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Fluconazole and voriconazole MICs were determined for 114 clinical Candida isolates, including isolates of
Candida albicans, Candida glabrata, Candida krusei, Candida lusitaniae, Candida parapsilosis, and Candida tropi-
calis. All strains were susceptible to voriconazole, and most strains were also susceptible to fluconazole, with
the exception of C. glabrata and C. krusei, the latter being fully fluconazole resistant. Single-strain regression
analysis (SRA) was applied to 54 strains, including American Type Culture Collection reference strains. The
regression lines obtained were markedly different for the different Candida species. Using an MIC limit of sus-
ceptibility to fluconazole of =8 pg/ml, according to NCCLS standards, the zone breakpoint for susceptibility
for the 25-pg fluconazole disk was calculated to be =18 mm for C. albicans and =22 mm for C. glabrata and
C. krusei. SRA results for voriconazole were used to estimate an optimal disk content according to rational
criteria. A 5-pg disk content of voriconazole gave measurable zones for a tentative resistance limit of 4 pg/ml,
whereas a 2.5-pg disk gave zones at the same MIC level for only three of the species. A novel SRA modification,
multidisk testing, was also applied to the two major species, C. albicans and C. glabrata, and the MIC estimates
were compared with the true MICs for the isolates. There was a significant correlation between the two mea-
surements. Our results show that disk diffusion methods might be useful for azole testing of Candida isolates.
The method can be calibrated using SRA. Multidisk testing gives direct estimations of the MICs for the isolates.

Infections with Candida species are common complications
in immunocompromised patients and require adequate treat-
ment, often with newer azole drugs. Particularly in AIDS pa-
tients with oropharyngeal and/or esophageal candidiasis there
have been reports of increased azole resistance among Can-
dida isolates (6, 14, 24, 29, 32-34, 44). This emergence of
resistance to drugs has led to a growing demand for suscepti-
bility testing of clinical yeast isolates (14, 32, 41, 43). Compar-
isons between the standardized NCCLS broth macrodilution
method (27) and microdilution methods (12, 22, 33, 38), E-
tests (7, 8, 12, 25, 33, 38), and disk diffusion methods (2, 3, 26,
35, 36, 41) suggest a possibility of using the less expensive disk
method in clinical microbiology laboratories. We have ex-
tended the analysis of azole disk diffusion tests by using single-
strain regression analysis (SRA) for studying azole regression
lines among Candida species and for calibration of the disk
test. Such a calibration method is required since no interpre-
tive zone breakpoints are yet available. The SRA-derived mul-
tidisk test (M-test) was also used for MIC estimations of sus-
ceptibility to fluconazole and voriconazole, the two azole drugs
included. Voriconazole is a new azole with more avid binding
to the sterol 14a-demethylase, thereby more effectively inhib-
iting ergosterol synthesis (22, 34).

MATERIALS AND METHODS

Candida isolates, species identification and culture conditions. The clinical
isolates of Candida species were obtained from blood cultures at the Karolinska
Hospital, Stockholm, Sweden, during the years 1994 to 1998. A total of 118
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consecutive strains were included and comprised 86 Candida albicans strains, 19
Candida glabrata strains, 3 Candida krusei strains, 2 Candida lusitaniae strains,
5 Candida parapsilosis strains, and 3 Candida tropicalis strains. Four strains of
C. albicans were excluded because of poor growth. The following reference
strains were also included in the studies: C. albicans ATCC 90028, C. glabrata
ATCC 90030, C. krusei ATCC 6258, C. parapsilosis ATCC 22019, and C. tropi-
calis ATCC 750. For SRA calculations 24 C. albicans strains, 12 C. glabrata
strains, 3 C. krusei strains, 2 C. lusitaniae strains, 5 C. parapsilosis strains, and 3
C. tropicalis strains were studied, in all 54 strains including the reference strains.
Speciation of clinical isolates was performed using colony characteristics on
Sabouraud dextrose agar and CHROM agar Candida differential plates (ILS AB
Laboratories, Sollentuna, Sweden) and conventional biochemical and assimila-
tion tests according to established procedures (1, 42).

