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The purpose of this study was to correlate inhibition zone diameters, in millimeters (agar diffusion disk
method), with the broth dilution MICs or minimum effective concentrations (MECs) (CLSI M38-A method) of
five antifungal agents to identify optimal testing guidelines for disk mold testing. The following disk diffusion
testing parameters were evaluated for 555 isolates of the molds Absidia corymbifera, Aspergillus sp. (five species),
Alternaria sp., Bipolaris spicifera, Fusarium sp. (three species), Mucor sp. (two species), Paecilomyces lilacinus,
Rhizopus sp. (two species), and Scedosporium sp. (two species): (i) two media (supplemented Mueller-Hinton
agar [2% dextrose and 0.5 �g/ml methylene blue] and plain Mueller-Hinton [MH] agar), (ii) three incubation
times (16 to 24, 48, and 72 h), and (iii) seven disks (amphotericin B and itraconazole 10-�g disks, voriconazole
1- and 10-�g disks, two sources of caspofungin 5-�g disks [BBL and Oxoid], and posaconazole 5-�g disks).
MH agar supported better growth of all of the species tested (24 to 48 h). The reproducibility of zone diameters
and their correlation with either MICs or MECs (caspofungin) were superior on MH agar (91 to 100% versus
82 to 100%; R, 0.71 to 0.93 versus 0.53 to 0.96 for four of the five agents). Based on these results, the optimal
testing conditions for mold disk diffusion testing were (i) plain MH agar; (ii) incubation times of 16 to 24 h
(zygomycetes), 24 h (Aspergillus fumigatus, A. flavus, and A. niger), and 48 h (other species); and (iii) the
posaconazole 5-�g disk, voriconazole 1-�g disk, itraconazole 10-�g disk (for all except zygomycetes), BBL
caspofungin 5-�g disk, and amphotericin B 10-�g (zygomycetes only).

The Clinical and Laboratory Standards Institute (CLSI; for-
merly the NCCLS) Subcommittee on Antifungal Susceptibility
Tests has developed reproducible procedures for antifungal
susceptibility testing of molds by the broth microdilution
method (M38-A document) (3). An agar diffusion method has
been developed for yeasts by disk diffusion methodology (CLSI
M44-A document for fluconazole and voriconazole) (2, 4, 6).
Reference guidelines are not available for mold disk diffusion
testing. However, although infections caused by molds are not
as common as yeast infections, an increased incidence of sys-
temic infections caused by Aspergillus and more recently the
zygomycetes and other species (Aspergillus, Fusarium, and Sce-
dosporium) has been documented (16). Therefore, there is a
need for an easier and more economical standard method to
test the susceptibility of mold isolates to available antifungal
agents.

The overall objective of this study was to identify standard
testing guidelines for disk testing of molds (i) by determining
the correlation between zone diameters in millimeters by a disk
diffusion method that were read at each of three incubation
times with broth microdilution reference MICs (CLSI M38-A
method) or MECs (minimum effective concentrations, caspo-
fungin) (3), (ii) by determining the reproducibility of replicate

zone diameters obtained on 3 different days and under differ-
ent testing conditions by the disk diffusion method, and (iii) by
determining the performance of the disk diffusion method in
identifying resistant isolates. This study evaluated the following
18 mold species (555 isolates): Absidia corymbifera, Aspergillus
sp. (five species), Alternaria sp., Bipolaris spicifera, Fusarium sp.
(three species), Mucor sp. (two species), Paecilomyces lilacinus,
Rhizopus sp. (two species), and Scedosporium sp. (two species).
Because MIC or MEC breakpoints are not available for mold
testing, isolates were grouped as susceptible (MIC or MEC,
�1 �g/ml), intermediate (MIC or MEC, 2 �g/ml) and resistant
(MIC or MEC, �4 �g/ml) to determine the performance of
the disk diffusion method for identifying resistant isolates.
These categorical breakpoints were chosen to enable this de-
termination; supporting clinical data are not available. These
breakpoints have not been approved by the CLSI, the FDA, or
the pharmaceutical companies.

MATERIALS AND METHODS

Study design. Two of the five laboratories received the same panel of 72
isolates, including 4 isolates of each of the 18 species evaluated in the study and
2 quality control (QC) isolates. Each isolate was tested with amphotericin B,
caspofungin, itraconazole, posaconazole, and voriconazole by both the broth
microdilution M38-A and disk diffusion assays on 3 different days to obtain
reproducibility data. In addition, three of the five laboratories tested a total of
483 isolates, including 5 to 56 isolates of each of the same 18 species with the
same antifungal agents by both the broth microdilution and disk diffusion pro-
cedures. The study protocol included CLSI M38-A broth microdilution testing
conditions (3) and a detailed description of the disk testing parameters to be
evaluated: (i) two media, supplemented Mueller-Hinton agar (2% dextrose and
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0.5 �g/ml methylene blue [MGM]) and plain Mueller-Hinton (MH) agar; (ii)
three incubation times (16 to 24, 48, and 72 h); and (iii) seven disks (amphoter-
icin B and itraconazole 10-�g disks; voriconazole 1- and 10-�g disks; two sources
of caspofungin 5-�g disks [BBL and Oxoid]; and posaconazole 5-�g disks).

