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We addressed the influence of the incubation time (24 h versus 48 h), starting inoculum size (standard
inoculum size, ;103 CFU/ml, versus large inoculum size, ;104 CFU/ml), and supplementation with 2% glucose
of RPMI 1640 medium on the spectrophotometric determination of the MICs of amphotericin B, fluconazole,
and itraconazole. We compared the MICs determined spectrophotometrically with those determined by the
standard broth macrodilution method (National Committee for Clinical Laboratory Standards approved
guideline M27-A). The agreement between the results of the spectrophotometric and standard methods for
amphotericin B testing was 100%; this agreement was independent of the inoculum size and incubation time.
On the other hand, the agreement for the results for fluconazole testing and itraconazole testing was dependent
on the inoculum size and incubation time. With large inoculum size, excellent agreement can be achieved at
24 h. With standard inoculum size, acceptable agreement can be achieved only at 48 h. In contrast to previous
observations, the addition of 2% glucose did not have any significant impact on the growth density at 24 h, nor
did it improve the agreement with the standard method. Furthermore, supplemental glucose might falsely
elevate the MIC at 48 h.

Significant progress has been made in the field of antifungal
susceptibility testing over the past decade with the standard-
ization of the testing method, the correlation between in vitro
susceptibility results and patients’ outcomes, and the establish-
ment of proposed breakpoint values for antifungal resistance
(6, 7, 12). The antifungal susceptibility methods currently rec-
ommended by the National Committee for Clinical Laboratory
Standards (NCCLS) (6) still have some limitations, however.
The major limitation is the determination of endpoint MICs,
which is subject to variable interpretations due to trailing phe-
nomenon caused by partial inhibition of fungal growth (13).
Several studies have used spectrophotometric determination of
endpoints to eliminate such subjective interpretation and re-
vealed good agreement with the NCCLS recommended
method (1, 3, 4, 9, 10, 14–16). These studies, however, used
various inoculum sizes, glucose concentrations, and incubation
times. The variations in these factors might have explained the
discrepancies in findings between studies. For example, some
studies showed that 48-h incubation was required to yield spec-
trophotometric results that matched with the NCCLS results
(1, 10), whereas others showed that 24-h incubation was suffi-
cient (4, 16). To our knowledge, there has not been any study
addressing the combined influence of inoculum sizes, glucose
concentrations, and incubation times on the MICs obtained by
the spectrophotometric method and their agreement with
those determined by the standard broth macrodilution
method. Furthermore, most studies tested exclusively Candida
albicans isolates (4). Therefore, the ability of the spectropho-
tometric method to accurately determine the MICs for Can-

dida spp. other than C. albicans is unproven; this information
is particularly important since the non-C. albicans spp. often
yield ambiguous MICs due to the trailing endpoint.

We studied the impact of the incubation time, starting inoc-
ulum size, and glucose concentrations on the growth density of
Candida spp. and the influence of the growth density on the
spectrophotometric determination of MICs of fluconazole,
itraconazole, and amphotericin B. We compared the results of
the spectrophotometric method with those obtained by the
standard broth macrodilution method (6) for a variety of spe-
cies of Candida.

MATERIALS AND METHODS

Candida isolates. Ninety-five Candida isolates recovered from patients with
candidemia were tested (8). These included C. albicans (39 isolates), Candida
glabrata (21 isolates), Candida tropicalis (19 isolates), Candida parapsilosis (10
isolates), Candida lusitaniae (4 isolates), and Candida krusei (2 isolates). The
isolates were maintained at 270°C and passed at least twice onto Sabouraud
dextrose agar prior to undergoing susceptibility testing.

Three reference strains (C. parapsilosis ATCC 90018 and C. albicans ATCC
90028 and ATCC 90029) were incorporated into each set of experiments.

Antifungal agents. Fluconazole (Pfizer Central Research, Groton, Conn.)
stock solutions with concentration of 2,000 mg/ml were prepared with distilled
water; the concentrations tested ranged from 0.125 to 64 mg/ml. Itraconazole
powder (Janssen Research Foundation, Beerse, Belgium) and amphotericin B
(Bristol-Myers Squibb, Princeton, N.J.) stock solutions were prepared with di-
methyl sulfoxide; the concentrations tested ranged from 0.03 to 16 mg/ml.