For E-tests and disk diffusion tests Candida isolates were grown on Sabouraud
dextrose agar, and from each strain five colonies were picked and suspended to
a 0.5 McFarland density, which was then diluted 1:5 in saline. This suspension
was flooded onto RPMI 1640 (AB Biodisk, Solna, Sweden) agar medium plates
including MOPS (morpholinepropanesulfonic acid) and 2% glucose, and the
excess suspension was aspirated, and this was followed by drying at 37°C for 15
min. E-test strips or disks were then applied, and the plates were incubated and
read as described below. The flooding method was used instead of swabbing for
inoculation because of improved readability of results with more clear-cut zone
edges. This variant has also been suggested by the producer of the E-test (AB
Biodisk, oral communication). For many years the flooding method of inocula-
tion was the recommended procedure in Scandinavia for disk testing of clinical
bacterial isolates (11).

MIC determinations. E-tests were performed according to the instructions
from the manufacturer (AB Biodisk), using substrates and inoculates as de-
scribed above and with readings after 24 and 48 h. The E-test strips with flucon-
azole and voriconazole were kindly provided by AB Biodisk. Criteria for defining
the edge of growth followed recommendations by AB Biodisk (E-test technical
guide, 1994). MIC determinations were performed once for each strain. Studies
have shown good correlations between E-test results and reference dilution
method MICs (7, 8, 12, 13, 24, 33, 38). A similar correlation between the NCCLS
macrodilution method and the E-test was obtained for fluconazole by E. Chrys-
santhou (in our laboratory), who tested 29 C. albicans isolates and 110 strains of
other Candida species. She found 80% agreement within 1 dilution step and 88%
within 2 dilution steps (E. Chryssanthou, personal communication). The E-test
was therefore used as the reference method in the present comparisons with
M-test MIC estimations.
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TABLE 1. Fluconazole and voriconazole susceptibility of Candida isolates”
Species MIC (pg/ml) of fluconazole” MIC (p.g/ml) of voriconazole”

(no. of isolates) Range Median Geometric mean 50% 90% Range Median Geometric mean 50% 90%
C. albicans (82) 0.094-4 0.25 0.28 0.25 0.5  0.004-0.38 0.012 0.013 0.015  0.015
C. glabrata (19) 2-32 12 14 16 32 0.125-2 0.5 0.52 0.5 2
C. krusei (3) 64-128 64 80 64 128 0.75-1.5 0.75 1.26 1 2
C. lusitaniae (2) 1.5-3 2.25 2.83 2 4 0.047-0.064  0.0555 0.06 0.06 0.06
C. parapsilosis (5) 0.38-2 0.75 1 1 2 0.016-0.032  0.032 0.027 0.03 0.03
C. tropicalis (3) 0.5-1 0.625 0.707 0.5 1 0.032-0.125 0.095 0.073 0.06 0.125

¢ MICs of strains were determined using the E-test according to the instructions of the manufacturer.
? Range and median calculated on full range of MICs from E-tests. 50% and 90%, MICs, and MIC,,, respectively.

Range and median MICs for groups were calculated using the full range of
E-test values. For the geometric mean value and the MICs at which 50 and 90%
of isolates tested were inhibited (MICs, and MICy, values, respectively) the
E-test results were adjusted to the nearest higher regular 2-log dilution. The 48-h
results gave less edge-reading problems for C. albicans, whereas all other species
were more easily read after 24 h of incubation. The 48-h results were, however,
used throughout the studies in conformity with established procedures (25; AB
Biodisk E-test technical guide). When the discrepancy between the 24- and 48-h
results was more than fourfold (fluconazole, three strains; voriconazole, four
strains) this difference could be attributed to endpoint reading difficulties. In
accordance with recent studies by Rex et al. (30) these results were corrected
toward the 24-h readings by measuring the outer zone of inhibition in the E-test.

