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Triple antifungal combinations are used against refractory invasive aspergillosis without an adequate
understanding of their pharmacodynamic interactions. We initially studied the in vitro triple combination of
voriconazole, amphotericin B, and caspofungin against Aspergillus fumigatus, A. flavus, and A. terreus by a
spectrophotometric microdilution broth method after 48 h of incubation. We then analyzed these results with
a recently described nonlinear mixture response surface E . -based model modified to assess pharmacody-
namic interactions at various growth levels. The new model allows flexibility in all four parameters of the E,
model and is able to describe complex pharmacodynamic interactions. Concentration-dependent pharmaco-
dynamic interactions were found within the triple antifungal combination. At the 50% growth level, synergy
(median interaction indices of 0.43 to 0.82) was observed at low concentrations of voriconazole (<0.03 mg/liter)
and amphotericin B (=0.20 mg/liter) and at intermediate concentrations of caspofungin (0.95 to 14.88 mg/
liter), whereas antagonism (median interaction indices of 1.17 to 1.80) was found at higher concentrations of
voriconazole and amphotericin B. Ternary plot and interaction surface analysis further revealed the complexity
of these concentration-dependent interactions. With increasing concentrations of amphotericin B, the syner-
gistic interactions of voriconazole-caspofungin double combination decreased while the antagonistic interac-
tions increased. A similar effect was observed when voriconazole was added to the double combination of
amphotericin B and caspofungin. In conclusion, the new nonlinear mixture-amount response surface modeling
of the triple antifungal combination demonstrated a net antagonism or synergy against Aspergillus species

depending upon drug concentrations and species.

Invasive aspergillosis is an important cause of morbidity and
mortality in immunocompromised patients (20). New thera-
peutic approaches are needed to improve outcome (30). The
introduction of newer antifungal agents with different mecha-
nisms of action has made combination therapy a possibility and
an area of compelling investigational interest (38). Because of
their different mechanisms of action, triazoles, echinocandins,
and polyenes are likely candidates for combination therapy.
Echinocandins inhibit the synthesis of 1,3-B-D-glucan, a key
component of the cell walls of most fungi; triazoles inhibit the
synthesis of ergosterol by inhibiting the enzyme lanosterol
C-14 demethylase; and polyenes act directly at the fungal cell
membrane to alter its integrity (10).

Triple combination therapy using all three classes of anti-
fungal agents may be used in refractory aspergillosis (8, 35, 39).
However, this practice has not been well studied, and the in
vitro pharmacodynamic interactions are unknown. Preclinical
studies are therefore required to understand the pharmacody-
namic interactions and appropriately adjust in vivo dosing reg-
imens in order to maximize synergistic effects and minimize
the antagonistic ones. In vitro pharmacodynamic interactions

* Corresponding author. Mailing address: 10 Center Drive, Bldg. 10,
Rm. 1-5888, National Cancer Institute, Pediatric Oncology Branch,
Bethesda, MD 20892. Phone: (301) 402-0023. Fax: (301) 480-2308.
E-mail: walsht@mail.nih.gov.

¥ Published ahead of print on 26 March 2007.

2053

within a triple combination can be complex (24); powerful
analytical tools are required to accurately describe the effects
of the triple combination in a wide range of drug
concentrations and to determine the nature and intensity of
antifungal pharmacodynamic interactions. Response surface
methodologies provide the necessary tools to capture the in-
formation present in the full concentration-effect data set
for two or more agents and to quantify synergy and antag-
onism (9).

A new nonlinear mixture-amount response surface model
for analyzing three-drug combinations was recently described
(40). By contrast with other fully parametric response surface
models, the new model is flexible enough to describe compli-
cated response surfaces and to determine complex patterns of
synergy and antagonism. With this model, response surfaces
are modeled using the sigmoid E,,,, concentration-effect rela-
tionship, and pharmacodynamic interactions are assessed
based on the Loewe additivity zero interaction theory. It was
previously found that amphotericin B interacts in a concen-
tration-dependent manner with triazoles (26), whereas echi-
nocandins interact synergistically with azoles and polyenes
(6, 31). Given the expected complexity of the pharmacody-
namic interactions within a triple combination of polyene-
triazole-echinocandin, we used the new response surface
model to analyze the in vitro triple combination of ampho-
tericin B with voriconazole and caspofungin against three
Aspergillus species.
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MATERIALS AND METHODS

Isolates. Three clinical isolates each of Aspergillus fumigatus (4215, 2025, and
2350), Aspergillus flavus (50, 8B, and 10B), and Aspergillus terreus (644, 1290, and
1548) were grown on potato dextrose agar slants at 30°C for 5 to 7 days. Conidia
were harvested by scraping agar slants with a sterile pipette to achieve a suspen-
sion in sterile normal saline. The densities of the conidial suspensions were
measured and adjusted on a spectrophotometer (80 to 82% transmittance for all
species) to yield a suspension of 10° conidia/ml of each isolate. Each suspension
of conidia was diluted 1:25 in the medium in order to obtain four times the final
inoculum size, which ranged from 0.5 X10* to 4.0 x10* CFU/ml in each well.
Inoculum preparation, broth inoculation, and incubation time were based on the
CLSI (formerly NCCLS) M38-A broth microdilution guidelines for mold sus-
ceptibility-testing (29). Candida parapsilosis (ATCC 22019), and Candida krusei
(ATCC 6258) were used for quality control purposes.

Medium. RPMI 1640 with L-glutamine but without bicarbonate (BioWhittaker
Cambrex Bio Science, Walkersville, MD) buffered at pH 7.0 with 0.165 M
1,3-N-morpholino propane sulfonic acid (MOPS) (Sigma-Aldrich, Saint Louis,
MO) was used throughout all experiments.

Antifungal drugs. Caspofungin, (Merck and Company, Rahway, NJ) was ob-
tained as reagent grade powder from the manufacturer and dissolved in medium
in order to obtain an initial solution of 1,024 mg/liter. Voriconazole (Pfizer
Pharmaceuticals, New York, NY) was obtained in a 10,000-mg/liter vial for
injection. Amphotericin B deoxycholate (Apothecon Ben Venue Laboratories,
Inc., Bedford, OH) at a stock concentration of 5,000 mg/liter was prepared in
sterile water. The lack of any antifungal effect of the excipients of amphotericin
B and voriconazole clinical formulations was verified with the MICs for the
quality control strains and by comparing antifungal activities of clinical formu-
lations with those of pure powders used previously in our laboratory. The range
of concentrations was chosen in such a way as to include the MICs of the drugs
alone and extend to lower drug concentrations that are clinically achievable.

