl. To compare the results obtained with AM3 from
different suppliers, AM3 was also purchased from Oxoid and VWR International
Laboratories (Poole, United Kingdom). Mueller-Hinton (MH) broth was pur-
chased as a dry powder from Invitrogen Co. (Paisley, Scotland), dissolved in
water, and sterilized by autoclaving. Sabouraud broth (SAB) contained Oxoid
Mycological Peptone (Unipath, Basingstoke, United Kingdom) at 10 g/liter and
glucose at 40 g/liter and was sterilized by autoclaving.

General conditions for susceptibility testing. In all experiments, microdilution
plates were filled with 100-�l volumes of aqueous caspofungin solutions at twice
their final concentrations. Sterile distilled water was used in the control wells.

The test culture media were prepared at twice their final concentrations, inoc-
ulated by addition of an appropriate small volume of yeast or conidium suspen-
sion, and dispensed in 100-�l volumes into the microdilution plate wells. The
final test concentrations of caspofungin in all experiments were in a twofold
dilution series ranging from 16 to 0.032 �g/ml.

The test plates were placed in plastic boxes with airtight lids and a beaker of
water to ensure the presence of humidity. They were incubated according to the
conditions of the variable experimental design, and then the OD values of the
turbidities of the cultures in the wells were measured at 405 nm with a microplate
reader (600 nm for cultures in SAB, which gave the lowest background OD at
this wavelength). The background OD was taken as the average for the 96 wells
in a plate to which uninoculated culture medium was added. The raw OD values
were corrected for background absorbance and converted to indicate growth
turbidity as a percentage of that for control (drug-free) growth with the aid of a
computer spreadsheet template. MICs were determined by the use of two end-
point criteria from dose-response curves of percent control growth versus the
caspofungin concentration. The 50% inhibitory concentration (IC50) and IC80

were the lowest caspofungin concentrations that reduced the turbidities below 50
and 80% of that for the control, respectively. When the OD for control growth
was less than 0.15, the results were excluded from analysis.

For statistical analyses of the data, IC50s or IC80s above 16 �g/ml were
recorded as 32 �g/ml; for a series in which growth was �50 or �80% of control
at 0.032 �g/ml, the inhibitory concentration (IC) was recorded as 0.016 �g/ml.
All MICs were expressed to two significant digits.

Selection of culture medium. In the absence of recommended standard media
for caspofungin susceptibility testing, six culture media were evaluated in pre-
liminary experiments. These were RPMI 1640 with 2% glucose at pH 7.0 and pH
5.0, AM3 at pH 7.0 and pH 5.0, SAB, and MH broth. The initial concentrations
of fungi for each medium were 2 � 103, 2 � 104, and 2 � 105 yeasts/ml or 2 �
103 and 2 � 104 A. fumigatus conidia/ml. The test plates were incubated for 48 h
at 35°C.

Multifactorial experimental design. Six performance variables were investi-
gated: culture medium, glucose concentration in the medium, inoculum size, the
use versus the nonuse of an adhesive sticker to seal the plate, temperature of
incubation, and duration of incubation. For the Candida sp. isolates, AM3 at pH
7.0 was compared with RPMI 1640 with the initial pH adjusted to 5.0; initial
glucose concentrations were 0.2 or 2.0%, initial yeast concentrations were 2 �
104 and 2 � 105 yeasts/ml, incubation temperatures were 30 and 35°C, and
incubation times were 24 and 48 h. For the A. fumigatus isolates, AM3 was
compared with SAB; initial conidium concentrations were 2 � 103 and 2 �
104/ml, and the other variables were the same as those for the Candida spp.

Data for the control OD and for the log-transformed IC50 or IC80 for each
fungal isolate under each combination of the six performance variables were
analyzed by univariate analysis of variance (ANOVA) to determine the individ-
ual variables that contributed significantly to a variation in any parameter for
each strain tested.