MIC limits for interpretation of susceptibility to fluconazole were =8 pg/ml
(susceptible) and =64 pg/ml (resistant) according to NCCLS guidelines (12, 26,
27, 31). The intermediate category is called S-DD, which stands for susceptible
dependent upon dose, i.e., 400 mg or more of fluconazole per day (27). Studies
of the MIC correlation with response to fluconazole gave an MIC limit for
susceptibility of <25 pg/ml and for resistance of =25 pg/ml (34). Similar studies
with voriconazole indicated an MIC limit for voriconazole resistance of =6.25
pg/ml, but proper interpretive guidelines from the NCCLS or other reference
authorities are yet to come (34).

SRA and M-test. The SRA equation was developed from early equations
describing the formation of the inhibition zone in diffusion tests. In the SRA
equation the disk content is retained as a variable, which makes it possible to
calculate a regression line for a bacterial species using one single, representative
strain and several different disk contents of the antibiotic (15, 19). SRA permits
the calibration of disk diffusion tests and the calculation of species-related in-
terpretive zone breakpoints (4, 19, 21, 28), as well as the evaluation of an optimal
disk potency for susceptibility testing (16, 18, 21). A modification of the SRA
equation, the so called M-test, has shown a potential for MIC estimations (17).
In the M-test the Q-zero value is first calculated directly from the modified SRA
equation (17). This value is proportional to the MIC for the strains. The Q-zero
value multiplied by a conversion factor gives the MIC. In the first description of
the M-test the conversion factor was around 2, but other figures (unpublished
data) have been found for other combinations of antibiotics and microorganisms
(17). These methods have now been applied in the present studies to azole
susceptibility testing of Candida species.

Disk diffusion antibiotic susceptibility tests. Disk diffusion testing of Candida
species to determine antibiotic susceptibility has been evaluated by several in-
vestigators and shown to have potential (2, 3, 12, 23, 35, 36, 41). We applied SRA
for the calculation of interpretive zone diameter equivalents of MIC limits for
the susceptibility categories and also for estimation of MICs for strains using the
M-test (15, 17-20). For SRA experiments two series of disks were produced,
containing 2.5, 5.0, 10, 20, 40, and 80 pg of fluconazole and 0.64, 1.25, 2.5, 5.0,
10, 20, and 40 p.g of voriconazole, respectively. The production of disks and their
control followed established procedures in our laboratory (21). Fluconazole and
voriconazole substance was kindy provided by Pfizer (Pfizer Ltd., Sandwich,
Kent, England). All clinical isolates were tested by SRA once and the reference
strains were tested four times. The fluconazole disk content for routine disk
testing has tentatively been set to 25 pg (2, 3, 26, 36, 37). No disk recommen-
dations are available for voriconazole testing.

RESULTS

Determination of MICs of fluconazole and voriconazole for
Candida isolates. The MICs of Candida isolates were deter-
mined using E-tests, and the results are shown in Table 1. All

Candida species showed homogeneous populations of flucon-
azole susceptibility, and all strains were within the susceptible
category except for strains belonging to C. glabrata and C. kru-
sei. C. glabrata isolates clustered in the S-DD interpretation
region, with only 5 of 19 strains falling in the susceptible cat-
egory. The MIC;, of fluconazole was 16 pg/ml, and the MIC,,,
for C. glabrata was 32 p.g/ml. The three strains of C. krusei were
fully resistant. The MIC for one strain of C. albicans was 4 g/
ml, higher than that for the main population of strains of this
species.