Voriconazole and caspofungin were twofold serially diluted in the medium in
order to obtain four times the strength of the final concentrations, which ranged
from 0.015 mg/liter to 1.0 mg/liter and from 0.5 mg/liter to 256 mg/liter, respec-
tively. A 50-pl aliquot of each concentration of voriconazole was combined with
50 pl of each concentration of caspofungin, including the drug-free controls, in
six 96-well flat-bottom microtitration plates (Corning Inc., Corning, NY) in order
to obtain 11-by-8 checkerboards. The wells of last column contained only me-
dium. A 50-pl aliquot of medium containing four times the final concentrations
of amphotericin B (0, 0.1, 0.2, 0.3, 0.4, and 0.5 mg/liter) was added to each of the
six microtitration plates containing the voriconazole-caspofungin combination.
Microtitration plates were stored at —70°C for less than 1 month prior to the
start of testing. In separate plates, amphotericin B was serially diluted in medium
in order to obtain final concentrations ranging from 0.1 to 2 mg/liter.

Susceptibility testing. Microtitration plates were thawed on the day of testing
and inoculated with 50 pl of conidium inoculum. Plates were incubated without
stacking at 37°C in a 95% humidified environment (Steri-Cult 200 incubator;
DoveBid Inc., CA) for a total period of 48 h. Fungal growth in each microtitra-
tion well of all six plates was assessed spectrophotometrically at 405 nm using a
16-scan point spectrophotometer (EIx808; Bio-Tek Instruments, Winooski, VT)
with the following equation: percentage of growth = (optical density at 405 nm
[OD,s] of a well — background OD,s of this well)/(OD,ys of the drug-free
well — background ODsy of the drug-free well) X 100%, where the background
OD,oss were measured from six voriconazole-caspofungin checkerboard plates
containing 0 to 0.5 mg/liter amphotericin B and inoculated with a conidium-free
inoculum and were handled in the same way as the inoculated plates with the
conidium-containing inocula. All tests were repeated three times on different
days, and the percentage of growth was calculated for each day based on the ODs
of drug-free control of the same day. Furthermore, the MIC was determined for
all three drugs as the lowest concentration showing no visual growth. For caspo-
fungin, the minimal effective concentration (MEC) was determined from previ-
ous experiments as the lowest drug concentration showing formation of short,
stubby, and highly branched hyphae.

Drug interaction and statistical analysis. Antifungal drug interactions were
analyzed using a new nonlinear mixture-amount response surface model (40),
which is based on the Loewe additivity zero interaction theory (9). In Loewe
additivity theory, interactions are assessed at a particular effect (e.g., percentage
of growth) with the combination index (CI) calculated by the following equation:
CI = CA/EC4 + Cg/ECy + C/ECc, where C4, Cg, and C are the concentra-
tions of the drugs A, B, and C in the combination which elicits a certain effect and
EC,, ECg, and EC( are the isoeffective concentrations of the drugs A, B, and C
acting alone. When the CI is 1, >1, or <1, the interaction for that particular
effect is additive (no interaction), antagonistic, or synergistic, respectively. In
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order to apply the new response surface model, concentrations of voriconazole,
caspofungin, and amphotericin B were transformed to potency units as described
below.

Initially, the E,,, model (sigmoidal curve with variable slope) was fitted to
individual drug concentration-effect data, and the effective concentrations pro-
ducing 50% of E,,,, (ECs) was estimated for voriconazole (ECsyor), caspo-
fungin (ECspcas), and amphotericin B (ECsp amg)- The E,,,, model is de-
scribed by the equation E = (E,,., — B) X (C/ECsy)"/[1 + (C/ECs¢)"] + B,
where E is the percentage of growth (dependent variable) at the drug concen-
tration C (independent variable), E ., is the maximum percentage of growth
observed in the drug-free control, B is the minimum percentage of growth
observed at infinite drug concentration, ECs is the drug concentration produc-
ing 50% of the E, .., and m is the slope (Hill coefficient). The maximum and the
minimum of the E,,, model were shared among the three drugs for each
Aspergillus isolate. Because the logarithms of ECs, values rather than the ECs,
values themselves are normally distributed, regression analysis was performed
using the logarithms of the drug concentrations in the E,,, model with the
modified equation E = (E .« — B)/(1 + 10I0EC ~loeClmy 4 B derived from the
above standard E ., equation (for more details, see reference 29). Analysis
was performed using Prism 4.0 for Mac OSX (GraphPad Prism Inc., San
Diego, CA).

Drug concentrations were then transformed to potency units of voriconazole
(Uyor), caspofungin (Ucas), and amphotericin B (Uanpg) as Uyor = Cyvor/
ECsovor: Ucas = Ccas/ECso cas, and Uamp = Camp/ECso amp, Where Cyor,
Ccas» and Cayp are the actual concentrations of voriconazole, caspofungin, and
amphotericin B, respectively. For each combination of the three drugs, the
relative potency units x of voriconazole, y of caspofungin, and z of amphotericin
B were calculated as Uy or/U, Ucas/U, and U np/U, respectively, where U is the
total units Uy or + Ucas + Uams. The relative potency units range from 0 to 1,
and by definitionx +y +z = 1.

The global response surface model is described by the following set of equa-
tions:

E = (Epu— B) X (U/Usn)m/[l + (U/Usn)m] +B (1)

where E is the percentage of growth at any combination of Uyogr, Ucas, and
Uami; Emax 1S the maximum percentage of growth in absence of any drug; B is
the minimum percentage of growth in infinite drug concentrations; U is the total
potency units and is equal to Uyor + Ucas + Uams; Uso is the total potency
units producing 50% of E,,,, — B and is given by

logUsy = apix + apyy + apsz + bppxy + bpisxz + bpysyz + gppxy(x — y)
+ 8pi3¥z(x = 2) + gposyz(y — 2) + dpisxyz (2)
and m is the slope and is given by

M= A X + Aoy + 32 + Doy + bypisxz + bynsyz + gunxy(x —y)

+ guiaXz(X = 2) + ua3yz(y — 2) + dpinsxyz (3)

Equations 2 and 3 are full cubic canonical mixture polynomials which describe
logUs, and m in function of x, y, and z. The coefficients a, b, g, and d are model
parameters estimated from the data with regression analysis. In contrast to m and
logUs, B was not modeled in function of x, y, and z because all drugs completely
inhibit fungal growth at high concentrations. E, ., and B were left free to be
fitted using the entire data set. Note that when x, y, or z is 1, the global model
collapses to the E . model of the concentration-effect curves of the drugs alone.
In this case, ap, ap,, and ap; are the logarithms of Usyyor, Usocas, and
Usoams (i-€., the potency units of voriconazole, caspofungin, and amphotericin
B, respectively, that result in 50% growth) and a,,,,, a,,,», and a,,,5 are the slopes
of the voriconazole, caspofungin, and amphotericin B concentration-effect
curves, respectively.