Isolates. A total of 483 isolates were evaluated at three of the five centers;
isolates for which the MICs of the five antifungal agents are high and low were
included. The set of 483 isolates included 15 Absidia corymbifera, 23 Alternaria
sp., 56 A. fumigatus, 38 A. flavus, 31 A. nidulans, 38 A. niger, 40 A. terreus, 18
Bipolaris spicifera, 28 Fusarium moniliforme, 20 F. oxysporum, 29 F. solani, 17
Mucor circinelloides, 5 M. ramosissimus, 37 Rhizopus arrhizus, 10 R. microsporus
var. rhizopodiformis, 24 Paecilomyces lilacinus, 28 Scedosporium apiospermum,
and 26 S. prolificans isolates. In addition, two centers evaluated another set of 72
isolates on 3 different days to obtain reproducibility data; these isolates included
four isolates of each of the 18 species listed above. The 72 isolates were shipped
to each of these two centers from the University of Texas Health Science Center,
San Antonio. All of the isolates evaluated were clinical isolates submitted to the
Virginia Commonwealth University Medical Center, Richmond; the Centers for
Disease Control, Atlanta, GA; and the University of Texas Health Science
Center.

The CLSI QC isolates Candida krusei ATCC 6258 and Paecilomyces variotii
ATCC MYA-3630 were tested each time a set of isolates was evaluated in each
of the five centers with each antifungal agent and by both methods. MICs for C.
krusei ATCC 6258 were within the established MIC limits of the five antifungal
agents (2, 5); the same applied for Paecilomyces variotii ATCC MYA-3630 with
amphotericin B, itraconazole, and voriconazole (14); three posaconazole MICs
were below the established MIC range from one laboratory for this QC isolate

FIG. 1. Interference of MGM agar with voriconazole disks for A.
terreus (A) and with caspofungin disks for P. lilacinus (B), where low
MICs corresponded to very small or no inhibition zone diameters.
These conflicting results were not observed on MH agar.

TABLE 1. Species and numbers of mold isolates tested at
three of five centers

Species No. of
isolates

Absidia corymbifera............................................................................. 15
Alternaria sp. ....................................................................................... 23
Bipolaris spicifera ................................................................................ 18
Aspergillus fumigatus........................................................................... 56
A. flavus ............................................................................................... 38
A. niger ................................................................................................. 38
A. terreus .............................................................................................. 40
A. nidulans........................................................................................... 31
Fusarium solani ................................................................................... 29
F. moniliforme ..................................................................................... 28
F. oxysporum ....................................................................................... 20
Mucor circinelloides ............................................................................ 17
Mucor ramosissimus............................................................................ 5
Rhizopus arrhizus ................................................................................ 37
Rhizopus microsporus var. rhizopodiformis ...................................... 10
Paecilomyces lilacinus ......................................................................... 24
Scedosporium apiospermum ............................................................... 28
S. prolificans ........................................................................................ 26

Total.................................................................................................483a

a Another set of 72 isolates was tested at another two centers to obtain
reproducibility data.

TABLE 2. Reproducibility of inhibition zone diameters, in
millimeters, obtained by the disk diffusion method with

five antifungal agents for 72 mold isolates at two of
the five centersa

Antifungal agent
and mediumb

% within 2-SD zone at:

24 h 48 h 72 h

Itra
MH 96 91 88
MGM 87 82 82

Posa
MH 97 95 92
MGM 96 96 94

Vori-1
MH 97 94 93
MGM 97 95 90

Vori-10
MH 92 93 92
MGM 92 93 92

Cas-BBL
MH 100 96 95
MGM 96 94 87

Cas-Oxoid
MH 100 97 97
MGM 100 100 97

Amb
MH 95 95 95
MGM 100 95 91

a Percentages of replicate zone diameters within 2 standard deviations of the
mean; each of the 72 isolates was tested on 3 different days in two of the five
laboratories with each antifungal agent. Inhibition zone diameters, in millime-
ters, on both MH and MGM agar were read at 16 to 24, 48, and 72 h.

b Itra, itraconazole 10-�g disk; Posa, posaconazole 5-�g disk; Cas-BBL and
Cas-Oxoid, caspofungin 5-�g disks from two sources; Vori-1 and Vori-10, vori-
conazole 1-�g and 10-�g disks, respectively; Amb, amphotericin B 10-�g disk.
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(14). Caspofungin QC MIC limits have not been established for molds, but our
results were within a 3-dilution range (0.015 to 0.06 �g/ml) at the five centers for
P. variotii ATCC MYA-3630.

