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Voriconazole is an investigational azole antifungal agent with activity against a variety of fungal species,
including fluconazole-susceptible and -resistant Candida species and Cryptococcus neoformans. In this study, we
employed in vitro time-kill methods to characterize the relationship between concentrations of voriconazole
and its fungistatic activity against Candida albicans, Candida glabrata, Candida tropicalis, and C. neoformans.
Isolates were exposed to voriconazole concentrations ranging from 0.0625 to 16 times the MIC, and the viable
colony counts were determined over time. The 50 and 90% effective concentrations (EC;, and EC,,, respec-
tively) were determined at 8, 12, and 24 h following the addition of voriconazole. At each time point, near-
maximal fungistatic activity, as indicated by the EC,,, was noted at a drug concentration of approximately
three times the MIC. Additionally, EC., and EC,, did not change over time, thus suggesting that the rate of
activity was not improved by increasing concentrations. Voriconazole exhibits non-concentration-dependent

pharmacodynamic characteristics in vitro.

Voriconazole is an investigational triazole antifungal, re-
lated to fluconazole, which exhibits an enhanced spectrum of
activity encompassing a variety of fluconazole-susceptible and
-resistant Candida species and filamentous fungi, including
Aspergillus (2, 8). Because of its extended spectrum of activity,
its favorable pharmacokinetic profile compared to itracon-
azole, and the pending availability of intravenous and oral
formulations, voriconazole is poised to have a significant im-
pact on the management of fungal infections.

The importance of knowing the pharmacodynamic charac-
teristics of antibacterials has been well established. However,
despite the contribution that clinical application of pharmaco-
dynamic principles has made regarding appropriate use of an-
tibacterials, data regarding the pharmacodynamic characteris-
tics of antifungal agents are relatively scarce. Through an
understanding of antifungal pharmacodynamic properties and
clinical application of these principles, practitioners may iden-
tify dosing strategies that will result in maximization of the
therapeutic effect and minimization of drug-related adverse
events. Currently, no data regarding the pharmacodynamic
properties of voriconazole have been published. Therefore, we
sought to characterize the relationships between concentra-
tions of voriconazole and the rate and extent of its antifungal
activity against isolates of Candida albicans, Candida glabrata,
Candida tropicalis, and Crytococcus neoformans.

MATERIALS AND METHODS

Antifungal agents. Stock solutions of voriconazole (Pfizer, New York, N.Y.)
and fluconazole (Pfizer) were prepared using RPMI 1640 medium (Sigma Chem-
ical Co., St. Louis, Mo.) buffered to a pH of 7.0 with 0.165 M morpholinepro-
panesulfonic acid (MOPS) buffer (Sigma Chemical Co.) as solvent. Dimethyl
sulfoxide was used to aid the solubilization of voriconazole. The final concen-
tration of dimethyl sulfoxide in the time-kill test solutions was =<1% (vol/vol) of
the solution composition. Stock solutions were separated into unit-of-use por-
tions and stored at —80°C until used.

* Corresponding author. Mailing address: S412 Pharmacy Bldg.,
University of Iowa College of Pharmacy, Iowa City, IA 52242-1112.
Phone: (319) 335-8861. Fax: (319) 353-5646. E-mail: michael-klepser
(@uiowa.edu.

1917

Test isolates. Two clinical isolates of C. glabrata (strains 350 and 582), C.
albicans (strains ATCC 90028 and OY31.5), and C. neoformans (strains 887.002
and 1041.007) and one C. tropicalis (strain 3829) were selected for testing.
Isolates were obtained from the Department of Pathology, University of Iowa
College of Medicine.

Antifungal susceptibility testing. The MICs of voriconazole and fluconazole
were determined against test isolates using broth microdilution techniques as
described by the National Committee for Clinical Laboratory Standards (6). The
MICs were determined in RPMI 1640 buffered to a pH of 7.0 with MOPS. The
starting inoculum was approximately 0.5 X 10° to 2.5 X 10° CFU/ml. Microtiter
trays were incubated at 35°C in a moist, dark chamber, and the MICs were
recorded after 48 h of incubation for the Candida species and after 72 h of
incubation for C. neoformans. The susceptibility endpoints for voriconazole and
fluconazole were defined as the lowest concentration of antifungal which resulted
in visual growth that was reduced by 80% compared with growth of the control
(6). The determinations of the MICs for the isolates were performed in duplicate
prior to the use of the isolates in time-kill studies.