Because the logarithms of the potency units were used, equation 1 is modified
to

E = (Epa — B)/(1 + 1000eUso~loelmy 4 p @

as for the E,,,, model described above (28). Equation 4 together with equations
2 and 3 were used to fit the global model to the average percentage among the
three replicates performed on different days with a weighted (inverse of average
variance), nonlinear regression analysis using the nonlinear platform of JMP5.0.1
software (SAS Institute, Cary, NC). The goodness of fit was checked with a
variety of diagnostic tests, such as R? values, analysis of variance, lack-of-fit test,
residual and leverage plot analysis, correlation matrix, and standard error of
parameters. Furthermore, in order to compare the concentration-effect curves of
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FIG. 1. Diagnostic plots used to assess the goodness of fit of the modified global model to the data. Plots of actual versus predicted data (left)
and of residuals versus predicted data (right) for the A. fumigatus 4215 isolate are shown (R? = 0.91 for the modified global model).

voriconazole, caspofungin, and amphotericin B alone determined with the global
model and the E,,,, model, the a and a,,; of the global model were
compared with the slopes derived from the E, ,, model, and the deviation of aj,
apy, and apz from 0 was assessed (a significant deviation will indicate that
Usovors Usocas, and Usy app determined by the global model differ from 1 and
thus the concentrations that produce 50% of growth will be different than the
ECsys determined by the E,,,, model).

The basic concept of the global response surface model is that the role of each
drug is described by its relative potency units in the mixture, which behaves as a new
drug with its own sigmoidal concentration-effect relation. The mathematics of the
global model are an extension of the E ., model for a single drug to a model that
considers each ratio of the three drugs as a drug in its own right. If all coefficients in
equation 2 equal 0, then Us, = 1, indicating Loewe additivity. The Us, value is
equivalent to the classical combination index of Loewe additivity (9, 40). This derives
from Loewe additivity theory. Us, is the sum Usy vor + Usocas + Uso amss Where
Usovors Uso.cas, and Usy app are the potency units of voriconazole, caspofungin,
and amphotericin B in combination, respectively, that result in 50% growth. Due to
transformation of drug concentrations to potency units as described above, Us, =

mi1> Am2s

Usovor + Usocas + Usoams = Csovor/ECsovor + Csocas/ECsocas +
Cs0.amB/ECso ams, Where Csoyors Cso.cas, and Cso anp are the concentrations of
voriconazole, caspofungin, and amphotericin B in combination, respectively, that
result in 50% growth. However, according to Loewe additivity theory, Csoyor/
ECspvor + Csocas/ECsocas T Cso.amp/ECsp amp is the combination index for
an effect of 50% growth. Thus, Us, is the combination index indicating Loewe
additivity, antagonism, and synergy when it is 1, >1, and <1, respectively, for an
effect of 50% of growth.

In order to assess interactions at different growth levels than 50%, the Us, was
used to calculate the total potency units Uy for any growth level E (e.g., 20% or
80% of the E,,, — B) with the following equation:

logUy, = logUsy — 10g[(E . — E)/(E — B)]/m (5)
Equation 5 can be derived from equation 4 by solving for logU. This equation was
not included in the initially published three-drug interaction model, but we used
it in order to assess interactions at different growth levels. Interactions at 20% or
80% of growth may differ from interactions at 50% of growth, particularly when
the slopes change across the response surface as indicated by equation 3. Thus,
in the new modified global model, equation 5 provides the total amount of
potency units Uy of the three drugs that results in a particular effect E. Inter-
action at that particular effect £ can be determined by comparing the U with the
theoretical amount of potency units U,pp if the drugs were acting additively.
U pp can be derived from equations 5, 2, and 3 with the interaction terms b5,

bp13s bposs 8p12: 80135 823 Ap1235 b2y D135 Dyozs Sim12s &3> §mazs and dyyp103
equal to 0. Thus,

logUapp = apix + apy + apsz = log[(Ena — E)(E — B))/(amx + @,y

+ ,32) (6)
If the interaction index (I) = U./Uapp Was higher than 1, then Loewe antago-
nism was concluded, and if  was lower than 1, then Loewe synergy was claimed.
In any other case, Loewe additivity was concluded. The statistically significant
deviation of I from 1 was assessed based on the 95% confidence interval of logUy

derived using the covariance matrix calculated based on the standard errors of
the global model parameters and the correlation matrix obtained by the
JMP5.0.1 program.

Based on equation 2, additivity is indicated when Us, is 1, i.e., when all
coefficients of equation 2 are 0. However, even if coefficients b, g, and d are 0,
because of the two-stage fitting process a1, a5, and a5 will rarely be exactly 0
(i.e., the individually determined ECsys will be slightly different than the ones
determined with the global model), and therefore deviation of Us, from 1 would
not always indicate departure from Loewe additivity. In the original model, this
was overcome with the introduction of the leading factor (1 — x)(1 — y)(1 — 2)
into equation 2, which forces the Us, values to 1 for single-drug mixtures. We did
not include this factor in equation 2 because preliminary analysis showed that the
fit was worse than that of the model without the factor. In our modified global
model, this problem was overcome by calculating the interaction index I as
described above using equations 5 and 6, which results in indices of 1 for
single-drug mixtures.

In addition, without the leading factor, when ay, ap,, and a5 are close to 0
anda,,,, a,,,5, and a,,,; are close to the Hill slopes determined by the E,,, model
for each drug alone, the concentration-effect curves predicted by the modified
global model for the drugs alone are similar to those predicted by the E .,
model. Thus, the ajy, ap,, and a5 values can serve as internal controls for the
fitness of the modified global model. When the leading factor was included, for
many data sets, ap1, dp,, and a3 deviated significantly from 0 (up to six times for
some data sets). In addition and more importantly, since the aj, ap,, and a3 of
the new modified global model without the leading factor correspond to the
logarithms of Usy vors Uso.cas, and Usy amp Of the concentration-effect curves
of each drug, we could determine interactions at any effect (growth) level by
using equations 5 and 6. Furthermore, additive effects can be estimated with the
modified global model for any drug combination using by equations 2, 3, and 4
without the interaction terms bpy12, bp13, bpasyz, 8p12: 8013 8023 dp123> binras
113> bii2ss 8mi2s 8m13> §maz> and d,,, 123 in equations 2 and 3.