RESULTS

Selection of culture medium for multifactorial variable ex-
periments. In a pilot experiment, eight isolates of Candida spp.
(C. albicans B59630, J990578, NR2, NR3, and T25; C. glabrata
J981216; C. krusei ATCC 22019; and C. parapsilosis ATCC
6258) and the eight A. fumigatus isolates were inoculated at
different starting concentrations into each of six growth media.
The control OD values (Table 1) showed that the Candida
species gave the highest yields in SAB, followed by RPMI 1640
at pH 7 and RPMI 1640 at pH 5. The growth yields in MH
broth, AM3 at pH 5, and AM3 at pH 7 were much lower, with
the OD seldom exceeding 0.5 in AM3 at either pH. The mean
control OD values tended to rise with increasing inoculum size,
although the variation was small except in MH broth.

A different relation between the control OD and growth
medium was found for the A. fumigatus isolates (Table 1).
While SAB still gave maximum yields in terms of the mean
OD, the next highest control OD values were seen in MH
broth, followed by AM3 at pH 5 and AM3 at pH 7. In all media
tested, the control OD value for the A. fumigatus isolates often
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exceeded 1.0. By contrast, all but one control OD value was
�0.4 in RPMI 1640 at pH 7, and most control OD values were
below the nominal threshold of acceptability, 0.150, in RPMI
1640 at pH 5.

Caspofungin MICs determined in the various broth media
were not directly related to the control OD. For the eight
Candida sp. isolates, the highest MICs (judged by geometric
mean data; Table 1) were seen in tests performed in RPMI
1640 at pH 5, followed by RPMI 1640 at pH 7, regardless of the
choice of 50 or 80% growth inhibition endpoints. For several
isolates an “eagle” effect in dose-response curves was noted, in
which the turbidity rose at the two or three highest caspofungin
concentrations. This effect was ignored for determination of
the IC50s and IC80s. The lowest geometric mean ICs for the
yeasts were determined in AM3 at pH 7, followed by AM3 at
pH 5 and MH broth. IC50s and IC80s in SAB showed consid-
erable variation with the initial yeast concentration (Table 1).
The geometric mean caspofungin IC50s for the eight A. fumiga-
tus isolates showed less variation with test conditions than
those for the yeasts (Table 1); however, the IC80s showed
considerably more variation between media. For each medium
and endpoint, only minor differences were noted between the
two inoculum sizes. Geometric mean IC50s determined in AM3
at pH 5, AM3 at pH 7, and MH broth were of the order of 0.1
to 0.2 �g/ml at both inoculum sizes. The highest MICs were
those determined in RPMI 1640 at pH 7, and the control
growth in RPMI 1640 at pH 5 for all eight isolates was below
the limit for acceptable analysis. Differences between geomet-
ric mean IC80s and IC50s were often considerable for the A.
fumigatus isolates when the inoculum size was 2 � 104 conidia/
ml: more than 10-fold in AM3 at both pH values and in RPMI
1640 at pH 7.

The ranges of caspofungin IC50s and IC80s determined for
each isolate are shown in Table 2. For the C. parapsilosis QC
isolate, the modal caspofungin IC at both endpoints and most
of the individual values were within the normal 48-h range of
0.5 to 4.0 �g/ml determined by the NCCLS Antifungal Sub-
committee (3). The sevenfold dilution range of the IC80 for this

isolate resulted from a single, aberrantly high result. For the C.
krusei QC isolate, the modal value of 0.25 �g/ml at both end-
points fell within the NCCLS normal range of 0.25 to 1.0
�g/ml; among the total of 18 results, 3 IC50s and 6 IC80s fell 1
dilution outside the normal range, with the extremes in the
range represented by single values only. The data in Table 2
indicate that individual isolates of Candida spp. and A. fumiga-
tus differed considerably in the extent to which the caspofungin
susceptibility result varied with changes in medium composi-
tion and inoculum size. IC80s in particular showed high vari-
abilities in these experiments. NCCLS publications on antifun-
gal susceptibility testing allow a 3- or 4-dilution MIC variation
as acceptable, depending on the agent and fungus tested (3, 15,
16). From Table 2, variability in the caspofungin IC50 was
above this level for three of the eight Candida spp. and four of
the eight A. fumigatus isolates. The variability in the IC80 was
even greater, with the IC80s for five yeasts and seven A. fu-
migatus isolates varying beyond the 4-dilution range.