(i) CLSI broth microdilution procedure (M38-A2). MICs or MECs (caspo-
fungin only) were determined by the CLSI broth microdilution procedure
(M38-A document) at each center for each set of isolates (483 and 72 isolates).
Amphotericin B (Bristol-Myers Squibb Pharmaceutical Research Institute, Wall-
ingford, CT), itraconazole (Janssen, Beerse, Belgium), posaconazole (Schering-
Plough Research Institute, Kenilworth, NJ), voriconazole (Pfizer Central Re-
search, New York, NY), and caspofungin (Merck Research Laboratories,
Rahway, NJ) were provided by the manufacturers as standard powders for the
preparation of CLSI microdilution trays. Drug dilutions were prepared at 100
times the final concentration in polyethylene glycol (posaconazole), dimethyl
sulfoxide (amphotericin B, itraconazole, and voriconazole), and sterile distilled
water (caspofungin) and then diluted in the standard RPMI 1640 medium to
yield the final twofold drug concentrations of 0.01 to 32 �g/ml for CLSI methods
(2, 3). MIC panels containing the diluted twofold drug concentrations in stan-
dard RPMI 1640 medium were shipped frozen to each laboratory from TREK
Diagnostics (Westlake, OH).

Mold stock inoculum suspensions were prepared from 7-day cultures grown on
potato dextrose agar (Remel, Lenexa, KS) and adjusted spectrophotometrically
at a 530-nm wavelength to optical densities that ranged from 0.09 to 0.3 (3, 13);
the stock suspension for the QC yeast isolate was adjusted to the optical density
of a 0.5 McFarland standard (2). Stock inoculum suspensions were further
diluted in RPMI 1640 medium to achieve twofold final concentrations as follows:
1:25 (Alternaria sp., Scedosporium sp., and B. spicifera), 1:50 (other mold species),
and 1:1,000 (QC yeast strain) (2, 3, 13). On the day of the test, each microdilution
well containing 100 �l was inoculated with 100 �l of the diluted twofold inoculum
suspension (the final volume in each well was 200 �l). The twofold test inoculum
concentrations ranged from 0.1 � 104 to 5.5 � 104 CFU/ml as demonstrated by
colony counts at each center. Growth (drug free) and sterility controls were
included for each isolate tested. Microdilution trays were incubated in ambient
air at 35°C and examined for MIC or MEC determination at 24 h (zygomycetes),
48 h (Alternaria sp., B. spicifera, Aspergillus sp., Fusarium sp., and P. lilacinus),
and 72 h (Scedosporium sp.) (3). By visual examination, reference MICs were
defined as the lowest drug concentrations that showed 100% (amphotericin B
and triazoles) growth inhibition compared to the growth control well (3). Caspo-
fungin MECs were defined as the lowest drug concentrations that produced

growth of small, rounded, compact colonies compared to the hyphal growth seen
in the growth control well (9, 18). QC isolates were tested in the same manner.

(ii) Disk diffusion procedure. The following agar disk diffusion procedure was
evaluated for determination of zones of inhibition in millimeters at each center.
The entire surfaces of MGM and MH agar (Hardy Diagnostics, Santa Maria,
CA) agar plates (150 mm) were inoculated simultaneously in three directions
with a nontoxic cotton swab dipped in the undiluted mold stock inoculum
suspensions. The inoculated agar was allowed to dry for 15 to 30 min. Ampho-
tericin B 10-�g disks, itraconazole 10-�g disks, voriconazole 10-�g disks (Abtek
Biologicals Ltd., Liverpool, United Kingdom), posaconazole 5-�g and voricon-
azole 1-�g disks (Becton Dickson and Company, Sparks, MD), and caspofungin
5-�g disks from two sources (Becton Dickson and Oxoid Limited, Basingstoke,
England) were applied to the inoculated agar with a pair of forceps. The plates
were incubated in ambient air at 35°C within 15 min after the disks were applied
to the inoculated agar. QC isolates were tested in the same manner.

TABLE 3. Inhibition zone diameters obtained on MH agar by the
disk diffusion method for two QC isolatesa

QC isolateb and
antifungal agent

Zone range in millimeters (% agreement) at:

24 h 48 h 72 h

Paecilomyces variotii
ATCC 3630

Itra 25–31 (99) 23–31 (94) 24–31 (97)
Posa 35–46 (100) 37–45 (97) 37–44 (97)
Vori-1 40–53 (94) 41–53 (94) 41–53 (100)
Vori-10 56–64 (97) 60–71 (86) 61–73 (89)
Cas-BBL 23–29 (100) 23–30 (97) 24–30 (97)
Cas-Oxoid 23–34 (100) 23–34 (97) 22–33 (89)
Amb 13–22 (94) 9–19 (83) 10–19 (89)