Susceptibility testing. Each Candida isolate was tested simultaneously by ma-
crodilution and microdilution methods. The isolates were subcultured onto Sa-
bouraud dextrose agar plates and grown at 35°C for 24 h prior to testing. Inocula
were prepared spectrophotometrically (6).

The broth macrodilution method was performed according to the recommen-
dations of the NCCLS (6). The MICs were determined at 24 and 48 h.

The broth microdilution method was performed according to the recommen-
dations of the NCCLS (6). The medium used was RPMI 1640 with L-glutamine
buffered to pH 7.0 with 0.165 M morpholinepropanesulfonic acid (MOPS)
buffer. For the broth microdilution method, two different glucose concentrations
were tested: the first contained 0.2% glucose (standard medium), and the second
contained an additional 18 g of glucose per liter (medium with 2% glucose). Two
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different starting inoculum sizes were tested: 103 cells per ml (standard inoculum
size) and 104 cells per ml (large inoculum size). The MICs were determined at 24
and 48 h. MICs were determined both visually (visual method) and spectropho-
tometrically (spectrophotometric method). The MICs by both methods were
determined after the wells had been thoroughly mixed by automated pipetting to
obtain a homogeneous suspension.

Endpoint determination. (i) Amphotericin B MIC. By the broth macrodilution
and microtiter visual method, the amphotericin B MIC was defined as the lowest
concentration of drug that completely inhibited the growth of the isolate. By the
spectrophotometric method, the MIC was defined as the lowest concentration at
which the optical density (OD) was reduced to #90% of the OD of the growth
control well (10).

(ii) Fluconazole and itraconazole MICs. By the broth macrodilution method,
the fluconazole and itraconazole MICs were defined as the lowest concentration
causing an 80% decrease in turbidity compared to that in the growth control
tube. By the microtiter visual method, the MIC was determined according to the
0 to 4 scale, as follows: 0, optically clear; 1, slightly hazy; 2, prominent decrease
in turbidity; 3, slight decrease in turbidity; and 4, no reduction in turbidity. The
MIC was defined as the lowest concentration of azole drugs with which the score
was #2. The MIC by the spectrophotometric method was determined by using a
microtiter plate spectrophotometer (Titertek Multiskan MCC, Santa Barbara,
Calif.) at 492 nm. Previous study has demonstrated that the 50% inhibitory
concentration (IC50), the lowest concentration at which the OD was reduced to
,50% of that of the growth control well, was superior to the IC80 and IC70 (the
lowest concentrations at which the ODs were reduced to ,80% and ,70%,
respectively, of that of the growth control well) as endpoint because it gave a
better level of reproducibility and stronger agreement with the NCCLS method
(7). We have, therefore, chosen IC50 as the MIC endpoint.

Definition. Agreement between results determined by different methods was
defined as a difference in MICs of less than or equal to fourfold dilution (for two
tubes or wells).

RESULTS

Comparison of growth. (i) Incubation for 24 h versus incu-
bation for 48 h. Growth was evident in the tubes and wells for
all isolates after incubation for 24 h, although the growth was
heavier after incubation for 48 h than after that for 24 h. This
subjective determination of growth was confirmed by the spec-
trophotometric readings of the microtiter plates (Table 1).

(ii) Standard inoculum versus large inoculum. The isolates
tested at the large inoculum size yielded a significantly higher
OD at 24 h than those tested at the standard inoculum size
(analysis of variance [ANOVA], P 5 0.001 for inoculum incu-
bated in standard medium and P , 0.0002 for inoculum incu-
bated in medium with 2% glucose) (Table 1).