Multifactorial investigation of MIC performance variables.
The data in Table 1 indicate that RPMI 1640 with 2% glucose
gave adequate control growth for caspofungin testing with
Candida spp. but not with A. fumigatus. AM3 at pH 7 was
therefore chosen as the common medium for the testing of
both fungal types. To provide a contrast to this medium with its
neutral pH in the multifactorial design, RPMI 1640 at pH 5
was chosen as the comparator for tests with Candida spp. and
SAB, with a pH of 5.6, was chosen as the comparator for A.
fumigatus.

The results of the multifactorial variable tests are summa-
rized in Table 3. For the 14 isolates of Candida spp. the culture
medium and the glucose concentration repeatedly emerged as
significant contributors to variations in the control OD. Re-
gardless of the other variables, the control OD values in cul-
tures of AM3 at pH 7 tended to be higher than those in RPMI
1640 at pH 5; and for each medium, the cultures containing 2%
glucose generally gave higher control OD values than the cul-
tures containing 0.2% glucose. Incubation time, temperature,
and starting inoculum were significant variables influencing the

TABLE 2. Ranges of caspofungin IC50 and IC80s for eight isolates each of Candida spp. and A. fumigatus determined in six different media
and with two or three different starting fungus concentrationsa.

Isolate Range IC50
(�g/ml) No. of dilnsb Mode IC50

(�g/ml)
Range IC80

(�g/ml) No. of dilns Mode IC80
(�g/ml)

C. krusei ATCC 6258 0.016–2.0 7 0.25 0.063–2.0 5 0.25
C. parapsilosis ATCC 22019 0.25–2.0 3 0.50 0.25–�16 7 0.50
C. albicans B59630 �0.032–0.50 5 0.063 �0.032–�16 11 0.063
C. albicans J990578 0.063–�16 9 0.25 0.25–�16 7 0.25
C. albicans NR2 0.25–4.0 4 0.50 0.5–�16 6 0.50
C. albicans NR3 1.0–8.0 3 4.0 2–�16 4 2.0
C. albicans T25 2.0–�16 4 4.0 2–�16 4 4.0
C. glabrata J981216 0.063–1.0 4 0.13 0.063–1.0 4 0.13
A. fumigatus J980659 0.063–1.0 4 0.25 0.5–�16 6 0.50
A. fumigatus J980561 0.063–0.50 3 0.25 0.13–2.0 4 0.25
A. fumigatus J970398 �0.032–�16 11 0.13 0.13–�16 8 0.25
A. fumigatus J970377 0.063–2.0 5 0.25 0.25–�16 7 �16
A. fumigatus J960180 0.016–0.25 4 0.016 �0.032–1.0 6 0.25
A. fumigatus J960330 0.13–0.50 2 0.13 0.13–�16 8 0.25
A. fumigatus J940362 �0.032–1.0 6 0.25 0.13–�16 8 0.25
A. fumigatus J931199 0.063–�16 9 0.13 0.25–�16 7 0.25

a See Table 1.
b No. of dilns, number of twofold dilutions between extremes of range.
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control OD for only a minority of the Candida spp., and the use
of an adherent sticker to seal the plates was never a significant
factor influencing control OD.

For the A. fumigatus isolates, incubation time and tempera-
ture showed consistently significant influences on control OD
values, with higher OD values associated with an incubation
time of 48 h as opposed to an incubation time of 24 h.

Multivariate analysis of the caspofungin IC50 data showed
that more of the variables significantly influenced this param-
eter than the control OD for the Candida sp. isolates (Table 3),
while IC80s were generally affected mainly by the medium and
glucose concentration, as was control growth. The choice of
medium was again the most common significant factor influ-
encing the IC50s for yeasts, with values determined in RPMI
1640 pH 5 generally being considerably higher than those de-
termined in AM3 cultures. With the different glucose concen-
trations, there was a trend toward higher ICs in 2% glucose
than in 0.2% glucose.

For the A. fumigatus isolates, the incubation time was the
most common factor statistically significantly influencing the
IC50s, while the IC80s were most often influenced by the
growth medium. The latter result was largely attributable to
control growth OD values below 0.15 after 24 h of incubation
in AM3. Caspofungin ICs at both endpoints were commonly
read as �16 at 24 h and were much lower at 48 h: this phe-
nomenon indicated that the inhibitory effects of the agent after
24 h were inapparent relative to the growth of the weakly
grown controls.