In order to summarize the data, the median and range among the three isolates
of the median antagonistic and synergistic interaction indices, the percentages of
synergistic and antagonistic combinations among the 327 different fixed-ratio com-
binations tested in checkerboards, and the corresponding median drug concentra-
tions were determined and are presented for each Aspergillus species. Differences in
drug concentrations that produced synergistic and antagonistic interactions were
assessed after log transformation with an analysis-of-variance test followed by Bon-
ferroni posttest. P values smaller than 0.05 were considered significant. In order to
visualize the percentage of reduction or increase of growth compared to the additive
effect in synergistic and antagonistic combinations, respectively, the percentage of
growth at each combination of the three drugs was subtracted from the theoretical
additive percentage of growth obtained with equations 2, 3, and 4 with elimination
of the interaction terms b1, bp13, Doz, 812> 8013 8023 Ap123> bz Opuizs b3,
812> m13 Gz and 123,

In order to study whether the triple combination is better overall than the
double combinations, the sum percentage of all synergistic and antagonistic
interactions within the two-drug interaction surfaces was calculated and plotted
for each concentration of the third drug. Thus, we analyzed the effects of am-
photericin B, voriconazole, and caspofungin concentrations, respectively, on the
synergistic and antagonistic volumes of voriconazole-caspofungin (7 X 10 com-
binations), amphotericin B-caspofungin (5 X 10 combinations), and amphoter-
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FIG. 2. Concentration-effect data (triangles) for voriconazole (VOR), caspofungin (CAS), and amphotericin B (AMB) alone and for voricon-
azole-caspofungin combinations at fixed Uy or/Ucas ratio of 0.9:0.1 in the presence of increasing amphotericin B concentrations for the A.

fumigatus 4215 isolate. The regression curves obtained with the global model fitted to all data (solid lines) and with the E

concentration-effect data individually (dashed lines) are shown.

icin B-voriconazole (5 X 7 combinations) double combinations for all isolates of
each Aspergillus species.

RESULTS

Activities of individual antifungal agents. In order to quan-
tify the antifungal activity of individual agents against each
isolate, we report the ECyys determined by the E, .. model
fitted to concentration-effect data for each compound alone.
The median (range) ECs,s of voriconazole, caspofungin, and
amphotericin B were 0.23 (0.13 to 0.28) mg/liter, 95.54 (71.05
to 473.9) mg/liter, and 0.44 (0.24 to 0.88) mg/liter for all iso-
lates, respectively.

The MICs corresponding to complete growth inhibition
were 0.25 to 1 mg/liter of voriconazole, 128 to >256 mg/liter of
caspofungin, and 0.5 to 2 mg/liter of amphotericin B for all
species. Because MICs are closer to concentrations producing

max Model fitted to each

20% of growth (EC,ys) than ECygs, the EC,s were used to
assess pharmacodynamic interactions within the triple combi-
nation that take place at concentrations close to the MICs of
antifungal agents. The MECs of caspofungin were 0.5 to 1
mg/liter for all isolates.

In order to study the steepness of the concentration-effect
curves, we also reported the Hill slopes determined by the E, .
model fitted to the concentration-effect data for each compound
alone. The corresponding median (range) Hill slopes of the con-
centration-effect curves of voriconazole, caspofungin, and ampho-
tericin B were —2.85 (—6.18 to —1.73), —3.00 (—5.43 to —0.45),
and —4.44 (—9.20 to —2.31) for all isolates, respectively.

Goodness of fit of the new modified global model. In order to
check how well the modified global model described the data,
we used several diagnostic tests. The R* values were consis-
tently greater than 0.82 in all fits. There was no statistically
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FIG. 3. Patterns of interaction for the double combinations voriconazole-caspofungin (left graphs), voriconazole-amphotericin B (middle
graphs), and amphotericin B-caspofungin (right graphs) for 20% (top graphs), 50% (middle graphs), and 80% (bottom graphs) of growth of the
A. fumigatus 4215 isolate. Regression curves (solid lines) and their 95% confidence bands (dashed lines) were derived from the modified global
model, where diamonds represent individually determined interaction indices obtained using isobolographic analysis (26). Interaction indices of
>1 indicate antagonistic interactions, whereas interaction indices of <1 indicate synergistic interactions. VOR, voriconazole; CAS, caspofungin;

AMB, amphotericin B.

significant deviation of the modified global model from the
data based on analysis of predicted versus actual data and of
the residuals for all isolates, as shown in Fig. 1 for a represen-
tative A. fumigatus isolate. Other diagnostic tests, which con-
sisted of analysis of variance, lack-of-fit test, correlation matrix,
and standard error of parameters, were consistent with the
findings in Fig. 1 for all isolates. None of the 95% confidence
intervals of the estimates of the polynomial model parameters
included O (see, for example, the Fig. 5 legend), which indicates
the significance of each of these parameters in the final model.

The modified global model parameters associated with the
concentration-effect relationships of the drugs alone (a, and
a,, parameters) were close to the individually determined
ECsps and Hill slopes. The ap,, a,,, and a,; were close to 0
(—0.34 to 0.15), which indicates that the Us, xor» Uso.cas, and
Uso.amp determined by the modified global model were close
(within one dilution) to the ECs,s determined by the E, .

model for each drug. The q,,,, a,,,,, and a,,; were not statisti-
cally significant different (P > 0.16) from the Hill slopes de-
termined individually with the £, model. Figure 2 also dem-
onstrates that the concentration-effect curves of each drug
alone and in combination determined with the modified global
model were similar to the concentration-effect curves fitted
individually with the E, ., model and close to the raw data. The
same holds for the two-drug combination interaction plots in
Fig. 3, where the pattern of interaction indices determined by
the modified global model was close to that of indices deter-
mined individually for different fixed ratios of the two drugs
with a previously described isobolographic analysis (26).
Finally, the modified global response surface model used in
the present study yields results similar to those of the original
response surface three-drug interaction global model pub-
lished by White et al. (40). This is illustrated in Fig. 4, where
the ternary plots for 50% of growth show similar patterns of
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Original three-drug interaction
response surface model (White et al.)

Modified three-drug interaction
response surface model (present study)

Strong synergy
(interaction index 0-0.5)

Weak synergy
(interaction index >0.5-1)

Weak antagonism
(interaction index >1-1.5)

Strong antagonism
(interaction index >1.5)

e 8 7 B 5 4 3 2 .
Voriconazole relative potency units (x)

1

Voriconazole relative potency units (x)

FIG. 4. Ternary plots of the triple combination of voriconazole, caspofungin, and amphotericin B against the A. fumigatus 4215 isolate for 50%
of growth, constructed based on the results of the model of White et al. (40) (left plot) and the modified (right plot) global response surface model
used in the present study. The model of White et al. was modified in this study by eliminating the leading factor (1 — x)(1 — y)(1 — z). The ternary
display is a triangle with sides scaled from 0 to 1. The labels on each side are the relative potency units of each drug. The color inside the triangles
indicates the nature and the magnitude of interaction for mixtures with different relative potency units of the three drugs (gray dots). The relative
potency units of each drug at a specific mixture can be found by extending the ticks on each side of the triangles towards the point inside the
triangle. For example, the white dot in the right triangle represent the combination of 0.2 potency units of AMB (z), 0.5 potency units of CAS (y),
and 0.3 potency units of VOR (x), which is synergistic since the interaction index is <0.5 (black area). The color at the x, y, and z sides of triangles
represents interactions of the double combinations amphotericin B-voriconazole, voriconazole-caspofungin, and caspofungin-amphotericin B,

respectively.

pharmacodynamic interactions within the triple combination.
Ternary plots are a way of displaying the distribution of three-
part composition data such as the interaction indices of the
triple drug combinations displayed here (Fig. 4).