For voriconazole the MIC results of the different Candida
species were of a magnitude 10 to more than 100 times lower
(Table 1). For no clinical isolate was the voriconazole MIC >2
pg/ml. The increase in susceptibility to voriconazole compared
to fluconazole was parallel in the different species, and this
drug was therefore also least effective against C. glabrata and
C. krusei in comparison to the other Candida species. No MIC
limits for interpretations are available for this drug, but judging
from a tentative resistance limit obtained from clinical out-
come studies (34), all strains would belong to the susceptible
category. When the fluconazole and voriconazole MICs for all
individual strains were plotted on a logarithmic scale there was
a significant correlation between the MICs for the two drugs
(R* = 0.848), with a five-step 2-log difference between the two.

Fluconazole SRA studies of Candida species. SRA was ap-
plied to Candida isolates including 24 C. albicans, 12 C. glabra-
ta, 3 C. krusei, 2 C. lusitaniae, 5 C. parapsilosis, and 3 C. tropi-
calis strains. Five American Type Culture Collection (ATCC)
reference Candida strains were also analyzed. Fluconazole re-
gression lines calculated for a 25-ug disk content from the
means of the constants for the clinical isolates specieswise
showed a substantial variation between the different species
(Fig. 1). A statistical analysis showed that the species differed
significantly in their constant 4 values (Kruskal-Wallis test and
Mann-Whitney U test after Bonferroni correction). A box-plot
of the constant A values is shown in Fig. 2. C. krusei gave
the lowest value for the slope constant A (4 = 305) whereas
C. lusitaniae and C. parapsilosis showed the steepest curves
(4 = 771 and A = 876, respectively [Fig. 2]). Among isolates
from the same species the A constants were relatively homo-
geneous, with coefficients of variation between 3 and 25%. The
results indicated that the different Candida species should be
treated separately. Results for the ATCC reference strains
showed a similar pattern, with C. parapsilosis giving the steep-
est curve. The A constants were within the 25 to 75% range of
the clinical isolates for only C. glabrata, and C. krusei. The
C. parapsilosis and C. tropicalis values were outside the full
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FIG. 1. Regression lines for a 25-pg fluconazole disk and different Candida species, calculated using the mean SRA equation constants 4 and
B obtained from tests of clinical isolates. The SRA equation uses the zone size squared, which gives a curved appearance of the regression lines
in this linear plot. Abbreviations: C.albic., C. albicans; C.glabr., C. glabrata; C.lusit., C. lusitaniae; C.paraps., C. parapsilosis; C.tropic., C. tropicalis.

range of the clinical isolates of the same species and the C. al-
bicans constant A was just within this range. Therefore, these
reference strains should perhaps not be used as representatives
without further investigations. In these studies the mean values
of the constants from the clinical isolates were used for cali-
brations.

Calibration of fluconazole disk diffusion testing of Candida
species. Using the fluconazole regression lines shown in Fig. 1
the zone diameter interpretive breakpoints corresponding to
the MIC limits (for susceptibility, =8 pg/ml, and for resistance,
=64 pg/ml for fluconazole, according to NCCLS guidelines)
were calculated for the most common species. For the 25-pg
fluconazole disk the calculated zone breakpoints for suscepti-
bility were =18 mm for C. albicans and =22 mm for C. glabrata
and C. krusei. A disk content of 20 pg of fluconazole will give
zone diameters just below the results obtained using a 25-ug
disk, i.e., about 1 mm less. When the zone breakpoints were
tested on the available 20-pg disk results, all C. albicans strains
were susceptible in accordance with the MIC results. The
C. glabrata isolates clustered around the susceptibility break-
point, in line with the MIC results. C. krusei isolates were all
resistant. It was thus apparent that calibration of the disk test
yielded results which corresponded to MIC results.

