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Voriconazole is a new triazole antifungal agent that has potent activity against many isolates of Candida,
including Candida krusei and Candida glabrata. In this work, we studied the impact of glucose supplementation,
incubation time, agitation of the plates prior to reading, endpoint determination rule, visual versus spectrophotometric reading, Candida species, and fluconazole MIC on the MIC of voriconazole for Candida isolates
tested by using the microdilution format assay of the National Committee for Clinical Laboratory Standards
(NCCLS) M27-A antifungal susceptibility testing methodology. For both voriconazole and fluconazole, a
spectrophotometric endpoint of 50% reduction in turbidity relative to the growth control correlated most
closely with the NCCLS-defined visual endpoint of “prominent decrease in turbidity.” Correlation was generally better after 24 h of incubation than after 48 h. Supplementation of the medium to contain 20 g of
glucose/liter did not alter the MIC significantly but did enhance growth and simplify visual readings. All
Candida species appeared potentially susceptible to voriconazole, including isolates of C. krusei. For some
isolates for which fluconazole MICs were markedly elevated voriconazole MICs were also elevated, but the
clinical significance of these observations remains to be determined.
optimal results. Thus, we have explored in this study the impact
of endpoint selection, glucose supplementation, time of incubation, and the mechanism of reading on the MIC of voriconazole when testing is done in the microdilution format.
(This work was presented in part at the 37th Interscience
Conference on Antimicrobial Agents and Chemotherapy, 1997
[16a].)

Voriconazole is a new triazole antifungal agent developed
for the treatment of mycotic infections. The drug has been
shown to have potent activity in vitro (3, 5, 14, 18, 22, 28, 34)
and in vivo (11, 13, 17, 19) against a variety of organisms,
including both molds and yeasts. In addition to its excellent
antifungal activity, it has also been shown to inhibit the interaction of Candida krusei with endothelial cells (8).
As new agents of this type are introduced, it is important
that laboratory methods for estimating the likelihood of in vivo
response be developed. Susceptibility testing of fungi has been
extensively examined recently, and the importance of factors
such as endpoint definition, buffer concentration, inoculum
size and preparation, incubation time and temperature, and
test media is now well known (1, 6, 9, 31). A new level of
reproducibility has been achieved with the recent publication
by the National Committee for Clinical Laboratory Standards
(NCCLS) of document M27-A (20). This document describes
a reproducible macro- and microdilution methodology for the
testing of Candida spp. and Cryptococcus neoformans against
amphotericin B, flucytosine, ketoconazole, itraconazole, and
fluconazole. However, use of this methodology is not problemfree: current issues include proper interpretation of the trailing
growth of azoles (30, 32), detection of resistance to amphotericin B (29), and poor growth of C. neoformans with the recommended RPMI 1640 medium (12). In addition, there is no
certainty that new agents will not require modified methods for