Variability of ICs in AM3 from different sources. From the
results obtained in this study, AM3 appears to offer the great-

est robustness to variation in process variables in caspofungin
MIC determinations. However, previous studies have shown
that different batches or sources of AM3 have given various
results when it is used in antifungal susceptibility tests (21). We
therefore applied the multifactorial design approach to study
the variation in control ODs and ICs for caspofungin with 14
isolates of Candida spp. and 8 isolates of A. fumigatus tested in
AM3 purchased from three separate suppliers. The variables
tested, in addition to the manufacturer of AM3, were pH
(unadjusted, therefore, 	7.0 versus a pH adjusted to 5.0),
inoculum size (high or low, as in the previous experiments),
and incubation time (48 versus 72 h, to overcome the problem
of slow growth among isolates of A. fumigatus).

For the Candida spp., control OD values were little affected
by the test variables. The manufacturer of AM3 emerged as a
significant variable affecting the control OD for 6 of the 14
isolates tested; however, the level of variation overall was
small: the mean � standard deviation control ODs for the 14
isolates were 0.52 � 0.14, 0.58 � 0.17, and 0.68 � 0.19 for AM3
from Difco, Oxoid, and VWR, respectively. Incubation time
significantly affected control OD values for 4 of the 14 Candida
isolates. For the eight A. fumigatus isolates, the manufacturer
of AM3 was the main variable influencing control OD values;
the ANOVA showed P values �0.001 for all eight isolates. The
considerable quantitative difference in the control ODs was
reflected by the mean � standard deviations for all the isolates,
regardless of the other variables. These were 1.05 � 0.22, 1.10
� 0.15, and 1.92 � 0.19 for AM3 from Difco, Oxoid, and
VWR, respectively. Under all conditions, the control OD for
Candida isolates and A. fumigatus tended to be notably higher

TABLE 3. Multivariate analysis of effects of performance variables on control growth OD and MIC (IC50 and IC80)
for 13 isolates of Candida spp. and 8 isolates of A. fumigatus

Isolate

Control OD
No. of
isolates

for which
OD was
�0.100

Significant
variablesa

IC50 (�g/ml)
Significant
variable(s)a

IC80 (�g/ml)
Significant
variable(s)a

Range Median Range Gmeanb Range Gmean

C. albicans B59630 0.279–1.558 0.629 0 M, G 0.016–16 0.096 M, G 0.016–�16 2.5 G
C. albicans J981364 0.422–1.555 0.923 0 G, T 0.063–�16 0.24 M, G 0.063–�16 2.6 G
C. albicans J981371 0.461–1.569 0.909 0 G, T �0.032–�16 0.24 M, G, I 0.063–�16 4.6 M, G
C. albicans J990578 0.391–1.472 0.701 0 M, G 0.063–�16 0.77 G, I, H �0.016–�16 9.7 G, I
C. albicans NR2 0.220–1.536 0.563 0 M, G 0.13–�16 2.2 M, I, T 0.13–�16 8.4 M, G, T
C. albicans NR3 0.218–1.544 0.528 0 M, G 1.0–�16 3.5 M, G, I, T 1.0–�16 9.0 G, T
C. albicans NR4 0.343–1.514 0.813 0 M, G 0.063–�16 2.4 M, G, I, T 0.50–�16 7.3 G, T
C. albicans T25 0.272–1.429 0.556 0 M, G 2.0–�16 9.3 M, I, T, H 4.0–�16 17 M, G
C. albicans T26 0.315–1.433 0.668 0 M, G, I 2.0–�16 8.4 M, I, T, H 2.0–�16 16 G, I, T
C. albicans T28 0.346–1.385 0.614 0 M, G 0.063–�16 0.55 M, I, H 0.25–�16 7.8 G, I, H
C. albicans T32 0.369–1.459 0.752 0 M, G �0.032–�16 0.51 M, G, H 0.063–�16 6.0 M, G
C. glabrata J981216 0.210–1.714 0.726 0 M, G 0.063–0.50 0.16 M, G 0.063–1.0 0.28 M, G
C. krusei ATCC 6258 0.163–1.676 0.520 0 M, G, H 0.13–1.0 0.25 M, I, H 0.13–�16 0.90 M, G
C. parapsilosis ATCC 22019 0.195–1.447 0.471 0 M, G, H 0.13–2.0 0.44 M, G, I, H 0.25–�16 2.9 G, T
A. fumigatus J931199 0.105–3.748 0.817 0 T, H 0.063–�16 0.8 I, H 0.13–�16 5.7 M
A. fumigatus J940362 0.087–3.990 0.809 5 T, H 0.063–�16 0.8 T, H 0.13–�16 5.6 M
A. fumigatus J960180 0.101–3.990 0.937 0 T, H �0.032–�16 1.0 T, H 0.13–�16 4.6 M
A. fumigatus J960330 0.085–3.644 0.552 6 T, H �0.032–�16 1.3 M, H 0.063–�16 5.5 M
A. fumigatus J970377 0.103–3.990 0.737 0 M, T, H �0.032–�16 1.3 M, H 0.13–�16 6.6 M, T
A. fumigatus J970398 0.089–3.304 0.582 3 T, H �0.032–�16 1.5 M, H 0.13–�16 5.8 M
A. fumigatus J980561 0.033–3.990 0.553 7 T, H �0.032–�16 0.9 H 0.13–�16 4.1 M
A. fumigatus J980659 0.106–3.976 0.783 0 G, T, H 0.13–�16 1.3 T, H 0.13–�16 7.3 M