(iii) Standard medium versus medium with 2% glucose. For
the isolates tested at the inoculum size, the 24-h incubation

yielded a higher OD with the addition of glucose (mean OD of
0.40 for the test with standard medium versus 0.48 for the test
with medium supplemented with 2% glucose; ANOVA, P 5
0.002), although the degree of increase in OD was not as
prominent as that for the 48-h incubation (mean OD of 0.48
for the test with standard medium and 0.70 for the test with
medium supplemented with 2% glucose; P , 0.0001). For the
isolates tested at the standard inoculum size, there was only a
marginal increase in OD at 24 h, but there was a significant
increase in the OD at 48 h with the addition of glucose (mean
OD of 0.48 for test with standard medium versus 0.65 for test
with medium containing 2% glucose at 48 h; ANOVA, P ,
0.0001) (Table 1).

Selected examples of the improvements in OD with modifi-
cation of the incubation time, glucose concentration, and in-
oculum size are presented in Table 2. The OD at 24 h of the
control growth of the three selected isolates cultured by the
standard method (inoculum size, ;103 cells/ml; medium,
RPMI 1640) were low (range, 0.05 to 0.08). The addition of
glucose to standard medium only marginally improved the OD,
to 0.06 (one isolate) and 0.15 (two isolates). Extending the
incubation time from 24 h to 48 h or using a larger inoculum
size substantially increased the OD (Table 2).

MIC distribution. When the standard broth macrodilution
method was used, the MICs at which 50 and 90% of isolates
were inhibited, respectively, 0.5 and 0.5 mg/ml (range, 0.06 to 2
mg/ml) for amphotericin B, 4 and 32 mg/ml (range, 0.125 to
.64 mg/ml) for fluconazole, and 0.25 and 4 mg/ml (range, 0.03
to .16 mg/ml) for itraconazole. Based on the proposed break-
points for fluconazole (12), 85% of the isolates were suscepti-
ble, 8% were susceptible dose dependently, and 7% were re-
sistant to fluconazole. Based on the proposed breakpoints for
itraconazole (12), 60% of the isolates were susceptible, 23%
were susceptible dose dependently, and 17% were resistant to
itraconazole.

Fluconazole MIC. In the tests with the standard inoculum
size, the MIC at 48 h determined by the spectrophotometric
method displayed a significantly better agreement with the
result for the standard broth macrodilution method (94%)
than did the MIC at 24 h (72%) (P , 0.001, Fisher’s exact test)
(Table 3).

TABLE 1. Effects of inoculum size, incubation time, and glucose concentration on the growth of Candida spp.

Medium

Mean OD 6 SD (range) for:

Standard inoculum (;103 CFU/ml) incubated for: Large inoculum (;104 CFU/ml) incubated for:

24 h 48 h 24 h 48 h

RPMI 1640 0.31 6 0.11 (0.064–0.48) 0.48 6 0.11 (0.31–0.78) 0.40 6 0.09 (0.29–0.58) 0.48 6 0.07 (0.30–0.68)
RPMI 1640 1 2% glucose 0.36 6 0.14 (0.06–0.64) 0.65 6 0.14 (0.29–0.82) 0.48 6 0.12 (0.18–0.68) 0.68 6 0.08 (0.49–0.83)

TABLE 2. Effects of incubation time, inoculum size, and glucose concentration on the growth of three Candida isolates that yielded low ODs
under standard conditionsa

Isolate
no.

OD at 24 h for: OD at 48 h for:

Standard inoculum
(;103 CFU/ml)

Large inoculum
(;104 CFU/ml)

Standard inoculum
(;103 CFU/ml)

Large inoculum
(;104 CFU/ml)

RPMI RPMI-glucose RPMI RPMI-glucose RPMI RPMI-glucose RPMI RPMI-glucose

32 0.05 0.06 0.30 0.41 0.31 0.71 0.33 0.69
12 0.07 0.15 0.39 0.49 0.37 0.75 0.46 0.76
28 0.08 0.15 0.44 0.52 0.44 0.76 0.44 0.82