Candida krusei
ATCC 6258

Itra 21–30 (100) 20–29 (100) 20–28 (100)
Posa 31–43 (97) 30–41 (97) 30–41 (97)
Vori-1 29–38 (100) 25–35 (100) 24–36 (97)
Vori-10 47–59 (92) 46–60 (97) 53–61 (92)
Cas-BBL 14–24 (100) 18–27 (97) 17–25 (97)
Cas-Oxoid 21–29 (100) 21–30 (100) 21–32 (100)
Amb 19–27 (100) 15–25 (97) 13–25 (97)

a Tests were performed 5 to 16 times for each isolate in each of the five
laboratories for each disk and incubation time on MH agar.

b Itra, itraconazole 10-�g disk; Posa, posaconazole 5-�g disk; Cas-BBL and
Cas-Oxoid, caspofungin 5-�g disks from two sources; Vori-1 and Vori-10,
voriconazole 1-�g and 10-�g disks, respectively; Amb, amphotericin B 10-�g
disk.

TABLE 4. Correlation between inhibition zone diameters
(in millimeters) obtained by the disk diffusion method

and reference M38-A MICs (amphotericin B and
triazoles) and MECs (caspofungin) for 483 mold

isolates at three of the five centersa

Antifungal agent and
incubation time (h)b

Correlation coefficient
(R value)c for:

MH MGM

Itra
24 0.79 ND
48 0.75 0.58
72 0.74 0.67

Posa
24 0.77 ND
48 0.71 0.65
72 0.71 0.71

Vori-1
24 0.85 ND
48 0.83 0.87
72 0.82 0.53

Vori-10
24 0.83 ND
48 0.80 0.85
72 0.83 0.58

Cas-BBL
24 0.92 ND
48 0.88 0.96
72 0.90 0.87

Cas-Oxoid
24 0.93 ND
48 0.89 0.88
72 0.90 0.87

Amb
24 0.68 ND
48 0.43 0.32
72 0.31 0.54

a MICs were read at 24 h (zygomycetes), 72 h (Scedosporium sp.), and 48 h
(other species) as recommended in the CLSI M38-A document. Caspofungin
MECs were read at 24 h (all species except for Scedosporium sp., which were read
at 48 h). Each MIC or MEC was plotted against inhibition zone diameters in
millimeters obtained on both MH and MGM agars at each of the three incuba-
tion times; results from three centers were combined for linear regression anal-
ysis.

b Itra, itraconazole 10-�g disk; Posa, posaconazole 5-�g disk; Cas-BBL and
Cas-Oxoid, caspofungin 5-�g disks from two sources; Vori-1 and Vori-10, vori-
conazole 1-�g and 10-�g disks, respectively; Amb, amphotericin B 10-�g disk.

c ND, not determined. The 48-h results for MGM medium encompassed 24-
and 48-h zones of inhibition; 71% of the 24-h results were reported as no growth.
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Zone diameters in the disk diffusion assay were measured to the nearest whole
millimeter at the point where there was a prominent reduction of growth (80%)
after 16 to 24 h for zygomycetes and after 24, 48, and 72 h for the other species.
Microcolonies inside the zone of inhibition were ignored when testing caspofun-
gin and hyphal filaments bending over the inhibition zones and slight trailing
around the edges when testing the triazoles, but not for amphotericin B (Fig. 1).

Data analysis. MICs or MECs determined by the reference methods (at the
recommended incubation times of 24 h for zygomycetes; 48 h for Aspergillus sp.,
B. spicifera, Alternaria sp., Fusarium sp., and Paecilomyces sp.; and 72 h for
Scedosporium sp. [M38-A document]) were correlated with inhibition zone di-
ameters (in millimeters) around disks; zones were obtained at three incubation
times (16 to 24, 48, and 72 h). To obtain correlation results (R values), a linear
regression analysis by the least-squares method (Pearson’s correlation coeffi-
cient; MS Excel software) was performed by plotting zone diameters against their
respective MIC or MEC endpoints (after log transformation). The reproducibil-
ity of zone diameters obtained on 3 different days with each of four isolates of the
18 species was evaluated by calculating the percentage of replicate zone diam-
eters that were within 2 standard deviations of the mean (8). Reproducibility
values were not obtained as a range of � millimeter zone diameter measure-
ments because millimeter variations in large zones tend to yield larger values
than the variations in smaller zones. Breakpoints are not available for any
antifungal agent versus molds. However, MICs below 1 �g/ml are usually re-
ported for most Aspergillus sp. isolates with the five agents, for Scedosporium
apiospermum and P. lilacinus with posaconazole and voriconazole, for Alternaria
sp. and B. spicifera with the three triazoles, and for some zygomycete isolates with
posaconazole and amphotericin B (7, 12, 19, 21). Because of that, we grouped as
susceptible isolates for which the MICs or MECs were �1 �g/ml, as intermediate
isolates for which the MICs or MECs were 2 �g/ml, and as resistant isolates for
which the MICs or MECs were �4 �g/ml to analyze the performance of the disk
method in identifying isolates with decreased susceptibility to the five antifungal
agents evaluated. Scattergram plots of the MICs or MECs and corresponding
disk results of each antifungal agent were developed, and by using the error rate
bounding method (17) the following tentative zone diameter categories were
assigned: susceptible, �17 mm (triazoles and caspofungin) and �15 mm (am-
photericin B); intermediate, 14 to 16 mm (triazoles and caspofungin) and 13 to
14 mm (amphotericin B); resistant, �13 mm (triazoles and caspofungin) and

