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Greco (79). In brief, all approaches to evaluating combinations
can be reduced to two elements: (i) a conceptual model for
predicting the expected result for a combination and (ii) a set
of phrases used to categorize results that are better than expected, worse than expected, or as expected. Although many
subtle variations are possible, the underlying mathematical
model is based on either the assumption of additive interactions or the assumption of probabilistic (multiplicative) interactions. On the basis of the terminology employed by the
author who first carefully described each of these models, the
two models can be usefully referred to as the Loewe additivity
model and the Bliss independence model (79).
The terminology used to place results into interpretive categories is often the subject of debate and confusion. Greco et
al. (79) have proposed a set of consensus phrases that are
instructive (Table 1). In this proposal, synergism and antagonism have clear and intuitive meanings. The phrases used to
describe results that are neither synergistic nor antagonistic
are, however, somewhat tricky. Mathematically, the term “additive” is indeed logical for the Loewe additivity model just as
the term “independent” is logical for the probabilistic Bliss
model. Unfortunately, the term “additive” often conveys an
imprecise message and may be misinterpreted as referring to a
positive interaction. Coined terms such as “subadditive” only
reinforce this erroneous conception.
This situation has no perfect resolution. Possible alternatives
to the term “additive” include the terms “summation” (44),
“no interaction” (141), and “indifferent.” The term “summation” unfortunately still carries a hidden positive message. Although somewhat imprecise, the terms “indifferent” and “no
interaction” have an inherently conservative emotive nature
and can be used to describe Loewe additivity and Bliss independence and also to describe results in cases in which the
underlying model is not clearly specified. The use of these
terms provides the reader with a constant reminder of the
neutral nature of the result—although there can be value in an
indifferent (additive) interaction, the biological relevance of
such an interaction is not always obvious. For reasons related
mostly to ease of expression (it is simpler to speak of indifference and indifferent interactions than to speak of noninteraction and noninteractive interactions), this review uses the
phrases synergistic, indifferent, and antagonistic when interpretive categories are required.
With respect to the underlying mathematical model, Loewe

RATIONALE
The availability of new antifungal agents with novel mechanisms of action has stimulated renewed interest in combination
antifungal therapies. In particular, and despite the limited clinical data, the high mortality of mold infections and the relatively limited efficacy of current agents have produced significant interest in polyene-, extended-spectrum azole-, and
echinocandin-based combinations for these difficult-to-treat
infections. With the recent publication of the first large randomized trial of antifungal combination therapy to be conducted in two decades (166) and the rapid proliferation of new
in vitro and in vivo data on antifungal combinations, we have
sought to review the recent work and future challenges in this
area.
The focus of this review is on the efficacy of antifungal drugs
in combination with respect to the extent or rate of killing of
the fungal pathogen, although other potential interactions
(such as pharmacokinetic drug interactions) can impact efficacy when these agents are used together. The value of giving
two drugs because each is separately effective against a group
of organisms exhibiting a variety of types of resistance is not
specifically discussed, but this also is an obvious and straightforward reason to use a combination of agents.
It cannot be simply assumed that the use of two or more
effective drugs with different mechanisms of action will produce an improved outcome compared to the results seen with
a single agent. Combination antifungal therapy could reduce
antifungal killing and clinical efficacy, increase potential for
drug interactions and drug toxicities, and carry a much higher
cost for antifungal drug expenditures without proven clinical
benefit (106). Thus, it is important to critically evaluate the
role of combination therapy as new data become available.
Conceptual models and terminology. Methods for studying
antifungal combinations in vitro and in vivo have differed considerably over time and among investigators. These tools do
not differ with respect to their application to combination
antibacterial or antiviral therapies and have been discussed
extensively and elegantly in the landmark 1995 review by
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TABLE 1. Consensus terminology for describing results of combination testinga
Terminology for indicated conditions

Category

Both agents are active
alone; additive effects
model is presumed

Both agents are active
alone; multiplicative
effects model is
presumed

One agent is
active alone;
the other is not

Combination result is better than expected
Combination result is as expected
Combination result is worse than expected

Loewe synergism
Loewe additivity
Loewe antagonism

Bliss synergism
Bliss independence
Bliss antagonism

Synergism
Inertism
Antagonism

Neither agent is
active alone

Coalism
Inertism

additivity most often seems appropriate for combinations of
antimicrobial agents. This result follows from the detailed
comparison of the strengths and weaknesses of the additive
and multiplicative models found in the review by Greco et al.
(79). Although many other arguments can be put forward and
the interested reader is strongly encouraged to study closely
the review by Greco et al., the key argument for us is that
Loewe additivity supports the thought experiment in which an
agent combined with itself is neither synergistic nor antagonistic.
Quantitative analyses: the fractional inhibitory concentration index. Calculation of the fractional inhibitory concentration (FIC) index (FICI) by the use of the checkerboard method
has long been the most commonly used way to characterize the
activity of antimicrobial combinations in the laboratory (66).
The FICI represents the sum of the FICs of each drug tested,
where the FIC is determined for each drug by dividing the MIC
of each drug when used in combination by the MIC of each
drug when used alone. Stated in terms of the Loewe additivity
model, the FICI model assumes that indifference is seen when
this equation is true: 1 ⫽ (MICdrug A in combination/MICdrug A alone)
⫹ (MICdrug B in combination/MICdrug B alone). To make this concrete, imagine an organism for which the fluconazole MIC is 2
g/ml. If we perform a checkerboard study of fluconazole
versus fluconazole, we should find that the well which receives
the combination of 1 g/ml ⫹ 1 g/ml produces an effect
identical to that of the wells containing 2 g/ml [or FICI ⫽
(1/2) ⫹ (1/2) ⫽ 0.5 ⫹ 0.5 ⫽ 1, which indicates indifference or
Loewe additivity].
Reproducible variations from an FICI of 1 represent nonindifference of at least some magnitude. However, the experimentalist must consider both the inherent inaccuracy of MIC
methodologies and the question of biological relevance. Thus,
it has been proposed that synergy be declared when the FICI
is less than or equal to 0.5 and that antagonism be declared
when the FICI is greater than 4 (66, 141; Instructions to authors, Antimicrob. Agents Chemother. 48:i–xxi, American Society for Microbiology, 2004).
The logic behind these interpretive categories is worth discussing. They are based on the related assumptions that (i)
testing employs concentrations separated by a factor of 2 (e.g.,
a sequence similar to 0.25, 0.5, 1, 2, and 4 g/ml) and (ii)
1-dilution-step MIC changes are within experimental error
ranges. For a result to be synergistic, these rules require that

both drugs show a minimum drop in MIC of at least two
dilution steps and thus, a fourfold drug concentration drop. As
an example, consider drugs A and B, each of which has a MIC
of 2 g/ml for a given isolate. Synergy would only be declared
when both drugs in combination showed a MIC of 0.5 g/ml or
less. Mathematically, this would be FICI ⫽ (0.5/2) ⫹ (0.5/2) ⫽
0.25 ⫹ 0.25 ⫽ 0.5. Importantly, a FICI of 0.50000000001 does
not meet the definition of synergy. For instance, if the MIC of
one drug in our example were to drop to only 1 when used in
combination, synergy could not occur under these rules no
matter how low the other drug’s MIC in combination were to
become: FICI ⫽ (1/2) ⫹ (??/2) ⫽ 0.5 ⫹ some value greater
than 0. This would result in a FICI value slightly greater than
0.5 and would thus be defined as indifference.
Conversely, antagonism is declared when at least one drug
has at least a fourfold increase in MIC. To understand this
rule, consider the boundary condition under which both drugs
show a precisely twofold increase in MIC. Continuing with the
same example, this would be the situation when the MICs of
both agents increase to 4 and thus, FICI ⫽ (4/2) ⫹ (4/2) ⫽ 2
⫹ 2 ⫽ 4. This result remains within experimental error limits;
a FICI of precisely 4.00000 is defined as indifferent (or additive), whereas any value greater than 4 is defined as antagonistic. The rule that a FICI of ⬎4 defines antagonism also
handles the situation wherein a small amount of one drug
dramatically increases the MIC for the other drug. For example, a small and ineffective concentration of beta-lactam A
might induce the expression of a beta-lactamase active against
beta-lactam B and, thus, cause beta-lactam B’s MIC to increase
fourfold or more. In this case, the FICI rule for antagonism in
our example is again satisfied: FICI ⫽ (??/2) ⫹ (8/2) ⫽ some
value greater than 0 ⫹ 4 ⫽ some value greater than 4.
More complex calculations and mixed interactions: beyond
the FICI. While the FICI and its variants have long been
employed to depict the characteristics of antimicrobial drug
combinations, these approaches have had a number of limitations that have been well described by others (62, 106). The
biggest challenge is that FICI-based approaches presume a
smooth and linear interaction across all combinations of concentrations. In practice, this situation is often not seen; Eliopoulos and Moellering (66) provide some excellent examples
of the curious results seen in practice. In an effort to develop
approaches that resolve these difficulties, more sophisticated
methods have been proposed (as discussed in great detail by
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a
The terminology shown is that proposed by Greco et al. (79) following a consensus conference occurring in Sarriselka, Finland. Models based on the additive
interaction concept first proposed by Loewe and Muischnek (111) follow the intuitive result in which a drug combined with itself produces a linear sum of effects. That
is, 1 g/ml plus 1 g/ml gives the effect of 2 g/ml and this result is neither synergistic nor antagonistic. Models based on the multiplicative interaction concept first
proposed by Bliss (26) follow a probabilistic model in which the two agents truly act independently as determined on the basis of their separate probabilities of effect.
If 1 g/ml permits 40% of the target organism to survive, then 1 ⫹ 1 ⫽ 2 g/ml should permit only 40% ⫻ 40% ⫽ 16% survival. As reviewed in detail by Greco et
al. (79), both models have strengths and weaknesses but Loewe additivity-based models more often seem appropriate for combinations of antimicrobial agents.
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Approaches to analysis of in vivo and clinical studies. Applying these ideas to in vivo and clinical investigations of combination antifungal therapy is especially difficult, and no standards for interpretation of these data have been recommended
to date. Analysis and comparison of results across in vivo and
clinical studies requires careful consideration of the nature of
pathogen, host, host immune status, study design, and study
endpoints. Issues related to clinical trial design with antifungal
agents have been extensively reviewed elsewhere (25, 167).
Indeed, each type of study (in vitro, in vivo, and clinical) has its
own set of strengths and weaknesses (Table 2).
A few issues particularly stand out with reference to the
study of antifungal combinations in the clinical setting. First,
the methods used to assess antifungal drug efficacy for humans
are limiting. Whereas other disease states have surrogate
markers, such as estimates of viral antigenemia (human immunodeficiency virus [HIV] infection) or sputum CFU (assessment of early bactericidal activity of mycobacterial drugs), that
can yield rapid, early, and clinically relevant measures of drug
efficacy, most antifungal clinical trials are limited to subjective
efficacy assessments based on clinical outcome. Standardized
criteria have been developed for the purposes of enrollment
(8), and the use of blinded efficacy assessment expert panels
can reduce bias (25, 85, 167); however, these tools still do not
provide rapid or quantitative means for the evaluation of antifungal drug efficacy. Colony counts are routinely employed
with animal models as a means of assessing efficacy, but with
the exception of serial studies of cerebrospinal CFU levels in
subjects with cryptococcal meningitis (R. A. Brouwer, A. Rajanuwong, W. Chierakul, G. E. Griffin, R. A. Larsen, N. J.
White, and T. S. Harrison, Abstr. 15th Congr. Int. Soc. Hum.
Anim. Mycol., abstr. 029, 2003), studies of humans are limited
to less-invasive methods. Newer technologies can provide nontraditional methods for the estimation of fungal burden levels
in human tissues or serum (29, 32, 45, 64, 65, 70, 72, 76, 83, 84,
86, 108, 109, 110, 112, 131, 132, 134, 177, 211, 220, 221), but
these assays have generally been developed with the objective
of diagnosing disease rather than determining drug efficacy. To
further complicate matters, even traditional methods may fail,
as illustrated by studies of caspofungin and its effects on colony
counts of Aspergillus spp. (4, 82, 152). Development and validation of more-rapid and -reliable measures of antifungal drug
efficacy that could be used in the clinical setting would facilitate clinical trials that use these agents.
Beyond this initial hurdle, host factors (such as changes in
ongoing immunosuppression, altered physiologic state, and
pharmacokinetic disposition of drugs) greatly impact the performance of an antifungal agent in the clinical setting and
cannot always be simulated in studies employing in vitro or
animal models. Although most of these issues are obvious, the
possibility of a pharmacokinetic interaction between the study
drugs (e.g., studies of the combination of rifampin with an
azole would be limited by the fact that rifampin reduces azole
blood levels) is often overlooked. The interplay between all of
these factors and the pathogen in the human cannot necessarily be predicted on the basis of laboratory studies, and issues
related to toxicities or lack of efficacy may only be apparent
when studied in humans.
Several studies have suggested that different concentrations
of each drug in combination can be associated with results that
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Greco et al.) (79). Many of these other methods have only
occasionally been employed in studies reported in the antifungal literature. The method of Chou and Talalay (44) was reviewed in particular detail by Greco et al. (79) and is especially
noteworthy for its frequent use in publications on antiviral and
antineoplastic drug combinations. This method has more recently been applied to work with beta-lactamase inhibitors and
appears to have broad applications (196). A few antifungal
studies have employed other methods. For instance, a contour
and surface plot methodology has been proposed and was
found particularly useful in characterizing the nature of three
antifungal agents in combinations using various concentrations
of each agent (74). Similarly, newer and more sophisticated
methods have been employed in recent years to depict the
nature of these complex interactions in animal models of infection. These methods involve the use of response-surface
plots which illustrate the Loess fit of the association for a
particular outcome (such as weight change, fungal tissue burden, or survival) (60, 61, 101). These methods have been facilitated by improvements in the capabilities of technologies
developed for the performance of more complex mathematical
and statistical computation. In contrast to older isobologram
approaches, the Loess method has the distinct advantage of
allowing visualization of the relationship between agents that
have different dose-response curves. The Loess method is flexible and fairly simple to perform using appropriate statistical
software, but it requires a fairly high density of data (i.e.,
intense sampling) and is computationally complex. Unlike the
results seen with other models (such as nonlinear regression),
furthermore, the use of the Loess method does not result in a
mathematical formula representing a regression function that
can be easily shared with others. The Loess method has not
been widely employed to date, but future investigations may
use similar methods or even develop newer methods to depict
these complex and often unpredictable dose-response interactions between multiple antifungal agents.
Ultimately, all of these methods attempt to reduce the interaction to one or more summary terms that capture the
degree of deviation of the observed results from the expected
results. The method of Chou and Talalay (44) has the advantage that its plot showing the fraction affected versus the combination index provides a simple and visual way to look at a
series of summary terms across a range of possible drug combination concentrations. This approach is especially helpful
when the study shows synergy under some conditions and antagonism under others (38, 39). When such a situation occurs,
it is both logical and plausible to focus on the result achieved
with the maximal tolerable systemic drug exposure (37).
No matter how it is defined, the analysis must ultimately
apply some test of biological relevance to the result and propose a set of interpretive categories. While it is not possible to
propose a fixed figure for use in defining interpretive categories, the historical model suggested by the ideas developed on
the basis of the FICI (see above) seems logical: synergy begins
when the activity of each drug appears to increase at least
fourfold, antagonism begins when the activity of at least one
drug decreases at least fourfold, and indifference lies in between. Although one can debate the point endlessly, these
ideas have the virtue of suggesting changes in drug doses or
effects that are potentially biologically relevant.
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TABLE 2. Technical and analytical issues associated with different model systems for studying combination antifungal therapy
Category

Strengths

Characteristic
Animal models

Clinical trials

Easily repeated across a wide variety
of drug concentrations
Easily subjected to statistical testing
Easy to vary technical factors
Easy to test multiple isolates

Studies can be done with homogeneous
hosts
Host factors are integrated
Resistant isolates can sometimes be tested
Quantitative endpoints (tissue burden,
rate of clearance) can be tested
A range of doses and dose combinations
can be tested

This is the answer that matters

Infection models are often poor mimics of
human disease
Pharmacokinetic and toxicological
behavior of test drugs (and their
pharmacological effects on each other)
may not mimic that seen in humans
Only limited numbers of isolates can be
tested
Only limited numbers of repetitions are
possible
Resistant isolates sometimes have reduced
virulence

Subjects and infecting isolates
are heterogeneous
No ability to control nature of
infecting isolate

Easy to test isolates with defined
types of resistance
Weaknesses

Relevance of in vitro methods not
always clear
Host factors are ignored

Pharmacokinetic factors are ignored

range from synergy to antagonism (19, 157, 161; L. OstroskyZeichner, M. Matar, V. L. Paetznick, J. R. Rodriguez, E. Chen,
and J. H. Rex, Abstr. 42nd Intersci. Conf. Antimicrob. Agents
Chemother., abstr. M-1816, p. 415, 2002). Studying multipledose combinations in the clinical setting is especially difficult,
considering the expense of clinical trials and the limited number of research candidates. However, dose selection of the
agents under study can critically impact the trial results. Randomized clinical trials performed to date (24, 166, 213) have
employed standard antifungal doses in combinations that are
consistent with maximally tolerated doses used in monotherapy. This approach seems logical given limited resources.
Although the possibility exists that greater or lesser benefit
may occur with other dose combinations, such information is
of limited practical use, as finely calibrated systemic exposure
adjustments are usually not possible in the clinical setting. It is
for this reason that we generally believe that the most important result is the result seen at maximal safe systemic exposure
levels. Stated conversely, we do not see much relevance in the
observation that (for example) two drugs are synergistic at
15% of their usual dosage but their effect in combination at
maximal doses is no better than monotherapy with the more
potent of the two compounds.
Perhaps the greatest limiting factor for conducting additional clinical studies of antifungal drug combinations is the
combination of time and cost (167). Meaningfully powerful
multicenter studies require several years to complete and require enormous financial commitments. Given that combinations are being used more frequently in the clinical setting at
significant expense without evidence-based clinical support
and that the potential for reduced efficacy or increased toxicity
exists, it is critical to build upon the available in vitro an animal
data and demonstrate efficacy and safety in the setting of clinical trials.

Underlying disease cannot be
controlled
Lack of quantitative endpoints
for many diseases
Limited ability to study a
range of doses
Very expensive
Slow

The approach taken in this review. Recognizing the challenges inherent in the study of combination antifungal therapy
in the clinical setting, it is clear that in vitro and animal model
investigations comprise the bulk of the literature on this topic.
Therefore, this paper focuses on various methods of study and
their applications and critically evaluates research findings
from these investigations with the goal of providing a framework for future research as well as for translation into the
clinical arena.
For the reasons mentioned previously, we will utilize the
terms synergy, indifference, and antagonism to describe the
required range of interpretive categories for in vitro investigations and to provide the basis for data aggregation and summarization. This often entails the remapping of the interpretive categories in the original manuscript, with the most
common change being the conversion of a large number of
phrases used to describe indifference into that single term.
In analyzing in vitro data, we have followed as closely as
possible the rules discussed above respecting the FICI.
Analyses of in vivo and clinical data usually require a qualitative interpretation of a variety of results; we therefore
focused on objective study endpoints such as time to sterilization of tissues or body fluid, survival, or reduction in log
CFU in infected tissues or fluid, and we comment accordingly on relevant issues of study design and administration.
At times, the terms positive and negative are used to describe interactions that are less rigorously characterized but
that trend in one direction or another. When a combination
displays a mixed interaction (synergy in some settings, antagonism in others), we note the contradiction but focus on
the interaction most likely to be seen at maximal tolerated
systemic exposures, since this is most clinically relevant interaction (as discussed previously in this paper).