Determination of an optimal disk potency for voriconazole
disk testing. A rational definition of an optimal disk content
has been proposed in earlier studies (16, 21). It was defined as
the smallest amount of antibiotic in the disk still capable of

producing measurable inhibition zones corresponding to the
MIC limit for resistance and for all bacterial species encoun-
tered. The interesting point is that this criterion can be tested
using SRA. Since no recommendations on MIC susceptibility
limits are yet available, a resistance breakpoint of =6.25 pg/ml
given in studies of voriconazole (34) was taken as an indication
of the level of the MIC limit. We therefore used 4 pg/ml as an
MIC limit for calculation of an optimal disk content, but there
is reason to believe that the limit might be set at a lower level.
The zone equivalents of 4 pwg/ml were then calculated for five
Candida species using regression lines with mean equation
constants from SRA studies of the clinical isolates (Fig. 3).
Both 10- and a 5-pg voriconazole disks gave adequate zones at
4 wg/ml for all five Candida species, whereas a 2.5-p.g disk gave
zones at the same MIC for only three of the species (Fig. 3). A
5-pg voriconazole disk seems optimal if an MIC limit for
voriconazole resistance is around 4 pg/ml. Calibration of vori-
conazole disk diffusion testing of Candida species would also
be possible, analogous to the calibration for fluconazole, but
such calculations await the proper announcement of MIC lim-
its for the susceptibility categories.

M-test of azole MICs for Candida species. SRA will permit
the estimation of the MICs for strains according to recent
modifications and the development of the M-test (17). We
applied the M-test principle to fluconazole and voriconazole
testing of the two most frequent Candida species in the present
studies. The Q-zero values were determined for 24 strains of
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FIG. 2. Box plot of SRA constant A values from clinical isolates in fluconazole SRA tests using an M-test series of disks containing 2.5, 5.0,
10, 20, 40, and 80 g of fluconazole, respectively. C. alb, C. albicans (see the legend to Fig. 1 for other abbreviations).

C. albicans and for 12 strains of C. glabrata. Comparisons with
the true MICs obtained by E-tests permitted a calculation of
the conversion factors required to convert Q-zero to an
MIC. Their mean values were 1.55 (standard deviation [SD],
1.0) and 4.12 (SD, 1.9), respectively, for fluconazole and 2.71
(SD, 3.1) and 7.41 (SD, 11.2), respectively, for voriconazole.
Earlier studies have shown mean conversion values of ca. 2,
and until further studies have confirmed the species-related
conversion factors above, a factor of two was used in the
present studies for estimating the MICs for the strains (17).
When the estimated MICs were compared with the E-test-
generated MICs there was a positive correlation between the
two, for both Candida species and the two antibiotics. The r
value was 0.859 for the fluconazole-C. glabrata combination
and 0.70 for the fluconazole-C. albicans combination and was
lower for voriconazole testing. These results are very interest-
ing and should be further evaluated using reference methods
for MIC determinations and with particular emphasis on the
possible correlation between different conversion factors and
Candida species.

DISCUSSION

Using the E-test for MIC determinations we could confirm
the susceptibility of 114 clinical Candida isolates to voricon-
azole, including the species C. albicans, C. glabrata, C. krusei,
C. lusitaniae, C. parapsilosis, and C. tropicalis (Table 1) (22, 34).

The fluconazole MICs for the 114 Candida isolates were as
expected from earlier reports, with all species susceptible, ex-
cept C. glabrata, which was susceptible to S-DD, and C. krusei,
which was fully resistant (22, 33, 34, 38). When we compared
the results for MICs of fluconazole and voriconazole for each
strain there was a correlation between the two as reported
earlier for azole drugs including voriconazole (5, 29, 34, 40).
The five 2-log steps by which MICs of voriconazole were lower
brought the less fluconazole-susceptible species C. glabrata and
C. krusei into the range of voriconazole susceptibility. This
azole cross-resistance in Candida isolates might suggest that
earlier azole drugs with lower activity should be avoided and
that the more potent azoles should be used in all instances,
calling for this kind of drug.