�12 mm (amphotericin B). These tentative breakpoints were used to determine
the categorical agreement between the disk diffusion and MIC endpoints of each
drug. Major errors were identified when the isolate was resistant by the disk
method but susceptible by the MIC or MEC result, while minor errors were
identified when there were shifts between susceptible and susceptible dose de-
pendent or between susceptible dose dependent and resistant. Very major errors
were identified when the MIC or MEC result showed resistance and the disk
result showed susceptibility.

RESULTS AND DISCUSSION

Table 1 lists the number of isolates of each species that were
evaluated in the study to identify optimal testing guidelines for
disk diffusion testing of molds. These species are more com-
monly associated with severe fungal infections in the immuno-
compromised host. The antifungal agents included are the
most important agents that have been licensed for the treat-
ment or prevention of mold infections. The evaluation was to
be conducted with MGM agar, which is the medium that has
been selected by the CLSI for testing yeasts with voriconazole
and fluconazole by disk diffusion methodology (M44-A) (4).
However, it was demonstrated early in this study that MGM
medium did not support good growth of most Aspergillus sp. at
24 h, including A. fumigatus (60%), while zones of inhibition
could be read at 24 h for most Aspergillus isolates and at 48 for
most of the other species on MH agar (88%); similar results
have been previously reported (8). In addition, interference
with either caspofungin for P. lilacinus or voriconazole for A.
terreus (Fig. 1) was observed, where low MICs corresponded to
very small or no inhibition zone diameters. These conflicting
results were not observed when disk diffusion tests were per-

TABLE 5. Agreement of inhibition zone diameters (disk diffusion method) with MICs or MECs (M38-A method) according to assigned
susceptible, intermediate, and resistant categories for 483 mold isolates with five antifungal agents as obtained in three laboratories

Antifungal agent, method,
and mediuma

% of MICs by interpretive
categoryb % Error

% Agreementc

S I R Minor Major Very
major

Posaconazole
BMD 78 9 13
Disk, 5 �g 83 4 13 8.1 0.2 0.2 92

Itraconazole
BMD 54 11 35
Disk, 10 �g 52 8 40 12.8 2.5 1.8 83

Voriconazole
BMD 59 9 32
Disk, 1 �g 56 1 43 9.7 4.6 0.2 86

Caspofungin
BMD 51 3 46
Disk, 5 �g, BBL 50 1 49 3.3 1 0.2 96

Amphotericin B
BMD 49 24 27
Disk, 10 �g 58 12 30 23.1 2.7 1.7 73

a BMD, MICs and MECs, in micrograms per milliliter, were determined at the recommended incubation times (24 to 48 h for caspofungin and 24 to 72 h for the
other agents) by the CLSI M38-A broth microdilution method. Disk inhibition zone diameters, in millimeters, were determined with the optimal medium (MH agar)
and incubation times (16 to 24 h and 48 h) by the disk diffusion method.

b Percentages of MICs or MECs and inhibition zone diameters, in millimeters, that were within the assigned posaconazole, itraconazole, voriconazole, and
caspofungin categories (S �susceptible�, MIC or MEC of �1 �g/ml, �17 mm; I �intermediate�, MIC or MEC of 2 �g/ml, 14 to 16 mm; R �resistant�, MIC or MEC of
�4 �g/ml, �13 mm) and amphotericin B MIC and zone diameter categories (susceptible, MIC of �1 �g/ml, �15 mm; intermediate, MIC of 2 �g/ml, 13 to 14 mm;
resistant, MIC of �4 �g/ml, 12 mm).

c Percent categorical agreement between inhibition zone diameters, in millimeters, and MIC or MEC results.
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formed on MH agar. MGM agar also did not support the
growth of most P. lilacinus and Alternaria isolates, even after
72 h to 5 days of incubation, and slowed the determination of
zones from 48 to 72 h for B. spicifera and S. apiospermum. In
general, zones were better defined and easier to read on MH
agar than on MGM agar; inhibition zones could be determined
at 16 to 24 h for zygomycetes, at 24 h for most Aspergillus
isolates (17 of 31 A. nidulans isolates [one center] and a few A.
fumigatus and A. terreus isolates needed 48 h of incubation),
and at 48 h for the other species. As discussed below, corre-
lation and reproducibility results (R values) were superior at
these incubation times.

