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This collaborative three-center study evaluated NCCLS M38-A document testing conditions and other
testing conditions for the antifungal susceptibility testing of 35 isolates of Aspergillus nidulans, A. terreus,
Bipolaris hawaiiensis, B. spicifera, Cladophialophora bantiana, Dactylaria constricta, Fusarium solani, Paecilomyces
lilacinus, Scedosporium prolificans, Trichoderma longibrachiatum, and Wangiella dermatitidis for itraconazole,
three new triazoles (voriconazole, posaconazole, and ravuconazole), and amphotericin B. MICs and minimum
fungicidal concentrations (MFCs) were determined in each center by using four media (standard RPMI-1640
[RPMI], RPMI with 2% dextrose [RPMI-2%], antibiotic medium 3 [M3], and M3 with 2% dextrose [M3-2%])
and two criteria of MIC determination (complete growth inhibition [MICs-0] and prominent growth inhibition
[MICs-2]) at 24, 48 and 72 h. MFCs were defined as the lowest drug concentrations that yielded <3 colonies
(approximately 99 to 99.5% killing activity). The reproducibility (within three wells) was higher among MICs-0
(93 to 99%) with either RPMI or M3 media than among all MICs-2 (86 to 95%) for the five agents at 48 to 72 h.
The agreement for MFCs was lower (86 to 94%). Based on interlaboratory agreement, the optimal testing
conditions were RPMI broth, 48 to 72 h of incubation and 100% growth inhibition (MIC-0); MFCs can be
obtained after MIC determination with the above optimal testing parameters. These results warrant consid-
eration for inclusion in the future version of the NCCLS M38 document. However, the role of these in vitro
values as predictors of clinical outcome remains to be established in clinical trials.

Although Aspergillus fumigatus is responsible for the major-
ity (85 to 90%) of the different clinical manifestations of mold
(filamentous fungi) infections (8), other molds have emerged
as important etiologic agents of severe infections, especially in
the immunocompromised host (2, 5, 20, 24, 32). With the
increased incidence of fungal infections and the growing num-
ber of new antifungal agents, the laboratory’s role in the se-
lection and monitoring of antifungal therapy has been under-
scored. As a result of collaborative studies (10, 11), the
National Committee for Clinical Laboratory Standards
(NCCLS) Subcommittee on Antifungal Susceptibility Tests has
developed a reproducible reference procedure for the antifun-
gal susceptibility testing of molds (NCCLS M38-A document
[26]). This document describes the following testing condi-
tions: standard RPMI-1640 broth; nongerminated conidial in-
oculum suspensions of approximately 104 CFU/ml, and incu-
bation at 35°C for 24 h (Rhizopus spp.), 48 h (Aspergillus flavus,
A. fumigatus, Fusarium spp.), and 72 h (Pseudallescheria boy-
dii). Because the Subcommittee investigated other conditions
for testing Aspergillus spp. against established agents and new
triazoles, the conventional MIC criterion (complete or 100%
growth inhibition) is recommended for itraconazole and three

new triazoles. Data from that study indicated that this criterion
more easily and reliably differentiated between susceptible and
potentially resistant isolates of Aspergillus spp. than the less
stringent criterion (MIC-2 or �50% growth inhibition) de-
scribed in the older M38 version. The interlaboratory repro-
ducibility of minimum fungicidal concentrations (MFCs) for
Aspergillus spp. was also examined in a parallel study (16a).
However, none of these studies have included other uncom-
mon pathogenic molds. Because of that, the NCCLS Subcom-
mittee conducted this collaborative study (with three centers)
to examine the testing conditions evaluated for Aspergillus spp.
for susceptibility testing with itraconazole, new triazoles
(posaconazole, ravuconazole, and voriconazole), and ampho-
tericin B (both MICs and MFCs) against a selected set of 35
uncommon mold pathogens.

MATERIALS AND METHODS

Study design. Three laboratories participated in the present study, and each
laboratory received the same panel of 35 coded (3 isolates each) strains of
Aspergillus nidulans, Aspergillus terreus, Bipolaris hawaiiensis, Bipolaris spicifera,
Cladophialophora bantiana, Dactylaria constricta, Fusarium solani, Paecilomyces
lilacinus, Scedosporium prolificans, Trichoderma longibrachiatum, and Wangiella
dermatitidis (Table 1) and two control isolates. MICs for each isolate were
obtained in each of the three centers with amphotericin B, itraconazole, posacon-
azole, ravuconazole, and voriconazole by the broth microdilution method fol-
lowing a standard protocol. This protocol included M38-A and other suscepti-
bility testing conditions to be evaluated: (i) four medium formulations (standard
RPMI-1640 [RPMI], RPMI with 2% dextrose [RPMI-2%], antibiotic medium 3
[M3]), and M3 with 2% dextrose [M3-2%]; (ii) three incubation times (24, 48,
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and 72 h); and (iii) two criteria of MIC determination (100% and �50% growth
inhibition). Following MIC determination with the four media, MFCs were
determined for each isolate-drug-testing medium combination in the three cen-
ters.

Isolates. The set of isolates evaluated is documented in Table 1. These 35
isolates belonged to the culture collections of the University of Texas and the
Medical College of Virginia Campus, Virginia Commonwealth University. Each
isolate was maintained as a suspension in water at approximately 25°C until
testing was performed. The reference isolate A. flavus ATCC 204304 (11, 16) and
the quality control strain Candida parapsilosis ATCC 22019 (27) were included as
controls each time isolates were tested. For C. parapsilosis ATCC 22019, there
are well-established microdilution MIC ranges of the five agents evaluated in this
study (4); reference MIC ranges also have been established for the isolate A.
flavus ATCC 204304 (11, 16). MIC ranges for these isolates were within estab-
lished values in the three centers (4, 11, 16, 26).