Pharmacodynamic interactions within the double combina-
tions. Figure 3 also shows that the combinations of voricon-
azole plus caspofungin and amphotericin B plus caspofungin
are antagonistic in the mixtures with a caspofungin proportion
of >0.6 and synergistic in the mixtures with a caspofungin
proportion of <0.6. Note that interaction indices in Fig. 3 that
are >1 are antagonistic and those that <1 are synergistic.
Based on the 50% growth level, these antagonistic interactions
for most of isolates were observed at combinations with >10
mg/liter of caspofungin. Stronger synergistic interactions were
found at higher growth levels for voriconazole plus caspofun-
gin and amphotericin B plus caspofungin. For example, the
interaction indices of voriconazole plus caspofungin in Fig. 3
show an overall decline as the percentage of growth increases
from 20% to 80%. Similar patterns were found for the other
species (data not shown). The combination of amphotericin B
plus voriconazole was antagonistic, although some synergistic
interactions were observed at low amphotericin B concentra-
tions.

The data points presented in Fig. 3 were obtained with the
isobolographic analysis of single fixed-ratio combinations pre-
viously described (26). Experimental variation affects the
isobolographic analysis, where data are modeled for each
fixed-ratio combination, more than the global model, where all
data are used for modeling the entire response surface. Dis-
crepancies are more pronounced for fixed-ratio combinations
with very high or very low drug proportions because there were

fewer data points for these combinations due to the checker-
board experimental design used in the present study. Thus,
experimental variation may have a greater impact on the isobo-
lographic analysis of the concentration-effect data of the latter
combinations.

Pharmacodynamic interactions within the triple combina-
tion. The interactions observed within the triple combination
are summarized in Table 1 for A. fumigatus, A. flavus, and A.
terreus isolates. Both synergistic and antagonistic interactions
were found for each isolate, with median interaction indices
ranging from 0.29 to 2.39. Overall for all three growth levels,
the lowest median interaction indices were found for A. fu-
migatus (0.40 to 0.62) and the highest for A. flavus (1.53 to
1.63). For A. fumigatus and A. flavus isolates, the frequency of
synergistic combinations increased with increasing percentage
of growth, whereas for A. terreus isolates the synergistic com-
binations were less frequent than the antagonistic ones at
higher percentages of growth (Table 1). Of note, high percent-
ages of growth correspond to low drug concentrations and low
percentages of growth correspond to high drug concentrations.

For each isolate, the synergistic interactions were observed
at combinations with low concentrations of voriconazole and
amphotericin B and high concentrations of caspofungin (P <
0.05) (Table 1). Based on the 50% growth level, the synergistic
interactions were observed for combinations with median con-
centrations of =0.03 mg/liter of voriconazole, =0.20 mg/liter of
amphotericin B, and 0.95 to 14.88 mg/liter of caspofungin.
Conversely, the antagonistic interactions at 50% of growth
were observed for combination with higher median concentra-
tions of voriconazole (=0.05 mg/liter) and amphotericin B
(=0.13 mg/liter) and lower caspofungin concentrations (=0.88
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TABLE 1. Antifungal interactions within the triple combination of voriconazole, caspofungin, and amphotericin B against three isolates each

of A. fumigatus, A. flavus, and A. terreus tested in triplicate

Concn (mg/liter)° of:

Voriconazole

Caspofungin

Amphotericin B

Species % of e . % of
(no. of isolates) growth Interaction Interaction index” combinations”
A. fumigatus (3) 20 Antagonistic 1.39 (1.28-1.45) 46 (43-52)
Additive 1(1-1) 11 (7-12)
Synergistic 0.62 (0.57-0.72) 42 (41-46)
50 Antagonistic 1.32 (1.31-1.33) 44 (41-45)
Additive 0.99 (0.99-1) 5(5-7)
Synergistic 0.47 (0.43-0.51) 51 (50-52)
80 Antagonistic 1.26 (1.25-1.35) 40 (33-43)
Additive 0.99 (0.99-1.01) 4 (4-9)
Synergistic 0.4 (0.37-0.42) 56 (53-58)
A. flavus (3) 20 Antagonistic 1.63 (1.53-2.39) 60 (59-78)
Additive 1(1-1) 11 (7-12)
Synergistic 0.82 (0.63-0.88) 18 (16-28)
50 Antagonistic 1.53 (1.46-1.8) 45 (42-69)
Additive 0.99 (0.98-1) 17 (10-20)
Synergistic 0.75 (0.49-0.82) 38 (21-39)
80 Antagonistic 1.53 (1.46-1.7) 42 (38-60)
Additive 1(0.99-1) 15 (13-16)
Synergistic 0.6 (0.29-0.68) 43 (27-47)
A. terreus (3) 20 Antagonistic 1.05 (1.04-1.15) 11 (10-47)
Additive 0.98 (0.98-1) 24 (15-25)
Synergistic 0.8 (0.76-0.85) 50 (35-64)
50 Antagonistic 1.18 (1.17-1.29) 56 (32-57)
Additive 1(0.99-1) 12 (11-14)
Synergistic 0.73 (0.66-0.74) 31 (31-57)
80 Antagonistic 1.39 (1.37-1.52) 58 (36-66)
Additive 0.99 (0.98-0.99) 8 (6-10)
Synergistic 0.59 (0.59-0.65) 32(27-57)

0.29 (0.27-0.29)
0.2 (0.11-0.25)
0.03 (0.02-0.03)

0.07 (0.05-0.09)
0.02 (0.01-0.03)
0.01 (0-0.01)

0.01 (0.01-0.03)
0.01 (0-0.02)
0 (0-0)

0.19 (0.12-0.39)
0.2 (0.11-0.25)
0.15 (0.01-0.2)

0.09 (0.07-0.12)
0.1 (0.09-0.13)
0.02 (0.01-0.03)

0.04 (0.03-0.05)
0.04 (0.04-0.05)
0 (0-0.01)