Antifungal carryover. Before the time-kill curve studies were initiated, anti-
fungal carryover was evaluated using previously described methods (2). Briefly,
a fungal suspension was prepared with each test isolate to yield an inoculum of
approximately 5 X 10> CFU/ml. One hundred-microliter volumes of these sus-
pensions were added to 900-ul volumes of sterile water or sterile water plus
voriconazole at concentrations ranging from 0.0625 to 16 times the MIC. This
dilution resulted in a starting inoculum of approximately 5 X 10> CFU/ml.
Immediately following addition of the fungal inoculum to a test tube, the tube
was vortexed and a 30-pl sample was removed and plated without dilution on
potato dextrose agar plates (Remel, Lenexa, Kans.) for determination of viable
colony counts. Following 48 h of incubation at 35°C, the number of CFU was
determined. Tests were conducted in quintuplicate. The mean colony count data
for each agent at each multiple of the MIC tested were compared with the data
for the control. Significant antifungal carryover was defined as a reduction in the
mean number of CFU per milliliter of >25% compared with the colony count for
the control (6, 9).

Time-kill curve procedures. Time-kill studies were performed as described
previously (4). Before testing, isolates were subcultured twice on potato dextrose
agar plates. Colonies from a 24- to 48-h culture were suspended in 9 ml of sterile
water and adjusted to a 0.5 McFarland turbidity standard. One milliliter of the
adjusted fungal suspension was then added to either growth medium alone
(control) or a solution of RPMI plus an appropriate amount of voriconazole
stock solution. These procedures resulted in a starting inoculum of approxi-
mately 5 X 10* to 1 X 10° CFU/ml and a voriconazole concentration of 0.0625,
0.25, 1, 4, or 16 times the MIC. Test solutions were placed on an orbital shaker
and incubated with agitation at 35°C. At predetermined time points, 100-ul
samples were obtained from each solution, serially diluted in sterile water, and
plated (30 l) on potato dextrose agar plates for determination of viable colony
counts. The lower limit of reproducibly quantifiable CFU according to these
methods was 50 CFU/ml (5). All time-kill experiments were performed in du-
plicate.

Analysis. Colony count data (in log;, CFU per milliliter) from duplicate
time-Kill studies were averaged and plotted as a function of time for each isolate.
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TABLE 1. MICs of voriconazole and fluconazole for test isolates”

MIC (pg/ml)

Microorganism
Voriconazole Fluconazole

C. albicans

90028 0.007 0.25

0Y31.5 0.007 0.25
C. glabrata

350 4.0 >128

582 0.06 8
C. tropicalis 3829 0.03 0.5
C. neoformans

887.002 0.03 4

1041.007 0.12 1

“ Voriconazole and fluconazole MICs were determined a total of four times
for each isolate, and values are medians.

The rate and extent of antifungal activity at the various voriconazole concentra-
tions were then compared among concentrations. Fungicidal activity was defined
as a =99.9% reduction in the number of CFU per milliliter from the starting
inoculum count, and fungistatic activity was defined as <99.9% reduction in the
number of CFU per milliliter from the starting inoculum count. Additionally, the
net changes (in log,, CFU per milliliter) in fungal density at 8, 12, and 24 h were
determined for each isolate at each multiple of the MIC and plotted. The data
were then fitted to a sigmoidal maximal effect (E,,,) model using median
time-kill results compiled from all isolates. The concentrations producing 50 and
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90% of the maximal effect (50 and 90% effective concentrations [ECs, and ECy,
respectively) were determined at each time point.

(This work was presented at the International Congress on Clinical Pharmacy,
Orlando, Fla., April 1999.)

RESULTS

Antifungal susceptibility. Susceptibility data for each isolate
are presented in Table 1. Voriconazole MICs ranged from
0.007 to 4.0 pg/ml. All isolates were susceptible to fluconazole,
with the exception of C. glabrata 350 (fluconazole MIC, =128
pg/ml) (10).

Antifungal carryover. Antifungal carryover was not observed
with any of the isolates at the concentrations tested by the
sampling methodology described above.

Time-kill curves. A time-kill plot of the activity of voricon-
azole against a representative isolate from each of the fungal
species tested is presented in Figure 1A to D. Fungistatic
activity was observed with voriconazole against all seven iso-
lates. For the isolates of C. neoformans and C. glabrata and the
isolate of C. tropicalis, voriconazole concentrations greater
than the MIC did not appreciably increase the rate or extent of
fungistatic activity. Against both isolates of C. albicans, how-
ever, the maximal fungistatic activity was observed with vori-
conazole concentrations greater than or equal to four times the
MIC.

