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Rapid antifungal susceptibility testing for the antifungal agent caspofungin can be performed using flow
cytometry (FC). An FC procedure using acridine orange provided minimum inhibitory concentration (MIC)
results within 7 to 9 h which were compared with results obtained using the NCCLS M27-A2 protocol. To
evaluate the consistency of this method, susceptibility testing using caspofungin was performed using 73
isolates of eight different species of Candida from various clinical samples in Central California. Macrotiter or
microdilution tests were performed according to the NCCLS M27-A2 protocol, and the MICs were compared
to those provided by our flow cytometry method. All isolates tested had results within the sensitive interpretive
category, and 90% of the results compared within 1 dilution, showing excellent agreement between the methods.
The MIC at which 50% of the isolates tested were inhibited (MIC;,) and the MIC,, of caspofungin for all eight
Candida species were within 1 dilution. This flow cytometer 7-h protocol for testing the antifungal susceptibility
of Candida species to caspofungin provided results equivalent to those obtained with the M27-A2 protocol.

With the introduction of new antifungal agents and the in-
crease in the incidence and severity of yeast infections due to
Candida species, the need for antifungal susceptibility testing
has become increasingly important. Developing rapid and ac-
curate testing methods would increase the information avail-
able to guide the treatment of many critically ill patients. The
use of flow cytometry (FC) for more-rapid results has been
discussed in several articles (3, 4, 5, 12) as a way to improve the
availability of results.

Understanding the mode of action of the antifungal agents
helps explain the reactions seen with in vitro testing methods.
For example, the mode of action of fluconazole and many
other fungistatic antifungal agents is against ergosterol (13), a
major component of the yeast cell membrane. This action
compromises the cell membrane integrity and inhibits future
cell reproduction. Another type of reaction is seen with caspo-
fungin, which inhibits cell wall 1,3-p-beta-glucan synthesis, re-
sulting in a fungicidal reaction (7, 9). The cell destruction from
caspofungin often causes the yeast cell to lyse, leaving nearly
total clearing in the susceptibility-testing dilutions at the min-
imum inhibitory concentration (MIC) level, and a near-total
absence of cells available to count on the flow cytometer after
a 7-h incubation. Due to the fungicidal action of the antifungal
agent caspofungin, slight adaptations in the use of the flow
cytometry method used for fluconazole testing are needed to
accommodate the reactions seen in the various Candida spe-
cies when testing with caspofungin.

Use of the flow cytometer is an improvement in antifungal
susceptibility testing methodology, since it provides rapid and
quantifiable results that are equivalent to the results obtained
with the NCCLS M27-A2 (6) macrodilution and microdilution
methods. The FC results are easily available within 7 to 9 h
instead of the 24 to 48 h needed for the standard NCCLS
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method. After testing several method variations using other
dyes, a method using acridine orange (AO) dye with a 7- to 9-h
incubation was chosen, because the method is easy to perform
and the results are consistent for all yeast species we tested.
Previous publications and studies have shown that flow cytom-
etry worked for the testing of Candida albicans and fluconazole
or amphotericin B (3, 4, 8, 12), but no results had been pub-
lished showing that the method could be modified for testing
the fungicidal ability of caspofungin.

MATERIALS AND METHODS

Preparation of reagents. RPMI 1640 containing L-glutamine without bicar-
bonate, buffered to pH 7.0 with 0.165 morpholinepropanesulfonic acid (MOPS)
buffer (Cambrex, Walkersville, MD), was purchased ready to use. AO dye (Hardy,
Santa Maria, Calif.) was diluted to a 0.83 pg/ml solution with deionized water.

Preparation of antifungal dilutions. Caspofungin (Merck Co., Whitehouse
Station, Pa.) used in the susceptibility testing panels for the flow cytometry study
and that of the NCCLS reference method was diluted with RPMI 1640 contain-
ing L-glutamine without bicarbonate, buffered to pH 7.0 with 0.165 MOPS buffer
(Cambrex, Walkersville, MD), following the NCCLS protocol. The concentra-
tions for caspofungin covered the MIC range of 0.016 to 8 pg/ml.

Organisms and inoculum preparation. Eight different Candida species were
collected from various hospital laboratories in the San Joaquin Valley of Cali-
fornia. The 73 isolates included 20 of C. albicans, 25 of C. glabrata, 12 of C. tropi-
calis, 8 of C. parapsilosis, 3 of C. krusei, 3 of C. lusitaniae, 1 of C. lipolytica, and
1 of C. zeylenoides. Isolates were stored on Sabouraud dextrose agar and passed
at least twice to stimulate activity of growth.