a G, glucose concentration; I, initial cell concentration; M, growth medium; S, plates sealed with sticker; T, incubation temperature; H, incubation time. For inclusion
in the table, the variable must have been shown to be a significant contributor to OD or MIC variation by ANOVA at the level of P � 0.01.

b Gmean, geometric mean.
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in AM3 from VWR than in AM3 from Difco or Oxoid. Pro-
longation of the incubation time to 72 h also led to a significant
increase in the control ODs for five of the eight A. fumigatus
isolates; for each brand of AM3, the mean increase was of the
order of 0.2 to 0.3 OD units.

Despite the significant influences of AM3 from different
manufacturers (and, less often, incubation time) on control
OD values, the caspofungin IC50s and IC80s determined for
each strain were seldom affected by any of the four variables
examined. For two isolates of Candida spp., the ANOVA re-
vealed inoculum size as a significant factor influencing the
IC50s. The incubation time significantly affected the IC50s for
two of the A. fumigatus isolates. No other process variables
were found to affect the result for any isolate. Similarly, for the
caspofungin IC80 data, one A. fumigatus isolate was signifi-
cantly affected by the inoculum size and the incubation time,
but no other effects of the process variables on the IC80s for A.
fumigatus were seen. For the Candida spp., pH and inoculum
size were significant variables for two isolates each, and the
brand of AM3 was a significant variable for one isolate.

The high robustness of the caspofungin IC50s and IC80s in
AM3 from different sources is illustrated in Table 4, in which
the results obtained after 48 and 72 h of incubation in unmod-
ified AM3 from three suppliers are shown. For 12 of the 14
Candida isolates and 7 of the 8 A. fumigatus isolates, IC50s
varied within a mode �1 dilution range; for 11 Candida iso-
lates and 5 A. fumigatus isolates there was only a 1-dilution
difference across the six results for three sources of AM3 at two
incubation times (Table 4). For the two C. albicans isolates for
which single aberrant IC50s were recorded, they both arose on
the Difco AM3. For A. fumigatus J970377, for which the con-
sistency of IC50s was marred by a single value of 16 �g/ml, this

value arose in VWR AM3. The variability between replicate
IC80s was generally much greater, regardless of the source of
AM3.

The data in Table 4 consistently show higher modal IC50s (2
to 4 �g/ml) for C. albicans NR2, NR3, T25, and T26 than for
the other isolates tested, with modal IC50s of 0.5 or 1.0 �g/ml.

DISCUSSION

As in a previous study with itraconazole (20), the present
investigation of multiple combinations of performance vari-
ables and their influences on control growth and MICs in
microdilution susceptibility tests with caspofungin has con-
firmed how difficult it is to contrive a single set of consensus
conditions that constitute a protocol suitable for all fungal
isolates. The NCCLS Antifungal Subcommittee has already
acknowledged this difficulty, to the extent that it has published
separate reference methods for clinically important yeasts (16)
and filamentous fungi (15). Our data suggest, however, that
more investigation of performance variables for the testing of
caspofungin susceptibility in vitro will be necessary before ref-
erence conditions for this agent can be confirmed.