Broth dilution susceptibility testing. Standard Excel spreadsheets were devel-
oped to serve as recording forms and to enter and analyze data. The standard
protocol supplied to each laboratory for the broth microdilution method pro-
vided detailed instructions concerning the following testing conditions.

A single lot of each of the four liquid medium formulations was provided
ready-to-use to all participants by Trek Diagnostic Systems Inc. (Westlake,
Ohio). The same lot of each medium was used for the preparation of the drug
dilutions. Each batch of standard RPMI and RPMI-2% was supplemented with
0.3 g of L-glutamine per liter and 0.165 M morpholinepropanesulfonic acid buffer
(34.54 g/liter) to pH 7.0 � 0.1 at 35°C and did not contain sodium bicarbonate.
Neither batch of M3 and M3-2% was buffered, and the pHs of both media were
7.0 � 0.1. The five antifungal agents amphotericin B (Bristol-Myers Squibb
Pharmaceutical Research Institute, Wallingford, Conn.), itraconazole (Janssen
Pharmaceutica, Titusville, N.J.), posaconazole (Schering-Plough Research Insti-
tute, Kenilworth, N.J.), ravuconazole (Bristol-Myers Squibb Pharmaceutical Re-
search Institute), and voriconazole (Pfizer Pharmaceuticals, New York, N.Y.)
were provided by the manufacturers as assay powders. Additive drug dilutions
were prepared as described in the NCCLS M38-A document (26) and previous
reports (10, 11, 16) in a central facility (Trek Diagnostic Systems) and shipped
frozen to each participant. As previously described (9, 26), stock inoculum
suspensions were prepared in sterile saline (provided by Trek Diagnostic Sys-
tems) containing 1% Tween 80 from 7-day-old colonies grown on potato dex-
trose agar slants (provided by Remel, Lenexa, Kans.). The resulting mixture of
mostly nongerminated conidia was adjusted spectrophotometrically to optical
densities that ranged from 0.09 to 0.3 (Table 1) and were diluted 1:50 in each of
the four media, which corresponded to 2 times the density needed for the test of
approximately 0.4 � 104 to 5 � 104 CFU/ml. On the day of the test, each
microdilution well containing 100 �l of the diluted (2 times) drug concentrations
was inoculated with 100 �l of the diluted (2 times) conidial inoculum suspensions
(final volume in each well, 200 �l). All microdilution trays were incubated at
35°C and examined after 21 to 26, 46 to 50, and 70 to 74 h of incubation. Two
MIC endpoints were determined, the lowest drug concentrations that showed
absence of growth or complete growth inhibition (100% inhibition) and the
lowest drug concentrations that showed �50% growth inhibition.

MFC determination. The in vitro fungicidal activities (MFCs) were deter-
mined for each drug-isolate-medium combination as previously described (13,
14, 16a). After 72 h, 20 �l was subcultured from each well that showed complete
inhibition (100% or an optically clear well), from the last positive well (growth

similar to that for the growth control well), and from the growth control (drug-
free medium) onto Sabouraud dextrose agar plates. The plates were incubated at
35°C until growth was seen in the growth control subculture. The MFC was the
lowest drug concentration that showed either no growth or fewer than three
colonies (approximately 99 to 99.5% killing activity).

Data analysis. The percentage of inoculum densities that were within the
range of 0.4 � 106 to 5 � 106 CFU/ml was calculated, and the geometric means
for each species’ inoculum sizes were also obtained. Both on-scale and off-scale
MIC and MFC values were included in the analysis. MICs and MFCs from the
three centers for each drug-isolate-medium-incubation time (the latter for MICs
only) combination tested were compared to obtain data regarding reproducibil-
ity. As previously analyzed (10, 11, 16, 16a), discrepancies between MIC end-
points of no more than three dilutions (three wells) from the three centers were
used for the calculation of the percent values of agreement. A measurement of
agreement was then determined as the percentage of endpoints within three
dilutions (i.e., 1, 2, and 4 �g/ml) for each combination of drug, isolate, medium,
incubation time, and criterion of MIC determination. In addition, each 48- or
72-h MIC was compared to its corresponding MFC to assess the differences
between in vitro fungistatic and fungicidal endpoints obtained with each medium
for each isolate in each laboratory. Comparisons of proportions were performed
by chi-square test for Fisher’s exact test as appropriate. A two-tailed P value of
�0.05 was considered to be significant.

RESULTS

Reproducibility of spectrophotometric procedure for inocu-
lum preparation. A total of 105 inoculum preparations from
the three laboratories were analyzed. The optical density (OD)
ranges and actual CFU-per-milliliter ranges for the inoculum
size values across the species are shown in Table 1. The CFU-
per-milliliter range was within the target range of 0.4 � 106 to
5 � 106 for 9 of the 11 species evaluated (97 of 105 prepara-
tions or 92.4%). Substantially lower values (0.07 � 106 to 0.3 �
106 CFU/ml) were reported for 8 of the 18 Bipolaris spp.
suspensions (five values for B. hawaiiensis and three for B.
spicifera). With the exception of inocula for B. hawaiiensis, the
mean inoculum size range was 0.9 � 106 to 1.9 � 106 CFU/ml.