Earlier studies have indicated that disk diffusion might be
used for the susceptibility testing of Candida isolates (2, 3, 23,
26, 35-37, 41). There are, however, problems with the reading
of the results as pointed out by others, which we can verify. The
E-test is also a diffusion-based method, and the instructions for
Candida E-testing can serve as a useful guide for the determi-
nation of the proper edge of the inhibition zone (AB Biodisk
E-test technical guide). The other problem with azole disk
testing of Candida isolates is the lack of proper guidelines for
disk contents and susceptibility interpretations. In the present
studies we have shown that this problem can be solved by
calculating the zone diameter equivalent of the MIC limit for
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respectively.

susceptibility using SRA (15, 19-21, 28). The regression lines
can be determined for the individual species, and the labora-
tory-specific influence is automatically included when this anal-
ysis is performed in the individual clinical microbiology setting.
This method seems promising as a new tool for calibration of
disk testing in those laboratories where large volumes of iso-
lated pathogens are tested daily for antibiotic susceptibility.
Often, the ATCC reference strain for a species shares the
characteristics of most clinical isolates and can therefore be
used as the reference strain for SRA calibration. For the Can-
dida species studied here this does not seem to be the case, and
further studies are therefore required in order to select repre-
sentative ATCC or National Collection of Type Cultures
strains for SRA reference purposes in disk test calibration.
A rational definition of the optimal disk content of an anti-
biotic for disk testing has recently been proposed by Kronvall
and Holst (18; see also references 16 and 21): “the lowest disk
content of antibiotic which will distinguish resistant strains of
any bacterial species from strains of the intermediate or sus-
ceptible category.” This means that measurable inhibition
zones should be produced corresponding to the MIC limit for
resistance, a criterion which can easily be tested using SRA
calculations. This definition ensures that the disk content will
not be too low but will not be unnecessarily high either. We
applied this definition to voriconazole susceptibility testing,
assuming an MIC limit for voriconazole resistance of 4 g/l
based on levels obtained by oral medication (34). The results

indicated that a 5-pg disk content of voriconazole would suf-
fice. However, a lower MIC limit for resistance might be pos-
sible, and then a 2- to 2.5-pg disk content could be sufficient.
A final calculation awaits the NCCLS guidelines for voricon-
azole testing when the MIC limits for susceptibility have been
decided upon.

A novel SRA modification based on principles known for
several years (9, 10, 39) was also tested in the present studies,
the M-test (17). When the antibiotic applications are made on
a strip it might look like the E-test, but the latter is based on
the diffusion of a predefined continous gradient of antibiotic
whereas in contrast the M-test uses three to five different disk
contents of antibiotics and the MICs are calculated using the
modified SRA equation (17). The M-test was applied to the
two major species, C. albicans and C. glabrata, and the MIC
estimates (using a general conversion factor of 2.0) were com-
pared with the true MICs of the isolates. There was a signifi-
cant correlation between the two measurements. We also found
clear species-related differences for the conversion factor. Re-
ports have shown that E-test results indicate MICs that are
higher than true MIC for some species, e.g., C. albicans, but
lower for other species, e.g., C. glabrata, C. tropicalis, and
C. parapsilosis (7, 25, 43). Species-related conversion factors
might remedy such deviations in M-tests.

The results of the present studies on azole susceptibility
testing of Candida species have shown that voriconazole might
be a first-choice azole in treating Candida infections. It was
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also clear that the lack of proper zone diameter breakpoints
for susceptibility interpretations can be remedied by SRA cal-
ibration of the azole disk test. This calibration procedure will
also provide species-related and laboratory-specific interpre-
tive breakpoints corresponding to the reference authority-rec-
ommended MIC limits for the susceptibility categories. More-
over, a novel modification of SRA, the M-test, will permit the
direct estimation of MICs for clinical isolates. However, there
are still some uncertainties regarding the proper conversion
factors to be used for the different combinations of drugs and
species, and these uncertainties have to be solved by extended
studies on the applicability of the M-test.
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