0.17 (0.11-0.42)
0.26 (0.14-0.6)
0.04 (0.04-0.1)

0.07 (0.07-0.19)
0.07 (0.01-0.11)
0.01 (0.01-0.03)

0.03 (0.02-0.06)
0.01 (0-0.03)
0 (0-0.01)

0.49 (0.38-0.92)
7.07 (3.19-53.83)
8.78 (7.36-9.75)

0.17 (0.10-0.19)
0.97 (0.61-1.06)
1.96 (1.3-2.31)

0.03 (0.02-0.1)
0.08 (0.05-0.73)
0.26 (0.18-0.95)

12.7 (5.01-47.51)
7.07 (3.19-53.83)

23.61 (14.11-31.55)

0.46 (0.38-0.88)
0.1 (0.06-1.82)
2.95 (0.95-6.18)

0.03 (0-0.13)
0 (0-0.18)
0.16 (0.01-1.43)

1.13 (0.4-1.78)
0.59 (0.48-1.77)

14.54 (11.61-38.14)

0.47 (0.42-0.63)
0.88 (0.82-1.68)
14.62 (5.12-14.88)

0.16 (0.15-0.23)
0.19 (0.14-0.2)
3.15 (1.81-5.35)

0.44 (0.38-0.45)
0.06 (0.04-0.11)
0.15 (0.15-0.21)

0.23 (0.16-0.24)
0.02 (0.02-0.04)
0.06 (0.04-0.07)

0.11 (0.05-0.13)
0.01 (0-0.09)
0.02 (0.01-0.03)

0.65 (0.44-2.26)
0.06 (0.04-0.11)
0.08 (0.07-0.33)

0.41 (0.28-0.68)
0.06 (0.03-0.09)
0.07 (0.05-0.17)

0.25 (0.2-0.28)
0.03 (0.02-0.03)
0.03 (0.01-0.08)

032 (0.27-0.32)
0.22 (0.1-0.23)
0.26 (0.25-0.37)

0.14 (0.13-0.15)
0.04 (0.03-0.26)
0.13 (0.12-0.2)

0.06 (0.05-0.06)
0.08 (0.07-0.08)
0.04 (0.04-0.08)

“ Median (range among the three isolates) of median interaction indices of synergistic, additive, and antagonistic combinations.
b Proportions of 327 different fixed ratio combinations that were significantly antagonistic, additive, or synergistic. The medians (ranges) of percentages among the

three isolates are shown, so some groups may not add to 100%.

¢ Median (range among the three isolates) of median drug concentrations of synergistic, additive, and antagonistic combinations.

mg/liter). However, this summary of drug concentrations rep-
resents overall patterns of interactions, which do not neces-
sarily reflect the actual patterns of interactions occurring at
individual concentrations of the three antifungal agents in
combinations.

The concentration-dependent nature of the triple combina-
tion of these three agents is better illustrated in the interaction
surfaces shown in Fig. 5, where percentages of synergy and
antagonism are plotted against the concentrations of voricon-
azole and caspofungin in the presence of increasing concen-
trations of amphotericin B. In Fig. 5, it is apparent that the
synergistic interactions occurred mostly at low concentrations
of amphotericin B (=0.2 mg/liter) and voriconazole (=0.125
mg/liter) and at intermediate concentrations of caspofungin (1
to 32 mg/liter) for that particular isolate.

In order to explore whether the triple combination increased
the antifungal effects of the double combinations, we also stud-
ied the effect of a third drug on two-drug interactions. With
increasing concentrations of amphotericin B, the synergistic

interactions of the voriconazole-caspofungin double combina-
tion decreased while the antagonistic interactions increased
(Fig. 6). A similar effect was observed when voriconazole was
added to the double combination of amphotericin B plus
caspofungin. With increasing caspofungin concentrations, the
synergistic volumes of the amphotericin B-voriconazole double
combination increased and the antagonistic ones decreased.
However, these effects of caspofungin were subtle at concen-
trations safely achievable in humans (Fig. 6).

DISCUSSION

Concentration-dependent pharmacodynamic interactions
were found within the triple combination of voriconazole,
caspofungin, and amphotericin B. Synergy was observed at low
concentrations of voriconazole and amphotericin B and inter-
mediate concentrations of caspofungin, whereas antagonism
was found at higher concentrations of voriconazole and am-
photericin B. However, the exact pattern of interactions is
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FIG. 5. Interaction surfaces for the triple combination of voriconazole, caspofungin, and amphotericin B against the A. fumigatus 4215 isolate.
The percentages of interaction (additive minus experimental percentage of growth obtained by the modified global model) are plotted for the
voriconazole-caspofungin combination in the presence of increasing concentrations of amphotericin B. Volumes above the zero plane (dark gray)
indicate synergistic interactions (less growth was observed than the theoretical additive), whereas volumes below the zero plane (light gray) indicate
antagonistic interactions (more growth was observed than the theoretical additive). The height or depth of these volumes is proportionally related to the
intensity of the synergistic and antagonistic interactions, respectively. The numbers above the synergistic volumes and below the antagonistic ones indicate
the sum of all synergistic and antagonistic interactions, respectively, as a measure of both intensity and frequency of these interactions. The double
combination of voriconazole plus caspofungin is synergistic at caspofungin concentrations of <32 mg/liter and antagonistic at higher caspofungin
concentrations (A). The same holds for the double combination of caspofungin plus amphotericin B (see 0 mg/liter of voriconazole in panels B, C, D,
E, and F). The double combination of amphotericin B plus voriconazole is antagonistic (see 0 mg/liter of caspofungin in panels B, C, D, E, and F graphs).
Note that synergistic interactions decrease and antagonistic interactions increase with increasing concentrations of amphotericin B. Most of the synergistic
interactions were located at low concentrations of amphotericin B (0.1 and 0.2 mg/liter) and voriconazole (0.016 to 0.125 mg/liter) and at 1 to 32 mg/liter
of caspofungin. The additive and experimental response surfaces were calculated based on equations 2, 3, and 4 using the following estimates (= standard
errors) obtained from the nonlinear regression analysis with the modified global model: B = —0.07 = 0.02, £, = 1.35 * 0.03, a,,;, = —0.17 = 0.04,
ap, = —0.12 £ 0.05, ap; = —0.03 £ 0.01, by, = —1.78 £ 0.31, b3 = 092 = 0.10, bz = —1.38 £ 0.22, gp, = —3.46 £ 0.54, gp3 = 0.24 = 0.11,
8pos =339 031, dpn; = —120 = 1.87,a,,, = —1.58 + 0.19, a,,, = —1.75 £ 0.30, a,,5 = —6.66 = 0.50, b,,,1, = 3.95 = 0.86, b,,,13 = 5.15 = 1.23,b,,3
=988 £147,8,1, =261 £1.15,8,,,3 = =436 + 1.83, g,,; = —17.3 = 2.73, and d,,,1,3 = 153 = 5.58. ADD, additivity.

more complex, as is illustrated in the ternary plots and inter-
action surfaces. Overall, the synergistic interactions of the vori-
conazole-caspofungin and amphotericin B-caspofungin double
combinations decreased, whereas the antagonistic interactions
increased, with increasing concentrations of amphotericin B
and voriconazole, respectively.