a Standard conditions are standard inoculum size (;103 CFU/ml) and RPMI 1640 medium.
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In the tests with the large inoculum size, the 24 h MIC
determined by the spectrophotometric method displayed a
96% agreement with the result for the standard broth mac-
rodilution method (Table 3). Extending the incubation to 48 h
did not significantly improve the agreement with the MIC
determined by the standard macrobroth dilution method; in-
deed, it actually worsened the agreement. For example, five
isolates were classified as resistant to fluconazole (MIC, of $64
mg/ml) by spectrophotometric reading at 48 h but as suscepti-
ble (MIC, 0.25 to 8 mg/ml) at 24 h; they were all classified as
susceptible (MIC, 2 to 4 mg/ml) at 48 h by the standard broth
macrodilution method. This difference in susceptibility pattern
at 48 h was most likely related to the overgrowth of the isolates
at 48 h due to the large starting inoculum size.

There was no significant difference in MICs determined in
medium with or without 2% glucose. Furthermore, the agree-
ment with the MIC determined by the standard broth mac-
rodilution method did not significantly improve with the addi-
tion of 2% glucose (Table 3).

As noted above, the use of a large inoculum significantly
improved the growth of the isolates. The OD at 24 h of the
growth control 9-30F in RPMI medium was 0.07 for the test
with the standard inoculum size and 0.39 for the test with the
large inoculum size. The curves of ODs plotted against flucon-
azole concentrations (Fig. 1) showed a higher starting OD and
a steeper decrease in the slope of the curve for the isolate
tested with the large inoculum size than for the isolate tested
with the standard inoculum size. This, in turn, eliminated the
uncertainty of endpoint determination with the test with the
standard inoculum size.

The addition of 2% glucose to RPMI medium only margin-
ally improved the OD of the growth control isolate tested at
the the standard inoculum size (OD increased from 0.07 to
0.15); thus, addition of glucose did not eliminate the difficulty
of endpoint determination. Although the addition of 2% glu-
cose improved the OD of the growth control isolate tested at
the large inoculum size (from 0.39 to 0.49), the slope of the OD
curve obtained when medium with 2% glucose was used was
essentially similar to that when the standard medium was used.

Itraconazole MIC. In the test with the standard inoculum
size, the agreement between the itraconazole MICs at 24 h
determined by the spectrophotometric method and the stan-
dardized method was only 55%. Adding 2% glucose to RPMI
1640 medium did not improve the agreement (Table 3). Ex-
tending the incubation period to 48 h significantly improved
the agreement, to 78% and 74%, respectively, for the tests with
standard medium and medium with 2% glucose (P , 0.001,
Fisher’s exact test).

In the test with the large inoculum size, the agreement
between the MICs at 24 h determined by the spectrophoto-
metric method and the standard method was 97%. Adding 2%
glucose did not improve the agreement. Extending the incu-
bation to 48 h significantly worsened the agreement (P 5
0.008, Fisher’s exact test) (Table 3).

Amphotericin B MIC. The agreement between the ampho-
tericin B MICs determined by the standard broth macrodilution
with method and the spectrophotometric method in standard
and modified media, with either the standard or large inocu-
lum size, was 100%.

DISCUSSION

To our knowledge, this study is the first to address the
combined effects of the incubation time, inoculum size, and
supplementation with 2% glucose of RPMI 1640 medium on
the growth density of Candida spp. and the influence of growth
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density on the spectrophotometric determination of MICs of
fluconazole, itraconazole, and amphotericin B. We demon-
strated that the starting inoculum size was the most important
factor: large inoculum size led to significantly higher turbidity
at 24 h. The supplementation with 2% glucose also had a
significant impact on turbidity but only at 48 h.

The significantly higher turbidity seen with a large starting
inoculum (;104 CFU/ml) has translated to an excellent agree-
ment between the MICs determined by the spectrophotomet-
ric method and the standard broth macrodilution method at
24 h. The strong agreement ($97%) was seen for all three
drugs tested. On the other hand, the test employing standard
inoculum size (;103 CFU/ml, the inoculum size that is cur-
rently recommended by the NCCLS) yielded poor agreement
between the 24 h MICs determined spectrophotometrically
and by the standard broth macrodilution technique: the agree-
ment was only 75% for fluconazole and 55% for itraconazole
(Table 3). Extending the incubation time to 48 h significantly
improved the agreement, to 94% for fluconazole and 78% for
itraconazole. Our findings confirm the previous observation
that, for susceptibility to fluconazole and itraconazole, a 48-h
incubation period was required to achieve an acceptable agree-
ment between the results of the spectrophotometric method
and the standard broth macrodilution method (10). Our find-
ings also confirm that, for susceptibility to amphotericin B,
excellent agreement between the results of the spectrophoto-
metric method and standard broth macrodilution method can
be obtained after 24 h (17). In addition, we demonstrated that
this agreement was independent of the starting inoculum size
and glucose concentrations.