Some of the findings of this study give cause for concern, in
particular, that RPMI 1640 buffered at pH 7, recommended for
susceptibility testing with both yeasts and molds (15, 16), sus-
tains only poor growth of A. fumigatus isolates. We also showed
(Table 3) that the incubation time was a significant cause of
variation in the caspofungin MIC for A. fumigatus, and this
effect was related to the poor control growth that was seen for
this species at 24 h, regardless of the growth medium. Since
caspofungin, like all antifungals in clinical use, exerts its effects
exclusively on actively growing fungi (5), it is rational, given the

TABLE 4. IC50s and IC80s of caspofungin for 22 fungal isolates in AM3 medium from three different suppliersa

Isolate

AM3 from Difco AM3 from Oxoid AM3 from VWR

48 h 72 h 48 h 72 h 48 h 72 h

IC50
(�g/ml)

IC80
(�g/ml)

IC50
(�g/ml)

IC80
(�g/ml)

IC50
(�g/ml)

IC80
(�g/ml)

IC50
(�g/ml)

IC80
(�g/ml)

IC50
(�g/ml)

IC80
(�g/ml)

IC50
(�g/ml)

IC80
(�g/ml)

C. albicans B59630 0.5 0.5 1 1 0.5 1 1 1 0.5 0.5 0.5 1
C. albicans J981309 0.5 0.5 0.5 0.5 0.5 0.5 1 1 0.5 0.5 0.5 0.5
C. albicans J981364 0.5 0.5 0.5 0.5 0.5 0.5 1 1 0.5 0.5 0.5 1
C. albicans J981371 0.5 �16 0.5 0.5 0.5 1 0.5 1 0.5 0.5 1 2
C. albicans J990578 0.5 �16 1 1 0.5 0.5 1 2 1 1 1 1
C. albicans NR2 2 4 2 4 2 2 4 4 4 8 2 8
C. albicans NR3 4 4 4 8 2 4 4 4 2 4 4 �16
C. albicans T25 8 8 8 8 4 4 4 4 4 8 8 8
C. albicans T26 8 8 4 8 4 4 1 4 4 8 4 8
C. albicans T28 �16 �16 2 2 0.5 0.5 0.5 0.5 0.5 0.5 0.5 2
C. albicans T32 �16 �16 1 1 1 1 1 1 0.5 0.5 1 1
C. glabrata J981216 0.5 0.5 0.5 1 0.5 0.5 1 1 0.5 0.5 2 2
C. krusei ATCC 6258 0.5 0.5 0.5 1 0.5 1 1 1 1 1 1 1
C. parapsilosis ATCC 22019 1 1 1 1 1 1 1 2 1 1 1 1
A. fumigatus J931199 0.5 8 1 8 1 4 1 2 1 4 1 8
A. fumigatus J940362 1 2 1 4 2 4 1 8 1 2 4 4
A. fumigatus J960180 0.5 4 1 8 1 1 1 2 0.5 8 2 �16
A. fumigatus J960330 0.5 8 1 2 0.5 1 1 4 1 1 1 1
A. fumigatus J970377 1 16 1 �16 1 �16 1 �16 1 2 16 �16
A. fumigatus J970398 0.5 1 1 1 1 1 1 2 0.5 1 1 1
A. fumigatus J980561 0.5 2 0.5 1 1 1 1 2 1 1 1 1
A. fumigatus J980659/3 1 �16 1 �16 0.5 �16 1 �16 1 1 1 �16

a The endpoints were read after 48 and 72 h of incubation.