Downloaded from http://aac.asm.org/ on November 30, 2020 by guest

In vitro studies

VOL. 48, 2004

MECHANISMS OF INTERACTIONS FOR THE
ANTIFUNGAL AGENTS

697

(31, 49, 182, 183, 185, 186, 203). Azoles block the synthesis of
ergosterol in the fungal cell membrane and may thus render
amphotericin B inactive, since this agent exerts its activity by
binding to ergosterol in the cell membrane. (ii) Adsorption to
the cell surface by one agent inhibits binding of another antifungal agent to its target site of activity. This mechanism is
proposed for lipophilic azoles (such as itraconazole and ketoconazole) which may adsorb to the fungal cell surface and
inhibit binding of amphotericin B to fungal cell membrane
sterols (183, 185). (iii) Modification of a target upon exposure
to an antifungal agent occurs that renders the pathogen less
susceptible to the effects of other antifungals. This mechanism
has been proposed for sequential antagonism observed with
azoles and amphotericin B, whereby preexposure to an azole
compound causes replacement of membrane ergosterol with a
methylated sterol derivative to which amphotericin B binds less
well (51, 67, 75). (iv) Other unknown antagonistic mechanisms
may exist such as that observed for polyenes and flucytosine.
Some have suggested that antagonistic interactions between
these agents might be related to changes in fungal cell membrane function due to the effects of amphotericin B (189);
however, additional data are needed to explain this phenomenon, because these two drugs generally display an interaction
which trends towards synergy.
FOCUSED REVIEW OF THE ANTIFUNGAL DRUG
INTERACTION LITERATURE
The latter portions of this review focus on the available in
vitro animal model and clinical data for the potential utility of
antifungal combination therapy. Since published data are limited for uncommon pathogens such as Histoplasma capsulatum,
Coccidioides immitis, and Blastomyces dermatitidis and lesscommon molds, our review focuses on studies of the three
common fungal pathogens (Cryptococcus neoformans, Candida
spp., and Aspergillus spp.). Analyses respecting these pathogens are more robust and less susceptible to the limitations
imposed by the availability of only single cases and/or a few
strains, as occurs with the less common fungi. However, the
limitations of this review should not suggest that combination
therapy does not have a place in treatment of less-common
fungal infections but just that evidence-based data are too
limited at present to support meaningful analysis.
C. neoformans. (i) In vitro data. Numerous in vitro studies
have attempted to characterize interactions among antifungal
agents developed for the treatment of C. neoformans infections
(Table 3), and various results among different investigations
have been obtained. In general, antagonism has been an uncommon finding with most drug combinations and concentrations employed in laboratory investigations against C. neoformans isolates.
(a) Flucytosine-amphotericin B combinations. While many
clinicians believe that the combination of amphotericin B and
flucytosine is the preferred strategy for induction therapy treatment of cryptococcal meningitis in immunosuppressed patients, in vitro findings with this combination have not consistently demonstrated synergy (40, 74, 78, 80, 92, 126, 140, 189).
Positive interactions between amphotericin B and flucytosine
against C. neoformans strains have been reported (40, 126).
Investigations that have not confirmed synergy (78, 80, 161)
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Mechanisms of synergy. There are several mechanisms proposed for antifungal synergy. (i) Inhibition of different stages
of the same biochemical pathway represents one type of interaction. An example is the combination of terbinafine and
azoles (10, 11, 35, 148), in which both compounds inhibit ergosterol biosynthesis and, thus, impair the function of fungal
cell membranes. (ii) Increased penetration of an antifungal
agent as a result of cell wall or cell membrane antifungal
activity from another agent is possible. This interaction has
been proposed for combinations of amphotericin B or fluconazole with antibacterials such as rifampin (23, 125, 127) and
quinolones (204, 205) and allows these agents to easily penetrate the fungal cell membrane to reach their target of fungal
DNA synthesis. Such a mechanism may also explain potential
synergism between azoles (3, 12, 14, 101, 124, 138, 223) or
amphotericin B (126, 156) and flucytosine, in which case the
azole or polyene damages the fungal cell membrane, enabling
increased uptake of flucytosine. (iii) A transport interaction is
proposed for amphotericin B-flucytosine (17, 18, 20), whereby
amphotericin B acts on the fungal cell membrane and inhibits
flucytosine transport across the cell membrane and out of the
yeast cell. In this scheme, flucytosine exerts its lethal effects on
any surviving fungus when amphotericin B degrades the cell
membrane via an oxidative decay, allowing flucytosine to remain at the site of its action within the cell. (iv) Simultaneous
inhibition of different fungal cell targets, such as cell wall and
membrane targets, is also possible. This mechanism has been
suggested for both the apparently synergistic interactions between echinocandins (cell wall active) and amphotericin B (5,
15, 71; S. Kohno, S. Maesaki, J. Iwakawa, Y. Miyazaki, K.
Nakamura, H. Kakeya, K. Yanagihara, H. Ohno, Y. Higashiyama, and T. Tashiro, Abstr. 40th Intersci. Conf. Antimicrob.
Agents Chemother., abstr. 1686, p. 388, 2000; and OstroskyZeichner et al., Abstr. 42nd Intersci. Conf. Antimicrob. Agents
Chemother., abstr. M-1816, 2002) or azoles (both cell membrane active) (147, 195; Kohno et al., Abstr. 40th Intersci.
Conf. Antimicrob. Agents Chemother., abstr. 1686, 2000;
E. M. O’Shaughnessy, J. Peter, and T. J. Walsh, Abstr. 42nd
Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-856,
p. 385, 2002; and R. Petraitiene, V. Petraitis, A. Sarafandi, A.
Kelaher, C. A. Lyman, T. Sein, A. H. Groll, D. Mickiene, J.
Bacher, and T. J. Walsh, Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-857, p. 385, 2002). (v) Potent initial activity of a rapidly fungicidal agent, such as amphotericin B, to reduce fungal burden, which then allows
another agent to subsequently work well as consolidation or
clearance therapy on a reduced number of fungal cells (107), is
another possible mechanism. Some of these effects have been
observed with certain fungal pathogens but not with others
(156), so these interactions may depend on and differ according to certain target cell factors and even between different
fungal species.
Mechanisms of antagonism. Antagonism among antifungal
agents might occur in one of several ways. (i) Direct antifungal
action at the same site results in decreased ability of other
agents to exert their competitive effects on that site or at an
altered target, as proposed for the azoles and amphotericin B
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TABLE 3. Summary of key findings reported in studies of C. neoformans with combinations of clinically relevant antifungal agentsa
Combination

5FC ⫹ AmB

AmB ⫹ triazoles

General findings

Comments

In vitro (40, 63, 74, 78, 80, 92, 126, 140,
156, 189)

Indifference (63, 74, 78, 80, 140, 156,
189) synergy (40, 126), antagonism
with 5FC-resistant strain (80)

Mice (16, 27, 60, 80, 158)
Rabbits (150)

Improved survival (16, 27, 158)
Reduced tissue burden (16, 150)

Humans (24, 42, 43, 55, 103, 144, 213)

Similar (213) or improved (24, 171)
clinical success overall, improved
sterilization of CSF (24, 213)

AmB reduces development of resistance to
5FC; 5FC-resistant strains have been used in
numerous studies (80, 126, 189) and produce
various results
Survival (27) or reduction in tissue burden
(150) not necessarily better than results with
AmB alone (60); combination more effective
than AMB and 5FC alone against 5FCresistant strains (158)
Addition of 5FC leads to earlier sterilization of
CSF (24); clinical success rates were similar
between AmB ⫹ 5FC and AmB alone (73 vs.
83%) after 2 weeks of therapy (213); relapse
has been associated with no use of 5FC
during initial 2 weeks (171)

In vitro
FLC (3, 138, 140), KTC (31, 140), ITC
(12), PSC (14)

FLC: synergy (138)
KTC: indifference (31, 89)
ITC, PSC: indifference or synergy
(12, 14)

Animal studies
FLC: mice (3, 60, 61, 101, 139, 157)b
KTC: mice (50, 78, 158) and rabbits
(150)
ITC: mice (157), hamsters (89), and
guinea pigs (212)
PSC: mice (14)

Improved (3, 50, 61, 157), similar
(14, 50, 60, 212), or worse (89)
survival
Reduced tissue burden (50, 78, 101,
212)

Humans
FLC (48, 102, 124, 193, 223)

Good clinical success (48, 102, 193,
223)
Increased survival (124)

In vitro
FLC (13, 74), KTC (78, 140, 150, 161),
ITC (13), PSC (13)

Indifference (13, 78, 140)

Animal models
FLC: mice (2, 13)b
KTC: mice (50, 78, 158) and rabbits
(150)
ITC: mice (157) and guinea pigs (212)

FLC/KTC: improved survival
compared to results with azole (2,
13, 78, 158)b and/or AmB (2, 158)
ITC: did not improve or worsened
survival (157)
Reduced tissue burden (2, 13, 78,
212)

Humans—case report (47)

Synergy in 62% of 50 strains studied for FLU5FC (138); various doses may be necessary to
achieve greatest effect; addition of 5FC
helped prevent emergence of 5FC-resistant
mutants
Combination associated with better survival
than monotherapy and was consistent over a
range of doses (3); effects more pronounced
at lower doses (101), and single agents were
very effective at higher doses alone; 5FC ⫹
KTC rarely cleared tissues better than either
agent alone (150); hamsters with
combination did worse than with ITC alone
(89); ITC ⫹ 5FC performed similarly to ITC
⫹ AmB and better than ITC or 5FC
monotherapy in guinea pigs (212); with 10
days of treatment of mice, combination
prolonged survival more than either agent
alone but not when treatment was limited to
5 days (157); PSC combination not better
than monotherapy in terms of survival but
better than monotherapy in reducing fungal
counts in brain tissue (14)
63% success rate in cryptococcal meningitis
(95% confidence interval, 48–82%) (102);
improved survival (32%) versus FLC alone
(12%) at 6 months in AIDS-associated
cryptococcal meningitis (124)
FLC: indifference in 10/15 strains tested,
indifference in 4/15, and synergy in 1/15 with
NCCLS methods (13); indifference among 3
strains using an inoculum of 104 CFU/ml on
yeast nitrogen base broth and response
surface plots (74); KTC: no antagonism
observed (78, 140, 150); synergy reported
with one strain in two studies using
nonstandard methodologies (140, 161); ITC:
14/15 strains indifferent; 1/15 synergistic (13);
PSC: 8/15 strains indifferent; 5/15 synergistic;
2/15 indifferent in one study (13)
FLC: addition of AmB to FLC had dramatic
impact on yeast burden in brain tissueb, but
survival with AmB was 100%; effects on
survival were greatest at highest dosages of
azole-AMB (2, 158); improved survival at
lower doses of ITC ⫹ AmB, but survival was
worse when higher doses were used (157);
FLU preexposure did not reduce subsequent
AmB activity (13)
Case report of a woman with meningitis who
responded to this combination after failing
AmB

Caspofungin or
anidulafungin ⫹
AmB

In vitro (71)

Synergy

Used higher levels of caspofungin than would
be used for humans

Caspofungin or
anidulafungin ⫹
FLC

In vitro (71, 169)

Indifference (71, 169) or synergy (71)

One study showed that echinocandins were no
better than FLC monotherapy (169); no
antagonism (71, 169)

ITR ⫹ FLC

Guinea pigs (212)

Reduced tissue burden

Survival was 100% in all treatment groups;
improved sterilization of tissues compared to
FLC but not ITC

a
AmB, amphotericin B; CLT, clotrimazole; FLC, fluconazole; 5FC, flucytosine; KTC, ketoconazole; ITC, itraconazole; PSC, posaconazole; RVC, ravuconazole; SPC,
saperconazole; TRB, terbinafine; VRC, voriconazole.
b
Larsen et al., Abstr. 5th Int. Conf. Cryptococcus Cryptococcosis, abstr. P3.1, 2002.
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of amphotericin B and flucytosine in studies of mice (16, 27, 60,
80, 158) and rabbits (150) with flucytosine-susceptible stains of
C. neoformans indicate that survival is improved and that substantial reductions in levels of log CFU per milliliter occur with
combination therapy (16, 150). Studies conducted with combination treatments whose results have included worse-than-anticipated effects on negative culture results (80) used substantially lower doses than those used by others.
(b) Flucytosine-azole combinations. In combination with triazoles, flucytosine (when combined with fluconazole) appears to
have increased effects on survival, fungal tissue burden, and
weight changes in infected animals (3, 60, 61, 101, 139). However, relatively high doses of each agent have been very effective as monotherapy (60, 61, 101); thus, it has been difficult to
show superior or improved outcome. Deleterious effects of
combinations have been uncommon, but investigators conducting one study did observe additive toxicity after 5 days of
treatment with the combination (157). Combinations of flucytosine and itraconazole, ketoconazole, or posaconazole have
resulted in improvements in survival (50, 157) and tissue clearance (14, 212) in cases of cryptococcal meningitis, despite
limited penetration of these azoles into cerebrospinal fluid
(CSF). However, ketoconazole-flucytosine combinations rarely
resulted in better outcomes with regard to tissue clearance
than ketoconazole alone or even amphotericin B monotherapy
(50, 78, 150, 157). One group studying hamsters with systemic
cryptococcosis (89) reported worse survival and higher fungal
burden in brain tissue after 30 or 60 days of therapy for itraconazole-flucytosine in combination compared with the results
seen with itraconazole alone. Fungal burden in brain tissue of
infected animals was also worse with the combination than
with flucytosine alone, but the use of flucytosine alone was also
associated with poor survival (89).
(c) Polyene-azole combinations. Experience with amphotericin B and triazole combinations indicates that the azole compound is largely the beneficiary. It is difficult to improve on the
rapid and impressive fungicidal activity of amphotericin B in
animal models, and tolerability rather than direct antifungal
activity is the main issue. Improvements in survival (R. A.
Larsen, M. Bauer, A. M. Thomas, and J. R. Graybill, Abstr. 5th
Int. Conf. Cryptococcus Cryptococcosis, abstr. P3.1, p. 121,
2002) and/or reductions in tissue burden have been reported,
but these effects have usually not been superior to the results
seen with amphotericin B alone. The results seen in early
studies with ketoconazole-amphotericin B combinations indicated that the greatest impact of dual therapy might be on
fungal burden in the tissues rather than in the form of dramatic
improvements in survival (50, 78, 150, 158). The addition of an
azole could result in better overall efficacy or possibly enable
effectiveness with lower dose requirements for amphotericin B.
In one model of murine cryptococcal meningitis (157), worse
survival was observed when higher dosages of amphotericin
B-itraconazole were used in combination; when lower doses
were employed, survival was dramatically better among those
animals receiving dual therapy. Among neutropenic and nonneutropenic guinea pigs (212), increases in rates of tissue sterilization with increases in dosages of concomitant amphotericin B (0.63 to 2.5 mg/kg of body weight/day) and itraconazole
were observed relative to the results seen with itraconazole