The antifungal activity (i.e., net change in CFU per millili-
ter) of voriconazole following 8, 12, and 24 h of exposure
against all pathogens was plotted as a function of the multiple
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FIG. 1. Representative time-kill plots with voriconazole against C. albicans 90028 (A), C. glabrata 350 (B), C. tropicalis 3829 (C), and C. neoformans 1041.007 (D).
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FIG. 2. Composite response curves for test isolates of change in colony
counts from the starting inoculum count plotted as a function of the multiple of
the voriconazole MIC following exposure for 8 h (A), 12 h (B), and 24 h (C).

of the MIC (Fig. 2). EC5, and EC,, data are summarized in
Table 2. The ECs, and EC,, did not change appreciably from
8 to 24 h, thus suggesting that the rate of fungistatic activity
does not improve with increasing concentrations of voricon-
azole. Additionally, the ECs, and EC,, occur within a rela-
tively narrow range of multiples of the MIC. The EC,, at each
of the three time points ranged between 2.3 and 3.3 times the
MIC.
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TABLE 2. Composite E,,,, model parameters

Time (h) ECsy” ECyy* (log,o) CFU/ml E,,,
8 0.8 33 0.6
12 0.8 2.9 1.1
24 0.8 2.3 1.3

“ Values are multiples of MIC.

DISCUSSION

In this study, we described the pharmacodynamics of vori-
conazole against a variety of Candida species and C. neofor-
mans using in-vitro time-kill curve methods. We noted that
voriconazole exhibited fungistatic activity against test isolates
at concentrations greater than or equal to the MIC and near-
maximal fungistatic activity at concentrations equal to approx-
imately two to three times the MIC (EC,,). Furthermore, the
extent of activity afforded by voriconazole did not appear to be
dependent on the susceptibility of the isolate to fluconazole, as
was evident by similar activity against fluconazole-susceptible
and -resistant isolates of C. glabrata.

When evaluating the pharmacodynamic characteristics of an
antimicrobial, it is valuable to determine the effect of concen-
tration on both the rate and extent of activity. Using an E,,,
model, one can generate parameters such as the ECs, and
EC,, which provide insight into the relationship between con-
centration and extent of activity. If the ECs, and EC,, occur
over a narrow range of concentrations, then transition from
minimal to maximal activity also occurs over a narrow concen-
tration range. This rapid transition is consistent with com-
pounds that exhibit predominantly non-concentration-depen-
dent activity. In contrast, if the ECs, and EC,, occur over a
greater concentration range, then concentration-dependent
properties are exhibited. To assess the relationship between
concentration and the rate of activity one can compare ECs,,
and EC,,, over time. If the rate of activity is not dependent on
concentration, the ECs, and EC,, should remain relatively
stable at each time point. If the EC,, and/or the ECs,, declines
with time, however, this suggests that higher concentrations
result in more rapid expression of activity. In the case of vori-
conazole, the ECs, and EC,, occur over a narrow range of
multiples of the MIC, 0.8 to 3 times the MIC, and remain
constant between 8 and 24 h. These data are consistent with an
agent exhibiting non-concentration-dependent activity.

Whether a compound adheres to the pharmacodynamics
described in vitro once it is tested in vivo depends on several
factors; however, the pharmacokinetic profile is perhaps the
most important. The in vivo pharmacodynamic properties of a
drug will be determined by where the transition portion of the
concentration-effect curve falls with respect to achievable con-
centrations. If the range of multiples of the MIC which drive
the transition from minimal to maximal effect is far surpassed
by the concentrations resulting from clinically employed doses,
then this agent would exhibit non-concentration-dependent
activity in vivo regardless of the slope of the concentration-
effect curve. Likewise, if the concentrations observed in vivo
fall on the transition portion of the curve, then this agent
would exhibit concentration-dependent activity, even if the
slope of the transition portion of the curve is steep. In this
study, composite dose-effect curves were created and examined
at various time points to assess the relation between the mul-
tiple of the MIC and the extent of fungistatic activity. It was
subsequently determined that the transition from minimal to
maximal activity occurred over a relatively small range of con-
centrations. The calculated composite EC,, for the test isolates
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was approximately three times the MIC. The MICys of vori-
conazole for a variety of Candida species have been reported
to range from 0.06 to 0.12 pg/ml for C. albicans to 1.0 to 2.0
pg/ml for C. glabrata (3, 8). Therefore, we predict that maximal
fungistatic activity would be observed against a variety of Can-
dida species in vivo if voriconazole concentrations of 3 to 6
pg/ml were achieved.

The concentration-effect relationships noted with voricon-
azole are similar to those reported previously for fluconazole
against C. albicans and C. neoformans (5, 6). In these in vitro
time-kill studies, fluconazole exhibited fungistatic activity that
was maximized at concentrations between the MIC and four
times the MIC for test isolates. These data suggest that the
azoles exhibit non-concentration-dependent activity over a
range of clinically achievable concentrations. Animal data have
subsequently supported these in vitro observations (1, 7). Fur-
thermore, clinical data also suggest that the fungistatic activity
of fluconazole is maximized once concentrations at the site of
infection exceed roughly the MIC for the infecting pathogen
(10, 11). Noting the similar pharmacodynamics of fluconazole
and voriconazole, it would appear reasonable to assume that
maximizing the duration of exposure of a fungus to voricon-
azole would optimize the fungistatic activity of voriconazole
against yeasts.
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