For the 555 isolates and both QC isolates, 95% of the inoc-
ula were within the target range of 0.4 � 104 to 5 � 104

CFU/ml. Lower inoculum densities (0.1 � 104 to 0.3 � 104

CFU/ml) were mostly obtained with 22 isolates of A. flavus, A.
niger, F. solani, and P. lilacinus and higher values (5.1 � 106 to
7 � 106 CFU/ml) were obtained for three isolates of F. mo-
niliforme and P. lilacinus at two centers. Similar reproducibility
results for inoculum suspensions have been reported in prior
collaborative studies (92 to 95%) (10, 11). The reproducibility
of inoculum suspensions for Alternaria isolates has not been
previously evaluated, but our results were within the target
range (optical density � 0.25 to 0.3).

Table 2 depicts the reproducibility of zone diameters (in
millimeters) obtained with the 72 isolates on 3 different days
with each antifungal agent on both media. More than 15,000
zone endpoints were analyzed. Overall reproducibility was

good with both media and at the three times of incubation, as
demonstrated by the high percentages (overall, 82 to 100%) of
replicate zone diameters that were within 2 standard deviations
of the mean. The best reproducibility was observed with the 24-
and 48-h results (91 to 100% on MH agar). By genus, the
lowest reproducibility was observed for P. lilacinus with itra-
conazole, voriconazole, and amphotericin B (78 to 84%), for
Fusarium sp. with itraconazole (83%), for Mucor sp. with
posaconazole (86%), for Rhizopus sp. with itraconazole (89%),
and for B. spicifera with caspofungin (81%); other reproduc-
ibility values ranged from 90 to 100%. Results were lower on
MGM than on MH agar; the exception was the results for the
zygomycetes (70 to 86% on MH agar versus 91 to 95% on
MGM), but not all isolates could be evaluated at 24 h due to
lack of growth. Overall, our reproducibility results are similar
to those obtained for an evaluation of posaconazole for As-
pergillus sp. and the zygomycetes (8). Reproducibility results
also were comparable or superior to those obtained in other
collaborative studies for the development of the M38-A doc-
ument (3, 10, 11).

Table 3 summarizes the zones of inhibition (in millimeters)
obtained on MH agar with the two QC controls at the five
centers; reference diameter ranges are not available for either
QC isolate versus any antifungal on MH agar. In this study,
most of the intervals between the high and low zone diameter
limits were within 6 to 11 mm; the reproducibility was 97 to
100% at 24 to 72 h for C. krusei ATCC 6258 and at 24 h for P.
variotii ATCC 3630 with most of the antifungal disks tested.

FIG. 2. Correlation of broth microdilution MICs and posaconazole 5-�g disk diffusion zone diameters on MH agar for 483 mold isolates in
three laboratories. MICs were determined at the recommended times (24 to 72 h), and zone diameters, in millimeters, were determined at the
optimal incubation times (16 to 24 h and 48 h). ZD, zone diameter.

VOL. 45, 2007 DISK DIFFUSION METHOD GUIDELINES FOR FILAMENTOUS FUNGI 1815



The CLSI zone diameter limit for C. krusei ATCC 6258 with a
voriconazole 1-�g disk on the recommended MGM medium is
16 to 25 mm (4); our range for that strain on MH agar was
consistently larger (29 to 38 mm, 100%). Based on collabora-
tive studies, tentative QC data for posaconazole (23 to 31 mm)
and caspofungin (13 to 25 mm) on MGM agar are also avail-
able for this QC strain. Our results were within the target zone
diameter range for caspofungin (14 to 25 mm, 100%) with the
BBL caspofungin disk on both agars, but a larger zone range
was obtained with the Oxoid disk on MH agar (21 to 29 mm,
100%). Similar results (larger zone ranges) were obtained with
posaconazole for the QC yeast (31 to 43 mm at 24 to 72 h,
97%). It appears that the yeast QC isolate could serve as a
control isolate until a QC isolate(s) is selected and standard
zone diameter limits are established for mold disk testing.

Table 4 summarizes the coefficients of correlation (linear
regression analysis) between either MIC or MEC results and
the corresponding inhibition zone diameters, in millimeters
(obtained with the seven disks), for the 483 isolates evaluated
at three of the five centers (Table 1). The correlation was
superior for disks of both caspofungin and voriconazole; sim-
ilar results were obtained for these agents on both the MGM
and MH agars. However, for itraconazole and posaconazole,
the correlation was higher on MH agar than on MGM agar;
suitable R values (�0.7) were observed on MH agar compared
to the low R values (	0.70) at some incubation times on MGM
agar. Our correlation results were comparable to those re-

ported for Aspergillus sp. (8, 15, 20) and zygomycete (8, 15)
isolates with voriconazole (R, 0.79) and posaconazole (R, 0.72
to 0.82) disks. The lowest correlation results were obtained for
amphotericin B, as previously reported (8), where zones were
consistently small for isolates for which the amphotericin B
MICs were correspondingly low and high.