Total MICs and MFCs evaluated. Each isolate had three
incubation time readings with the five antifungal agents and by
each of the other six testing conditions evaluated (four media
and two criteria of MIC determination) in all of the participant
centers. A total of 120 readings per isolate in each center, or
360 readings from the three centers, were reported. Since 1,430
readings were scored as 0 (no growth), a total of 11,170 MICs
were evaluated for the 35 isolates. In addition, 1,757 MFC
values were obtained.

Effect of incubation time on MICs. A total of 3,723 MIC
pairs were compared for this evaluation. MICs increased no
more than two dilutions between 24 and 48 h or 48 and 72 h for
most isolates. A major increase (from 0.06 to 1.0 �g/ml to 1 to
8 �g/ml) in MICs-0 was observed with amphotericin B for B.
hawaiiensis and two B. spicifera isolates (24 to 72 h with M3
media) and with posaconazole for T. longibrachiatum (24 to
48 h with RPMI media).

Interlaboratory agreement. (i) Agreement among the four
media. The four media supported growth of most of the iso-
lates after 48 h of incubation, and both RPMI broths supported
growth for all isolates after 72 h. Insufficient growth precluded
MIC determination in two centers for two isolates of C. ban-
tiana (four media) and one isolate of P. lilacinus (M3 media) at
48 h and for one isolate each of these two species at 72 h (M3
media). Although some inocula of Bipolaris spp. were substan-
tially lower, sufficient growth allowed MIC determination at
48 h for all six isolates and for five isolates at 24 h. Table 2

TABLE 1. OD range and inoculum sizes for 35 uncommon molds
in three laboratories

Species (no. of observations) Stock inoculum
range (106 CFU/ml) OD range

A. nidulans (Emericella nidulans) (15) 1.1–2 0.09–0.11
Aspergillus terreus (9) 0.9–5 0.09–0.11
Bipolaris hawaiiensis (9) 0.07–0.4 0.2–0.3
B. spicifera (9) 0.3–3 0.2–0.3
Cladophialophora bantiana (9) 0.4–3.1 0.15–0.17
Dactylaria constricta (9) 0.4–1 0.15–0.17
Fusarium solani (9) 0.5–3.1 0.15–0.17
Paecilomyces lilacinus (9) 0.8–2.3 0.09–0.13
Scedosporium prolificans (9) 0.6–1.7 0.15–0.17
Trichoderma longibrachiatum (9) 0.7–2.3 0.09–0.11
Wangiella dermatitidis (9) 1.2–3.7 0.15–0.17
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summarizes the percentages of interlaboratory agreement for
MICs and MFCs of the five agents obtained with the four media
for the 35 isolates; the agreement is stratified by the two criteria
of MIC determination. Overall, either RPMI broth or M3 me-
dium demonstrated the best interlaboratory reproducibility for
the five agents. Slightly lower interlaboratory agreement was ob-
served among MICs of most of the agents with either M3-2% or
RPMI-2% than those with the other two formulations. In general,
the agreement was lower among the laboratories for MFC than
for MICs; slightly higher values were seen for MFCs obtained
following MIC determination with M3 broth (86.6 to 94%) than
with RPMI (84.7 to 92%) medium.

(ii) Agreement for the three incubation times. The agree-
ment among the centers was lower (65 to 95%) when 24-h
MICs were compared than for those obtained after 48 and 72 h
of incubation (86 to 99%) for all the drugs and other testing
parameters evaluated (P � 0.001).

(iii). Agreement for the two criteria of MIC determination.
Overall, the interlaboratory agreement was higher for MICs-0
(93 to 99%) than for MICs-2 (86 to 95%) for four of the five
agents with the four media (Table 2). The exceptions were
posaconazole MICs, for which the agreement was more de-
pendent on medium and MIC determination criterion; a better
agreement was seen with both RPMI for MIC-2 endpoints (89
to 92%) than for MICs-0 (87 to 89%). On the other hand,
agreement values were lower with M3 broths for MICs-2 (88 to
92%) than for MICs-0 (92 to 95%). Although the majority (84
to 98%) of MICs-0 were the same or no more than two dilu-
tions higher than MICs-2, differences were seen with all media
among posaconazole MICs for T. longibrachiatum and one B.
spicifera (MICs-2 of 0.5 to 1.0 �g/ml versus MICs-0 of 4 to �8
�g/ml) and with ravuconazole and voriconazole for two S.
prolificans isolates (MICs-2 of 1 to 4 �g/ml versus MICs-0 of
�8 �g/ml). A similar trend was observed with voriconazole in
RPMI broth for one isolate of B. spicifera (MICs-2 of 0.5 to 2
�g/ml versus MICs-0 of 4 to �8 �g/ml) and F. solani (MICs-2

of 2 to 4 �g/ml versus MICs-0 of 4 to �8 �g/ml). Other major
discrepancies between the two criteria of MIC determination
were due to the weaker agreement observed among the labo-
ratories for MICs-2.

Interlaboratory agreement for azole and amphotericin B
MICs. For amphotericin B and itraconazole, the agreement
was good to excellent (94 to 99%) for MICs-0 with RPMI and
M3 media. The agreement decreased 1 to 9% with RPMI-2%
and M3-2% (Table 2). Greater interlaboratory agreement (93
to 99%) was observed for voriconazole and ravuconazole
MICs-0 at both 48 and 72 h than for posaconazole (87 to 95%).