The inocula were prepared from 18- to 24-h cultures of Candida isolates grown
on Sabouraud dextrose agar (Hardy Diagnostics, Santa Maria, CA.). For micro-
and macrodilution testing, the inocula were prepared in saline and adjusted
spectrophotometrically to correspond to a 0.5 McFarland standard with approx-
imately 5 X 10° yeast cells/ml. The suspensions were further diluted to a ratio of
1:100 in 5 ml sterile saline for the macrotube method or 1:50 for the microdilu-
tion method and then diluted to a ratio of 1:20 in RPMI 1640. Each dilution was
vortexed for 30 seconds before proceeding.

The saline suspension inoculum for flow cytometry testing was slightly heavier
than a 0.5 McFarland standard, and fewer dilution steps were needed. The initial
inoculum of approximately 5 X 107 cells/ml was diluted to a ratio of 1:10 in
RPMI 1640 and vortexed for 30 seconds.

Quality control and test specimens. The control organisms, C. krusei (ATCC
6258) and C. parapsilosis (ATCC 20019), were used for each batch of tests for the
macrotube, microdilution, and flow cytometer methods. Since there are no firm
NCCLS-approved quality control ranges for caspofungin, previously published
quality control ranges for caspofungin were used (2). Caspofungin susceptibility
category interpretation followed suggested criteria published previously (9, 10).
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FIG. 1. Density plots showing the response of C. albicans to caspofungin. The live gated area counted 1,400 events per second with 98.7% gated
(a), the 0.125 pg/ml caspofungin dilution counted 1,430 events per second with 95.9% gated (b), and the 0.25 pg/ml caspofungin dilution counted
120 events per second with 6.8% gated (c). Note that plots a and b show clear areas in the middles of the gated regions; these are due to heavy

concentrations of points at those sites on the graphs.

Susceptibility test: NCCLS. The macrodilution testing tubes for the NCCLS
method were set up following the M27-A2 protocol, where 0.9 ml of the yeast
inoculum (10° yeast cells/ml) in RPMI 1640 was added to each tube containing
a 0.1-ml serial twofold dilution of the antifungal agent. Tubes were capped
loosely, mixed, and incubated at 35°C in ambient air for a total of 48 h. The
caspofungin MIC result was taken from the first tube exhibiting a prominent
clearing or inhibition of growth at 24 h (7, 11). The microdilution NCCLS testing
was set up following the M27-A2 protocol, in which 0.1 ml of the yeast inoculum
in RPMI 1640 was added to each well containing a 0.1-ml serial twofold dilution
of the antifungal agent. Plates were covered loosely and incubated at 35°C in
ambient air for 48 h. Results were read at 24 and rechecked at 48 h. The
caspofungin MIC result was taken from the first well showing a prominent
inhibition of growth at 24 h compared to the growth control.

Susceptibility test: flow cytometer with AO dye. Dilution tubes for flow cytom-
eter testing were prepared by adding 0.9 ml of yeast inoculum (approximately 10°
yeast cells/ml) in RPMI 1640 to 0.1 ml of the serial twofold dilutions of antifungal
agent. Candida glabrata, which reproduces rapidly, required an additional 1:6
dilution in RPMI 1640 before being added to the antifungal tubes to keep the
results in the countable range.

The tubes were capped loosely, mixed, and incubated at 35°C in ambient air
for about 7 h. After incubation, 100 pl of a 0.83-pg/ml AO dye solution was
added to the 1 ml of antifungal/yeast cell mixture. Tubes were incubated for 15
min at room temperature while protected from light. For each isolate, the live
control tube was read first, with a gating region set to include at least 90% of the
yeast cell population. The MIC was interpreted as the concentration of antifun-
gal agent causing a substantial shift of cells (>50%) outside of the live gate or a
substantial decrease in the number of events per second. A total of 5,000 cells
were counted if cells were intact. If yeast cells were disintegrated, counting was
performed for approximately 3 min to measure the number of events per second.

Flow cytometer settings. The Becton Dickinson FACScan flow cytometer
evaluation was performed using FACScan CellQuest software. Readings were in
the log/log mode with an argon laser (488 nm). The FSC threshold was set at 052,

and the detector was set on E00. Data were collected for side scatter versus green
fluorescence at 500 to 560 nm.