VOL. 47, 2003 VARIABLES IN CASPOFUNGIN SUSCEPTIBILITY TESTS 2105



clinical need for rapid tests, to discount conditions that support
at best only slow rates of growth of a test fungus. Moreover,
when drug-free controls are only weakly turbid, it is difficult to
assess differences in turbidity indicative of growth inhibition,
whether this is done visually or by spectrophotometry. We
consider that the 48-h incubation period recommended by
NCCLS method M38-P for A. fumigatus (15) is a minimum
acceptable time for testing with caspofungin, since many iso-
lates of this species achieve only slight OD values for turbidity
by 24 h, regardless of the choice of medium. In common with
other studies (1, 11, 17), we found that the caspofungin MICs
determined in AM3 at its unadjusted, unbuffered, native pH of
7.0 tended to be lower for yeasts and A. fumigatus than the
MICs determined in RPMI 1640 (Table 1). On the basis of all
the available data, we generally regard AM3 to be superior to
RPMI 1640 for caspofungin susceptibility testing. RPMI 1640
undoubtedly gives satisfactory results for the testing of the
susceptibilities of yeasts, but it is frequently unable to provide
adequate levels of control growth for A. fumigatus. We regard
it as undesirable in routine practice, such that different media
need to be used, according to the type of fungus tested. How-
ever, our data also suggest that the ideal medium for caspo-
fungin susceptibility testing with all types of fungi has yet to be
devised.

RPMI 1640 at pH 5, rather than the customary pH 7, was
chosen as a comparator medium for AM3 in the multifactorial
tests, so that media at pHs below 7 were compared with AM3
for both the Candida spp. and the A. fumigatus isolates. The
primary objective of multifactorial experimental designs is to
identify major sources of variation that influence quantitative
endpoints. Where the choice of medium emerged as a common
factor that significantly influenced susceptibility test outcomes,
as it did for the yeasts but not the molds in the study, this result
may point to the pH as well as to the medium composition as
a factor for inclusion in future efforts for optimization of
caspofungin testing in vitro.

Concerns of variability in the growth characteristics of fungi
on AM3 from different sources or batches (21) were confirmed
with control OD values but not with ICs in our multivariate
assessment of the media from three commercial sources; AM3
from VWR gave much higher control OD values for A. fumiga-
tus isolates than AM3 from two other suppliers, and the source
of medium emerged from ANOVA applied to the control OD
data as the most significant source of variation. However, all
the fungi tested grew well on AM3, regardless of the supplier,
initial pH, inoculum size, or an incubation time of 48 or 72 h,
with no data rejected for low control OD values. The caspo-
fungin IC50s determined with variations in AM3 supplier and
other process parameters were remarkably robust (Table 4),
with ANOVA showing the supplier to be a significant source of
variation in the IC80s for just 1 of the 22 fungi tested and with
only occasionally significant effects indicated for other process
variables as well. Whether this level of robustness in caspofun-
gin MICs would stand a test of interlaboratory replication
remains to be determined.

The previously published process analysis of itraconazole
susceptibility testing (20) examined more variables than the
present study did. These were the nature of the solvent used to
dissolve the agent, the shape of the microplate well (flat or
round bottomed), the supplier of the growth medium, the

medium used to prepare the inoculum, and the incubation
atmosphere (CO2 enriched or free air). Because caspofungin is
highly soluble in water, there was no concern about the stock
solution solvent used. The previous study showed that the
microplate well shape, the supplier of the medium, the source
of the inoculum, and the incubation atmosphere seldom or
never emerged as variables significantly affecting either control
ODs or MICs, so these variables were not reexamined in the
present study.

In the multifactorial design, inoculum size rarely had a sig-
nificant influence on the control OD for Candida spp. or A.
fumigatus, a finding consistent with the results of the experi-
ment whose results are shown in Table 1, in which six different
growth media were used for caspofungin susceptibility testing.
The NCCLS reference methods for yeasts and filamentous
fungi differ in their recommendations for inoculum size, with a
starting concentration of 500 to 5,000 cells/ml preferred for
yeasts (16) and a higher inoculum of 4,000 to 50,000 conidia/ml
preferred for molds (15). Our data suggest that caspofungin
ICs are reasonably robust to inoculum variations, although
recent unpublished findings from our laboratory suggest that
particularly low inoculum sizes may have more serious influ-
ences on caspofungin MICs than the levels of inocula used in
the present study.