Optimal testing conditions for MIC determination. Al-
though good to excellent agreement (�90%) was found for the
four agents with some of the various combinations of media,
MIC determination criteria, and incubation times, the testing
conditions that better encompassed the five agents were the
following: (i) the 100% growth inhibition criterion (MIC-0)
with (ii) the standard RPMI broth, and (iii) after 48 to 72 h of
incubation. Although reproducibility was higher for posacon-
azole MICs with M3 broths than with RPMI media, both M3
media did not support growth of all isolates. RPMI was also
superior in distinguishing different patterns of fungistatic and
fungicidal activity for some agent and species combinations,
especially for amphotericin B.

Antifungal activities (MICs and MFCs) of the five agents.
Table 3 depicts 48-h MICs-0 as well as MFC results of the five
agents obtained with RPMI for each of the species. MICs for
C. bantiana and D. constricta are 72-h values, because growth
for the former species and the agreement for MICs among the
centers for the latter species were better at that incubation
time. Although the range of amphotericin B MICs was narrow
for 6 of the 11 species, wider ranges (0.06 to 4 �g/ml) were
observed for Bipolaris spp. and F. solani; MICs for Bipolaris
spp. were bimodal. Also, high amphotericin B MICs (�2 �g/
ml) were obtained in the three centers for S. prolificans and P.
lilacinus. Most triazole MICs were clustered within a relatively
low, narrow range, but lack of or low in vitro antifungal activity
was observed for F. solani, S. prolificans, and T. longibrachia-
tum while the activity was good for the other species. MICs-0
of voriconazole and posaconazole for S. prolificans had a bi-
modal susceptibility pattern (MICs-0 of 0.5 to 1.0 �g/ml for
one isolate and of �8 �g/ml for the other two isolates); this
pattern was not observed for MICs-2. For Bipolaris spp., the
bimodal pattern was species specific with ravuconazole and
voriconazole (MICs-0 of �1.0 �g/ml for B. hawaiiensis and
MICs-0 of 2 to �8 �g/ml for B. spicifera after 48 and 72 h of
incubation), while low and high MICs-0 were obtained for both
species with the other three agents. The wide itraconazole MIC
ranges for P. lilacinus reflect the poor agreement among the
three centers for this species by all testing conditions.

In contrast to MICs with RPMI, amphotericin B MICs ob-
tained with M3 media were uniformly higher and the range was
wide only for Bipolaris spp. (Table 4). Although the bimodal
pattern with M3 for amphotericin B for Bipolaris spp. was
similar to that with RPMI, MICs were high for five isolates
with M3 but for only one isolate with RPMI. The activity of
triazoles with M3 media was similar to that observed with
RPMI for most of the species, but a bimodal activity was
observed with ravuconazole for S. prolificans (Table 4).

MFCs of amphotericin B were either the same or no more

TABLE 2. Interlaboratory agreement of MICs and MFCs for 35
uncommon molds in three laboratories

Antifungal agent
and parameter

% Agreement at 48–72 h with medium

RPMI RPMI-2% M3 M3-2%

Amphotericin B
MIC-0 94–97 95–94 98–99 90–91
MIC-2 91–92 86–90 93 90–91
MFC 92 89.7 94 92.8

Itraconazole
MIC-0 97–95 93–94 94 92–95
MIC-2 89–90 89 91–94 89–95
MFC 88.8 85.7 86.6 81

Posaconazole
MIC-0 87 89 95–93 92–93
MIC-2 89–90 91–92 88–92 91
MFC 86.6 82.4 87.6 75.7

Ravuconazole
MIC-0 98 95–97 99 93–94
MIC-2 90–91 94–97 90–94 89–93
MFC 84.7 88.4 90.1 92.7

Voriconazole
MIC-0 98 93–98 99 96
MIC-2 94–95 94 92–95 94–97
MFC 87.6 90.5 91.2 88.6
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than two dilutions higher than MICs for 32 of the 35 isolates
when testing with RPMI (Table 3). Amphotericin MFCs were
�3 dilutions higher than MICs-0 for one isolate each of B.
hawaiiensis, B. spicifera, and A. terreus (0.06 to 1.0 �g/ml versus
1 to �8 �g/ml). MFCs of 1 to �8 �g/ml for Bipolaris spp. only
reflected poor interlaboratory agreement for two isolates.
Among the triazoles, ravuconazole MFCs in RPMI were sub-
stantially higher than MICs (0.5 to 1.0 versus 4 to �8 �g/ml)
for one isolate of B. hawaiiensis and two isolates of A. terreus.
The same applied to the other two new triazoles for two iso-
lates of A. terreus and for posaconazole with one isolate of B.

spicifera. With M3, MFC values tended to be higher and dif-
ferences between fungistatic and fungicidal activities tended to
be less distinctive, especially for posaconazole and ravucon-
azole (Table 4).

DISCUSSION

Our study describes the first collaborative evaluation of test-
ing parameters for testing of susceptibility (fungicidal and fun-
gistatic) of nine species of uncommon dematiaceous and mo-
niliaceous molds to amphotericin B, itraconazole, and three

TABLE 3. MICs and MFCs for uncommon molds in three laboratories with standard RPMIa

Species (no. tested) Parameter
Range for antifungal agent

A I P R V

A. nidulans (5) MIC 0.2–2 0.06–0.2 0.03–2 0.12–2 0.12–2
MFC 0.5–�8 0.06–8 0.03–8 0.12–�8 0.12–�8

A. terreus (3) MIC 0.5–2 0.06–0.2 0.03–0.12 0.5–2 0.5–1
MFC 1–8 0.2–8 0.12–1 2–8 1–8

Bipolaris spp. (6) MIC 0.06–4 0.03–�8 �0.007–8 0.2–�8 0.12–�8
MFC 0.12–8 0.06–�8 0.03–�8 1–�8 0.2–�8