Downloaded from http://aac.asm.org/ on November 30, 2020 by guest

used lower concentrations of flucytosine and amphotericin B
only or used strains with reduced susceptibility to flucytosine,
which may have influenced or biased their ability to characterize the full spectrum of antifungal interactions between these
agents.
(b) Flucytosine-azole combinations. The results of early investigations of flucytosine in combination with older azoles
such as econazole or miconazole (63) suggested that antagonism between these agents occurred. However, more recent
reports of investigations of triazole-flucytosine combinations
most commonly have indicated synergy or indifference (3, 12,
14, 74, 138, 140, 223). In similarity to the results seen with
interactions of polyenes and flucytosine, it has been suggested
that the addition of a triazole (such as itraconazole) suppresses
emergence of flucytosine-resistant mutants (12). Perhaps not
surprisingly, these combinations have been somewhat less impressive against strains with reduced azole susceptibility and
variations among the different triazoles have been reported
(12).
(c) Polyene-azole combinations. Polyene-azole interactions in
the treatment of C. neoformans infections have been studied
both with (74, 140) and without (13, 63, 74, 78, 150, 161) the
use of flucytosine, but in vitro data are relatively scant. In
contrast to the antagonism commonly observed with Candida
spp. for this combination, polyene-azole interactions for C.
neoformans have generally ranged from indifferent to synergistic. This may be related to the various sterol compositions seen
with C. neoformans isolates (75). Indifferent effects have been
reported most frequently (13, 78, 161), but synergy has also
been found for combinations of ketoconazole (78, 161) or
posaconazole (13) and amphotericin B. While positive interactions have been most commonly reported with concurrent
combinations of polyenes and azoles, sequential exposure to an
azole may reduce subsequent amphotericin B activity. In one
study (13) preexposure to fluconazole appeared to inhibit subsequent killing activity of amphotericin B, especially against
nonreplicating C. neoformans cells. Therefore, the timing of
antifungal exposure may be critical to interaction results.
(d) Echinocandins with other agents. Echinocandins, which
have negligible activity against C. neoformans alone (56, 69, 99,
169), have exhibited positive interactions in combination with
amphotericin B (71) or azoles (56, 71, 169), with some reports
indicating indifference (169) and others indicating possible
synergy (71). It is important that the concentrations of caspofungin used have been much higher than could be clinically
achieved at current doses with humans. Synergistic interactions
have also been reported (56) for caspofungin and tacrolimus, a
calcineurin inhibitor. Calcineurin is involved in signaling during the stress response and probably regulates 1,3-␤-D-glucan
synthase. Although promising conceptually, the effectiveness
of tacrolimus as an antifungal in the clinical setting has been
limited by its direct immunosuppressive effects.
(ii) Animal models of cryptococcal infection. Antifungal interactions have been studied extensively in animal models of C.
neoformans infection (including studies of both meningitis and
systemic disease) (Table 3). A common theme with combination treatments has been prolonged survival and/or reductions
in tissue burden, but the effects were rarely greater than those
seen with amphotericin B monotherapy.
(a) Flucytosine-amphotericin B combinations. Combinations
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val, 48 to 82%), with a median time to CSF culture negativity
of 23 days (which is longer than that observed, in general, with
combinations of amphotericin B and flucytosine) (102, 173).
However, these rates were substantially better than those reported from other studies conducted with fluconazole (103,
173) or amphotericin B (24, 173) alone. Dose-limiting adverse
effects have been problematic with the combination of flucytosine and fluconazole and necessitated discontinuation of
flucytosine treatment in 28% of the study subjects in one trial
(102). This combination was also associated with toxicities in a
study of a series of non-HIV-infected subjects with cryptococcal meningitis (P. G. Pappas, J. R. Perfect, and R. A. Larsen,
Abstr. 36th Ann. Meet. Infect. Dis. Soc. Am., abstr. 101, 1998).
Outcomes with itraconazole plus flucytosine in case series
(218, 219) are comparable or better than those for itraconazole
alone, which has erratic oral absorption characteristics and
great interpatient pharmacokinetic variability (91). A total of
22 subjects with disseminated cryptococcosis received itraconazole (200 to 400 mg) daily with or without flucytosine (150 to
200 mg/kg/day) for 6 weeks in an open-label study (219) and
experienced similar results with respect to treatment success. A
total of 9 of 12 subjects receiving itraconazole alone experienced marked improvement, while 8 of 10 receiving the combination experienced a similar outcome. There was one treatment failure in each group. Significant toxicity was not
observed during this induction period, but long-term followup
data from the maintenance period were not well described.
(c) Triple combinations. Triple combinations of amphotericin B, flucytosine, and triazoles in treatment of cryptococcal
meningitis have also been employed, with apparent success
(42, 43; Brouwer et al., Abstr. 15th Congr. Int. Soc. Hum.
Anim. Mycol., 2003). Recently, treatment of HIV-infected patients with the combination of amphotericin B and flucytosine
for cryptococcal meningitis resulted in reduction of yeast
counts in CSF that was faster than that seen with a triple
combination with amphotericin B, single-agent therapy with
amphotericin B, or the combination of flucytosine and fluconazole (Brouwer et al., Abstr. 15th Congr. Int. Soc. Hum. Anim.
Mycol., 2003).
Published results from a large clinical trial (43) indicated
that overall treatment success and time to resolution of fever
were better among subjects receiving triple therapy with amphotericin B, flucytosine, and itraconazole (50 of 50 successfully treated; fever resolved in 5.9 ⫾ 3.7 days) than the results
seen with amphotericin B-flucytosine alone (45 of 50 successfully treated [P ⫽ 0.03]; fever resolved in 8.8 ⫾ 5.1 days [P ⫽
0.02]). In this study, 100 subjects with AIDS-associated cryptococcal meningitis were randomized to receive amphotericin
B (0.3 mg/kg of body weight/day) plus flucytosine (150 mg/kg
divided into doses administered four times daily) for a total of
6 weeks or amphotericin B and flucytosine in the same doses
plus itraconazole (400 mg in 200-mg capsules administered
twice daily) until negative culture results (mean time, 2.4 ⫾ 0.6
weeks) were obtained; this regimen was followed by treatment
with itraconazole alone in the same doses for a total of 6
weeks. Secondary prophylaxis for both treatment groups consisted of the administration of itraconazole capsules (200 mg
daily). Fewer subjects receiving triple therapy experienced significant laboratory adverse events (21 of 50 versus 32 of 50 [P
⫽ 0.045]), which consisted mostly of decreased hematocrit and
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alone. This combination also reduced colony counts in brain
and meningeal tissue more than amphotericin B alone.
(d) Azole-azole combinations. Azole-azole combinations
have also been employed on a limited basis. The combination
of fluconazole and itraconazole in a guinea pig model of systemic cryptococcosis and meningitis (212) resulted in improvements in tissue sterilization compared to the results seen with
fluconazole alone but did not add much to itraconazole monotherapy at similar doses. Survival in this model for all treatment groups was 100%.
(iii) Clinical data. (a) Flucytosine-amphotericin B combinations. As mentioned previously, the classic use of combination
antifungal therapy in the clinical setting involves the use of
flucytosine with amphotericin B for the treatment of cryptococcal meningitis. Several clinical trials have been used to
compare this combination to amphotericin B monotherapy and
have resulted in faster clearance of yeasts from the CSF and
fewer relapses with the addition of flucytosine compared to the
results seen with amphotericin B treatment alone (24, 103, 171,
173, 213), but overall mortality or clinical cure rates with the
combination were not consistently better in any of these trials.
In the first of the studies cited, the addition of flucytosine
reduced dosage requirements for amphotericin B and thus
reduced polyene toxicity (24). Clinical cure or improvement
rates in this prospective, randomized multicenter comparative
trial conducted with subjects with cryptococcal meningitis (24)
were 68% (23 of 34 subjects) for subjects receiving amphotericin B (0.3 mg/kg/day) plus flucytosine for 6 weeks compared to
47% (15 of 32) for those receiving 10 weeks of amphotericin B
treatment alone (0.4 mg/kg/day). There were significantly
fewer deaths (24 versus 47% [P ⬍ 0.05]) and more-rapid conversion of CSF to negative culture results (P ⬍ 0.001) in the
combination therapy arm. In a later trial, subjects were randomized to receive amphotericin B (0.7 mg/kg daily) plus flucytosine (100 mg/kg daily divided in four doses) or placebo for
the initial 2 weeks of therapy followed by randomization to
fluconazole or itraconazole consolidation therapy for 8 weeks.
After the initial 2 weeks of therapy, 60% of subjects receiving
the combination of amphotericin B plus flucytosine versus 50%
of those randomized to amphotericin B alone achieved sterilization of the CSF (P ⫽ 0.06). No differences were reported
between treatment groups with respect to clinical and microbiologic responses after this 2-week induction period (213), but
the addition of flucytosine to the regimen was associated with
fewer relapses (171).
(b) Flucytosine-azole combinations. In contrast to experience
with amphotericin B, the addition of flucytosine to fluconazole
in clinical studies has resulted in less-clear-cut benefits. In an
observational study of HIV-infected individuals with cryptococcal meningitis, the addition of flucytosine to fluconazole for
the treatment of subjects with a range of levels of illness consistently reduced the failure rate (222). In a small, randomized
trial performed in Uganda, the addition of flucytosine to fluconazole for the first 2 weeks of induction therapy for the
treatment of HIV-infected subjects with cryptococcal meningitis was associated with increased 6-month survival rates (32
versus 12% [P ⫽ 0.022]) without a high frequency of serious
toxicities (124). In another study (102), the clinical success rate
after 10 weeks of daily treatment with fluconazole (400 mg)
plus flucytosine (150 mg/kg) was 63% (95% confidence inter-
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regimen until further supported by solid comparative clinical
data demonstrating efficacy as well as safety.
Unlike the results seen with respect to the antagonism observed between polyenes and azoles in other fungal organisms,
the combination of amphotericin B and triazoles (when used
concurrently) appears to have positive effects in vitro and in
animal models of cryptococcosis; however, the effects are not
necessarily more positive than the effects of high dosages of
amphotericin B alone. The addition of amphotericin B to a
triazole could possibly enable reduced dosages of either or
both agents and thus potentially reduce drug-associated toxicities, which are frequently observed at the high dosages of a
polyene required for superior efficacy with humans. As sequential therapy, preexposure with a triazole may reduce subsequent activity of amphotericin B in vitro; however, polyene
preexposure does not appear to reduce subsequent azole activity, and a sequential approach is supported by large-scale
clinical trial results (213).
Combinations of amphotericin B and echinocandins are an
interesting area of therapeutic study, but until further data or
new echinocandins are available these combinations should be
employed only in the experimental setting.
Three-drug combinations are a novel approach that appears
to result in excellent clinical cure rates and reduced toxicities
for subjects with cryptococcosis. The results of a few in vitro
(74, 140) and animal model (60) studies suggest that this approach might be promising, and the results of small clinical
trials (42, 43; Brouwer et al., Abstr. 15th Congr. Int. Soc. Hum.
Anim. Mycol., 2003) have affirmed this potential. However,
relapse rates have been unacceptably high (43), suggesting that
the duration of induction therapy might need to be prolonged
when lower doses of these agents are used in combination or
that maintenance therapy after induction with three agents
needs to be carefully selected to avoid subsequent clinical
failures. Furthermore, it is not proven that these combinations
have superior fungicidal activity compared to the combination
of amphotericin B and flucytosine (Brouwer et al., Abstr. 15th
Congr. Int. Soc. Hum. Anim. Mycol., 2003).
Candida spp. (i) In vitro evidence. The relationships among
numerous combinations of antifungal agents have been characterized in in vitro studies of Candida species (Table 4).
(a) Flucytosine-amphotericin B combinations. Flucytosine has
been studied in combination with amphotericin B (21, 74, 92,
105, 122, 140, 157, 178, 191) with mixed results, depending on
the isolate and test conditions. In concert with amphotericin B,
the predominant finding has been that of synergy (40, 105, 133,
156, 191); however, indifference (21, 74, 92, 122) has also been
reported. In similarity to the results seen with this combination
in studies of C. neoformans, it has been suggested that the
addition of amphotericin B helps prevent the emergence of
flucytosine-resistant mutants (156). The addition of flucytosine
in time-kill studies (92), however, did not appreciably affect the
activity against C. albicans of both low and high concentrations
of amphotericin B. In this study, no antagonism was observed
even with preexposure to flucytosine but other study results
have indicated apparent antagonism at higher concentrations
(161) or when yeast cells were first exposed to flucytosine and
then amphotericin B (122). Dramatic synergy when amphotericin B and flucytosine were combined in the setting of flucy-
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metabolic acidosis in the subjects receiving amphotericin B and
flucytosine. In addition, after 2 weeks of therapy, CSF sterilization rates were better for the triple therapy group than the
results seen with controls. However, there were more relapses
among subjects receiving the triple combination after they had
been switched to itraconazole alone. The results of other studies (162, 171) have suggested that relapse rates among subjects
with HIV-associated cryptococcal meningitis are higher with
itraconazole as a secondary prophylaxis than with fluconazole.
It should also be noted that the dose of amphotericin B used in
this study was less than that recommended in Infectious Diseases Society of America guidelines (172).
(d) Polyene-azole sequential therapy. Sequential therapy with
polyene with or without flucytosine followed by an azole (fluconazole or itraconazole) has been well studied in the clinical
setting (171, 213), and it appears that pretreatment with amphotericin B with or without flucytosine during the induction
phase might aid the positive impact of subsequent azole activity during the consolidation, clearance, or maintenance phase.
This strategy is currently used clinically (171, 172). However,
relapse rates have been higher with the use of itraconazole as
maintenance therapy than the results seen with fluconazole
(171, 213). This probably relates to the better CSF penetration
of fluconazole and its more reliable pharmacokinetic profile.
(iv) Interpretation and recommendations. Judging on the
basis of these data, flucytosine-amphotericin B combinations
have not been particularly impressive with C. neoformans isolates in in vitro investigations; however, the results seen with
animal models of cryptococcosis suggest significant positive
effects of this combination with respect to survival and tissue
clearance of organisms. As determined on the basis of clinical
research experience, it appears that treatment with amphotericin B and flucytosine is the best combination available for
cryptococcal meningitis at the present time; perhaps the differential performance of this combination in vivo relates to
host factors that cannot be readily simulated in the test tube.
Amphotericin B and flucytosine treatment represents the only
combination antifungal therapy regimen recommended as an
initial therapy for the treatment of cryptococcal meningitis in
the guidelines published by the Infectious Diseases Society of
America (172), and we agree with these recommendations.
Flucytosine may be a useful addition to azoles and in this
setting could result in improved activity and reduced emergence of flucytosine-resistant yeasts. Factors other than in vitro
potentiation, including differential pharmacokinetics, reduction of selective pressure, and the capability of being used in
lower dosages and therefore of reducing associated drug toxicity, may be of more importance for these combinations in
vivo. Judging on the basis of the results of investigations using
animal models, fluconazole-flucytosine combinations appear
beneficial. Data with other triazoles in combination with flucytosine have been less consistent, and these combinations are
less likely to be investigated in the clinical setting. Infectious
Diseases Society of America guidelines (172) have proposed
fluconazole plus flucytosine as an alternative induction therapy
for cryptococcal meningitis. Since there have been only poorly
developed comparative outcome studies associated with this
combination in cases of cryptococcosis and toxicity levels have
been problematic, it will continue to be used as a secondary
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TABLE 4. Summary of key findings reported in studies of Candida spp. with combinations of clinically relevant antifungal agentsa
Combination

5FC ⫹ AmB

General findings

Comments

In vitro (21, 40, 63, 74, 92, 105,
122, 133, 140, 156, 161, 178,
191)

Synergy (40, 105, 133, 178, 191) or
indifference (21, 74, 92, 122)

Addition of AmB helps prevent emergence of
5FC resistance

Mice (157, 164, 191, 209) and
rabbits (208)

Improved survival (164)
Reduced tissue burden (164, 208,
209)

Humans with invasive disease
(1, 36, 100, 155)

Good clinical success

Most effective combination in one study when
compared with results for AmB-rifampin,
5FC-KTC, and these agents alone (208);
reduced dosages of the agents were
possible in combinati on while maintaining
efficacy (209)
AmB ⫹ 5FC cleared cultures faster than
fluconazole in humans with peritonitis
(100)

In vitro
Econazole (63), miconazole (63,
191)
CLT (22), KTC (19, 20, 140),
FLC (74, 105, 129)

No consensus
Synergy (129), indifference (19,
105), antagonism (74, 140)

Extended duration of postantifungal effect
was reported in one study with fluconazoleflucytosine (129), low concentrations of
5FC-KTC appeared antagonistic for C.
parapsilosis (19) contour surface plot
methodology suggested negative interaction
between fluconazole and flucytosine over a
range of concentrations (74)

KTC: mice (158) and rabbits
(208)
ITC: mice (157)
FLC: mice (180) and rabbits
(115)

Improved survival (157, 158)
Reduced tissue burden (115, 208)

FLC doses in rabbits were equivalent to 1,600
mg/day in humans (115); 5FC-KTC
appeared to prolong survival against some
C. albicans strains in a murine model more
than either agent alone (even in higher
concentrations) but against other strains
had no survival benefit over a single agent
(158); effects most apparent with 5FCresistant C. albicans strains; in rabbits
(115) FLC-AmB combination sterilized
cardiac vegetations faster than FLC but
performed similarly to FLC in kidney
Case report of sepsis due to C. albicans that
was treated successfully with 5FC plus FLC
(181)

In vitro
FLC (67, 74, 105, 107, 122, 154,
161, 175, 185, 186, 214, 216,
217),b sequential (67, 105, 107,
175)
Miconazole (31, 49, 63, 154,
191)c
CLT (22, 49)
KTC (31, 140, 154, 161, 183,
198)
ITC (154, 161, 184, 185)

Antagonism

One study suggested indifferent effects for
AmB-FLC against C. albicans over a wide
range of concentrations (74)
Slight synergy with higher concentrations of
KTC and AmB (161); short-term exposure
with miconazole resulted in antagonism,
long-term exposure resulted in positive
effects (31)

FLC: mice (113, 176, 199, 202)
and rabbits (115, 176)
ITC: mice (157, 203)
KTC: mice (158) and rabbits
(208)
PSC: miced
SPC: mice (206)
Sequential: mice (202, 203, 216)

Improved (FLC, PSC, SPC) (113,
157, 176, 202) or similar to
worse (ITC, KTC) (157, 203)
survival
Reduced tissue burden (FLC,
KTC) (115, 208) but ITC-AmB
had poorer clearance of tissues
(kidney) (203) with combination

Humans with candidemia (166)

Good clinical success

AmB-FLC effects not as profound in a lessacute model of infection (202); in rabbits,
combination was not better than AMB
alone in sterilizing cardiac vegetations and
kidneys (115). Rabbit model used FLC
doses equivalent to 1,600 mg/day in
humans (115). In mice, the combination
resulted in worse survival and kidney
fungal burden compared to AmB alone
(113) against FLC-susceptible and low-level
resistance (MIC, 64 to 125 g/ml) strains
AmB-FLC gave better survival than AmB but
not FLC (199) and in another study gave
better survival than FLC but not AmB
(176). IT C-AmB resulted in 100%
mortality in mice, while 90% of amBtreated mice survived; in neutropenic
rabbits AmB-KTC improved sterilization
rates in kidneys (208) relative to either
agent alone but not as much as AmB-5FC
combination; AmB-KTC prolonged survival
against one C. albicans strain but not 2
others (158); combinations of AmB-KTC
against 2 C. albicans strains were generally
not better than AmB alone in prolonging
survival in infected mice (158)
Comparable clinical cure rates to FLC alone,
faster bloodstream sterilization with the
combination regimen

In vitro (31)

Indifference

Humans (181)

AmB ⫹ azoles

AmB ⫹ nystatin

Continued on following page
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Settings studied
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TABLE 4—Continued
Combination

Caspofungin or
anidulafungin ⫹ FLC

TRB ⫹ FLC or ITC

Settings studied

In vitro (169)

b

Improved or similar tissue burden

In vitro (10, 11)

Indifference (10, 11) or synergy
(10, 11)

In vitro (10)

Comments

FLC reduced caspofungin activity against C.
albicans biofilmsb; in mice no additional
benefit of combination therapy was
observed with low doses of FLC and
caspofungin on clearance of yeasts from
kidneyse
Caspofungin ⫹ FLC over 4 dosing schemes
did not improve tissue clearance of C.
albicans from kidney tissue compared to
FLC alone but not caspofungin alone
No antagonism observed (10, 11)
Case report of successful therapy of
oropharyngeal candidiasis due to azoleand terbinafine-resistant C. albicans with
TRB ⫹ FLC therapy

Indifference or synergy

No antagonism observed
Synergy in 6 of 8 strains tested; used method
of Jawetz (90) to define synergy
Worse clearance of yeasts from splenic tissue
than with AmB alone but similar clearance
in kidney, liver, and lung

In vitro (23)

Synergy

Neutropenic rabbits (208)

Similar or worse tissue burden

TRB ⫹ cyclosporine A or
tacrolimus

In vitro (142)

Synergy

Synergistic against C. albicans as well as C.
glabrata and C. krusei; dependent on
calcineurin

FLC ⫹ cyclosporine

In vitro (120)
Rats (119)

Synergy or indifference
Reduced tissue burden

Results varied with endpoint used
FLC approximated high doses used in
humans, but cyclosporine concentrations
were higher than that used in humans;
combination was the most effective
regimen in clearing cardiac vegetations and
kidneys even compared to AmB

a

See Table 3 for drug name abbreviations.
Also Bachman et al., Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-1813, 2002.
c
Also Schacter et al., letter.
d
Cacciapuoti et al., Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-1814, 2002.
e
Bocunegra, L.K. Navjar, S. Hernandez, R.A. Larsen, and J.R. Graybill, Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-864, p. 387, 2002.
b

tosine-resistant strains of Candida spp. was evident, with synergy observed with 18 of 20 isolates (133).
(b) Flucytosine-azole combinations. Antagonism was reported for flucytosine with the sterol biosynthesis inhibitor
miconazole in an in vitro study of strains of C. glabrata (192),
but others reported synergy of this combination in activity
against the majority of C. albicans isolates tested (63). The
effects seen with combinations of flucytosine and newer azoles
(19, 20, 22, 63, 74, 105, 129, 140, 191) have also been inconsistent. For example, in a study using checkerboard methods
Lewis et al. (105) reported indifference (FIC ⱖ 1 and ⬍ 4) for
all of three C. albicans and one C. krusei isolate and synergy
(FIC ⬍ ⫽ 0.5) for one C. glabrata and one C. tropicalis isolate.
A negative interaction has been suggested for fluconazoleflucytosine combinations against C. albicans, based on a study
using contour surface plots depicting a wide range of concentrations (74). Studies of other azoles (such as ketoconazole) in
combination with flucytosine have also given conflicting results, with synergy or indifference reported for C. albicans and
non-albicans Candida spp. (including C. tropicalis and C. glabrata) (19). In contrast, antagonism was reported when low
concentrations of each agent were used against C. parapsilosis
and indifference was observed when higher concentrations of
both ketoconazole and flucytosine were employed (19).
(c) Polyene-azole combinations. Most studies of in vitro an-

tifungal interaction with Candida spp. have focused on interactions between polyenes and azoles, and all types of interactions have been reported (Table 4). Antagonism has been the
most common finding among studies with older azoles such as
clotrimazole, miconazole, or econazole across most Candida
spp. studied (31, 49, 63, 140, 191; L. P. Schacter, R. J. Owellen,
H. K. Rathbun, and B. Buchanan, Letter, Lancet ii:318, 1976).
However, there are reports of positive interactions between
some of these older azoles and amphotericin B (22, 31). Findings with combinations of fluconazole, itraconazole, or ketoconazole and amphotericin B have generally demonstrated
antagonism (107, 122, 154, 185, 186, 198, 214). Most of these
studies have been performed using C. albicans isolates, but
results with the non-albicans Candida spp. that have been
tested have not been dramatically different. When studied sequentially, the order of administration and duration of exposure appear to be important factors affecting the activity of the
polyene-azole combinations. Pretreatment with fluconazole
has generally resulted in the reduction of subsequent amphotericin B activity (34, 67, 105, 107, 114, 153, 175, 216), but in
some series high azole concentrations, long duration of pretreatment, or high levels of inocula were required to produce
these effects (67, 107, 185). Other azoles have also been reported to exert antagonistic effects on amphotericin B activity
(31, 185, 216, 217), and preexposure with more-lipophilic
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AmB ⫹ rifampin