RESULTS

Flow cytometry using AO dye was tested for efficacy to im-
prove antifungal susceptibility testing. Our investigation used
73 isolates from eight species of Candida to evaluate testing of
caspofungin by the flow cytometry method. These results were
compared to results obtained using the NCCLS M27-A2 ref-
erence method. Quality control organism results for all methods
were within the NCCLS-accepted ranges for susceptibility testing.

On the flow cytometer, the method of reading endpoints for
caspofungin was different from the method used for fungistatic
reactions. A typical pattern for flow cytometry results of a
nonfungicidal reaction shows the movement of the injured
yeast cells to an area outside of the live gate when the anti-
fungal concentration is high enough to damage the cell mem-
brane. With fungicidal reactions, this can look very different,
since the cells often disintegrate into debris as the concentra-
tion of the antifungal agent increases. The endpoint then be-
comes the concentration of antifungal agent that demonstrates
a drastic decrease in the counted number of events per second.

Flexibility in reading the MIC was necessary, since two dif-
ferent types of reactions could be seen. One reaction is shown
in Fig. 1 and 2. Figure 1, with the results for C. albicans with
caspofungin, showed a movement outside of the live gate. Not
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FIG. 2. Density plots showing the response of C. glabrata to caspofungin. The live gated area counted 2,160 events per second with 98.7% in
the gate (a), the 0.125 pg/ml caspofungin dilution counted 2,200 events per second with 88% gated (b), and the 0.25 pg/ml caspofungin dilution
counted 120 events per second with 11.8% gated (c). Note that plots a and b show clear areas in the middles of the gated regions; these are due
to heavy concentrations of points at those sites on the graphs.
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FIG. 3. Density plots showing the response of C. krusei to caspofungin. The live gated area counted 560 events per second with 98.2% in the
live gate (a), the 0.125 pg/ml caspofungin dilution counted 440 events per second with 93.5% gated (b), and the 0.25 pg/ml caspofungin dilution
counted very few events per second with 44.3% events gated (c). Note that plots a and b show clear areas in the middles of the gated regions; these

are due to heavy concentrations of points at those sites on the graphs.

evident from the picture is the fact that the number of counted
events per second decreased from approximately 1,400 in both
the live control and the 0.125-pg/ml specimen to 120 in the
0.25-pg/ml tube. This same type of reaction is seen in Fig. 2,
with results for C. glabrata. The dead or damaged yeast cells
moved outside the live gate, but there was also a prominent
decrease in the number of yeast cells available to count. An
application of the other type of reaction showing lysis without
enough cells to count at the MIC is shown in Fig. 3, which
shows results for C. krusei. Counting, which had taken just
seconds with the live control, now took several minutes, be-
cause there were so few intact cells in the solution.

For the 73 isolates tested with caspofungin, 90% of the flow
cytometry results were within 1 twofold dilution of the NCCLS
results, and 100% of the results were within 2 dilutions. Table
1 shows the comparison of the MIC results obtained by the two
testing methods for the Candida isolates. The results with the
flow cytometry mode for the MICs were 1 dilution lower than
those with the NCCLS testing mode in our laboratory. This
difference was likely seen because the flow cytometer could
detect cellular damage more quickly than we could detect with
visual observation of microtiter plates or macrotiter tubes.
Table 2 shows the range of MIC results by species. When
comparing the two testing methods for caspofungin, the range
of results for all Candida species showed the MICs at which
50% of the isolates tested were inhibited (MICs,s) and the
MIC,,s were within 1 twofold dilution. Table 3 shows a com-
parison of the MIC;ys and the MICys by species. All results
for caspofungin were within the MIC range of 0.125 to 1.0
pg/ml and were consistent with other published results for
caspofungin testing of Candida species (1). The recommended
dosing of caspofungin results in plasma concentrations in ex-

TABLE 1. Caspofungin MIC distributions with the flow cytometry
method and the NCCLS reference method

% MIC distribution at the following concn

Testing method of caspofungin (pg/ml)“:

0.125 0.25 0.5 1.0
NCCLS reference 27 85 100
Flow cytometry 29 82 100

¢ Dilutions of 0.063, 2.0, and 4.0 pg/ml were not tested.

cess of 8 wg/ml. All MICs in this study were less than four times
the estimated plasma concentration and would be considered
susceptible (9).