Incubation temperature and time appeared with moderate
frequency as significant influences on control OD and ICs
(Table 3). For the A. fumigatus isolates, both variables signif-
icantly affected control OD values, while incubation time sig-
nificantly affected caspofungin IC50s, but not IC80s, for A.
fumigatus. One or both parameters also significantly affected
the IC50s for several of the Candida isolates. In general, the
yeasts grew better at 30°C than at 35°C and after longer (48 to
72 h) rather than shorter (24 to 48 h) incubation times. Lab-
oratories are normally reluctant to use incubation tempera-
tures below 35°C for susceptibility testing, because lower tem-
peratures are perceived as removed from physiologic norms.
Shorter incubation times are more likely to result in the de-
termination of MIC endpoints during exponential growth
phases, a time that was shown for other agents to result in
lower variabilities in the MICs than readings determined dur-
ing the stationary phase (9). Only prospective testing with large
numbers of yeast isolates from patients for which the full
caspofungin treatment history is known will provide a scientif-
ically adequate basis for determination of the optimum tem-
peratures and times for susceptibility determinations. We con-
sider, however, that, in addition to the observation that many
antifungal agents work only against actively growing fungi, it is
generally preferable in practice to test for susceptibility under
conditions that ensure reasonably high control growth yields;
otherwise, the differential between inhibited and uninhibited
growth can become too small to give reproducible results,
whether growth is judged visually or by spectrophotometry.

The choice of inhibition endpoint for antifungal susceptibil-
ity tests is well known to be an important variable. The NCCLS
recommendation for broth microdilution tests with azole anti-
fungals and flucytosine with yeasts is to use an endpoint of a
“prominent decrease in turbidity,” which, in practice, corre-
lates with a 50% reduction in growth, as determined by spec-
trophotometry (16). For amphotericin B against yeasts, the
endpoint is an optically clear well. For tests with filamentous
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fungi, similar rules apply; 50% growth reduction is the recom-
mended endpoint for flucytosine, fluconazole, and ketocon-
azole, while 100% reduction is recommended for other azoles
and amphotericin B. Our data with caspofungin suggest that
while both the 50 and 80% spectrophotometric endpoints give
predominantly on-scale MICs for putatively susceptible yeasts,
regardless of other process variables, the 50% endpoint gave
less variability for A. fumigatus (Tables 2 and 3), and the results
in Table 4 show that the 50% endpoint gave more consistent
MICs than the 80% endpoint for all isolates tested. For any
agent the 50% endpoint is most likely to detect the point of
maximum infection on an antifungal dose-response curve,
which makes it a more practical endpoint for spectrophoto-
metric determinations.

The IC50s for C. albicans strains NR2, NR3, T25, T26, T28,
and T32 in this study (Table 4) confirm the initial description
of the susceptibilities of these strains to echinocandins (7), with
the first four showing lower levels of susceptibility in vitro.
NR3, T25, and T26 also showed reduced susceptibilities to
echinocandin treatment in a mouse model of disseminated C.
albicans inflection (7). However, the levels of resistance to
caspofungin of NR2, NR3, T25, and T26 in tests in AM3 were
only 1 or 2 dilutions higher than those of more susceptible
isolates in terms of the IC50. This situation resembles that for
amphotericin B, for which similarly low differences in MICs
were found between resistant and susceptible isolates (21).

Our study confirms that, with caspofungin, as with itracon-
azole (20), every individual isolate of yeast and A. fumigatus
effectively has its own optimum requirements for susceptibility
testing, in the sense that some fungal isolates are clearly more
sensitive than others to changes in test protocol variables (Ta-
bles 2 and 3). AM3 emerges from the present study as a
reasonable choice of medium that yields excellent control
growth with the whole range of fungal species that we tested
(regardless of the glucose concentration) and consistent IC50s
for the majority (86%) of the isolates tested. However, the
variability in control growth determined for AM3 from differ-
ent sources and the low level of discrimination between C.
albicans isolates with less susceptibility to echinocandins in
vivo suggest that AM3 may not be the ultimate medium of
choice for caspofungin susceptibility testing. With AM3 it
should be possible to optimize other test conditions to derive
caspofungin MICs with the maximum possible intra- and in-
terlaboratory consistencies, but we regard the question of op-
timum conditions for caspofungin susceptibility testing as still
unresolved. For tests with A. fumigatus, a minimum incubation
time of 48 h should be used.
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