Indifference

Mice (77)

Humans (73)

TRB ⫹ AmB

General findings
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ern, F. Gheyas, R. Hare, and D. Loenberg, Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-1814, p.
415, 2002) and rabbits (115, 176, 208). Some of the findings
with these animal models are contrary to those of in vitro
reports of antagonism, and although positive effects have been
observed, it is difficult for an azole-polyene combination to
improve on the activity of amphotericin B alone. Combinations
of fluconazole and amphotericin B have been associated with
prolonged survival and/or tissue clearance in a number of studies (115, 176, 199, 202). In most cases, the combination had
improved activity relative to fluconazole alone (115, 176, 202)
but was not superior to amphotericin B. Only one study of
acute invasive candidal infection (199) indicated improved survival with the combination compared to the results seen with
amphotericin B alone. In contrast, other studies indicated
trends toward (202, 203) or significantly (113, 115) worse survival results among mice receiving a combination of fluconazole and amphotericin B compared to amphotericin B alone.
The combination was also associated with higher levels of yeast
burden in kidneys (113, 115) and more cardiac vegetations
(115) than amphotericin B alone. In contrast to the sometimes
positive effects observed with fluconazole-amphotericin B
combinations in the treatment of other fungal infections, animal studies of candidiasis treated with itraconazole, ketoconazole, or posaconazole in combination with amphotericin B
have generally not indicated any advantages of the combination with regard to tissue clearance (203) or survival (157, 158,
203). Sequential therapy with azole and amphotericin B has
resulted in the attenuation of amphotericin B activity after
azole preexposure (115, 203); in contrast, however, preexposure to the polyene did not significantly reduce subsequent
azole activity (115). In one study, both sequences of combination therapy had negative effects (203). For example, survival
was worse among mice exposed sequentially to itraconazoleamphotericin B in either order (amphotericin B for 5 days and
then itraconazole for 5 days and vice versa), compared to the
results seen with amphotericin B alone (203).
(d) Echinocandin combinations. Only limited data have been
published with respect to combinations of echinocandins and
amphotericin B in animal model studies, but early experience
with cilofungin and amphotericin B in mice with disseminated
candidiasis indicated improved survival and reduced tissue
burden relative to the results seen with either agent alone
(201). These effects were particularly apparent when higher
doses of the agents were employed in combination. A recent
study (77) demonstrated that combinations of caspofungin and
fluconazole were more effective in reducing yeast burden in
kidneys of mice infected with C. albicans compared to fluconazole alone but were not better than caspofungin alone (77).
Results were consistent over a range of dosages of both agents,
but the study design was limited to one clinical isolate of C.
albicans and the model did not focus on effects in the immunosuppressed host.
(e) Other combinations. Other combinations (including rifampin in combination with ketoconazole, flucytosine, or amphotericin B) were not superior with respect to results in
guinea pig (68) or rabbit (208) model studies. However, combinations of fluconazole and the calcineurin inhibitor cyclosporine A in a study using a rat model of C. albicans endocarditis were more promising (119). The combination of relatively
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azoles such as itraconazole has produced more profoundly
negative effects in some experimental systems (184, 185, 217)
but not in others (216). One conflicting study report has also
indicated that short preexposure to amphotericin B reduced
subsequent azole activity but that similar preexposure to an
azole did not inhibit subsequent polyene effects (153).
(d) Other combinations. Other combinations have been studied for activity against Candida spp. in vitro, including combinations of terbinafine and azoles (10, 11), terbinafine and amphotericin B (10), azoles and echinocandins (169, 195), and
polyenes with echinocandins (33, 195, 201) Of these combinations, terbinafine and azoles seem most promising, with synergy or indifference observed most often (10, 11) and with no
apparent antagonism. Data from echinocandin combination
studies have been somewhat unimpressive; while these studies
have not demonstrated antagonism, synergy has also been observed infrequently (169, 195, 201). Perhaps this is because
echinocandins are typically fungicidal and have potent activity
against most Candida species when administered alone. Furthermore, fluconazole may inhibit caspofungin’s activity
against biofilm-producing C. albicans strains (S. P. Bachman,
G. Ramage, A. W. Fothergill, M. G. Rinaldi, B. L. Wickes,
T. F. Patterson, and J. L. Lopez-Ribot, Abstr. 42nd Intersci.
Conf. Antimicrob. Agents Chemother., 2002, abstr. M-1813, p.
415, 2002) whereas caspofungin and amphotericin B appeared
to have indifferent effects.
Other agents with limited antifungal activity on their own,
including metronidazole (52), fluvastatin and pravastatin (41,
136), nonsteroidal antiinflammatory agents (155, 188, 224),
and quinolones (135), have been studied in combination with
amphotericin B or triazoles, with a suggestion of positive effects occurring in all cases. The results of a recent report also
suggested that when combined with fluconazole, terbinafine, or
caspofungin, combinations of calcineurin inhibitors such as
cyclosporine A and tacrolimus are highly synergistic for fungicidal effects (142). These calcineurin inhibitors can make fluconazole fungicidal. Additional data are needed regarding
these novel approaches for direct therapeutic strategies.
(ii) Animal models of invasive candidiasis. (a) Flucytosineamphotericin B combinations. In murine and rabbit models of
invasive candidiasis, combinations of flucytosine and amphotericin B have resulted in improved survival (158, 164, 208) or
tissue sterilization (164, 208, 209). Effective doses were much
lower in combination than those required to produce similar
effects as monotherapy (209). These models have predominantly used C. albicans, but one study also used a model of C.
tropicalis infection (208).
(b) Flucytosine-azole combinations. Experience suggests that
flucytosine might be a useful addition to triazoles and can
result in improved rates of survival (157, 158) or clearance of
yeasts from infected tissues (115, 208). However, responses
have been strain specific (158); thus, caution is warranted when
making generalized statements. There has also been some variation in response depending upon the doses of the agents used
in the combination, and no clear dose-response relationship
has been observed (157, 158).
(c) Polyene-azole combinations. Polyene-azole combinations
have been carefully studied in several animal models of invasive candidiasis, including models using mice (9, 113, 157, 158,
176, 199, 202, 203, 206; A. Cacciapuoti, M. Gurnani, J. Halp-
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(165) and of candidal meningitis among HIV- and non-HIVinfected patients (36, 194).
(c) Other combinations. Limited data have been published
regarding combination therapy with other antifungal agents for
the treatment of Candida spp. infections. Ghannoum and
Elewski (73) reported a case of fluconazole-resistant oropharyngeal candidiasis that was cured with a combination of fluconazole (200 mg) and terbinafine (250 mg) administered daily
for 2 weeks. Dual azole therapy with fluconazole and itraconazole capsules has been employed as an antifungal prophylaxis
during induction chemotherapy and in a comparative study
(123) performed similarly to therapy with liposomal amphotericin B (3 mg/kg three times weekly) with respect to the
prevention of fever and infection.
(iv) Interpretation and recommendations. The frequency of
non-albicans Candida spp. infections, increases in the frequency of azole-resistant isolates, toxicities associated with typical treatment doses of amphotericin B, and high levels of
mortality associated with invasive candidiasis support the need
for more-effective and less-toxic treatment strategies.
Flucytosine has been added to agents such as amphotericin
B and azoles for activity against Candida spp. in the laboratory,
with mixed effects. Conflicting results may be a result of a
number of factors, including different experimental practice
factors such as growth media, strains, inoculum sizes, pH, temperature, drug concentrations, individual drug characteristics,
and other undefined factors. Generally, however, these findings have been positive. Experiences in animal models more
consistently suggest that flucytosine in combination with amphotericin B or triazoles has positive effects on survival and
tissue burden.
Amphotericin B-azole combinations (and, in particular, sequential exposure to an azole followed by a polyene) could be
detrimental, as determined on the basis of in vitro data and
animal models. Concurrent fluconazole-amphotericin B combinations have been promising in these animal models, since
there are several reports of improved survival or tissue clearance with this combination. Importantly, most of these animal
models have used C. albicans; the potential of combination
therapy could be even greater with less-susceptible species (9).
Amphotericin and fluconazole have been employed concurrently for management of candidemia in a large clinical trial
(166) and produced favorable results.
Combinations of echinocandins with azoles or amphotericin
B have not been particularly impressive in vitro. Since echinocandins are highly active against most Candida spp., their fungicidal activity for yeasts may be difficult to improve upon.
Combinations of terbinafine and azoles, however, are more
promising, especially for resistant oropharyngeal candidiasis,
and are deserving of additional study.
Due in good part to the availability of three monotherapies
that are now recognized as producing consistently good outcomes (caspofungin and amphotericin B in the most severely ill
patients and fluconazole in less-severe disease and as followup
therapy), recently published treatment guidelines for invasive
candidiasis mention but do not strongly encourage the use of
the combination of fluconazole and amphotericin B for therapy of candidemia (143). We concur that single-agent therapy
in most cases of invasive candidiasis and candidemia will most
likely be the treatment of choice. Combination therapy may be
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high concentrations of cyclosporine and fluconazole was fungicidal and significantly decreased yeast burden in cardiac vegetations and kidneys compared to the results seen with either
agent alone and amphotericin B.
(iii) Clinical data. (a) Polyene-azole combinations. Recent
data from studies conducted with humans (166) have generated some excitement with respect to azole-polyene interactions since the first large-scale trial in the treatment of candidemia was completed. In this multicenter randomized study
(166), nonneutropenic subjects with non-C. krusei candidemia
received fluconazole (12 mg/kg of body weight) daily for 14
days after symptoms resolved plus either placebo or amphotericin B (0.7 mg/kg/day) for the first 3 to 8 days. Overall
success rates were somewhat better for the combination regimen, with 69% (77 of 112 subjects) success versus 56% (60 of
107) success for fluconazole monotherapy (P ⫽ 0.043). In
addition, more subjects receiving monotherapy with fluconazole had persistent fungemia than those receiving fluconazole
plus amphotericin B (6 versus 17% [P ⫽ 0.02]). However, there
were no differences between the two treatment groups in overall mortality or drug toxicity. Rates of study discontinuation
due to nephrotoxicity were not significantly different between
groups, with 3% of combination therapy subjects and 5% of
fluconazole monotherapy subjects withdrawing. Thus, this
study demonstrated no antagonism and the results tended towards a better outcome with the combination fluconazoleamphotericin B therapy (166). The results of small studies have
suggested positive outcomes among neonates (88) and adults
(130) with hematologic malignancies who received the combination of amphotericin B and fluconazole for candidemia. Others (145) have employed oral amphotericin B simultaneously
with ketoconazole or fluconazole as prophylaxis in neutropenic
patients, with the hope of preventing selection of resistant
Candida species. Fluconazole-amphotericin B combinations in
particular were associated with colonization rates in the gastrointestinal tract that were lower than the colonization rates
observed during later years during which itraconazole alone
was used as a prophylaxis. However, rates of breakthrough
candidemia were similarly low with all treatments (145). Sequential azole-polyene therapy has been reported in studies of
humans in the context of breakthrough infections while patients were receiving azole prophylaxis including fluconazole
(174) or a combination of fluconazole and itraconazole (123).
Neither study was designed to specifically examine the effectiveness of amphotericin B after azole exposure, but success
rates of lipid formulations of amphotericin B for candidemia
(174) and fevers or pneumonia of unknown origin (123) were
similar to those reported for other published studies.
(b) Flucytosine-amphotericin B combinations. Therapy with
amphotericin B and flucytosine in combination has been successfully employed in a study of invasive candidiasis in nonneutropenic subjects in intensive care units (1), with success
rates among subjects with sepsis similar to those seen with
fluconazole. Combination therapy was better than fluconazole
in sterilizing tissues and in successfully treating peritonitis
cases among subjects in this randomized study (1). Other clinical reports indicate excellent efficacy of combinations of amphotericin B and flucytosine for the treatment of candidal
prosthetic hip infection in combination with surgical revision
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TABLE 5. Summary of key findings reported in studies of Aspergillus spp. with combinations of clinically relevant antifungal agentsa
Combination

AmB ⫹ 5FC

AmB ⫹ rifampin

Settings studied

In vitro (58, 87, 95, 104, 140)

Findings
b

No consensus
Synergyb; synergy or indifference (95);
indifference (87, 104); antagonism or
synergy (58)

Results differ between studies and are variable
amongst strains in same study (58, 95),
different methodologies and doses
employed

Mice (6, 157) and rats (187)

Improved survival (6, 157)

Improved survival with 5FC ⫹ AmB in mouse
model (6). No survival benefit with 5FC ⫹
AmB vs. AmB alone in steroid-suppressed
rats (187).

In vitro (95)

Synergy (95); indifference or synergy
(46, 58, 87)
No consensus

Mice (6) and rats (187)

In vitro (58, 87, 97, 118, 140,
207)b,c,d,e

f

ITC: Mice (179) KTC: mice
(157, 180) and rats (187)
PSC: miceg

No consensus

Synergy (58, 140), antagonism, (118,
140, 207)c,b or indifference (58, 87)d
Concurrent: no survival benefit (ITC)f
or worse survival (KTC) (157, 187)

Sequential: no survival benefit with or
worse survival (179) compared to
AmB results alone
AmB ⫹ echinocandins

Triazoles ⫹ caspofungin
or micafungin

Antagonism not observed in any study
No survival benefit with rifampin ⫹ AmB vs.
AmB alone in steroid-suppressed rats (187).
Improved survival with rifampin ⫹ AmB in
mouse model (6).
Pretreatment with KTC (118) or ITC (97, 118)
strongly attenuates effect of AmB;
simultaneous treatment less antagonistic to
indifferent; AmB then KTC weakly
synergistic (118); no antagonism for AmB
then ITC; indifferent effects with
simultaneous ITC-AmBe. Studies using
colorimetric analysis and response surface
modeling demonstrated ITC-AmB
antagonism with simultaneous use (207).b
Neutropenic mice had significantly worse
survival when pretreated with KTC before
AmB or AmB ⫹ KTC (180). Steroidsuppressed rats given simultaneous KTC
and AmB had worse survival than with
AmB alone (187). Mice pretreated with
ITC before AmB or AmB ⫹ ITC had lower
survival than without pretreatment (179).
Neutropenic mice with CNS infection had
equal survival with either agent or
combination vs. no treatmentf but
nonneutropenic mice challenged
intravenously had reduced survival times
with combination therapy (157). In mice, no
sequential antagonism of PSC by
pretreatment with AmBg.

In vitro
Caspofungin (5, 15)e
Anidulafungin or micafunginh

Synergy (5),e indifference or synergy
(15)h

No antagonism seen. Eagle-like effect
(antagonism at high doses) seen in
one studyh.

Mice
Caspofungini or micafunginj,k

Improved survivalj,k
Reducedi,k or similari tissue burden

Neutropenic mice, fungal burden in kidneys at
4 days reduced (10/16 groups) or equivalent
(6/16) with combination therapy vs. either
agent alone. Increased survival, reduced
fungal lung burden, reduced serum
galactomannan titer with combination vs.
monotherapyj. Steroid-immunosuppressed
mice had 100% survival with combination
therapy vs. 61% with micafungin and 53%
with AmB.

In vitro
ITC-caspofungine,l,m or
micafunginj
PSC-caspofunginm
RVC-caspofunginm
VRC-caspofungin or
micafungind,m,n

Indifference or synergyd,j,l,m,n or
synergye,m

ITC-caspofungin: guinea pigso
ITC-micafungin: mice (117)
KTC-micafungin: mice (117)
RVC-micafungin: rabbitsp
VRC-guinea pigs (94)

Improved (117) p (94) survival or similar
Reduced tissue burden (94)o.

No antagonism seen in most studies; increased
susceptibility with preexposure to either
agentl. VRC-caspofungin: indifference
against caspofungin- or micafunginresistant-strains,d ITC and PSC
demonstrated synergy with caspofunginm;
RVC and VRC demonstrated indifference
with caspofunginm.
Fungal burden in kidneys at day 4
undetectable in 9/9 animals receiving ITCcaspofungin therapyo. RVC-micafungin
increased survival with combination (9/12)
vs. revuconazole alone (2/8) or micafungin
alone (0/8)p.

a

See Table 3 for drug name abbreviations.
Also see Te Dorsthorst et al., Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-850, 2002.
Also see Gavalda et al., Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-1817, 2002.
d
Also see M. A. Ghannoum, N. Isham, and D. Sheehan, Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-855, p. 385, 2002.
b
c

Continued on following page
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different effects for these triazoles (118). When an azole was
first applied to the culture, however, strong antagonism upon
subsequent exposure to amphotericin B was observed (97,
118).
(d) Echinocandin combinations. In contrast to the negative
effects observed with polyene-azole combinations, in vitro experience with echinocandins in combination with azoles and
amphotericin B has generally been neutral or positive, with
indifferent to synergistic effects for most combinations. Caspofungin, micafungin, and anidulafungin in combination with
amphotericin B in vitro have all demonstrated synergy or indifference (5, 15; Kohno et al., Abstr. 40th Intersci. Conf.
Antimicrob. Agents Chemother., abstr. 1686, 2000; and Ostrosky-Zeichner et al., Abstr. 42nd Intersci. Conf. Antimicrob.
Agents Chemother., abstr. M-1816, 2002). However, the results of one study also indicated an unexplained antagonism
(an Eagle-like effect) at high doses of the echinocandin (Ostrosky-Zeichner et al., Abstr. 42nd Intersci. Conf. Antimicrob.
Agents Chemother., abstr. M-1816, 2002) and so the full spectrum of antifungal interactions with these agents has been
observed. Triazole (itraconazole, voriconazole, ravuconazole,
or posaconazole) combinations with echinocandins (caspofungin and micafungin) have shown encouraging results, with
some investigators reporting synergistic activity (147, 190; E. K.
Manavathu, G. J. Alangaden, and P. H. Chandrasekar, Abstr.
42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr.
M-854, p. 384, 2002; Manavathu et al., Abstr. 40th Intersci.
Conf. Antimicrob. Agents Chemother., abstr. 931, 2000; and
O’Shaughnessy et al., Abstr. 42nd Intersci. Conf. Antimicrob.
Agents Chemother., abstr. M-856, 2002) and none reporting
antagonism when the agents were used either simultaneously
or sequentially (5, 15; C. M. Douglas, J. C. Bowman, K. F.
Bartizal, G. K. Abruzzo, J. W. Anderson, A. M. Flattery, C. J.
Gill, B. Michael, T. Felcetto, G. Mickle, W. Shoop, P. A.
Liberator, and K. F. Bartizal, Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-1819, p. 416, 2002;
Kohno et al., Abstr. 40th Intersci. Conf. Antimicrob. Agents
Chemother., abstr. 1686, 2000; D. P. Kontoyiannis, R. E.
Lewis, G. S. May, N. D. Albert, and I. I. Raad, Abstr. 42nd
Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-851,
p. 384, 2002; E. K. Manavathu, G. J. Alangaden, and P. H.
Chandrasekar, Abstr. 42nd Intersci. Conf. Antimicrob. Agents
Chemother., abstr. M-854, p. 384, 2002; Manavathu et al.,
Abstr. 40th Intersci. Conf. Antimicrob. Agents Chemother.,
abstr. 931, 2000; M. Nakajima, S. Tamada, Y. Yoshida, Y.
Wakai, T. Nakai, F. Ikeda, T. Goto, Y. Niki, and T. Matsushima, Abstr. 40th Intersci. Conf. Antimicrob. Agents Chemother., abstr. 1685, p. 387, 2000; Ostrosky-Zeichner et al.,