DISCUSSION

The results obtained by our study support the use of flow
cytometry to provide clearly defined results for rapid antifun-
gal susceptibility. Using clinical samples, we have shown that
this method was useful for susceptibility testing of caspofungin
with eight Candida species. To make the FC method flexible
for all Candida species and antifungal agents, slight variations
in the criteria for reading the MIC endpoints were needed. The
main variation was in reading FC results for isolates that lyse
when exposed to increasing levels of antifungal agents such as
caspofungin. Since there was an insufficient number of intact
cells in the sample after incubation, the yeast cells often could
not show migration outside of the live gated area with increas-
ing antifungal concentration but did show a drastic decrease in
the number of events per second (3, 4, 5). Therefore, demon-
strating a sudden decrease in the number of events per second
between the live control and the test that contained an effective
concentration of caspofungin provided an accurate designation
of the MIC. The events-per-second method of reading results
works well for caspofungin testing when a migration out of the
live gate of the density plot cannot be evaluated due to a low
count of intact cells. Preliminary testing with amphotericin B,
another antifungal agent, suggests results could be evaluated
using the same criteria as those used when testing caspofungin.
The usual reaction seen with the fungistatic antifungal agent

TABLE 2. Ranges of caspofungin MIC results for Candida species

Caspofungin MIC range (pg/ml) with:
Candida species

Flow cytometry NCCLS reference method

C. albicans 0.125-0.5 0.25-1
C. glabrata 0.125-0.5 0.25-0.5
C. tropicalis 0.125-0.25 0.25-0.5
C. parapsilosis 0.25-0.5 0.5-1
C. krusei 0.25-0.5 0.5-1
C. lusitaniae 0.25-0.5 0.5-1
C. lipolytica 0.5 1

C. zeylanoides 0.25 0.5
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TABLE 3. Caspofungin MICs

Flow NCCLS reference

Candida species No. tested cytometry method

MICsy*  MICy"  MICs,  MICyy
C. albicans 20 0.25 0.25 0.5 0.5
C. glabrata 25 0.25 0.25 0.5 0.5
C. tropicalis 12 0.125 0.25 0.25 0.5
C. parapsilosis 8 0.5 0.5 1 1
C. krusei 3 0.5 0.5 1 1
C. lusitaniae 3 0.5 0.5 0.5 1
C. lipolytica 1 0.5 0.5 1 1
C. zeylanoides 1 0.25 0.25 0.5 0.5

“ Values are in micrograms per milliliter.

fluconazole was a movement outside the live gate with the
same number of events per second maintained. Understanding
the actions of antifungal agents is needed to correctly interpret
the MIC test results.

Flow cytometry testing with AO dye meets the criterion of
providing results comparable to the NCCLS microdilution or
macrodilution methods and the interpretation criterion of hav-
ing readings that show a significant change at the MIC end-
point, as recommended by the NCCLS M27-A2 macrotube
method. An incubation time of 7 to 9 h was used, because this
timing had been verified in our previous studies with other
antifungal agents to work well with flow cytometry and AO
dye. This incubation time produces clearly definable changes in
the flow cytometer density plot and event-per-second statistics.
A shorter incubation time of 2 to 4 h, as suggested by other
investigators (3, 4), might also work with AO dye, but adjust-
ments in reading the MICs would need to be made to fit the
cell reactions at that point in their impairment.

Since FC susceptibility testing has the flexibility to cover
different types of cellular reactions while providing clearly de-
fined MICs, it should be given serious consideration as an
acceptable method. Aside from the initial capital required for
instrument purchase, testing is inexpensive. Because of the
shorter incubation time needed to show prominently detect-
able levels of cellular damage, the results are available to the
physician in 7 to 9 h instead of 24 h.

With the high incidence of infections from various Candida
species, the rapid availability of information is helpful in di-
recting appropriate treatment for seriously ill patients. MICs
can play an important role in the management of candidiasis
when clinical failure with standard drug dosing is observed.
Changes in the resistance patterns of the different Candida
species should be monitored to provide information for em-
pirical treatment, since many species are known to be more
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resistant to routine azole treatment. Susceptibility testing of
yeasts with flow cytometry is a flexible method that can be
modified for fungistatic and fungicidal reactions to provide
rapid and accurate MIC results for guiding the treatment of
seriously ill patients.
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