The evaluation of a new method requires the determination
of breakpoint category agreement between the new and refer-
ence methods. Since interpretive breakpoints are not available
for molds, this type of analysis was performed with the tenta-
tive breakpoints assigned in this study; these breakpoints were
useful for illustration or comparison only. We grouped isolates
as resistant (MIC or MEC, �4 �g/ml), intermediate (MIC or
MEC, 2 �g/ml), or susceptible (MIC or MEC, �1 �g/ml)
based on reported in vitro data obtained with large numbers of
isolates (1, 7, 8, 12, 19, 21). Tentative zone diameter break-
points were assigned by the error rate bounding method (17).
Table 5 depicts the results of the breakpoint category analysis
agreement for amphotericin B, itraconazole, posaconazole,
and voriconazole (1-�g disk results only) inhibition zone di-
ameters obtained at the optimal incubation times of 16 to 24
h for zygomycetes, A. fumigatus, A. flavus, and A. niger and 48 h
for the other species on MH agar versus MICs obtained at 24 h
(zygomycetes), 72 h (Scedosporium sp.), and 48 h (other spe-
cies). Table 5 also provides the results of the comparison of
caspofungin MECs from the first reading (16 to 24 h [zygomy-
cetes], 48 h [Scedosporium sp.], and 24 h [other species]) with

FIG. 3. Correlation of broth microdilution MICs and itraconazole 10-�g disk diffusion zone diameters on MH agar for 483 mold isolates in
three laboratories. MICs were determined at the recommended times (24 to 72 h), and zone diameters, in millimeters, were determined at the
optimal incubation times (16 to 24 h and 48 h). ZD, zone diameter.
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zone diameters (BBL disk results only) also obtained on MH
agar at the same incubation times as for the other four anti-
fungal agents. Figures 2 to 6 depict the results of the regression
analysis between either MICs or MECs and zone diameters for
the same five disks and by the same optimal testing conditions
described above and in Table 5. Among the three laboratories,
the percentage ranges of major and very major errors were 0.2
to 6.4% and 0 to 2.7%, respectively, for the five disks; the
percentage range of overall categorical agreement was 81 to
96% for posaconazole, caspofungin, and voriconazole 1-�g
disks and 65 to 88% for amphotericin B and itraconazole disks
(data not shown in Table 5).

The categorical evaluation of the posaconazole 5-�g disk
indicated that the percentages of major, very major, and minor
errors were low (0.2 and 8.1%) (Table 5). One susceptible
isolate was categorized as resistant (�13-mm diameter, major
error), and one resistant isolate was categorized as susceptible
(�17-mm diameter, very major error) (Fig. 2). Of the 39 minor
errors, 28 (72%) were among isolates for which the MIC was 2
�g/ml (intermediate category); these 28 isolates (16 Fusarium
sp. and 9 S. apiospermum isolates) were categorized as suscep-
tible (�17-mm diameter). Agreement was higher with the
posaconazole disk (92%) than with the itraconazole 10-�g disk
(83%). Nine very major errors (1.8% false-susceptible values,
�17-mm zone diameters) were observed with the itraconazole
disk (four A. corymbifera isolates, two A. niger isolates, two P.
lilacinus isolates, and one S. apiospermum isolate) (Fig. 3). Of
the 52 isolates for which the itraconazole MICs were 2 �g/ml

(intermediate category), 24 were categorized as resistant (�13
mm; 19 zygomycete isolates), 9 were categorized as interme-
diate (14- to 16-mm diameters), and 19 were categorized as
susceptible (�17-mm diameters; mostly A. corymbifera and P.
lilacinus). It is noteworthy that only two major errors were
observed among the 203 Aspergillus isolates with itraconazole
and none were observed with posaconazole. Therefore, it ap-
pears that the posaconazole disk (R range among the centers,
0.71 to 0.78) is more suitable than the itraconazole disk (R
range among the centers, 0.7 to 0.8), despite the latter’s higher
R values, for testing of zygomycete isolates; both disks are
suitable for testing of the other species.

Two voriconazole disks were evaluated, which provided dif-
ferent susceptible and resistant zone diameter thresholds (�17
mm and �28 mm as susceptible and �13 mm and �25 mm as
resistant, 1-�g and 10-�g disks, respectively). According to our
assigned categories, the performance of the voriconazole 1-�g
disk was superior (86% overall agreement; Table 5) to the
10-�g disk (80% overall agreement; data not shown in Table
5). Discrepancies with the 1-�g disk were mostly due to major
errors (one very major error and 4.6% zone diameters of �13
mm) (Fig. 4 and Table 5), but those with the 10-�g disk were
due to very major errors (9% zone diameters of �28 mm).
Major errors with the 1-�g disk were observed for 13 Alternaria
sp. isolates (at one of the three centers) and 4 F. moniliforme
isolates. Among the 43 isolates for which the voriconazole MIC
was 2 �g/ml (intermediate category), 11 were categorized as
susceptible (�17-mm zone diameters for Aspergillus sp. and S.