MATERIALS AND METHODS
Isolates. A total of 209 pathogenic bloodstream and oral Candida isolates were
tested and included C. albicans (125 isolates), C. tropicalis (26 isolates), C.
parapsilosis (25 isolates), C. glabrata (20 isolates), C. lusitaniae (9 isolates), C.
krusei (3 isolates), and C. lipolytica (1 isolate). All organisms were identified to
the species level by use of standard biochemical testing with the API 20C system
(BioMérieux Vitek, Hazelwood, Mo.). Included with these organisms was a
collection of putatively amphotericin B-resistant and -susceptible isolates (29,
35). All the isolates were kept at ⫺70°C and were passaged at least twice on
Sabouraud dextrose agar at 35°C prior to being tested.
Test media. RPMI 1640, RPMI 1640 supplemented with 2% glucose (RPMI
1640–2%), and antibiotic medium 3 were used as test media. RPMI 1640 was
obtained from Sigma (lot 85H46331; Sigma Chemical Co., St. Louis, Mo.), and
antibiotic medium 3 was obtained from BBL (lot JD4ZSG; Becton Dickinson
Microbiology Systems, Cockeysville, Md.). Preparation of RPMI 1640 followed
NCCLS M27-A guidelines (20). RPMI 1640–2% was prepared by supplementing
RPMI 1640 with 18 g of D-glucose/liter as described by Rodriguez-Tudela and
Martinez-Suarez (32). As RPMI 1640 already contains 2 g of glucose/liter, the
resulting medium contains 20 g/liter as its final glucose concentration. Both plain
RPMI 1640 and RPMI 1640–2% were buffered to pH 7.0 with 0.165 mol of
3-(N-morpholino) propanesulfonic acid (lot 75H5734; Sigma Chemical Co.) per
liter. Antibiotic medium 3 was supplemented with glucose to achieve a final
glucose concentration of 2% (20 g/liter). The buffering capacity of the medium
was further increased by adding 0.0044 mol of dipotassium monophosphate/liter
and 0.0073 mol of monopotassium monophosphate/liter, and the pH was adjusted to 7.0 by using NaOH. All three media were filter sterilized by passage
through a 0.22-m-pore-size filter system (Corning Inc., Corning, N.Y.).
Susceptibility testing and determination of MICs. Activities of voriconazole
(Pfizer Pharmaceuticals, Inc., New York, N.Y.), fluconazole (Pfizer), and amphotericin B (Bristol-Myers Squibb, Wallingford, Conn.) against Candida spp.
were studied. Voriconazole and amphotericin B were dissolved in 100% dimethyl
sulfoxide, and fluconazole was dissolved in sterile distilled water. Following the
M27-A guidelines, dilution series were prepared in the same solvent.
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RESULTS
Influence of glucose on voriconazole MIC. To determine the
effect of glucose concentration on voriconazole MIC, 67 Candida isolates (35 C. albicans, 9 C. glabrata, 4 C. lusitaniae, 12 C.
parapsilosis, and 7 C. tropicalis isolates) were tested in parallel
in RPMI 1640 and RPMI 1640–2%. Supplementation of the
culture medium to a final concentration of 2% glucose has
been shown to simplify endpoint determination without affecting fluconazole MIC (32). After 24 h of incubation, 99 and
94% (using Spec-50 and Spec-80 as endpoints, respectively) of
the MICs obtained in RPMI 1640 without glucose were within
1 dilution of those obtained in the presence of glucose. After
48 h of incubation, the corresponding percentages were 95 and
93%. Likewise, when the readings were performed visually, the
percentages at 24 h were 97% (AA-2) and 90% (AA-1). After
48 h, the percentages fell to 87 and 77%, respectively. Isolates
had better overall growth in RPMI 1640–2% than in RPMI
1640, with a median increase in OD at 530 nm of the growth
control wells of approximately twofold. This seemed to contribute to an increase in the consistency of the visual readings
but was not a factor for the mechanically generated spectrophotometric readings. For example, the AA-2 and Spec-50
readings were within 1 dilution for 99 and 95% of the readings
done with glucose at 24 and 48 h, respectively. Without glucose, these MICs were within 1 dilution for 97% of the readings at 24 h but only for 77% of the readings done at 48 h.
Finally, some isolates grew so poorly without glucose that an
MIC could not be determined. However, the MIC was readily
apparent when the isolate was cultured in RPMI 1640–2%.
Based on these observations, RPMI 1640–2% was used for all
subsequent testing.
Correlation between visual and spectrophotometric readings of voriconazole and fluconazole MICs. The restrictive
MIC-0, AA-0, and BA-0 endpoints were found to produce
many off-scale values for voriconazole and fluconazole (data

TABLE 1. Percents agreement between endpoints for voriconazole
and fluconazolea

Endpoints
compared

BA-1 vs AA-1
BA-2 vs AA-2
AA-1 vs Spec-50
AA-1 vs Spec-80
AA-2 vs Spec-50
AA-2 vs Spec-80

% Agreement for the following drug at the
indicated time
Voriconazole

Fluconazole

24 h

48 h

24 h

48 h

90
97
91
96
99
96

94
88
86
94
95
90

83
94
92
95
99
97

95
96
85
97
91
87

a
Testing was performed in RPMI 1640–2%, and the paired readings on the
209 isolates were said to be in agreement if they were within 1 dilution of each
other. The microtiter plates were visually read before and after agitation. Spectrophotometric readings were made after agitation of the plates. Spec-80 and
Spec-50 corresponded to the lowest drug concentrations reducing control growth
by 80 and 50%, respectively.