C. bantiana (3)� MIC 0.12–1 �0.007–0.5 �0.007–0.06 0.2–1 0.12–0.5
MFC 0.12–2 0.03–0.5 0.03–1 0.06–4 0.01–2

D. constricta (3)� MIC 0.06–0.5 0.12–1 0.03–0.12 8–�8 0.5–2
MFC 0.06–2 0.12–�8 0.03–�8 4–�8 0.12–�8

F. solani (3) MIC 0.12–4 �8 �8 �8 4–�8
MFC 0.5–4 ND ND ND 8–�8

P. lilacinus (3) MIC �8 1–�8 0.12–0.5 0.2–2 0.2–1
MFC ND 0.2–�8 0.2–�8 1–�8 0.12–�8

S. prolificans (3) MIC 2–�8 �8 0.5–�8 8–�8 0.5–�8
MFC 8–�8 ND �8 �8 1–�8

T. longibrachiatum (3) MIC 0.5–2 �8 �8 �8 2
MFC 1–�8 ND ND ND 2–�8

W. dermatitidis (3) MIC 0.12–0.5 0.12–1 �0.007–1 1–8 0.12–0.5
MFC 0.2–1 0.2–1 0.03–8 1–�8 0.12–8

a Asterisk, 72-h MICs-0 for these species; 48-h MICs-0 for other species. A, amphotericin B; I, itraconazole; P, posaconazole; R, ravuconazole; V, voriconazole. ND,
no data.

TABLE 4. MICs and MFCs for uncommon molds in three laboratories with M3 mediuma

Species (no. tested) Parameter
Range for antifungal agent

A I P R V

A. nidulans (5) MIC 2–�8 0.12–4 0.03–2 0.2–4 0.2–4
MFC 4–�8 0.2–�8 0.06–2 0.2–�8 0.2–4

A. terreus (3) MIC 4–�8 0.12–0.5 0.06–0.12 1–4 1–8
MFC 8–�8 0.5–�8 0.06–2 0.5–�8 1–�8

Bipolaris spp. (6) MIC 0.12–�8 0.03–�8 0.01–�8 0.5–�8 0.5–�8
MFC 1–�8 0.12–8 0.03–�8 1–�8 0.5–�8

C. bantiana (3)� MIC NG–8 NG–0.12 NG–0.06 NG–1 NG–0.06
MFC 2–�8 0.01–0.5 �0.007–0.5 0.01–0.5 0.12–0.5

D. constricta (3)� MIC 1–4 0.06–8 0.03–0.12 8–�8 1–2
MFC 1–4 0.2–8 0.06–�8 4–�8 1–8

F. solani (3) MIC 8–�8 �8 �8 �8 4–�8
MFC �8 ND ND ND 8–�8

P. lilacinus (3) MIC NG–�8 NG–�8 NG–0.5 NG–2 NG–1
MFC ND 0.5–�8 0.06–1 1–�8 0.2–1

S. prolificans (3) MIC �8 1–�8 0.2–�8 2–�8 0.5–�8
MFC ND 1–�8 0.5–�8 2–�8 1–�8

T. longibrachiatum (3) MIC 4–�8 �8 1–�8 8–�8 1–4
MFC 8–�8 ND 2–�8 �8 1–�8

W. dermatitidis (3) MIC 1–4 0.06–0.12 �0.007–1 0.2–1 0.12–0.5
MFC 2–�8 0.12–0.2 0.01–0.5 0.5–4 0.12–8

a Asterisk, 72-h MICs-0 for these species; 48-h MICs-0 for other species. M3 medium, conventional antibiotic #3 medium; A, amphotericin B; I, itraconazole; P,
posaconazole; R, ravuconazole; V, voriconazole; NG, no growth; ND, not determined.
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new triazoles (posaconazole, ravuconazole, and voriconazole).
Our set of isolates included species that are recognized as
resistant or less susceptible to the agents evaluated, e.g., S.
prolificans and A. terreus (7, 20, 33). An agent with fungicidal
activity may have a therapeutic advantage over an inhibitory
agent. However, only one collaborative study has been con-
ducted to detect optimal testing parameters for MFC determi-
nation for three Aspergillus spp. (16a). Because of that, we
examined the effects of the various parameters on both MIC
and MFC values regarding the potential detection of different
patterns of susceptibility. We also examined the differences
between MIC and MFC endpoints for the same purpose.

As for any antimicrobial procedure, the issue of reliability of
the different testing parameters should be addressed. Our
study has confirmed the reliability of the spectrophotometric
procedure for preparing inoculum suspensions of common
molds (10, 11, 16) and expanded its use for other, less common
species (Table 1). With the exception of Bipolaris spp. inocula,
excellent reproducibility was demonstrated for the other prep-
arations from the three laboratories. The conidia of Bipolaris
spp. and the macroconidia of Fusarium spp. are larger (6 to 12
by 16 to 35 �m) than conidia of the other species evaluated (2
to 5 by 2 to 13 �m). However, most Fusarium spp. also produce
much smaller microconidia. Because inoculum suspensions of
both Bipolaris spp. were below the desired CFU/ml range,
these suspensions may require a 10% lower dilution factor
than that used for the other species, or the density of these
suspensions should be adjusted by using conventional cell
counting with a hemacytometer (conidial size is irrelevant).
Reliable conidial suspensions can be prepared by both meth-
ods (29), but inoculum quantification is highly recommended
for confirmation of actual inoculum size (CFU/ml) by either
method.