The complexity of these interactions was well described by
an E . -based mixture-amount response surface model using
full cubic canonical mixture polynomials (40). The sigmoid
E ... model has been used extensively to successfully describe
the concentration-effect relationships of amphotericin B,
caspofungin, and azoles (1, 22, 26, 32, 41). In addition, the
double combination of polyene-azole was recently analyzed by
isobolographic analysis, and the pattern of interactions was
dependent on the proportions of antifungal drugs in the mix-
tures (26), which could be modeled with polynomial regres-

sion analysis. These properties enabled us to apply the non-
linear mixture-amount response surface three-drug interaction
model developed by White et al. (40). Fully parametric re-
sponse surface models were previously applied to antifungal
drug combinations, but their performance was poor, particu-
larly for complex pharmacodynamic interactions (24). There-
fore, nonparametric or semiparametric response surface mod-
els were used to better describe complicated antifungal drug
combination response surfaces (23). In addition, efforts to de-
velop fully parametric response surface models have continued
in areas of anesthesiology, and antineoplastic pharmacology
(27, 40). We found that this new model is sufficiently flexible to
(i) describe complex response surfaces, (ii) assess pharmaco-
dynamic interactions with statistical confidence based on
Loewe additivity zero interaction theory, and (iii) accommo-
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FIG. 6. Synergistic and antagonistic volumes (sum percentage of the interactions presented in Fig. 5) of the double combinations voriconazole-
caspofungin (A), amphotericin B-caspofungin (B), and amphotericin B-voriconazole (C) with increasing concentrations of amphotericin B (AMB),
voriconazole (VOR), and caspofungin (CAS), respectively. With increasing amphotericin B and voriconazole concentrations, respectively, the
synergistic volumes of the voriconazole-caspofungin and amphotericin B-caspofungin double combinations decrease and the antagonistic volumes
increase. With increasing caspofungin concentrations, the synergistic volumes of the amphotericin B-voriconazole double combination increase and
the antagonistic volumes decrease. Points and error bars represent mean sum percentages and standard errors, respectively, among the three
isolates. The squares and circles on the y axis of each graph represent the sum percentages of synergistic and antagonistic volumes, respectively,
of only the double combinations voriconazole-caspofungin (A), amphotericin B-caspofungin (B), and amphotericin B-voriconazole (C) in the

absence of the third drug.

date irregular isobols with local synergy and antagonism for
antifungal combinations.

We previously analyzed the triple combination of voricon-
azole with caspofungin and amphotericin B by using visual
determination of drug effects and the fractional inhibitory con-
centration (FIC) index for the analysis of drug interactions
(29a). Concentration-dependent interactions were also found
in that study. However, visual assessment of growth limits the
analysis for interactions that take place near the complete
growth inhibition end point, because subinhibitory effects are
difficult to be accurately quantified visually. Although in that
study we used two FIC indices to better capture synergistic and
antagonistic drug interactions, the exact pattern of pharmaco-

dynamic interactions at the entire concentrations range could
not be described with the FIC index analysis. In addition,
determining the MECs of caspofungin in combination studies
is laborious, is subject to errors, and complicates the drug
interaction analysis when MICs are used for the other drugs.
Thus, conventional analytical methods of drug interaction
analysis may be biased by the MIC end points, subjective in-
clusion/exclusion criteria in order to account for experimental
variability, and investigator bias.

The original three-drug interaction model provides a fine
resolution of pharmacodynamic interactions describing the ex-
act pattern or pharmacodynamic interactions within the triple
combination (40). Using the modified global model described
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in this paper, pharmacodynamic interactions can be assessed at
any growth level. By using different growth levels, pharmaco-
dynamic interactions can be determined at different drug con-
centrations, such as the MECs and MICs of antifungal agents.
For example, the association of the MICs with the EC,s pro-
vides an easy and objective way to assess the pharmacodynamic
interactions at concentrations close to the MIC. Finally, using
the modified global model described in this paper, additive and
interaction surfaces can be constructed and the percentages of
synergy and antagonism together with the interaction index
can be calculated for each combination.

As drug combination effects can be estimated for any com-
bination of the three drugs, the new response surface global
model can be used for pharmacokinetic-pharmacodynamic
modeling of combination therapy in order to optimize dosing
regimens. Finally, since combination studies with three of
more drugs are laborious, time-consuming, and expensive, op-
timal experimental designs for mixtures can be employed in
order to determine the parameters of the new model using the
fewest possible data points (21). However, one should ac-
knowledge the complexity of the new model, the use of mul-
tiple statistical diagnostic tests to ensure the goodness of fit,
and the possibility that some pharmacodynamic interactions
may be better described by higher- or lower-order polynomials
(27).

Based on the findings of the present study, the double com-
bination of caspofungin with voriconazole was synergistic at
combinations with low concentrations of caspofungin and an-
tagonistic at higher caspofungin concentrations. The in vitro
combination of caspofungin plus voriconazole against Aspergil-
lus spp. was previously found to be synergistic (6, 31) or addi-
tive (7) based upon growth-inhibitory effects, whereas drug
combination effects based upon fungal metabolic activity re-
sulted in a range of synergistic (FICi, <1) to antagonistic
(FICi, >1) interactions (17). In vivo combination therapy with
caspofungin and voriconazole against invasive experimental
aspergillosis prolongs survival and reduces fungal burden (14,
16). However, combinations with higher doses of caspofungin
(2.5 mg/kg) may result in higher CFU per gram than combi-
nations with lower caspofungin doses (1 mg/kg) (14), consis-
tent with the concentration-dependent interactions that we
found in the present study. This apparent increase in fungal
burden in vivo may be caused by dosage-dependent hyphal
fragmentation (1, 32, 41).