Also see Manavathu et al., Abstr. 40th Intersci. Conf. Antimicrob. Agents Chemother., abstr. 931, 2000.
Also see Chiller et al., Abstr. 41st Intersci. Conf. Antimicrob. Agents Chemother., abstr. J-1614, 2001.
Najvar et al., Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-1818, 2002.
h
Ostrosky-Zeichner et al., Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-1816, 2002.
i
Douglas et al., Abstr. 41st Intersci. Conf. Antimicrob. Agents Chemother., abstr. J-1836, 2001.
j
Kohno et al., Abstr. 40th Intersci. Conf. Antimicrob. Agents Chemother., abstr. 1686, 2000.
k
Nakajima et al., Abstr. 40th Intersci. Conf. Antimicrob. Agents Chemother., abstr. 1685, 2000.
l
Kontoyiannis et al., Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-851, 2002.
m
Manavathu et al., Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-854, 2002.
n
O’Shaughnessy et al., Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-856, 2002.
o
Douglas et al., Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-1819, 2002.
p
Petraitiene et al., Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-857, 2002.
f

g
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considered in difficult individual settings, such as those of
hepatosplenic candidiasis, endocarditis, meningitis, and relapsing infections.
Aspergillus spp. (i) In vitro data. (a) Flucytosine- or rifampinamphotericin B combinations. The effects of amphotericin B
and the azoles on the cell membrane of Aspergillus spp. may
allow for enhanced penetration and improved activity of other
antifungal agents, such as rifampin (46, 125) and flucytosine
(127). The results of in vitro studies of amphotericin B combined with rifampin (46, 87, 95, 127) or flucytosine (D. T. Te
Dorsthorst, J. W. Mouton, H. A. L. van der Lee, and P. E.
Verweij, Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-850, p. 383, 2002) have commonly demonstrated synergy (Table 5). Combinations of flucytosine and
amphotericin B have demonstrated various effects, with reports of indifference (58, 87, 104), synergy (58, 95, 140), and
antagonism (210). These effects did not differ significantly according to the species of Aspergillus tested or according to
levels of baseline resistance to flucytosine (58), but in some
cases results differed according to the testing methodology
employed by investigators.
(b) Flucytosine-azole combinations. Experience with the combination of an azole with flucytosine is limited, with older
reports indicating effects ranging from indifferent to synergistic
(58, 140, 157). However, a recent report indicated that antagonism resulted when flucytosine and itraconazole were used
together (Te Dorsthorst et al., Abstr. 42nd Intersci. Conf.
Antimicrob. Agents Chemother., abstr. M-850, 2002).
(c) Polyene-azole combinations. A number of in vitro studies
have attempted to substantiate the theoretical antagonism between the azoles and amphotericin B. Studies conducted with
simultaneous exposure have shown results ranging from indifferent interactions (58, 87; T. M. Chiller, J. Capilla Luque,
K. V. Clemons, R. A. Sobel, and D. A. Stevens, Abstr. 41st
Intersci. Conf. Antimicrob. Agents Chemother., abstr. J-1614,
p. 391, 2001; J. Gavalda, P. Lopez, M. Martin, M. CuencaEstrella, X. Gomis, J. L. Ramirez, J. Ruiz, J. L. RodriguezTudela; A. Pahissa, Abstr. 42nd Intersci. Conf. Antimicrob.
Agents Chemother., abstr. M-1817, p. 416, 2002; and E. K.
Manavathu, S. Krishnan, J. L. Cutright, and P. H. Chandrasekar, Abstr. 40th Intersci. Conf. Antimicrob. Agents Chemother., abstr. 931, p. 368, 2000) to synergistic effects (140).
Simultaneous use of ketoconazole, fluconazole, or itraconazole
with amphotericin B has yielded variable results (118; Te
Dorsthorst et al., Abstr. 42nd Intersci. Conf. Antimicrob.
Agents Chemother., abstr. M-850, 2002), with antagonism or
indifference most commonly observed. Preexposure to amphotericin B has been associated with subsequent synergy or in-
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abstr. M-1818, 2002). Thus, the timing of administration may
be important with regard to some of these triazole-polyene
interactions; also, these combined effects may differ among the
different azole compounds.
(c) Echinocandin combinations. Few studies have described
the use of echinocandins in combination antifungal therapy in
animal models. In a guinea pig model of A. fumigatus infection,
treatment with caspofungin plus voriconazole produced survival rates similar to that of treatment with voriconazole alone.
The combination was superior in terms of the sterilization of
all organs studied (94). Prolonged survival with combined micafungin and ravuconazole treatment was observed in a rabbit
model of pulmonary aspergillosis (Petraitiene et al., Abstr.
42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr.
M-857, 2002). Treatment with combinations of either caspofungin (Douglas et al., Abstr. 42nd Intersci. Conf. Antimicrob.
Agents Chemother., abstr. M-1819, 2002) or micafungin (117)
and itraconazole has resulted in reduced fungal burden (Douglas et al., Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-1819, 2002) or prolonged survival (117). In
one study (117), micafungin-itraconazole was a more effective
combination regimen compared to micafungin-amphotericin B
in clearing cerebral aspergillosis but was similar to itraconazole
alone. In another study, however, caspofungin combined with
amphotericin B produced a trend towards decreased fungal
burden in the kidneys (C. M. Douglas, J. C. Bowman, K. F.
Bartizal, G. K. Abruzzo, J. W. Anderson, A. M. Flattery, C. J.
Gill, V. B. Pikounis, P. A. Liberator, and D. M. Schwartz,
Abstr. 41st Intersci. Conf. Antimicrob. Agents Chemother.,
abstr. J-1836, p. 398, 2001). Suboptimal doses of micafungin
with amphotericin B also prolonged survival (117) but did not
sterilize tissues completely. Finally, combinations of micafungin and nikkomycin Z at relatively low dosages significantly
increased survival compared to treatment with either agent
alone (117). This study helped validate the principle that two
blocks in cell wall synthesis can improve anti-Aspergillus activity.
(iii) Clinical data. (a) Flucytosine- or rifampin-amphotericin
B combinations. The excellent central nervous system penetration of rifampin and flucytosine has prompted their use as
adjuncts to amphotericin B in the treatment of central nervous
system aspergillosis, with occasional successes reported in the
near-uniformly-fatal disease (54, 93, 137, 159, 163). However,
the potential hematologic toxicity of flucytosine, the lack of a
widely available intravenous formulation, and the drug interaction profile of rifampin have limited the widespread use of
these agents in combination therapy of Aspergillus infections
(57). Furthermore, there has been no study with a sufficient
number of treated patients to allow an appreciation of the
impact of these combinations.
(b) Polyene-azole combinations. With the introduction of
itraconazole, combination therapy with azoles-polyenes became feasible for clinical cases of aspergillosis. Simultaneous
use of these agents has been reported infrequently, and this is
perhaps due to concern over the antagonism demonstrated in
vitro and in animal models as well as to the early lack of an
intravenous or a highly bioavailable oral formulation of itraconazole (200). However, successful outcomes in individual
cases have been reported (53, 54, 96, 128). Investigators conducting one case series reported that 9 of 11 patients receiving
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Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother.,
abstr. M-1816, 2002; and Petraitiene et al., Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-857,
2002). Synergy was reported among 87.5% of voriconazolecaspofungin interactions in 48 clinical isolates of Aspergillus
spp. (147). Other agents may also be a useful addition to
echinocandins. For instance, calcineurin inhibitors or rapamycin in concert with caspofungin has demonstrated synergistic
effects (98). Most results of in vitro combinations have been
similar for both Aspergillus fumigatus and the small number of
A. terreus and A. flavus isolates tested.
One of the most synergistic combinations in vitro is a combined block of two cell wall enzymes, glucan and chitin synthases. This synergistic activity was first observed for Aspergillus with the use of cilofungin (glucan synthase inhibitor) and
nikkomycin Z (chitin synthase inhibitor) (149, 151).
(ii) Animal models of aspergillosis. Possible in vivo benefits
from combination antifungal therapy have been investigated in
a number of animal models.
(a) Flucytosine- or rifampin-amphotericin B combinations.
Mice challenged intravenously with A. fumigatus and treated
simultaneously with amphotericin B and either flucytosine or
rifampin had significantly improved survival rates compared
with the results seen with any monotherapy (6). Flucytosine
also augmented the activity of both amphotericin B and itraconazole when administered in mice intravenously challenged
with A. fumigatus (157). However, another study showed no
benefit from the combination of amphotericin B plus rifampin
or flucytosine for immunosuppressed rats (187).
(b) Polyene-azole combinations. Suggestions of azole-polyene
antagonism arising from in vitro studies have been confirmed
in some animal models. Importantly, pharmacokinetics of
azoles in murine models make them difficult to study due to
rapid clearance; therefore, guinea pig models may be the preferred system for studying these interactions in Aspergillus spp.
infections. However, most studies to date have been performed
using mice. Studies of simultaneous treatment with amphotericin B and ketoconazole combinations have indicated worse
survival in the combination arms (157, 187). Similarly, mice
treated with itraconazole in combination with amphotericin B
had shorter survival times compared to the results seen with
amphotericin B alone in another study (157). On the other
hand, combinations of itraconazole or posaconazole and amphotericin B have resulted in survival times similar to the
results seen with treatment with each agent alone (Chiller et
al., Abstr. 41st Intersci. Conf. Antimicrob. Agents Chemother.,
abstr. J-1614, 2001, and L. K. Najvar, S. Hernandez, R. Bocanegra, J. Halpern, M. Gurnani, F. Menzel, A. Cacciapuoti,
D. Loebenberg, and J. Graybill, Abstr. 42nd Intersci. Conf.
Antimicrob. Agents Chemother., abstr. M-1818, p. 416, 2002).
Preexposure to azole agents has generally reduced the subsequent efficacy of amphotericin B treatment. For example, mice
receiving ketoconazole or itraconazole followed by amphotericin B alone exhibited worse survival rates than mice given
amphotericin B without initial azole exposure (179, 180). In
contrast, sequential therapy with posaconazole followed by
amphotericin B did not produce appreciable differences in the
clearance of organisms from lung tissue or in survival rates
compared to treatment with either agent alone (Najvar et al.,
Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother.,
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invasive aspergillosis were recently presented (R. Ratanatharathorn, P. Flynn, J. van Burik, P. McSweeney, D. Niederwieser, and D. Kontoyiannis, Abstr. 44th Am. Soc. Hemat.
Annu. Meet., abstr. 2472, 2002). Participants had either failed
to respond to or progressed while receiving 72 h of effective
antifungal therapy. The level of clinical, radiographic, and microbiologic success (as evaluated by an expert panel) in this
group of 85 evaluable subjects, who had significant graft-versus-host disease and mostly proven, progressive invasive aspergillosis at baseline, was approximately 28%. Interestingly,
13 subjects received triple combination therapy with micafungin, an amphotericin B formulation, and an azole. Outcomes
for these subjects were not presented separately, but this is an
example of trends in current clinical practice that are continuing despite limited objective data for treatment outcomes with
double and triple antifungal drug regimens for humans.
(iv) Interpretation and recommendations. Although numerous in vitro and animal model investigations have been performed, there are currently no prospective trials published that
evaluate the use of antifungals in combination for the treatment of human disease due to Aspergillus spp. Current therapy
guidelines (197) do not include the use of combination therapy
(other than the use of oral itraconazole for consolidation after
a course of intravenous amphotericin B treatment), but these
recommendations will need to be updated in light of recent
data on voriconazole as primary therapy (85). In this study,
approximately 53% of subjects had a successful response to
voriconazole treatment. This demonstrates that there continues to be a need to improve outcomes among patients with
invasive aspergillosis.
Flucytosine-amphotericin B combinations have produced inconsistent results in vitro, whereas rifampin-amphotericin B
combinations have exhibited synergy. Both of these combinations appeared to prolong survival in animals, but the improvements were not necessarily better than that observed with
amphotericin B alone. Data for azole-rifampin regimens are
more conflicting, with one positive result (157) and one negative result (187) in studies of infected animals. Due to their
toxicity and drug interaction profiles, respectively (as well as to
the lack of any clinical trials with these combinations), treatment with flucytosine and rifampin in combination with polyenes or azoles should be reserved for those situations (brain
abscess, ocular infections, etc.) in which the excellent tissue
penetration of these agents can be leveraged.
As judged on the basis of in vitro and animal data suggesting
antagonism, simultaneous therapy with amphotericin B and
the azoles should be employed with caution and study. However, it appears that the sequential use of azoles to complete a
course of therapy after treatment with polyene is probably safe.
A more complicated issue is that of the use of amphotericin B
for patients previously treated with an azole. Such cases often
occur when patients have received azoles for antifungal prophylaxis and may occur more frequently as voriconazole becomes the standard as primary therapy for invasive aspergillosis. Theoretically, these patients could be at higher risk for
treatment failure with a polyene due to sequence-specific antagonism with the azoles. To date, no clinical studies have
implicated previous azole prophylaxis as a cause of treatment
failures in Aspergillus infection with a polyene, but patients in
this situation should be carefully monitored.
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amphotericin B and itraconazole were cured or improved versus 5 of 10 receiving amphotericin B alone (160).
More frequently, patients who are exposed to both amphotericin B and an azole will have received the two drugs sequentially rather than simultaneously. Azoles have been studied as
a prophylaxis against fungal infections in neutropenic and
transplant patients as well as for the empirical treatment of
febrile neutropenia (7, 28, 30, 81, 121). These patients may
develop breakthrough Aspergillus infections and be switched to
another agent, most commonly amphotericin B. Azoles may
also be used for long-term consolidation or clearance therapy
in patients who have received induction therapy with amphotericin B for invasive aspergillosis (146). Also, azoles may be
added to a failing amphotericin B regimen or vice versa. Thus,
azole treatment may be initiated either prior or subsequent to
treatment with polyenes. Despite the large number of trials
utilizing azoles in prophylaxis or treatment, few have specifically examined the outcomes of patients who are crossed over
from an azole to a polyene or vice versa. One case report
describes a kidney transplant patient whose previously controlled Aspergillus infection became disseminated when the
patient was switched from itraconazole to amphotericin B
treatment (179). Other cases have been reported that showed
success with the use of itraconazole following treatment with
intravenous amphotericin B in different Aspergillus infections
(168, 215). Voriconazole has been used with good results (an
approximately 50% response rate) as salvage therapy in invasive aspergillosis, with most patients being initially treated with
amphotericin B (59).
(c) Echinocandin combinations. The arrival of caspofungin
for the treatment of refractory aspergillosis has generated renewed excitement over the potential use of this new antifungal
class in combination therapy. This enthusiasm is due to the
unique target, low toxicity of the class, and its lack of fungicidal
activity when used alone. Already, several case reports have
appeared which indicate successful treatment of invasive aspergillosis with the combination of caspofungin and either lipid
formulations of amphotericin B (116, 170; T. Gentina, S. de
Botton, S. Alfandari, J. Delomez, S. Jaillard, O. Leroy, C.
Marquette, G. Beaucaire, F. Bauters, and P. Fenaux, Abstr.
42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr.
M-860, p. 386, 2002; and D. P. Kontoyiannis, R. Hachem, R. E.
Lewis, G. Rivero, H. Kantarjian, and I. I. Raad, Abstr. 42nd
Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-1820,
p. 416, 2002), itraconazole (170), or voriconazole (Gentina et
al., Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-860, 2002). The largest case series reported
thus far examined 48 subjects with hematologic malignancy
and documented or probable invasive aspergillosis, most of
whom had progressive disease on liposomal amphotericin B
(Kontoyiannis et al., Abstr. 42nd Intersci. Conf. Antimicrob.
Agents Chemother., abstr. M-1820, 2002). The subjects received combination therapy with caspofungin and liposomal
amphotericin B. The response rate was 22% in those with
documented invasive aspergillosis and 60% in those with possible invasive aspergillosis. No significant toxicities were reported with this regimen. In addition, the results of a multicenter study using micafungin in combination with other
licensed antifungal therapy (predominantly lipid formulations
of amphotericin B) in bone marrow transplant recipients with
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CONCLUSIONS AND FUTURE DIRECTIONS
Numerous in vitro susceptibility testing and animal studies
have explored the interactions between antifungal agents for
many different fungal pathogens. Effects observed have differed for different agents within a class (for example, azoles) as
well as among different fungal pathogens and under different
study conditions. Despite their importance for the framing of
new hypotheses, the limits of in vitro and animal testing (Table
2) should be emphasized (68, 121). For example, it is clearly
difficult to extrapolate these data to humans, for whom the
host’s “net state of immunosuppression” is both crucial to
outcome and differs over time. The effects observed in these
models will not precisely apply to all aspects of the clinical
setting. However, they represent the best-controlled data we
have and, upon review, they help us gain a better understanding of how these drugs might behave when used together.
Taken together, the results of these studies represent a comprehensive data set to support future investigations in this area
and should improve outcomes among patients with these serious fungal infections. If anything, the range of in vitro and in
vivo results shows that almost any result can be achieved for
any combination. There are general trends, but it appears that
the differences among strains, differences in relative drug dosages, and differences in the underlying models make data aggregation difficult. Ultimately, it appears that the only way to
resolve some of these issues is to use the available in vitro and
in vivo data to drive the design of carefully selected clinical
studies of combination therapy in patients.
As we move toward more using of these systematic investigations, we must consider the potential risks and benefits of
these approaches and design these studies with the utmost
care. Particular attention should be paid to issues of dose
response and dose selection for these trials. In addition, clear
definitions of study endpoints, use of the appropriate patient

population, and selection of appropriate comparator agents
are critical to answering the research question. We have used
published data to identify some of the most promising antifungal drug combinations for the three major fungal pathogens as
well as some of the combinations that may be detrimental.
For cryptococcosis, combination therapies in the clinics are
well established and based on significant evidence. For candidiasis, it is likely that single-agent therapy will be used primarily and that the use of combination therapies will be considered
for unique settings. For aspergillosis, many questions remain,
with few solid clinical answers. Future attention to this specific
area is mandatory.
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Combinations of echinocandins with azoles or amphotericin
B products in both in vitro and in animal models of aspergillosis have produced positive results. Their relative lack of toxicity also makes them an attractive option as add-on therapy.
Clinical studies to explore the effectiveness of echinocandinbased combinations seem worth pursuing. Particularly since
there have been some positive results when caspofungin has
been used as salvage therapy, it seems logical that it might
perform better when used earlier in the treatment course.
Finally, triple-antifungal-drug combinations may be attractive to clinicians who are striving to improve the dismal outcomes among patients with invasive aspergillosis. These strategies have not been widely studied in any system to date, so
caution is warranted when employing these expensive and potentially detrimental combinations in clinical practice. There is
such a strong desire to improve the outcome of patients with
aspergillosis with newer agents possessing different mechanisms of action that we must be careful to analyze the true
impact of combination therapy with evidence-based observations and studies.
At the present time, successes with combination therapy for
the treatment of invasive aspergillosis remain more hope than
fact; clinicians should use combination therapy with caution
until more clinical studies are available.

ANTIMICROB. AGENTS CHEMOTHER.

VOL. 48, 2004

15.

16.
17.
18.
19.

21.
22.
23.
24.

25.

26.
27.
28.

29.
30.
31.
32.

33.
34.

35.

36.
37.
38.

39.

40.

41.

42.
43.

44.
45.
46.

47.
48.
49.
50.
51.

52.
53.

54.
55.

56.

57.
58.
59.

60.

61.