We examined the combined effect of incubation time and
MIC determination criterion on MICs as well as their reliabil-
ity. As previously described (16), MIC increases (�2 dilutions)
between incubation times occurred more frequently for
MICs-0 than for MICs-2. In this study, only posaconazole
MICs-0 increased �3 dilutions for T. longibrachiatum and the
different susceptibilities among isolates to the new triazoles
were more obvious with MICs-0. However, the clinical signif-
icance of discrepant MICs by both criteria should be deter-
mined in clinical trials or animal studies. Although it has been
reported (3) that the incubation time had no substantial effect
on azole and amphotericin B MICs, the combined effects of
incubation time and inoculum have increased azole MICs for
A. fumigatus, A. flavus (18), and Fusarium spp. (30). As previ-
ously reported (16), 24-h MICs yielded the weaker interlabo-
ratoy agreement in our study and, with the exception of As-
pergillus isolates, lack of growth precluded 24-h MIC
determination for some isolates of most other species. Fur-
thermore, it was the 48-h incubation, in addition to the con-
ventional MIC criterion, that allowed eight laboratories to
better distinguish itraconazole-resistant isolates from suscep-
tible isolates of A. fumigatus (16); these testing parameters
have been introduced in the new version of the NCCLS M38
document.

The standard RPMI broth and the M3 medium consistently
yielded �90% agreement among the laboratories for MICs of
the five antifungal agents. Also, interlaboratory agreement of

triazole MICs was improved (94 to 99%) over that obtained in
the Aspergillus spp. study (90 to 100%) (16). RPMI-2% did not
increase the growth rate or density of any of the species tested
at 24 h as has been documented for yeasts (27), and use of this
formulation lowered MIC reproducibility (3 to 8%) (Table 2).
Similar results have been reported previously for Aspergillus
spp. (16). The present study has examined the effect of two
formulations of M3 on MICs and MFCs. However, in addition
to the lot variability reported for M3 (22), its value as a pre-
dictor of amphotericin B resistance in candidemia has been
questioned (28). In our study, both M3 media precluded MIC
determination of all C. bantiana and P. lilacinus isolates even
after 72 h. Arikan et al. (3) reported that buffered (phosphate)
M3-2% had a tendency to yield lower MICs of amphotericin B,
itraconazole and voriconazole than those obtained with RPMI.
In our study, triazole MICs with both M3 and RPMI were
essentially the same, but amphotericin B fungicidal and fungi-
static concentrations were substantially higher than those with
RPMI (Tables 3 and 4). Because of that, the different suscep-
tibilities of our isolates to amphotericin B were better detected
with MICs-0 determined using the RPMI broth. The discrep-
ant results between this and Arikan et al.’s study (3) could be
due to either the low reliability of M3 or their use of buffered
medium. Due to the low M3 reliability, our data suggest that
optimal testing conditions for MIC determination of these five
agents for the species evaluated are the combination of stan-
dard RPMI broth, 48-h incubation for most species, and the
conventional MIC criterion or 100% inhibition. For C. banti-
ana and D. constricta, 72 h appears to be the most reliable
incubation time. MFCs (�3 colonies or approximately 99 to
99.5% killing activity) can be determined following MIC de-
termination with those parameters.

Overall, our MIC and MFC data generated by the optimal
testing conditions are comparable to those obtained in other
studies for the five agents (1, 6, 7, 12, 13, 15, 16, 16a, 17, 19, 21,
24, 25, 31, 33). Our amphotericin B MIC and MFC values were
high, or ranges were wide, for Bipolaris spp., F. solani, P.
lilacinus, and S. prolificans. In addition, amphotericin B had
fungicidal activity beyond safely achievable serum concentra-
tions (MFC of �4 �g/ml) for one isolate of Bipolaris spp. and
A. terreus, while MICs (	1 �g/ml) were within safely achiev-
able serum levels. Both RPMI broths yielded two distinct fun-
gicidal levels among isolates of A. terreus, S. prolificans, and B.
hawaiiensis. The low in vitro fungicidal activity of amphotericin
B has been demonstrated for the former two species but not
for Bipolaris spp. (14, 15, 33). However, evaluations of in vitro
fungicidal activities have focused on more common molds.
With the exception of MFCs for some isolates of the new
triazoles (A. terreus) and ravuconazole (B. hawaiiensis, S. pro-
lificans, and Bipolaris spp.), other triazole fungicidal levels
were no more than two dilutions higher than corresponding
MICs. In the Aspergillus spp. study, MFCs were also consis-
tently higher (1 to 4 dilutions) than corresponding MICs for A.
terreus isolates with RPMI media. The potential discriminatory
value of amphotericin B and voriconazole MFCs for this latter
species has been demonstrated (14, 33).

In conclusion, because standard RPMI is a chemically de-
fined medium and reproducibility was good to excellent, RPMI
appears to be a suitable testing medium for determination of
MICs of the agents and species evaluated. Their fungicidal
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activities (�3 colonies) can be evaluated following determina-
tion of MICs-0 (100% growth inhibition) with standard RPMI
broth after 48 h of incubation. However, for C. bantiana and D.
constricta, 72 h appears to be the best incubation time for MIC
determination. Our data also suggest that these MIC param-
eters have a superior discriminatory power in recognizing dif-
ferent patterns of in vitro antifungal susceptibility, as was dem-
onstrated for Aspergillus spp. (16). Although these data
indicate that MFCs could be more useful than MICs for some
of the species evaluated, further evaluations with isolates that
have well-documented in vivo data must confirm their clinical
value. The use of M3 is limited until the problem of lot vari-
ation is investigated and resolved. Results of this NCCLS col-
laborative study warrant their introduction in a more advanced
version of the NCCLS M38 document.