The double combination of caspofungin with amphotericin
B was synergistic in combinations where amphotericin B pre-
vailed over caspofungin and antagonistic at higher caspofungin
concentrations. In vitro combinations of caspofungin and am-
photericin were previously found to be additive to synergistic
(2, 6, 7). However, in most of these studies the synergy was
weak and was observed mainly for 4. fumigatus, as opposed to
our studies, where we found synergy with various magnitudes
for all three Aspergillus species. Treatment of experimental
invasive aspergillosis with caspofungin (0.5 or 1 mg/kg) and
amphotericin B reduced fungal burden and prolonged survival
compared to monotherapy (5, 36). When higher dosages of
caspofungin (3 mg/kg) were combined with amphotericin B
lipid complex, the beneficial effects were reduced or reversed
(37). In addition, combination therapy with caspofungin plus
amphotericin B against murine aspergillosis reduced the fungal
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burden in the spleen and lung, whereas in kidneys there was no
significant reduction compared to monotherapy (36). Notably,
caspofungin levels in kidney were previously found to be five
times higher than the corresponding levels in lung and spleen
(11), reflecting a possible concentration-dependent pharmaco-
dynamic interaction, as we found in the present study.

The double combination of amphotericin B plus voricon-
azole was antagonistic at the range of concentrations used in
the present study. Most of the in vitro studies demonstrated
antagonism, while some showed synergy (13). We recently
found a concentration-dependent interaction between ampho-
tericin B and itraconazole, with synergy observed for mixtures
with an amphotericin B proportion of <0.2 and antagonism
observed at higher amphotericin B proportions (26). This is in
agreement with the findings of the present study, as most of the
drug concentrations used here resulted in mixtures with an
amphotericin B proportion of >0.2. In vivo treatment of ex-
perimental invasive pulmonary aspergillosis with voriconazole
and amphotericin B resulted in worse survival and in similar or
higher fungal burdens than with monotherapy (4). However,
this antagonism may be associated with higher amphotericin B
levels used therapeutically, as we recently found when ravu-
conazole was combined with liposomal amphotericin B in
treatment of invasive pulmonary aspergillosis in rabbits (25).
Furthermore, when voriconazole was combined with liposomal
amphotericin B against central nervous system aspergillosis in
mice, combination therapy prolonged survival and reduced
fungal burden compared to monotherapy (5). This synergistic
effect may be associated with the low amphotericin B concen-
trations and high voriconazole concentration in brain tissue
(12, 15).

Within the triple combination, the synergistic interactions
were observed at combinations with low voriconazole and am-
photericin B concentrations. The amphotericin B-voriconazole
combination is antagonistic at the entire range of concentra-
tions tested in this study. Therefore, low concentrations of
these two drugs will decrease the antagonistic effects of the
amphotericin B-voriconazole combination and increase the
synergistic effects of the amphotericin B-caspofungin and
caspofungin-voriconazole combinations. This was also consis-
tent with the reduction of the synergistic interactions and in-
crease of antagonistic interactions of the voriconazole-caspo-
fungin and amphotericin B-caspofungin double combinations
in the presence of increasing concentrations of amphotericin B
and voriconazole, respectively. Thus, overall the triple combi-
nation is not better that the double combination of voricon-
azole-caspofungin or amphotericin B-caspofungin, whose ben-
efits are overall reduced in the presence of low concentrations
and ultimately reversed at higher concentrations of amphoter-
icin B or voriconazole, respectively.

The mechanism of interactions within the triple combination
may be explained by the component two-drug interactions.
Caspofungin alters cell wall integrity by inhibiting beta-p-1,3
glucan synthase, whereas amphotericin B disrupts membrane
integrity by forming pores and voriconazole alters membrane
function by inhibiting ergosterol biosynthesis (10). Thus, vori-
conazole may antagonize amphotericin B action by inhibiting
amphotericin B binding to ergosterol directly, as suggested for
lipophilic azoles that are absorbed on cell membranes (34), or
indirectly by inhibiting ergosterol biosynthesis (33). On the



VoL. 51, 2007

other hand, the synergistic interaction of the double combina-
tions voriconazole-caspofungin and amphotericin B-caspofun-
gin may be due to the polyene and azole disruption of cell
membrane function, possibly resulting in increased suscep-
tibility to caspofungin. This hypothesis is consistent with the
observation that deletion of ERG genes increased caspofun-
gin susceptibility (18). The antagonistic effects of the double
combinations voriconazole-caspofungin and amphotericin
B-caspofungin at high caspofungin concentrations may be as-
sociated with the paradoxical increase of fungal growth ob-
served recently with an in vitro colorimetric assay of fungal
metabolic activity at high caspofungin concentrations similar to
those found in the present study (1). Thus, the antagonistic
interactions within the triple combination observed at high
amphotericin B and voriconazole concentrations are due to the
antagonism between amphotericin B and voriconazole, while
the synergistic interactions within the triple combination ob-
served at lower amphotericin B and voriconazole concentra-
tions are due to the synergistic interactions of voriconazole-
caspofungin and amphotericin B-caspofungin combinations.

Unfortunately, there are no clinical trials or in vivo studies of
triple combination therapy with voriconazole, caspofungin, and
amphotericin B against aspergillosis. In a case report of triple
combination therapy against invasive pulmonary aspergillosis,
addition of voriconazole to a double combination regimen of
liposomal amphotericin B plus caspofungin did not resolve
fever, and the patient recovered only upon recovering from
neutropenia (35). Although in most clinical cases, the three
drugs are administered sequentially rather than concomitantly,
three-drug interactions may take place in the settings of sal-
vage two-drug combination therapy, since drug levels in pri-
mary therapy may persist for long periods during the salvage
combination therapy. For example, low plasma drug levels of
amphotericin B can be detected for more than a week after
therapy (3) and can pharmacodynamically interact with vori-
conazole and caspofungin during salvage combination therapy
(19). However, synergism and antagonism are not necessarily
associated with therapeutic benefit and failure, respectively.
Pharmacodynamic interactions are defined relative to the ef-
fects of the drugs alone, and therefore the absolute effect (e.g.,
growth inhibition) of a single drug at high concentrations may
be greater than the effect of a synergistic combination between
low concentrations of two drugs. The therapeutic benefit of a
synergistic combination should also be considered in relation
to toxicity and tissue penetration.

In conclusion, the new response surface model can ade-
quately describe complex antifungal response surfaces and
provide insights into the pharmacodynamic interactions that
take place at the entire range of drug concentrations. This
information may foster understanding of in vivo pharmacody-
namic interactions and optimization of dosing regimens in an
attempt to maximize synergistic and minimize antagonistic ef-
fects. The concentration-dependent interactions that were
found within the triple combination of voriconazole, caspofun-
gin, and amphotericin B underscore the complexity of phar-
macodynamic drug interactions, which may not always follow
the notion that more drugs at maximally tolerable dosages
equal greater efficacy. The triple combination reversed the in
vitro positive net effects of voriconazole-caspofungin and am-
photericin B-caspofungin double combinations. These findings
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question prevailing practice and prompt careful consideration
of dosing regimens of triple combination therapy.
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