FIG. 4. Correlation of broth microdilution MICs and voriconazole 1-�g disk diffusion zone diameters on MH agar for 483 mold isolates in three
laboratories. MICs were determined at the recommended times (24 to 72 h), and zone diameters, in millimeters, were determined at the optimal
incubation times (16 to 24 h and 48 h). ZD, zone diameter.
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apiospermum) and 32 isolates were categorized as resistant
(�13 mm for 30 Fusarium isolates, 1 B. spicifera isolate, and 1
Alternaria sp. isolate) with the 1-�g disk. In contrast, 95% of
these 43 isolates were categorized as susceptible (�28-mm
zone diameters) with the 10-�g disk (data not shown in Table
5). In addition, the 1-�g disk was able to identify as resistant all
26 S. prolificans and 84 zygomycete isolates, but the 10-�g disk
missed 19 of these isolates. Also, from a practical standpoint,
only one voriconazole 10-�g disk could be tested per plate to
avoid zone overlap (�70-mm zone diameters), while three or
four disks could be tested with the 1-�g disk (150-mm plate).
Therefore, these results suggest that the 1-�g disk (R range
among the three centers, 0.77 to 0.88) should be the choice for
testing the susceptibilities of most mold isolates to voricon-
azole. Since all zygomycete and S. prolificans isolates are re-
sistant to voriconazole in this and other studies (12, 19), there
is no reason to test these isolates.

Two sources of caspofungin 5-�g disks were evaluated (R
range among the three centers with both Oxoid and BBL, 0.87
to 0.94); the Oxoid disk provided larger zone diameters than
the BBL disk. Therefore, the threshold limits between resistant
and susceptible results were different (�19 mm versus �17
mm as susceptible and �15 mm versus �13 mm as resistant,
respectively). Table 5 depicts the categorical analysis for the
BBL disk. The overall categorical agreement (93 and 96%,
Oxoid and BBL, respectively) was similar with both disks on

MH agar. However, one very major error (0.2%, Table 5 and
Fig. 5) was observed with the BBL disk and six (1.2%) were
observed with the Oxoid disk; fewer major and minor errors
were also observed with the BBL disk. Among the overall
discrepant results, two to five major (BBL and Oxoid, respec-
tively) and five minor errors were observed among A. nidulans
isolates. Since the BBL disk appears to better identify the
resistant isolates, it could be the best choice for testing the
susceptibilities of mold isolates to caspofungin. However, as
for voriconazole, there is no reason to test zygomycete, Fusar-
ium sp., and S. prolificans isolates.

The amphotericin B 10-�g disk provided the lowest corre-
lation (R range among the three centers, 0.28 to 0.74) between
MICs and inhibition zone diameters. The percentage of very
major errors was similar to that obtained with the itraconazole
disk (Fig. 3 and 6), but the percentage of minor errors was
much higher (Table 5). In contrast to itraconazole data, both
major (false resistant, �12-mm zone diameters) and minor
errors were obtained for 65 A. flavus, A. nidulans, and A. terreus
and 36 Fusarium sp. isolates (data not shown in Table 5); such
conflicting results for Aspergillus sp. were absent or very few
with the three triazole disks and caspofungin disks. One R.
arrhizus isolate was categorized as resistant among the 2-�g/ml
MIC group (intermediate category), but as with posaconazole,
all other zygomycetes were categorized as susceptible. There-

FIG. 5. Correlation of broth microdilution MECs and caspofungin 5-�g disk (BBL) diffusion zone diameters on MH agar for 483 mold isolates
in three laboratories. MECs were determined at the recommended times (24 to 48 h), and zone diameters, in millimeters, were determined at the
optimal incubation times (16 to 24 h and 48 h). ZD, zone diameter.

1818 ESPINEL-INGROFF ET AL. J. CLIN. MICROBIOL.



fore, the amphotericin B disk appears to be more suitable for
testing of zygomycetes than for testing of the other species.

In conclusion, overall reproducibility and correlation results
were lower when testing was performed on MGM agar than
when it was performed on MH agar (Tables 2 and 4) and
categorical agreement was suitable with most disks on MH
agar (Table 5); the disk was not able to differentiate interme-
diate from susceptible and resistant values for some species-
antifungal combinations. Based on the correlation of inhibition
zone diameters with either MICs or MECs, reproducibility
data, and the ability of each disk to identify resistant isolates or
those for which the MICs or MECs were high (�4 �g/ml), the
optimal conditions identified in this study for testing the sus-
ceptibilities of molds to the five agents evaluated were (i) plain
MH agar; (ii) incubation times of 16 to 24 h (zygomycetes),
24 h (A. fumigatus, A. flavus, and A. niger), and 48 h (other
species); and (iii) posaconazole 5-�g disks, voriconazole 1-�g
disks, itraconazole 10-�g disks (for all except zygomycetes),
BBL caspofungin 5-�g disks, and amphotericin B 10-�g disks
(zygomycetes only). However, the clinical relevance of these in
vitro results has yet to be determined since breakpoints for
mold testing are not available.
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