711

Comparative cytotoxicity of various drug combinations for human leukemic
cells and normal hematopoietic precursors. Cancer Res. 47:119–122.
Chang, T. T., S. C. Gulati, T. C. Chou, R. Vega, L. Gandola, S. M. Ibrahim,
J. Yopp, M. Colvin, and B. D. Clarkson. 1985. Synergistic effect of 4-hydroperoxycyclophosphamide and etoposide on a human promyelocytic leukemia cell line (HL-60) demonstrated by computer analysis. Cancer Res.
45:2434–2439.
Chen, H. H., R. N. Liushih, and W. C. Hsieh. 1982. Combined in vitro
activity of amphotericin B and 5-fluorocytosine against Cryptococcus neoformans and Candida albicans. Chung-Hua Min Kuo Wei Sheng Wu Chi
Mien I Hsueh Tsa Chih 15:106–112.
Chin, N. X., I. Weitzman, and P. Della-Latta. 1997. In vitro activity of
fluvastatin, a cholesterol-lowering agent, and synergy with flucanazole and
itraconazole against Candida species and Cryptococcus neoformans. Antimicrob. Agents Chemother. 41:850–852.
Chotmongkol, V., and S. Jitpimolmard. 1995. Treatment of cryptococcal
meningitis with triple combination of amphotericin B, flucytosine, and
itraconazole. Southeast Asian J. Trop. Med. Public Health 26:381–383.
Chotmongkol, V., W. Sukeepaisarncharoen, and Y. Thavornpitak. 1997.
Comparison of amphotericin B, flucytosine, and itraconazole with amphotericin B and flucytosine in the treatment of cryptococcal meningitis in
AIDS. J. Med. Assoc. Thail. 80:416–425.
Chou, T. C., and P. Talalay. 1984. Quantitative analysis of dose-effect
relationships: the combined effects of multiple drugs or enzyme inhibitors.
Adv. Enzyme Regul. 22:27–55.
Christensson, B., T. Wiebe, C. Pehrson, and L. Larsson. 1997. Diagnosis of
invasive candidiasis in neutropenic children with cancer by determination of
D-arabinitol/L-arabinitol ratios in urine. J. Clin. Microbiol. 35:636–640.
Clancy, C. J., Y. C. Yu, A. Lewin, and M. H. Nguyen. 1998. Inhibition of
RNA synthesis as a therapeutic strategy against Aspergillus and Fusarium:
demonstration of in vitro synergy between rifabutin and amphotericin B.
Antimicrob. Agents Chemother. 42:509–513.
Clark, A. B., B. L. Lobo, and M. S. Gelfand. 1996. Fluconazole and amphotericin B for cryptococcal meningitis. Ann. Pharmacother. 30:1408–
1410.
Cook, P. P. 2001. Successful treatment of cryptococcal osteomyelitis and
paraspinous abscess with fluconazole and flucytosine. South. Med. J. 94:
936–938.
Cosgrove, R. F., A. E. Beezer, and R. J. Miles. 1978. In vitro studies of
amphotericin B in combination with the imidazole antifungal compounds
clotrimazole and miconazole. J. Infect. Dis. 138:681–685.
Craven, P. C., and J. R. Graybill. 1984. Combination of oral flucytosine and
ketoconazole as therapy for experimental cryptococcal meningitis. J. Infect.
Dis. 149:584–590.
Currie, B., H. Sanati, A. S. Ibrahim, J. E. Edwards, Jr., A. Casadevall, and
M. A. Ghannoum. 1995. Sterol compositions and susceptibilities to amphotericin B of environmental Cryptococcus neoformans isolates are changed by
murine passage. Antimicrob. Agents Chemother. 39:1934–1937.
Cury, A. E., and M. P. Hirschfeld. 1997. Interactions between amphotericin
B and nitroimidazoles against Candida albicans. Mycoses 40:187–192.
Dal, C., I. G. Riva, R. Obert, A. Lucchini, G. Bechis, G. De Rosa, and P.
Gioannini. 1996. Tracheobronchial aspergillosis in a patient with AIDS
treated with aerosolized amphotericin B combined with itraconazole. Mycoses 39:371–374.
Darras-Joly, C., B. Veber, J. P. Bedos, B. Gachot, B. Regnier, and M. Wolff.
1996. Nosocomial cerebral aspergillosis: a report of 3 cases. Scand. J. Infect.
Dis. 28:317–319.
de Gans, J., P. Portegies, G. Tiessens, J. K. Eeftinck Schattenkerk, C. J. van
Boxtel, R. J. van Ketel, and J. Stam. 1992. Itraconazole compared with
amphotericin B plus flucytosine in AIDS patients with cryptococcal meningitis. AIDS 6:185–190.
Del Poeta, M., M. C. Cruz, M. E. Cardenas, J. R. Perfect, and J. Heitman.
2000. Synergistic antifungal activities of bafilomycin A(1), fluconazole, and
the pneumocandin MK-0991/caspofungin acetate (L-743,873) with calcineurin inhibitors FK506 and L-685,818 against Cryptococcus neoformans.
Antimicrob. Agents Chemother. 44:739–746.
Denning, D. W. 1994. Treatment of invasive aspergillosis. J. Infect.
28(Suppl. 1):25–33.
Denning, D. W., L. H. Hanson, A. M. Perlman, and D. A. Stevens. 1992. In
vitro susceptibility and synergy studies of Aspergillus species to conventional
and new agents. Diagn. Microbiol. Infect. Dis. 15:21–34.
Denning, D. W., P. Ribaud, N. Milpied, D. Caillot, R. Herbrecht, E. Thiel,
A. Haas, M. Ruhnke, and H. Lode. 2002. Efficacy and safety of voriconazole
in the treatment of acute invasive aspergillosis. Clin. Infect. Dis. 34:563–
571.
Diamond, D. M., M. Bauer, B. E. Daniel, M. A. Leal, D. Johnson, B. K.
Williams, A. M. Thomas, J. C. Ding, L. Najvar, J. R. Graybill, and R. A.
Larsen. 1998. Amphotericin B colloidal dispersion combined with flucytosine with or without fluconazole for treatment of murine cryptococcal
meningitis. Antimicrob. Agents Chemother. 42:528–533.
Ding, J. C., M. Bauer, D. M. Diamond, M. A. Leal, D. Johnson, B. K.
Williams, A. M. Thomas, L. Najvar, J. R. Graybill, and R. A. Larsen. 1997.

Downloaded from http://aac.asm.org/ on November 30, 2020 by guest

20.

and J. R. Graybill. 2001. Interactions of posaconazole and flucytosine
against Cryptococcus neoformans. Antimicrob. Agents Chemother. 45:1355–
1359.
Bartizal, K., C. J. Gill, G. K. Abruzzo, A. M. Flattery, L. Kong, P. M. Scott,
J. G. Smith, C. E. Leighton, A. Bouffard, J. F. Dropinski, and J. Balkovec.
1997. In vitro preclinical evaluation studies with the echinocandin antifungal MK-0991 (L-743,872). Antimicrob. Agents Chemother. 41:2326–2332.
Bava, A. J., and R. Negroni. 1992. Comparative study of six antifungal
treatments in an experimental model of murine cryptococcosis. Eur. J.
Epidemiol. 8:422–426.
Beggs, W. H. 1986. Mechanisms of synergistic interactions between amphotericin B and flucytosine. J. Antimicrob. Chemother. 17:402–404.
Beggs, W. H., F. A. Andrews, and G. A. Sarosi. 1981. Combined action of
amphotericin B and 5-fluorocytosine on pathogenic yeasts susceptible to
either drug alone. Chemotherapy 27:247–251.
Beggs, W. H., and G. A. Sarosi. 1982. Combined activity of ketoconazole
and 5-fluorocytosine on potentially pathogenic yeasts. Antimicrob. Agents
Chemother. 21:355–357.
Beggs, W. H., and G. A. Sarosi. 1982. Further evidence for sequential action
of amphotericin B and 5-fluorocytosine against Candida albicans. Chemotherapy 28:341–344.
Beggs, W. H., G. A. Sarosi, and F. A. Andrews. 1974. Inhibition of Candida
albicans by amphotericin B in combination with 5-fluorocytosine. Res.
Commun. Chem. Pathol. Pharmacol. 8:559–562.
Beggs, W. H., G. A. Sarosi, and N. M. Steele. 1976. Inhibition of potentially
pathogenic yeastlike fungi by clotrimazole in combination with 5-fluorocytosine or amphotericin B. Antimicrob. Agents Chemother. 9:863–865.
Beggs, W. H., G. A. Sarosi, and M. I. Walker. 1976. Synergistic action of
amphotericin B and rifampin against Candida species. J. Infect. Dis. 133:
206–209.
Bennett, J. E., W. E. Dismukes, R. J. Duma, G. Medoff, M. A. Sande, H.
Gallis, J. Leonard, B. T. Fields, M. Bradshaw, H. Haywood, Z. A. McGee,
T. R. Cate, C. G. Cobbs, J. F. Warner, and D. W. Alling. 1979. A comparison
of amphotericin B alone and combined with flucytosine in the treatment of
cryptococcal meningitis. N. Engl. J. Med. 301:126–131.
Bennett, J. E., J. Powers, B. de Pauw, W. Dismukes, J. Galgiani, M.
Glauser, R. Herbrecht, C. Kauffman, J. Lee, P. Pappas, J. Rex, P. Verweij,
C. Viscoli, and T. Walsh. 2003. Forum report: issues in the design of trials
of drugs for the treatment of invasive aspergillosis. Clin. Infect. Dis. 36:
113–116.
Bliss, C. I. 1939. The toxicity of poisons applied jointly. Ann. Appl. Biol.
26:585–615.
Block, E. R., and J. E. Bennett. 1973. The combined effect of 5-fluorocytosine and amphotericin B in the therapy of murine cryptococcosis. Proc.
Soc. Exp. Biol. Med. 142:476–480.
Boogaerts, M., D. J. Winston, E. J. Bow, G. Garber, A. C. Reboli, A. P.
Schwarer, N. Novitzky, A. Boehme, E. Chwetzoff, K. De Beule, and Itraconazole Neutropenia Study Group. 2001. Intravenous and oral itraconazole versus intravenous amphotericin B deoxycholate as empirical antifungal therapy for persistent fever in neutropenic patients with cancer who
are receiving broad-spectrum antibacterial therapy. A randomized, controlled trial. Ann. Intern. Med. 135: 412–422.
Borst, A., M. A. Leverstein-Van Hall, J. Verhoef, and A. C. Fluit. 2001.
Detection of Candida spp. in blood cultures using nucleic acid sequencebased amplification (NASBA). Diagn. Microbiol. Infect. Dis. 39:155–160.
Boyle, B. M., and S. R. McCann. 2000. The use of itraconazole as prophylaxis against invasive fungal infection in blood and marrow transplant recipients. Transpl. Infect. Dis. 2:72–79.
Brajtburg, J., D. Kobayashi, G. Medoff, and G. S. Kobayashi. 1982. Antifungal action of amphotericin B in combination with other polyene or
imidazole antibiotics. J. Infect. Dis. 146:138–146.
Bretagne, S., J. M. Costa, C. Bert-Delabesse, N. Bhedin, C. Rieux, and C.
Cordonnier. 1998. Comparison of serum galactomannan antigen detection
and competitive polymerase chain reaction for diagnosing invasive aspergillosis. Clin. Infect. Dis. 26:1407–1412.
Bulo, A. N., S. F. Bradley, and C. A. Kauffman. 1989. The effect of cilofungin (LY 121019) in combination with amphotericin B or flucytosine
against Candida species. Mycoses 32:46–52.
Cao, B., P. W. Tsang, D. N. Tsang, L. P. Samaranayake, and J. Wang. 1996.
A disc plate assay for characterization of the effect of interaction between
polyenes and azoles on growth of Candida albicans CA12. Microbios 87:
161–167.
Carillo-Munoz, A. J., and C. Tur-Tur. 1997. Comparative study of antifungal activity of sertaconazole, terbinafine, and bifonazole against clinical
isolates of Candida spp., Cryptococcus neoformans and dermatophytes. Chemotherapy 43:387–392.
Casado, J. L., C. Quereda, J. Oliva, E. Navas, A. Moreno, V. Pintado, J.
Cobo, and I. Corral. 1997. Candidal meningitis in HIV-infected patients:
analysis of 14 cases. Clin. Infect. Dis. 25:673–676.
Chang, T. T., and T. C. Chou. 2000. Rational approach to the clinical
protocol design for drug combinations: a review. Acta Paediatr. 41:294–302.
Chang, T. T., S. Gulati, T. C. Chou, M. Colvin, and B. Clarkson. 1987.

MINIREVIEW

712

62.
63.
64.

65.
66.

68.

69.
70.

71.
72.
73.
74.

75.

76.

77.
78.
79.
80.
81.

82.

83.

Effect of severity of meningitis on fungicidal activity of flucytosine combined with fluconazole in a murine model of cryptococcal meningitis. Antimicrob. Agents Chemother. 41:1589–1593.
Dodds, E. S., R. H. Drew, and J. R. Perfect. 2000. Antifungal pharmacodynamics: review of the literature and clinical applications. Pharmacotherapy 20:1335–1355.
Dupont, B., and E. Drouhet. 1979. In vitro synergy and antagonism of
antifungal agents against yeast-like fungi. Postgrad. Med. J. 55:683–686.
Einsele, H., H. Hebart, G. Roller, J. Loffler, I. Rothenhofer, C. A. Muller,
R. A. Bowden, J. van Burik, D. Engelhard, L. Kanz, and U. Schumacher.
1997. Detection and identification of fungal pathogens in blood by using
molecular probes. J. Clin. Microbiol. 35:1353–1360.
Elie, C. M., T. J. Lott, E. Reiss, and C. J. Morrison. 1998. Rapid identification of Candida species with species-specific DNA probes. J. Clin. Microbiol. 36:3260–3265.
Eliopoulos, G. M., and R. C. Moellering. 1991. Antimicrobial combinations,
p. 432–492. In V. Lorian (ed.), Antibiotics in laboratory medicine, 3rd ed.
The Williams & Wilkins Co., Baltimore, Md.
Ernst, E. J., M. E. Klepser, and M. A. Pfaller. 1998. In vitro interaction of
fluconazole and amphotericin B administered sequentially against Candida
albicans: effect of concentration and exposure time. Diagn. Microbiol. Infect. Dis. 32:205–210.
Ernst, J. D., M. Rusnak, and M. A. Sande. 1983. Combination antifungal
chemotherapy for experimental disseminated candidiasis: lack of correlation between in vitro and in vivo observations with amphotericin B and
rifampin. Rev. Infect. Dis. 5(Suppl. 3):S626–S630.
Feldmesser, M., Y. Kress, A. Mednick, and A. Casadevall. 2000. The effect
of the echinocandin analogue caspofungin on cell wall glucan synthesis by
Cryptococcus neoformans. J. Infect. Dis. 182:1791–1795.
Flahaut, M., D. Sanglard, M. Monod, J. Bille, and M. Rossier. 1998. Rapid
detection of Candida albicans in clinical samples by DNA amplification of
common regions from C. albicans-secreted aspartic proteinase genes.
J. Clin. Microbiol. 36:395–401.
Franzot, S. P., and A. Casadevall. 1997. Pneumocandin L-743, 872 enhances the activities of amphotericin B and fluconazole against Cryptococcus neoformans in vitro. Antimicrob. Agents Chemother. 41:331–336.
Fujita, S., B. A. Lasker, T. J. Lott, E. Reiss, and C. J. Morrison. 1995.
Microtitration plate enzyme immunoassay to detect PCR-amplified DNA
from Candida species in blood. J. Clin. Microbiol. 33:962–967.
Ghannoum, M. A., and B. Elewski. 1999. Successful treatment of fluconazole-resistant oropharyngeal candidiasis by a combination of fluconazole
and terbinafine. Clin. Diagn. Lab. Immunol. 6:921–923.
Ghannoum, M. A., Y. Fu, A. S. Ibrahim, L. A. Mortara, M. C. Shafiq, J. E.
Edwards, Jr., and R. S. Criddle. 1995. In vitro determination of optimal
antifungal combinations against Cryptococcus neoformans and Candida albicans. Antimicrob. Agents Chemother. 39: 2459–2465.
Ghannoum, M. A., B. J. Spellberg, A. S. Ibrahim, J. A. Ritchie, B. Currie,
E. D. Spitzer, J. E. Edwards, Jr., and A. Casadevall. 1994. Sterol composition of Cryptococcus neoformans in the presence and absence of fluconazole. Antimicrob. Agents Chemother. 38: 2029–2033.
Girmenia, C., P. Martino, F. De Bernardis, and A. Cassone. 1997. Assessment of detection of Candida mannoproteinemia as a method to differentiate central venous catheter-related candidemia from invasive disease.
J. Clin. Microbiol. 35:903–906.
Graybill, J. R., R. Bocanegra, L. K. Najvar, S. Hernandez, and R. A. Larsen.
2003. Addition of caspofungin to fluconazole does not improve outcome in
murine candidiasis. Antimicrob. Agents Chemother. 47:2373–2375.
Graybill, J. R., D. M. Williams, E. Van Cutsem, and D. J. Drutz. 1980.
Combination therapy of experimental histoplasmosis and cryptococcosis
with amphotericin B and ketoconazole. Rev. Infect. Dis. 2:551–558.
Greco, W. R., G. Bravo, and J. C. Parsons. 1995. The search for synergy: a
critical review from a response surface perspective. Pharmacol. Rev. 47:
331–385.
Hamilton, J. D., and D. M. Elliott. 1975. Combined activity of amphotericin
B and 5-fluorocytosine against Cryptococcus neoformans in vitro and in vivo
in mice. J. Infect. Dis. 131:129–137.
Harousseau, J. L., A. W. Dekker, A. Stamatoullas-Bastard, A. Fassas, W.
Linkesch, J. Gouveia, R. de Bock, M. Rovira, W. F. Seifert, H. Joosen, M.
Peeters, and K. De Beule. 2000. Itraconazole oral solution for primary
prophylaxis of fungal infections in patients with hematological malignancy
and profound neutropenia: a randomized, double-blind, double-placebo,
multicenter trial comparing itraconazole and amphotericin B. Antimicrob.
Agents Chemother. 44:1887–1893.
Hawser, S. P., C. Jessup, J. Vitullo, and M. A. Ghannoum. 2001. Utility of
2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenyl-amino)carbonyl]-2Htetrazolium hydroxide (XTT) and minimum effective concentration assays
in the determination of antifungal susceptibility of Aspergillus fumigatus to
the lipopeptide class compounds. J. Clin. Microbiol. 39:2738–2741.
Hebart, H., J. Loffler, C. Meisner, F. Serey, D. Schmidt, A. Bohme, H.
Martin, A. Engel, D. Bunje, W. V. Kern, U. Schumacher, L. Kanz, and H.
Einsele. 2000. Early detection of Aspergillus infection after allogeneic stem

ANTIMICROB. AGENTS CHEMOTHER.

84.

85.

86.

87.

88.

89.
90.
91.

92.

93.
94.

95.
96.

97.

98.

99.

100.
101.

102.