not shown). Results for the less restrictive endpoints are shown
in Table 1. BA and AA readings tended to be similar, especially for MIC-2 readings. When visual and spectrophotometric
readings were compared for both voriconazole and fluconazole, AA-1 most closely matched Spec-80 and AA-2 most
closely matched Spec-50 at both 24 and 48 h. The most consistent agreement between visual and spectrophotometric
readings was found between AA-2 and Spec-50, where there
was 99% agreement for both drugs at 24 h and ⱖ91% agreement at 48 h.
In vitro activities of voriconazole and fluconazole. Table 2
shows the activities of voriconazole and fluconazole after 24
and 48 h of incubation. The results are generally similar to
those seen in recent surveys with these drugs (3, 14, 23, 26, 34).
Comparison of Spec-50 and Spec-80 results further highlights
the impact of endpoint choice for spectrophotometric MICs.
Off-scale readings were common with both drugs at the
Spec-80 endpoint, especially when the incubation was continued to 48 h. The Spec-50 MICs reduced the discrepancy between the two reading times for both drugs and produced
modal MICs that did not change or that rose by the single
twofold dilution that had generally characterized the difference
between 24- and 48-h readings in other studies (30, 31). Thus,
the Spec-50 MIC appears to minimize the influence of trailing
and to produce increasingly consistent MICs.
Using Spec-50 MICs, Fig. 1 shows the relationship between
fluconazole MIC and voriconazole activity against the 209
strains. Voriconazole MICs are seen to rise with fluconazole
MICs but not in all cases: for isolates for which fluconazole
MICs were ⱖ32 g/ml, voriconazole MICs were consistently
elevated (0.5 g/ml), but for isolates for which fluconazole
Spec-50 MICs were 16 g/ml at 24 h, voriconazole MICs were
0.008 to 1 g/ml.
In vitro activity of amphotericin B. The susceptibility of 209
Candida spp. isolates to amphotericin B in antibiotic medium
3 was also tested. Spec-95, Spec-80, Spec-50, AA-0, AA-1,
AA-2, BA-0, BA-1, and BA-2 MICs had a concordance of
ⱖ98% for all paired readings. As noted before, the putatively
amphotericin B-resistant group of isolates was also identified
by using all three endpoints after 24 h of incubation but not at
48 h. There was no evidence for cross-resistance between amphotericin B and either fluconazole or voriconazole (data not
shown).
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The tested drug concentration ranges were 0.125 to 64 g/ml for fluconazole
and 0.0078 to 4 g/ml for voriconazole and amphotericin B. All susceptibility
tests were performed by using the microdilution version of the NCCLS M27-A
method (20). Dilution plates were arranged in order to contain 100 l of the
desired culture medium plus the study drug, both at a concentration double the
desired final concentration. Testing was carried out by adding 100 l of the test
organism adjusted to a concentration double the desired final concentration,
yielding the final concentrations of both drug and organism (5.0 ⫻ 102 to 2.5 ⫻
103 cells per ml). Since dimethyl sulfoxide was used to dissolve voriconazole and
amphotericin B, the result was a final concentration of the solvent of 1% in all
test wells. All determinations were done in duplicate.
Readings were performed visually and spectrophotometrically after 24 and
48 h of incubation at 35°C. With the aid of a reading mirror, visual readings for
all three drugs were made before and after agitation of the plates (1). Visual
endpoints were determined as described in the M27-A document (20) and were
recorded as a visual reading of MIC-0 (wells optically clear or showing complete
inhibition of growth), MIC-1 (slightly hazy turbidity), or MIC-2 (prominent
decrease in turbidity). The NCCLS-recommended endpoint for azoles is the
lowest drug concentration at which a score of 2 is observed, while the MIC for
amphotericin B is the lowest drug concentration at which a score of 0 is observed
(20). Labels of BA (before agitation) and AA (after agitation) were used. An
example of the combined notation would be BA-2, which would correspond to a
visual reading of MIC-2 before shaking.
Spectrophotometric readings for all three drugs were performed after plate
agitation with the aid of a plate reader (model EL-310; Bio-Tek, Burlington, Vt.)
by measuring optical density (OD) at 530 nm. No readings without agitation were
made with the spectrophotometer. The percentage of control growth was computed as follows: [sample OD/(sample OD ⫺ materials blank OD)] ⫻ 100. Three
spectrophotometric endpoints were defined as Spec-95, Spec-80, and Spec-50,
corresponding to the lowest drug concentration reducing control growth by 95,
80, and 50%, respectively. Reduction in growth by 95% was found to correspond
to optically clear wells, and a mathematically determined endpoint of 95%
reduction rather than 100% was used to compensate for minor reading variations
and plate imperfections. Finally, in order to assess the influence of glucose
supplementation on the MIC of voriconazole, we tested 67 isolates in RPMI 1640
without glucose and compared the results to those obtained with glucose.
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TABLE 2. Activities of voriconazole and fluconazole by Candida species
MIC (g/ml) of the following drug at the indicated endpointa
Voriconazole