Previous studies have shown that the addition of 2% glucose
to RPMI 1640 medium stimulated heavier growth and maxi-
mized the distinction between wells with and without signifi-
cant drug inhibition, thereby facilitating the determination of
definitive endpoints (9, 14, 15). We also showed higher turbid-
ity determined by the spectrophotometric readings of isolates
incubated in the medium with 2% glucose, but only after 48 h
and only with the use of large starting inoculum (Tables 1 and
2). More importantly, isolates that showed suboptimal growth
at 24 h under the standard condition showed improved turbid-
ity at 24 h only with the use of large inoculum (Table 2).

In contrast to previous studies, our study did not demon-
strate that addition of 2% glucose improved the agreement
between the results of the spectrophotometric method and the
standard broth macrodilution method at 24 h (Table 3). In-
deed, the agreement was no better for the method employing
RPMI 1640 alone (agreement of 71% for fluconazole and 55%
for itraconazole) and for that employing RPMI supplemented
with 2% glucose (76% for fluconazole and 55% for itracon-
azole). This lack of improved agreement may be attributed to
the minimal impact of 2% glucose on the growth of the isolates
at 24 h. Furthermore, extending the incubation to 48 h also did
not improve the agreement between the results of the spectro-
photometric and standard broth macrodilution methods. In
fact, we have shown that after addition of the supplemental
glucose five isolates were falsely reclassified from susceptible
to resistant as determined by the spectrophotometric method;
this was most likely due to the overgrowth of the organism in
the glucose-supplemented wells after 48 h.

Our study confirms a previous finding (10) that, in itracon-
azole susceptibility testing, the combination of the spectropho-
tometric method and the standard inoculum size yielded a
poor agreement with the standard broth macrodilution method
(agreement of 55% after 24 h and 78% after 48 h). An impor-
tant finding of our study is that, by using a large starting
inoculum, not only can agreement of .95% be achieved but
also this agreement is demonstrable after only 24 h. To our
knowledge, this study is the first to show good agreement
between the spectrophotometrically determined itraconazole
MIC and that determined by the standard broth macro- or
microdilution method after 24 h.

Given the standardization of the in vitro antifungal suscep-
tibility testing, the establishment of the correlation of in vivo
results with the in vitro results, and the emergence of resis-
tance to currently available antifungal agents, the demand for
clinical microbiology laboratories to perform antifungal sus-
ceptibility testing will increase. To implement such testing, the
laboratories must assure the reproducibility of the test. The
major source of interlaboratory irreproducibility lies in the
endpoint MIC determination, which is reader dependent. The
spectrophotometric method offers an advantage over the visual
method by providing an objective and quantitative MIC which

FIG. 1. Influence of inoculum size and glucose concentration on the OD curve and on the fluconazole MIC determination for an isolate of C. albicans. 1, standard
inoculum size (;103 CFU/mL), RPMI 1640 medium; 2, standard inoculum size (;103 CFU/mL), RPMI 1640 medium supplemented with 2% glucose; 3, large inoculum
size (;104 CFU/mL), RPMI 1640 medium; and 4, large inoculum size (;104 CFU/mL), RPMI 1640 medium supplemented with 2% glucose. The MICs determined
by testing with large inoculum size and medium supplemented with 2% glucose were 2 mg/ml, and the MICs determined by testing under other conditions were 4 mg/ml.
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is based on defined criteria. This objective determination of
MIC might provide the best means of enhancing the reproduc-
ibility of the test.
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