103.
104.
105.

cell transplantation by polymerase chain reaction screening. J. Infect. Dis.
181:1713–1719.
Hebart, H., J. Loffler, H. Reitze, A. Engel, U. Schumacher, T. Klingebiel, P.
Bader, A. Bohme, H. Martin, D. Bunjes, W. V. Kern, L. Kanz, and H.
Einsele. 2000. Prospective screening by a panfungal polymerase chain reaction assay in patients at risk for fungal infections: implications for the
management of febrile neutropenia. Br. J. Haematol. 111:635–640.
Herbrecht, R., D. W. Denning, T. F. Patterson, J. E. Bennett, R. E. Greene,
J. W. Oestmann, W. V. Kern, K. A. Marr, P. Ribaud, O. Lortholary, R.
Sylvester, R. H. Rubin, J. R. Wingard, P. Stark, C. Durand, D. Caillot, E.
Thiel, P. H. Chandrasekar, M. R. Hodges, H. T. Schlamm, P. F. Troke, and
B. de Pauw. 2002. Voriconazole versus amphotericin B for primary therapy
of invasive aspergillosis. N. Engl. J. Med. 347:408–415.
Herbrecht, R., V. Letscher-Bru, C. Oprea, B. Lioure, J. Waller, F. Campos,
O. Villard, K. L. Liu, S. Natarajan-Ame, P. Lutz, P. Dufour, J. P. Bergerat,
and E. Candolfi. 2002. Aspergillus galactomannan detection in the diagnosis
of invasive aspergillosis in cancer patients. J. Clin. Oncol. 20:1898–1906.
Hughes, C. E., C. Harris, J. A. Moody, L. R. Peterson, and D. N. Gerding.
1984. In vitro activities of amphotericin B in combination with four antifungal agents and rifampin against Aspergillus spp. Antimicrob. Agents
Chemother. 25:560–562.
Huttova, M., I. Hartmanova, K. Kralinsky, J. Filka, J. Uher, J. Kurak, S.
Krizan, and V. Krcmery, Jr. 1998. Candida fungemia in neonates treated
with fluconazole: report of forty cases, including eight with meningitis.
Pediatr. Infect. Dis. J. 17: 1012–1015.
Iovannitti, C., R. Negroni, J. Bava, J. Finquelievich, and M. Kral. 1995.
Itraconazole and flucytosine⫹itraconazole combination in the treatment of
experimental cryptococcosis in hamsters. Mycoses 38:449–452.
Jawetz, E. 1968. The use of combinations of antimicrobial drugs. Annu.
Rev. Pharmacol. 8:151–170.
Johnson, M., C. Hamilton, R. Drew, L. Sanders, G. Pennick, and J. Perfect.
2003. A randomized comparative study to determine the effect of omeprazole on the peak serum concentration of itraconazole oral solution. J.
Antimicrob. Chemother. 51:453–457.
Keele, D. J., V. C. DeLallo, R. E. Lewis, E. J. Ernst, and M. E. Klepser.
2001. Evaluation of amphotericin B and flucytosine in combination against
Candida albicans and Cryptococcus neoformans using time-kill methodology. Diagn. Microbiol. Infect. Dis. 41:121–126.
Kerkmann, M. L., R. Blaschke-Hellmessen, and H. D. Mikulin. 1994. Successful treatment of cerebral aspergillosis by stereotactic operation and
antifungal therapy. Mycoses 37:123–126.
Kirkpatrick, W. R., S. Perea, B. J. Coco, and T. F. Patterson. 2002. Efficacy
of caspofungin alone and in combination with voriconazole in a guinea pig
model of invasive aspergillosis. Antimicrob. Agents Chemother. 46:2564–
2568.
Kitahara, M., V. K. Seth, G. Medoff, and G. S. Kobayashi. 1976. Activity of
amphotericin B, 5-fluorocytosine, and rifampin against six clinical isolates
of Aspergillus. Antimicrob. Agents Chemother. 9:915–919.
Kontoyiannis, D. P., B. S. Andersson, R. E. Lewis, and I. I. Raad. 2001.
Progressive disseminated aspergillosis in a bone marrow transplant recipient: response with a high-dose lipid formulation of amphotericin B. Clin.
Infect. Dis. 32:E94–E96.
Kontoyiannis, D. P., R. E. Lewis, N. Sagar, G. May, R. A. Prince, and K. V.
Rolston. 2000. Itraconazole-amphotericin B antagonism in Aspergillus fumigatus: an E-test-based strategy. Antimicrob. Agents Chemother. 44:2915–
2918.
Kontoyiannis, D. P., R. E. Lewis, N. Osherov, N. D. Albert, and G. S. May.
2003. Combination of caspofungin with inhibitors of the calcineurin pathway attenuates growth in vitro in Aspergillus species. J. Antimicrob. Chemother. 51:313–316.
Krishnarao, T. V., and J. N. Galgiani. 1997. Comparison of the in vitro
activities of the echinocandin LY303366, the pneumocandin MK-0991, and
fluconazole against Candida species and Cryptococcus neoformans. Antimicrob. Agents Chemother. 41:1957–1960.
Kujath, P., K. Lerch, P. Kochendorfer, and C. Boos. 1993. Comparative
study of the efficacy of fluconazole versus amphotericin B/flucytosine in
surgical patients with systemic mycoses. Infection 21:376–382.
Larsen, R. A., M. Bauer, J. M. Weiner, D. M. Diamond, M. E. Leal, J. C.
Ding, M. G. Rinaldi, and J. R. Graybill. 1996. Effect of fluconazole on
fungicidal activity of flucytosine in murine cryptococcal meningitis. Antimicrob. Agents Chemother. 40:2178–2182.
Larsen, R. A., S. A. Bozzette, B. E. Jones, D. Haghighat, M. A. Leal, D.
Forthal, M. Bauer, J. G. Tilles, J. A. McCutchan, and J. M. Leedom. 1994.
Fluconazole combined with flucytosine for treatment of cryptococcal meningitis in patients with AIDS. Clin. Infect. Dis. 19:741–745.
Larsen, R. A., M. A. Leal, and L. S. Chan. 1990. Fluconazole compared with
amphotericin B plus flucytosine for cryptococcal meningitis in AIDS. A
randomized trial. Ann. Intern. Med. 113:183–187.
Lauer, B. A., L. B. Reller, and G. P. Schroter. 1978. Susceptibility of
Aspergillus to 5-fluorocytosine and amphotericin B alone and in combination. J. Antimicrob. Chemother. 4:375–380.
Lewis, R. E., D. J. Diekema, S. A. Messer, M. A. Pfaller, and M. E. Klepser.

Downloaded from http://aac.asm.org/ on November 30, 2020 by guest

67.

MINIREVIEW

VOL. 48, 2004

106.
107.

108.
109.

111.
112.
113.

114.

115.

116.
117.
118.

119.

120.
121.
122.
123.

124.

125.
126.
127.

713

128. Merino, J. M., M. A. Diaz, M. Ramirez, D. Ruano, and L. Madero. 1995.
Complicated pulmonary aspergillosis with pneumothorax and pneumopericardium in a child with acute lymphoblastic leukemia. Pediatr. Hematol.
Oncol. 12:195–199.
129. Mikami, Y., G. M. Scalarone, N. Kurita, K. Yazawa, J. Uno, and M. Miyaji.
1992. Synergistic postantifungal effect of flucytosine and fluconazole on
Candida albicans. J. Med. Vet. Mycol. 30:197–206.
130. Minari, A., R. Hachem, and I. Raad. 2001. Candida lusitaniae: a cause of
breakthrough fungemia in cancer patients. Clin. Infect. Dis. 32:186–190.
131. Mitsutake, K., T. Miyazaki, T. Tashiro, Y. Yamamoto, H. Kakeya, T. Otsubo, S. Kawamura, M. A. Hossain, T. Noda, Y. Hirakata, and S. Kohno.
1996. Enolase antigen, mannan antigen, Cand-Tec antigen, and ␤-glucan in
patients with candidemia. J. Clin. Microbiol. 34:1918–1921.
132. Miyazaki, T., S. Kohno, K. Mitsutake, S. Maesaki, K. Tanaka, N. Ishikawa,
and K. Hara. 1995. Plasma (133)-␤-D-glucan and fungal antigenemia in
patients with candidemia, aspergillosis, and cryptococcosis. J. Clin. Microbiol. 33:3115–3118.
133. Montgomerie, J. Z., J. E. Edwards, Jr., and L. B. Guze. 1975. Synergism of
amphotericin B and 5-fluorocytosine for Candida species. J. Infect. Dis.
132: 82–86.
134. Morace, G., L. Pagano, M. Sanguinetti, B. Posteraro, L. Mele, F. Equitani,
G. D’Amore, G. Leone, and G. Fadda. 1999. PCR-restriction enzyme analysis for detection of Candida DNA in blood from febrile patients with
hematological malignancies. J. Clin. Microbiol. 37:1871–1875.
135. Nakajima, R., A. Kitamura, K. Someya, M. Tanaka, and K. Sato. 1995. In
vitro and in vivo antifungal activities of DU-6859a, a fluoroquinolone, in
combination with amphotericin B and fluconazole against pathogenic fungi.
Antimicrob. Agents Chemother. 39:1517–1521.
136. Nash, J. D., D. S. Burgess, and R. L. Talbert. 2002. Effect of fluvastatin and
pravastatin, HMG-CoA reductase inhibitors, on fluconazole activity against
Candida albicans. J. Med. Microbiol. 51:105–109.
137. Ng, A., N. Gadong, A. Kelsey, D. W. Denning, J. Leggate, and O. B. Eden.
2000. Successful treatment of aspergillus brain abscess in a child with acute
lymphoblastic leukemia. Pediatr. Hematol. Oncol. 17:497–504.
138. Nguyen, M. H., F. Barchiesi, D. A. McGough, V. L. Yu, and M. G. Rinaldi.
1995. In vitro evaluation of combination of fluconazole and flucytosine
against Cryptococcus neoformans var. neoformans. Antimicrob. Agents Chemother. 39:1691–1695.
139. Nguyen, M. H., L. K. Najvar, C. Y. Yu, and J. R. Graybill. 1997. Combination therapy with fluconazole and flucytosine in the murine model of
cryptococcal meningitis. Antimicrob. Agents Chemother. 41:1120–1123.
140. Odds, F. C. 1982. Interactions among amphotericin B, 5-fluorocytosine,
ketoconazole, and miconazole against pathogenic fungi in vitro. Antimicrob. Agents Chemother. 22:763–770.
141. Odds, F. C. 2003. Synergy, antagonism, and what the chequerboard puts
between them. J. Antimicrob. Chemother. 52:1.
142. Onyewu, C., J. R. Blankenship, M. Del Poeta, and J. Heitman. 2003.
Ergosterol biosynthesis inhibitors become fungicidal when combined with
calcineurin inhibitors against Candida albicans, Candida glabrata, and Candida krusei. Antimicrob. Agents Chemother. 47:956–964.
143. Pappas, P. G., J. H. Rex, J. D. Sobel, S. G. Filler, W. E. Dismukes, T. J.
Walsh, and J. E. Edwards. 2004. Guidelines for treatment of candidiasis.
Infectious Diseases Society of America. Clin. Infect. Dis. 38:161–189.
144. Parisi, A., A. Malfitano, R. Bruno, W. Calderon, P. Sacchi, S. F. Patruno,
and G. Filice. 1997. Efficacy of a short-term amphotericin B ⫹ flucytosine
combination therapy followed by itraconazole monotherapy in acute and
chronic AIDS-associated cryptococcosis. Mycoses 40:203–207.
145. Paterson, P. J., P. H. McWhinney, M. Potter, C. C. Kibbler, and H. G.
Prentice. 2001. The combination of oral amphotericin B with azoles prevents the emergence of resistant Candida species in neutropenic patients.
Br. J. Haematol. 112:175–180.
146. Patterson, T. F., W. R. Kirkpatrick, M. White, J. W. Hiemenz, J. R. Wingard, B. Dupont, M. G. Rinaldi, D. A. Stevens, and J. R. Graybill. 2000.
Invasive aspergillosis. Disease spectrum, treatment practices, and outcomes. Medicine 79:250–260.
147. Perea, S., G. Gonzalez, A. W. Fothergill, W. R. Kirkpatrick, M. G. Rinaldi,
and T. F. Patterson. 2002. In vitro interaction of caspofungin acetate with
voriconazole against clinical isolates of Aspergillus spp. Antimicrob. Agents
Chemother. 46:3039–3041.
148. Perea, S., G. Gonzalez, A. W. Fothergill, D. A. Sutton, and M. G. Rinaldi.
2002. In vitro activities of terbinafine in combination with fluconazole,
itraconazole, voriconazole, and posaconazole against clinical isolates of
Candida glabrata with decreased susceptibility to azoles. J. Clin. Microbiol.
40:1831–1833.
149. Perfect, J. R. 1993. Interactions between chitin and beta-glucan synthesis
inhibitors. An new approach to antifungal development for cutaneous infections, p. 365–375. In R. A. Fromtling and J. W. Rippon (ed.), Cutaneous
antifungal agents. Marcel-Dekker, Inc., New York, N.Y.
150. Perfect, J. R., and D. T. Durack. 1982. Treatment of experimental cryptococcal meningitis with amphotericin B, 5-fluorocytosine, and ketoconazole.
J. Infect. Dis. 146:429–435.
151. Perfect, J. R., K. A. Wright, and R. F. Hector. 1991. Synergistic interaction

Downloaded from http://aac.asm.org/ on November 30, 2020 by guest

110.

2002. Comparison of Etest, chequerboard dilution and time-kill studies for
the detection of synergy or antagonism between antifungal agents tested
against Candida species. J. Antimicrob. Chemother. 49:345–351.
Lewis, R. E., and D. P. Kontoyiannis. 2001. Rationale for combination
antifungal therapy. Pharmacotherapy 21:149S–164S.
Lewis, R. E., B. C. Lund, M. E. Klepser, E. J. Ernst, and M. A. Pfaller. 1998.
Assessment of antifungal activities of fluconazole and amphotericin B administered alone and in combination against Candida albicans by using a
dynamic in vitro mycotic infection model. Antimicrob. Agents Chemother.
42:1382–1386.
Loeffler, J., H. Hebart, P. Cox, N. Flues, U. Schumacher, and H. Einsele.
2001. Nucleic acid sequence-based amplification of Aspergillus RNA in
blood samples. J. Clin. Microbiol. 39:1626–1629.
Loeffler, J., H. Hebart, S. Magga, D. Schmidt, L. Klingspor, J. Tollemar, U.
Schumacher, and H. Einsele. 2000. Identification of rare Candida species
and other yeasts by polymerase chain reaction and slot blot hybridization.
Diagn. Microbiol. Infect. Dis. 38:207–212.
Loeffler, J., N. Henke, H. Hebart, D. Schmidt, L. Hagmeyer, U. Schumacher, and H. Einsele. 2000. Quantification of fungal DNA by using fluorescence resonance energy transfer and the light cycler system. J. Clin.
Microbiol. 38:586–590.
Loewe, S., and H. Muischnek. 1926. Effect of combinations: mathematical
basis of problem. Arch. Exp. Pathol. Pharmakol. 114:313–326.
Loffler, J., H. Hebart, S. Sepe, U. Schumcher, T. Klingebiel, and H. Einsele.
1998. Detection of PCR-amplified fungal DNA by using a PCR-ELISA
system. Med. Mycol. 36:275–279.
Louie, A., P. Banerjee, G. L. Drusano, M. Shayegani, and M. H. Miller.
1999. Interaction between fluconazole and amphotericin B in mice with
systemic infection due to fluconazole-susceptible or -resistant strains of
Candida albicans. Antimicrob. Agents Chemother. 43:2841–2847.
Louie, A., P. Kaw, P. Banerjee, W. Liu, G. Chen, and M. H. Miller. 2001.
Impact of the order of initiation of fluconazole and amphotericin B in
sequential or combination therapy on killing of Candida albicans in vitro
and in a rabbit model of endocarditis and pyelonephritis. Antimicrob.
Agents Chemother. 45:485–494.
Louie, A., W. Liu, D. A. Miller, A. C. Sucke, Q. F. Liu, G. L. Drusano, M.
Mayers, and M. H. Miller. 1999. Efficacies of high-dose fluconazole plus
amphotericin B and high-dose fluconazole plus 5-fluorocytosine versus amphotericin B, fluconazole, and 5-fluorocytosine monotherapies in treatment
of experimental endocarditis, endophthalmitis, and pyelonephritis due to
Candida albicans. Antimicrob. Agents Chemother. 43:2831–2840.
Lum, L. R., T. F. Turco, and J. Leone. 2002. Combination therapy with
caspofungin and amphotericin B lipid complex. Am. J. Health Syst. Pharm.
59:80–81.
Luque, J. C., K. V. Clemons, and D. A. Stevens. 2003. Efficacy of micafungin
alone or in combination against systemic murine aspergillosis. Antimicrob.
Agents Chemother. 47:1452–1455.
Maesaki, S., S. Kohno, M. Kaku, H. Koga, and K. Hara. 1994. Effects of
antifungal agent combinations administered simultaneously and sequentially against Aspergillus fumigatus. Antimicrob. Agents Chemother. 38:
2843–2845.
Marchetti, O., J. M. Entenza, D. Sanglard, J. Bille, M. P. Glauser, and P.
Moreillon. 2000. Fluconazole plus cyclosporine: a fungicidal combination
effective against experimental endocarditis due to Candida albicans. Antimicrob. Agents Chemother. 44:2932–2938.
Marchetti, O., P. Moreillon, M. P. Glauser, J. Bille, and D. Sanglard. 2000.
Potent synergism of the combination of fluconazole and cyclosporine in
Candida albicans. Antimicrob. Agents Chemother. 44:2373–2381.
Marr, K. A. 2001. Antifungal prophylaxis in hematopoietic stem cell transplant recipients. Curr. Opin. Infect. Dis. 14:423–426.
Martin, E., F. Maier, and S. Bhakdi. 1994. Antagonistic effects of fluconazole and 5-fluorocytosine on candidacidal action of amphotericin B in
human serum. Antimicrob. Agents Chemother. 38:1331–1338.
Mattiuzzi, G. N., E. Estey, I. I. Raad, F. Giles, G. Cortes, Y. Shen, D. P.
Kontoyiannis, C. Koller, M. Munsell, M. Beran, and H. Kantarjian. 2003.
Liposomal amphotericin B versus the combination of fluconazole and itraconazole as prophylaxis for invasive fungal infections during induction.
Cancer 97:450–456.
Mayanja-Kizza, H., K. Oishi, S. Mitarai, H. Yamashita, K. Nalongo, K.
Watanabe, T. Izumi, J. Ococi, K. Augustine, R. Mugerwa, T. Nagatake, and
K. Matsumoto. 1998. Combination therapy with fluconazole and flucytosine
for cryptococcal meningitis in Ugandan patients with AIDS. Clin. Infect.
Dis. 26:1362–1366.
Medoff, G. 1983. Antifungal action of rifampin. Rev. Infect. Dis. 5(Suppl.
3):S614–S619.
Medoff, G., Comfort, M., and Kobayashi, G. S. 1971. Synergistic action of
amphotericin B and 5-fluorocytosine against yeast-like organisms. Proc.
Soc. Exp. Biol. Med. 138:571–574.
Medoff, G., G. S. Kobayashi, C. N. Kwan, D. Schlessinger, and P. Venkov.
1972. Potentiation of rifampicin and 5-fluorocytosine as antifungal antibiotics by amphotericin B (yeast-membrane permeability-ribosomal RNAeukaryotic cell-synergism). Proc. Natl. Acad. Sci. USA 69:196–199.

MINIREVIEW

714

152.

153.
154.
155.

157.
158.
159.
160.
161.
162.

163.
164.
165.
166.

167.

168.
169.

170.
171.