ACKNOWLEDGMENTS

This work was partially supported by grants from Pfizer Inc., Scher-
ing-Plough Research Institute, and Bristol-Myers Squibb.

REFERENCES

1. Aguilar, C., I. Pujol, J. Sala, and J. Guarro. 1998. Antifungal susceptibilities
of Paecilomyces species. Antimicrob. Agents Chemother. 42:1601–1604.

2. Anaissie, E., H. Kantarjian, H. Ro, R. Hopfer, R. K. Rolston, V. Fainstein,
and G. Bodey. 1988. The emerging role of Fusarium infections in patients
with cancer. Medicine 67:77–83.

3. Arikan, S., M. Lozano-Chiu, V. Paetznick, S. Nangia, and J. H. Rex. 1999.
Microdilution susceptibility testing of amphotericin B, itraconazole, and
voriconazole against clinical isolates of Aspergillus and Fusarium species.
J. Clin. Microbiol. 37:3946–3951.

4. Barry, A. L., M. A. Pfaller, S. D. Brown, A. Espinel-Ingroff, M. A. Ghan-
noum, C. Knapp, R. P. Rennie, J. H. Rex, and M. G. Rinaldi. 2000. Quality
control limits for broth microdilution susceptibility tests of ten antifungal
agents. J. Clin. Microbiol. 38:3457–3459.

5. Berenguer, J., J. L. Rodriguez-Tudela, C. Richard, M. Alvarez, M. A. Sanz,
and L. Guztelurrutia and the Scedosporium prolificans Spanish Study Group.
1997. Deep infections caused by Scedosporium prolificans. A report on 16
cases in Spain and a review of the literature. Medicine 76:256–265.

6. Clancy, C. J., and M. H. Nguyen. 1998. In vitro efficacy and fungicidal activity
of voriconazole against Aspergillus and Fusarium species. Eur. J. Clin. Mi-
crobiol. Infect. Dis. 17:573–575.

7. Cuenca-Estrella, M., B. Ruiz-Diez, V. Martinez-Suarez, A. Monzon, and
J. L. Rodriguez-Tudela. 1999. Comparative in vitro activity of voriconazole
(UK-109,496) and six other antifungal agents against clinical isolates of
Scedosporium prolificans and Scedosporium apiospermum. J. Antimicrob.
Chemother. 43:149–151.

8. Denning, D. W., K. Venkateswarlu, K. L. Oakley, M. J. Anderson, N. J.
Manning, D. A. Stevens, D. W. Warnock, and S. L. Kelly. 1997. Itraconazole
resistance in Aspergillus fumigatus. Antimicrob. Agents Chemother. 41:1364–
1368.

9. Espinel-Ingroff, A., and T. M. Kerkering. 1991. Spectrophotometric method
of inoculum preparation for the in vitro susceptibility testing of filamentous
fungi. J. Clin. Microbiol. 29:393–394.

10. Espinel-Ingroff, A., K. Dawson, M. Pfaller, E. Anaissie, B. Breslin, D. Dixon,
A. Fothergill, V. Paetznick, J. Peter, M. Rinaldi, and T. Walsh. 1995. Com-
parative and collaborative evaluation of standardization of antifungal sus-
ceptibility testing for filamentous fungi. Antimicrob. Agents Chemother.
39:314–319.

11. Espinel-Ingroff, A., M. Bartlett, R. Bowden, N. X. Chin, C. Cooper, Jr., A.
Fothergill, M. R. McGinnis, P. Menezes, S. A. Messer, P. W. Nelson, F. C.
Odds, L. Pasarell, J. Peter, M. A. Pfaller, J. H. Rex, M. G. Rinaldi, G. S.
Shankland, T. J. Walsh, and I. Weitzman. 1997. Multicenter evaluation of
proposed standardized procedure for antifungal susceptibility testing of fil-
amentous fungi. J. Clin. Microbiol. 35:139–143.

12. Espinel-Ingroff, A. 1998. In vitro activity of the new triazole voriconazole
(UK-109,496) against opportunistic filamentous and dimorphic fungi and
common and emerging yeast pathogens. J. Clin. Microbiol. 36:198–202.

13. Espinel-Ingroff, A. 1998. Comparison of in vitro activities of the new triazole
SCH56592 and the echinocandins MK-0991 (L-743,872) and LY303366

against opportunistic filamentous and dimorphic fungi and yeasts. J. Clin.
Microbiol. 36:2950–2956.

14. Espinel-Ingroff, A. 2001. In vitro fungicidal activities of voriconazole, itra-
conazole, and amphotericin B against opportunistic moniliaceous and de-
matiaceous fungi. J. Clin. Microbiol. 39:954–958.

15. Espinel-Ingroff, A., K. Boyle, and D. J. Sheehan. 2001. In vitro antifungal
activities of voriconazole and reference agents as determined by NCCLS
methods: review of the literature. Mycopathology 150:101–115.

16. Espinel-Ingroff, A., M. Bartlett, V. Chaturvedi, M. A. Ghannoum, K. C.
Hazen, M. A. Pfaller, M. Rinaldi, and T. J. Walsh. 2001. Optimal suscepti-
bility testing conditions for detection of azole resistance in Aspergillus spp.:
NCCLS collaborative study. Antimicrob. Agents Chemother. 45:1828–1835.