Time and species
(no. of isolates)

Spec-50

Fluconazole
Spec-80

Spec-50

Spec-80

Range

Modal

Range

Modal

Range

Modal

Range

0.008
0.125
0.008
0.125
0.008
0.008
0.008

0.008–1
0.031–4
0.008–0.25

0.125
8
16
8
0.5
0.5
0.25

0.125–32
0.125–⬎64
8.0–16.0

0.25
8
16
16
0.5
0.5
0.25

0.125–64
0.125–⬎64
16

0.008
0.5
0.25
0.25
0.008
0.0625
⬎4

0.008–⬎4
0.063–⬎4
0.25–⬎4

0.25
32
64
32
0.5
1
0.5

0.125–⬎64
8–⬎64
32–64

24 h
C.
C.
C.
C.
C.
C.
C.

albicans (125)
glabrata (20)
krusei (3)
lipolytica (1)
lusitaniae (9)
parapsilosis (25)
tropicalis (26)

0.008
0.0625
0.008
0.125
0.008
0.008
0.008

0.008–0.5
0.008–4
0.008–0.125

48 h
C.
C.
C.
C.
C.
C.
C.

albicans (125)
glabrata (20)
krusei (3)
lipolytica (1)
lusitaniae (9)
parapsilosis (25)
tropicalis (26)

0.008
0.25
0.016
0.25
0.008
0.008
0.016

0.008–1
0.008–4
0.016–0.25

0.008
0.008–0.03
0.008–0.06

0.008–0.03
0.008–0.03
0.008–4

0.008–0.016
0.008–0.016
0.008–⬎4

0.008–0.06
0.008–⬎4
0.016–⬎4

0.25
16
32
32
0.5
0.5
0.5

0.125–1
0.125–2
0.125–2
0.125–64
0.125–⬎64
32
0.125–4
0.125–4
0.125–2

0.125–2
0.125–2
0.125–⬎64

0.25–4
0.25–64
0.125–⬎64

a
Activities of voriconazole and fluconazole against 209 isolates in RPMI 1640–2%. The analysis determined two endpoints, Spec-50 and Spec-80, representing 50
and 80% inhibition, respectively, as measured spectrophotometrically. Modal, modal MIC; range, MIC range.

DISCUSSION
The recently published NCCLS standard method for susceptibility testing of yeasts (20) is a noteworthy advance in the field
of in vitro testing of antifungal agents. Not surprisingly, however, publications documenting possible improvements to the
method have appeared (1, 2, 12, 15, 16, 21, 25, 29, 30, 32). We
have now explored the impact of these factors, some of which
are mentioned as possible modifications in the NCCLS M27-A
document (20), on the susceptibility of Candida species to the
new triazole antifungal agent voriconazole.
Supplementation of the culture medium with glucose to a
final concentration of 20 g/liter has been reported to simplify
endpoint determination with fluconazole (32). Although this
modification is not part of the formal M27-A methodology, it
is now widely used for susceptibility testing of fungi both in
broth and on agar (4, 10, 27, 30, 33). In this work, we found that
supplementation of RPMI 1640 with glucose had only a modest effect on the MIC, especially when the MIC was determined mechanically with a spectrophotometer. On the other
hand, we did note, as have others (32, 33), that the increased
growth produced in glucose-supplemented media simplified
visual endpoint determinations made by human observers and
increased the correlation between these readings and mechanically generated readings. Furthermore, glucose supplementation was required for adequate growth of a small number of
isolates. Thus, we elected to supplement our media with glucose for most of our studies.
Visual determination of the MIC is the most commonly used
method in the field of antifungal susceptibility. In this regard,
the NCCLS M27-A document (20) specifies visual endpoints
derived from the work of Espinel-Ingroff et al. (6, 7) in which
a visual endpoint for azoles was defined as a turbidity less than
or equal to the turbidity of a fivefold dilution of the drug-free
growth control (an 80% reduction). Spectrophotometric readings, on the other hand, have the advantage of permitting
automated MIC determination. Our comparisons of visual and
spectrophotometric MICs demonstrated differences between
these approaches and also showed that an endpoint definition