172.

of nikkomycin and cilofungin against diverse fungi, p. 369⫺379. In H.
Yamaguchi, G. S. Kobayashi, and H. Takahashi (ed.), Recent progress in
antifungal chemotherapy. Marcel Dekker, Inc., New York, N. Y.
Petraitiene, R., V. Petraitis, A. H. Groll, T. Sein, R. L. Schaufele, A.
Francesconi, J. Bacher, N. A. Avila, and T. J. Walsh. 2002. Antifungal
efficacy of caspofungin (MK-0991) in experimental pulmonary aspergillosis
in persistently neutropenic rabbits: pharmacokinetics, drug disposition, and
relationship to galactomannan antigenemia. Antimicrob. Agents Chemother. 46:12–23.
Petrou, M. A., and T. R. Rogers. 1988. In-vitro activity of antifungal agents
in combination with four quinolones. Drugs Exp. Clin. Res. 14:9–18.
Petrou, M. A., and T. R. Rogers. 1991. Interactions in vitro between polyenes and imidazoles against yeasts. J. Antimicrob. Chemother. 27:491–506.
Pina-Vaz, C., F. Sansonetty, A. G. Rodrigues, J. Martinez-De-Oliveira, A. F.
Fonseca, and P. A. Mardh. 2000. Antifungal activity of ibuprofen alone and
in combination with fluconazole against Candida species. J. Med. Microbiol. 49:831–840.
Polak, A. 1978. Synergism of polyene antibiotics with 5-fluorocytosine.
Chemotherapy 24:2–16.
Polak, A. 1987. Combination therapy of experimental candidiasis, cryptococcosis, aspergillosis and wangiellosis in mice. Chemotherapy 33:381–395.
Polak, A., H. J. Scholer, and M. Wall. 1982. Combination therapy of
experimental candidiasis, cryptococcosis and aspergillosis in mice. Chemotherapy 28:461–479.
Polo, J. M., E. Fabrega, F. Casafont, M. C. Farinas, R. Salesa, A. Vazquez,
and J. Berciano. 1992. Treatment of cerebral aspergillosis after liver transplantation. Neurology 42:1817–1819.
Popp, A. I., M. H. White, T. Quadri, L. Walshe, and D. Armstrong. 1999.
Amphotericin B with and without itraconazole for invasive aspergillosis: a
three-year retrospective study. Int. J. Infect. Dis. 3:157–160.
Pore, R. S. 1992. Amphotericin B synergy testing by the FCST. Curr.
Microbiol. 24:171–177.
Powderly, W. G., M. S. Saag, G. A. Cloud, P. Robinson, R. D. Meyer, J. M.
Jacobson, J. R. Graybill, A. M. Sugar, V. J. McAuliffe, and S. E. Follansbee.
1992. A controlled trial of fluconazole or amphotericin B to prevent relapse
of cryptococcal meningitis in patients with the acquired immunodeficiency
syndrome. N. Engl. J. Med. 326:793–798.
Proctor, S. J., and G. H. Jackson. 1997. Intracerebral aspergillosis following
allogeneic marrow transplantation responding to treatment with non-liposomal amphotericin B and rifampicin. Br. J. Haematol. 98:1052–1053.
Rabinovich, S., B. D. Shaw, T. Bryant, and S. T. Donta. 1974. Effect of
5-fluorocytosine and amphotericin B on Candida albicans infection in mice.
J. Infect. Dis. 130:28–31.
Ramamohan, N., N. Zeineh, P. Grigoris, and I. Butcher. 2001. Candida
glabrata infection after total hip arthroplasty. J. Infect. 42:74–76.
Rex, J. H., P. G. Pappas, A. W. Karchmer, J. Sobel, J. Edwards, S. Hadley,
C. Brass, J. A. Vazquez, S. Chapman, H. Horowitz, M. Zervos, D. McKinsey, J. Lee, T. Babinchak, R. W. Bradsher, J. D. Cleary, D. M. Cohen, L.
Danziger, M. I. Goldman, J. Goodman, E. Hilton, N. E. Hyslop, D. H. Kett,
J. Lutz, R. H. Rubin, W. M. Scheld, M. Schuster, B. Simmons, D. K. Stein,
R. G. Washburn, L. Mautner, T. C. Chu, H. Panzer, R. B. Rosenstein, and
J. Booth. 2003. A randomized and blinded multicenter trial of high-dose
fluconazole plus placebo versus fluconazole plus amphotericin B as therapy
for candidemia and its consequences in nonneutropenic subjects. Clin.
Infect. Dis. 36:1221–1228.
Rex, J. H., T. J. Walsh, M. Nettleman, E. J. Anaissie, J. E. Bennett, E. J.
Bow, A. J. Carillo-Munoz, P. Chavanet, G. A. Cloud, D. W. Denning, B. E.
de Pauw, J. E. Edwards, Jr., J. W. Hiemenz, C. A. Kauffman, G. LopezBerestein, P. Martino, J. D. Sobel, D. A. Stevens, R. Sylvester, J. Tollemar,
C. Viscoli, M. A. Viviani, and T. Wu. 2001. Need for alternative trial designs
and evaluation strategies for therapeutic studies of invasive mycoses. Clin.
Infect. Dis. 33:95–106.
Rodriguez-Hernandez, M. J., M. E. Jimenez-Mejias, J. M. Montero, C.
Regordan, and G. Ferreras. 2001. Aspergillus fumigatus cranial infection
after accidental traumatism. Eur. J. Clin. Microbiol. Infect. Dis. 20:655–656.
Roling, E. E., M. E. Klepser, A. Wasson, R. E. Lewis, E. J. Ernst, and M. A.
Pfaller. 2002. Antifungal activities of fluconazole, caspofungin (MK0991),
and anidulafungin (LY 303366) alone and in combination against Candida
spp. and Crytococcus neoformans via time-kill methods. Diagn. Microbiol.
Infect. Dis. 43:13–17.
Rubin, M. A., K. C. Carroll, and B. C. Cahill. 2002. Caspofungin in combination with itraconazole for the treatment of invasive aspergillosis in
humans. Clin. Infect. Dis. 34:1160–1161.
Saag, M. S., G. A. Cloud, J. R. Graybill, J. D. Sobel, C. U. Tuazon, P. C.
Johnson, W. J. Fessel, B. L. Moskovitz, B. Wiesinger, D. Cosmatos, L.
Riser, C. Thomas, R. Hafner, and W. E. Dismukes. 1999. A comparison of
itraconazole versus fluconazole as maintenance therapy for AIDS-associated cryptococcal meningitis. Clin. Infect. Dis. 28:291–296.
Saag, M. S., R. J. Graybill, R. A. Larsen, P. G. Pappas, J. R. Perfect, W. G.
Powderly, J. D. Sobel, and W. E. Dismukes. 2000. Practice guidelines for the
management of cryptococcal disease. Infectious Diseases Society of America. Clin. Infect. Dis. 30:710–718.

ANTIMICROB. AGENTS CHEMOTHER.
173. Saag, M. S., W. G. Powderly, G. A. Cloud, P. Robinson, M. H. Grieco, P. K.
Sharkey, S. E. Thompson, A. M. Sugar, C. U. Tuazon, and J. F. Fisher.
1992. Comparison of amphotericin B with fluconazole in the treatment of
acute AIDS-associated cryptococcal meningitis. N. Engl. J. Med. 326:83–89.
174. Safdar, A., F. van Rhee, J. P. Henslee-Downey, S. Singhal, and J. Mehta.
2001. Candida glabrata and Candida krusei fungemia after high-risk allogeneic marrow transplantation: no adverse effect of low-dose fluconazole
prophylaxis on incidence and outcome. Bone Marrow Transplant. 28:873–
878.
175. Samaranayake, Y. H., L. P. Samaranayake, and K. W. Yeung. 2001. Evaluation of polyene-azole antagonism in liquid cultures of Candida albicans
using an automated turbidometric method. Chemotherapy 47:279–291.
176. Sanati, H., C. F. Ramos, A. S. Bayer, and M. A. Ghannoum. 1997. Combination therapy with amphotericin B and fluconazole against invasive
candidiasis in neutropenic-mouse and infective-endocarditis rabbit models.
Antimicrob. Agents Chemother. 41:1345–1348.
177. Sandhu, G. S., B. C. Kline, L. Stockman, and G. D. Roberts. 1995. Molecular probes for diagnosis of fungal infections. J. Clin. Microbiol. 33:2913–
2919.
178. Scalarone, G. M., Y. Mikami, N. Kurita, K. Yazawa, and M. Miyaji. 1992.
Comparative studies on the postantifungal effect produced by the synergistic interaction of flucytosine and amphotericin B on Candida albicans.
Mycopathologia 120:133–138.
179. Schaffner, A., and A. Bohler. 1993. Amphotericin B refractory aspergillosis
after itraconazole: evidence for significant antagonism. Mycoses 36:421–
424.
180. Schaffner, A., and P. G. Frick. 1985. The effect of ketoconazole on amphotericin B in a model of disseminated aspergillosis. J. Infect. Dis. 151:902–
910.
181. Scheven, M., K. Junemann, H. Schramm, and W. Huhn. 1992. Successful
treatment of a Candida albicans sepsis with a combination of flucytosine
and fluconazole. Mycoses 35:315–316.
182. Scheven, M., and C. Scheven. 1996. Quantitative screening for fluconazoleamphotericin B antagonism in several Candida albicans strains by a comparative agar diffusion assay. Mycoses 39:111–114.
183. Scheven, M., C. Scheven, K. Hahn, and A. Senf. 1995. Post-antibiotic effect
and post-expositional polyene antagonism of azole antifungal agents in
Candida albicans: dependence on substance lipophilia. Mycoses 38:435–
442.
184. Scheven, M., and M. L. Scheven. 1995. Interaction between azoles and
amphotericin B in the treatment of candidiasis. Clin. Infect. Dis. 20:1079.
185. Scheven, M., and F. Schwegler. 1995. Antagonistic interactions between
azoles and amphotericin B with yeasts depend on azole lipophilia for
special test conditions in vitro. Antimicrob. Agents Chemother. 39:1779–
1783.
186. Scheven, M., and L. Senf. 1994. Quantitative determination of fluconazoleamphotericin B antagonism to Candida albicans by agar diffusion. Mycoses
37:205–207.
187. Schmitt, H. J., E. M. Bernard, F. F. Edwards, and D. Armstrong. 1991.
Combination therapy in a model of pulmonary aspergillosis. Mycoses 34:
281–285.
188. Scott, E. M., V. N. Tariq, and R. M. McCrory. 1995. Demonstration of
synergy with fluconazole and either ibuprofen, sodium salicylate, or propylparaben against Candida albicans in vitro. Antimicrob. Agents Chemother.
39:2610–2614.
189. Shadomy, S., G. Wagner, E. Espinel-Ingroff, and B. A. Davis. 1975. In vitro
studies with combinations of 5-fluorocytosine and amphotericin B. Antimicrob. Agents Chemother. 8:117–121.
190. Shalit, I., Y. Shadkchan, Z. Samra, and N. Osherov. 2003. In vitro synergy
of caspofungin and itraconazole against Aspergillus spp.: MIC versus minimal effective concentration end points. Antimicrob. Agents Chemother.
47:1416–1418.
191. Siau, H., and D. Kerridge. 1998. The effect of antifungal drugs in combination on the growth of Candida glabrata in solid and liquid media. J.
Antimicrob. Chemother. 41:357–366.
192. Siau, H., and D. Kerridge. 1999. 5-Fluorocytosine antagonizes the action of
sterol biosynthesis inhibitors in Candida glabrata. J. Antimicrob. Chemother. 43:767–775.
193. Singh, N., T. Gayowski, and I. R. Marino. 1998. Successful treatment of
disseminated cryptococcosis in a liver transplant recipient with fluconazole
and flucytosine, an all oral regimen. Transpl. Int. 11:63–65.
194. Smego, R. A., Jr., J. R. Perfect, and D. T. Durack. 1984. Combined therapy
with amphotericin B and 5-fluorocytosine for Candida meningitis. Rev.
Infect. Dis. 6:791–801.
195. Smith, K. R., K. M. Lank, W. E. Dismukes, and C. G. Cobbs. 1991. In vitro
comparison of cilofungin alone and in combination with other antifungal
agents against clinical isolates of Candida species. Eur. J. Clin. Microbiol.
Infect. Dis. 10:588–592.
196. Sotto, A., V. Foulongne, D. Sirot, R. Labia, and J. Jourdan. 2002. Experimental application of the median-effect principle for in vitro quantification
of the combined inhibitory activities of clavulanic acid and imipenem
against IRT-4 beta-lactamase. Int. J. Antimicrob. Agents 19:75–78.

Downloaded from http://aac.asm.org/ on November 30, 2020 by guest

156.

MINIREVIEW

VOL. 48, 2004

715

212. Van Cutsem, J. 1993. Therapy of experimental meningeal and disseminated
cryptococcosis. Mycoses 36:357–367.
213. van der Horst, C. M., M. S. Saag, G. A. Cloud, R. J. Hamill, J. R. Graybill,
J. D. Sobel, P. C. Johnson, C. U. Tuazon, T. Kerkering, B. L. Moskovitz,
W. G. Powderly, and W. E. Dismukes. 1997. Treatment of cryptococcal
meningitis associated with the acquired immunodeficiency syndrome.
N. Engl. J. Med. 337:15–21.
214. van Etten, E. W., N. E. van de Rhee, K. M. van Kampen, and I. A.
Bakker-Woudenberg. 1991. Effects of amphotericin B and fluconazole on
the extracellular and intracellular growth of Candida albicans. Antimicrob.
Agents Chemother. 35:2275–2281.
215. van’t Wout, J. W., E. J. Raven, and J. W. van der Meer. 1990. Treatment of
invasive aspergillosis with itraconazole in a patient with chronic granulomatous disease. J. Infect. 20:147–150.
216. Vazquez, J. A., M. T. Arganoza, D. Boikov, S. Yoon, J. D. Sobel, and R. A.
Akins. 1998. Stable phenotypic resistance of Candida species to amphotericin B conferred by preexposure to subinhibitory levels of azoles. J. Clin.
Microbiol. 36:2690–2695.
217. Vazquez, J. A., M. T. Arganoza, J. K. Vaishampayan, and R. A. Akins. 1996.
In vitro interaction between amphotericin B and azoles in Candida albicans.
Antimicrob. Agents Chemother. 40:2511–2516.
218. Viviani, M. A., A. M. Tortorano, M. Langer, M. Almaviva, C. Negri, S.
Cristina, S. Scoccia, R. De Maria, R. Fiocchi, and P. Ferrazzi. 1989. Experience with itraconazole in cryptococcosis and aspergillosis. J. Infect.
18:151–165.
219. Viviani, M. A., A. M. Tortorano, A. Pagano, G. M. Vigevani, G. Gubertini,
S. Cristina, M. L. Assaisso, F. Suter, C. Farina, and B. Minetti. 1990.
European experience with itraconazole in systemic mycoses. J. Amer. Acad.
Dermatol. 23:587–593.
220. Walsh, T. J., J. W. Hathorn, J. D. Sobel, W. G. Merz, V. Sanchez, S. M.
Maret, H. R. Buckley, M. A. Pfaller, R. Schaufele, and C. Sliva. 1991.
Detection of circulating candida enolase by immunoassay in patients with
cancer and invasive candidiasis. N. Engl. J. Med. 324:1026–1031.
221. Williamson, E. C., J. P. Leeming, H. M. Palmer, C. G. Steward, D. Warnock, D. I. Marks, and M. R. Millar. 2000. Diagnosis of invasive aspergillosis in bone marrow transplant recipients by polymerase chain reaction.
Br. J. Haematol. 108:132–139.
222. Witt, M. D., R. J. Lewis, R. A. Larsen, E. N. Milefchik, M. A. Leal, R. H.
Haubrich, J. A. Richie, J. E. Edwards, Jr., and M. A. Ghannoum. 1996.
Identification of patients with acute AIDS-associated cryptococcal meningitis who can be effectively treated with fluconazole: the role of antifungal
susceptibility testing. Clin. Infect. Dis. 22: 322–328.
223. Yamamoto, Y., S. Maesaki, H. Kakeya, K. Yanagihara, H. Ohno, K. Ogawa,
Y. Hirakata, K. Tomono, T. Tashiro, and S. Kohno. 1997. Combination
therapy with fluconazole and flucytosine for pulmonary cryptococcosis.
Chemotherapy 43:436–441.
224. Yucesoy, M., I. M. Oktem, and Z. Gulay. 2000. In vitro synergistic effect of
fluconazole with nonsteroidal anti-inflammatory agents against Candida
albicans strains. J. Chemother. 12:385–389.

Downloaded from http://aac.asm.org/ on November 30, 2020 by guest

197. Stevens, D. A., V. L. Kan, M. A. Judson, V. A. Morrison, S. Dummer, D. W.
Denning, J. E. Bennett, T. J. Walsh, T. F. Patterson, and G. A. Pankey.
2000. Practice guidelines for diseases caused by Aspergillus. Infectious Diseases Society of America. Clin. Infect. Dis. 30:696–709.
198. Sud, I. J., and D. S. Feingold. 1983. Effect of ketoconazole on the fungicidal
action of amphotericin B in Candida albicans. Antimicrob. Agents Chemother. 23:185–187.
199. Sugar, A. M. 1991. Interactions of amphotericin B and SCH 39304 in the
treatment of experimental murine candidiasis: lack of antagonism of a
polyene-azole combination. Antimicrob. Agents Chemother. 35:1669–1671.
200. Sugar, A. M. 1995. Use of amphotericin B with azole antifungal drugs: what
are we doing? Antimicrob. Agents Chemother. 39:1907–1912.
201. Sugar, A. M., L. Z. Goldani, and M. Picard. 1991. Treatment of murine
invasive candidiasis with amphotericin B and cilofungin: evidence for enhanced activity with combination therapy. Antimicrob. Agents Chemother.
35:2128–2130.
202. Sugar, A. M., C. A. Hitchcock, P. F. Troke, and M. Picard. 1995. Combination therapy of murine invasive candidiasis with fluconazole and amphotericin B. Antimicrob. Agents Chemother. 39:598–601.
203. Sugar, A. M., and X. P. Liu. 1998. Interactions of itraconazole with amphotericin B in the treatment of murine invasive candidiasis. J. Infect. Dis.
177:1660–1663.
204. Sugar, A. M., and X. P. Liu. 2000. Combination antifungal therapy in
treatment of murine pulmonary mucormycosis: roles of quinolones and
azoles. Antimicrob. Agents Chemother. 44:2004–2006.
205. Sugar, A. M., X. P. Liu, and R. J. Chen. 1997. Effectiveness of quinolone
antibiotics in modulating the effects of antifungal drugs. Antimicrob.
Agents Chemother. 41:2518–2521.
206. Sugar, A. M., M. Salibian, and L. Z. Goldani. 1994. Saperconazole therapy
of murine disseminated candidiasis: efficacy and interactions with amphotericin B. Antimicrob. Agents Chemother. 38:371–373.
207. Te Dorsthorst, D. T., P. E. Verweij, J. F. Meis, N. C. Punt, and J. W.
Mouton. 2002. Comparison of fractional inhibitory concentration index
with response surface modeling for characterization of in vitro interaction
of antifungals against itraconazole-susceptible and -resistant Aspergillus fumigatus isolates. Antimicrob. Agents Chemother. 46:702–707.
208. Thaler, M., J. Bacher, T. O’Leary, and P. A. Pizzo. 1988. Evaluation of
single-drug and combination antifungal therapy in an experimental model
of candidiasis in rabbits with prolonged neutropenia. J. Infect. Dis. 158:
80–88.
209. Titsworth, E., and E. Grunberg. 1973. Chemotherapeutic activity of 5-fluorocytosine and amphotericin B against Candida albicans in mice. Antimicrob. Agents Chemother. 4:306–308.
210. Tucker, R. M., D. W. Denning, L. H. Hanson, M. G. Rinaldi, J. R. Graybill,
P. K. Sharkey, D. Pappagianis, and D. A. Stevens. 1992. Interaction of
azoles with rifampin, phenytoin, and carbamazepine: in vitro and clinical
observations. Clin. Infect. Dis. 14:165–174.
211. Van Burik, J. A., D. Myerson, R. W. Schreckhise, and R. A. Bowden. 1998.
Panfungal PCR assay for detection of fungal infection in human blood
specimens. J. Clin. Microbiol. 36:1169–1175.

MINIREVIEW