16a.Espinel-Ingroff, A., A. Fothergill, J. Peter, H. G. Rinaldi, and T. J. Walsh.
2002. Testing conditions for determination of minimum fungicidal concen-
trations of new and established antifungal agents for Aspergillus spp.: NCCLS
Collaborative Study. J. Clin. Microbiol. 40:3204–3208.

17. Fung-Tomc, J. C., E. Huczko, B. Minassian, and D. P. Bonner. 1998. In vitro
activity of a new oral triazole, BMS-207147 (ER-30346). Antimicrob. Agents
Chemother. 42:313–318.

18. Gehrt, A., J. Peter, P. A. Pizzo, and T. J. Walsh. 1995. Effect of increasing
inoculum sizes of pathogenic filamentous fungi on MICs of antifungal agents
by broth microdilution method. J. Clin. Microbiol. 33:1302–1307.

19. Johnson, E. M., A. Szekely, and D. W. Warnock. 1998. In vitro activity of
voriconazole, itraconazole and amphotericin B against filamentous fungi. J.
Antimicrob. Chemother. 42:741–745.

20. Iwen, P., M. E. Rupp, L. N. Langnas, E. C. Reed, and S. H. Hinrichs. 1998.
Invasive pulmonary aspergillosis due to Aspergillus terreus: 12-year experi-
ence and review of literature. Clin. Infect. Dis. 26:1092–1097.

21. Johnson, E. M., K. L. Oakley, S. A. Radford, C. B. Moore, P. Warn, D. W.
Warnock, and D. W. Denning. 2000. Lack of correlation of in vitro ampho-
tericin B susceptibility testing with outcome in a murine model of Aspergillus
infection. J. Antimicrob. Chemother. 45:85–93.

22. Lozano-Chiu, M., P. W. Nelson, M. Lancaster, M. A. Pfaller, and J. H. Rex.
1997. Lot-to-lot variability of antibiotic medium 3 used for testing suscepti-
bility of Candida isolates to amphotericin B. J. Clin. Microbiol. 35:270–272.

23. McGinnis, M. R., and L. Pasarell. 1998. In vitro testing of susceptibilities of
filamentous ascomycetes to voriconazole, itraconazole, and amphotericin B,
with consideration of phylogenetic implications. J. Clin. Microbiol. 36:2353–
2355.

24. Meletiadis, J., J. F. G. Meis, R. Horre, and P. E. Verweij. 1999. Short
communication: in vitro antifungal activity of six drugs against 13 clinical
isolates of Ochroconis gallopava. Stud. Mycol. 43:206–208.

25. Meletiadis, J., J. F. G. M. Meis, J. W. Mouton, J. L. Rodriguez-Tudela, J. P.
Donnelly, P. E. Verweij, and The EUROFUNG Network. 2001. In vitro
activities of new and conventional antifungal agents against clinical Scedos-
porium isolates. Antimicrob. Agents Chemother. 46:62–68.

26. National Committee for Clinical Laboratory Standards. 2002. Reference
method for broth dilution antifungal susceptibility testing of filamentous
fungi. Approved standard M38-A. National Committee for Clinical Labora-
tory Standards, Wayne, Pa.

27. National Committee tor Clinical Laboratory Standards. 1997. Reference
method for broth dilution antifungal susceptibility testing of yeasts. Ap-
proved standard M27-A. National Committee for Clinical Laboratory Stan-
dards, Wayne, Pa.

28. Nguyen, M. H., C. J. Clancy, V. L. Yu, Y. C. Yu, A. J. Morris, D. R. Snydman,
D. A. Sutton, and M. G. Rinaldi. 1998. Do in vitro susceptibility data predict
the microbiologic response to amphotericin B? Results of a prospective
study of patients with Candida fungemia. J. Infect. Dis. 177:425–430.

29. Petrikkou, E., J. L. Rodriguez-Tudela, M. Cuenca-Estrella, A. Gomez, A.
Molleja, and E. Mellado. 2001. Inoculum standardization for antifungal
susceptibility testing of filamentous fungi pathogenic for humans. J. Clin.
Microbiol. 39:1345–1347.

30. Pujol, I., J. Guarro, J. Sala, and M. D. Riba. 1997. Effects of incubation
temperature, inoculum size, and time of reading on broth microdilution
susceptibility test results for amphotericin B against Fusarium. Antimicrob.
Agents Chemother. 41:808–811.

31. Oakley, K., C. B. Moore, and D. W. Denning. 1997. In vitro activity of
SCH-56592 and comparison with activities of amphotericin B and itracon-
azole against Aspergillus spp. Antimicrob. Agents Chemother. 41:1124–1126.

32. Richter, S., M. G. Cormican, M. A. Pfaller, C. K. Lee, R. Gingrich, M. G.
Rinaldi, and D. A. Sutton. 1999. Fatal disseminated Trichoderma longibra-
chiatum infection in an adult bone marrow transplant patient: species iden-
tification and review of the literature. J. Clin. Microbiol. 37:1154–1160.

33. Sutton, D. A., S. E. Sanche, S. G. Revankar, A. W. Fothergill, and M. G.
Rinaldi. 1999. In vitro amphotericin B resistance in clinical isolates of As-
pergillus terreus, with a head-to-head comparison to voriconazole. J. Clin.
Microbiol. 37:2343–2345.

VOL. 40, 2002 CONDITIONS FOR TESTING OF ANTIFUNGAL AGENTS 3781