that works visually may not translate directly into an appropriate spectrophotometric endpoint. The best agreement (ⱖ99%)
was obtained when the NCCLS M27-A MIC-2 reading was
compared with the Spec-50 reading after 24 h of incubation.
Other authors have found endpoints with reduced stringency
to be of value (1, 12, 24) and have also shown that these
specific reading conditions tend to be concordant (25). The
importance of this concept is further reinforced by our recent
demonstration (30) that the Spec-50 MIC at 24 h is associated
with an increased correlation with the outcome in vivo. In that
study, readings after 48 h and Spec-80 MICs both failed to
correlate with the outcome for some isolates. Based on these
data, we feel that use of the Spec-50 MIC at 24 h has numerous
advantages when both voriconazole and fluconazole are being
tested against Candida spp.
The NCCLS M27-A document permits dispersion of the
yeast suspension by vortexing, pipetting, or other techniques,
as this has been helpful in some studies (1, 25). Agitation of the
microdilution plates prior to visual readings has likewise been
found to be valuable (1, 2, 12, 32) and is of course required for
spectrophotometric readings. In these studies, however, agitation had little effect on the visual MIC, perhaps due to the use
of glucose-enriched media.
Our results also provide a survey of the activity of voriconazole against a large collection of recently obtained pathogenic
bloodstream and oral Candida isolates. Ninety percent of all
the tested isolates were inhibited by voriconazole at concentrations ranging from 0.008 to 0.0625 g/ml. These results are
comparable to those obtained by others. For example, Ruhnke
et al. (34) found that 90% of 105 isolates from a collection
containing both fluconazole-susceptible and -resistant C. albicans isolates obtained from HIV patients had an MIC of ⱕ0.19
g/ml. Voriconazole, as opposed to fluconazole, had consistent
and significant activity against isolates of both C. krusei and C.
glabrata, although MICs of both voriconazole and fluconazole
for some Candida isolates were very high. The clinical meaning
of these observations is unknown for voriconazole, but these
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data raise the possibility of cross-resistance between voriconazole and fluconazole.
For amphotericin B, there was almost complete agreement
(98%) between visual and spectrophotometric readings, even
when the strictest endpoints (AA-0 and Spec-95) were used.
Unlike the agreement for azoles, the agreement remained constant after 48 h of incubation (99%). When we analyzed the
three spectrophotometric endpoints used (Spec-50, Spec-80,
and Spec-95), the modal MIC for each endpoint remained
stable and did not change throughout the duration of the study.
The ability to identify the putatively amphotericin B-resistant
isolates (29, 35) was present at all endpoints studied. Although
the modal MICs of the endpoints remained the same after
both times of incubation, reliable identification of resistant
isolates was achieved only after 24 h of incubation, as previously reported (15).
In conclusion, voriconazole is a new triazole antifungal agent
that has potent in vitro activity against many isolates of Candida. Voriconazole MIC rises with fluconazole MIC but not for
every isolate. When tested in vitro, it is possible to assay voriconazole with or without glucose supplementation of the culture medium. Glucose supplementation does, however, increase growth and simplify visual readings for some isolates.
There is a strong correlation between the NCCLS visual MIC-2
and MIC-1 endpoints and the spectrophotometric Spec-50 and
Spec-80 endpoints, respectively. Specifically, AA-2 and
Spec-50 were almost identical (99% of paired readings were

within 1 dilution) after 24 h of incubation, and Spec-50 was
associated with an increased correlation with the in vivo response for fluconazole (30). Further comparisons of the MIC
obtained by using these rules with the official NCCLS M27-A
MIC are needed, so that the implications of discordant results
may be better understood.
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