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Preface

The incidence of fungal infections continues to increase in hospitalized patients.
Candida spp. have become a significant cause of bloodstream infections (BSIs) in
immunocompromised and immunocompetent patients. Candida albicans no longer
is the cause of all of these fungemia cases, but rather only about 50% of BSIs are
caused by C. albicans; the remainder are caused by other species of Candida to
include C. glabrata, C. tropicalis, C. parapsilosis, and others. Not all of these yeast
responsible for fungemia have a 100% predictable response to antifungal agents.
Candida spp. in addition can be involved in a wide spectrum of infections from
candidal vulvovaginitis to postsurgical wound infections, endophthalmitis, kerati-
tis, endocarditis, and a host of other infections. Molds like Aspergillus spp.,
Fusarium spp., and Pseudallescheria boydii are responsible for pulmonary infec-
tions in immunocompromised hosts, including transplant patients, diabetics, and
patients on long-term steroids. Dermatophyte infections remain one of the most
communicable infectious diseases in the world.

The number of antifungal agents has increased so that there are choices and one
drug does not have to be used for all fungal infections. There is a variable response
of each yeast or mold to the antifungal agents. Some are always susceptible; others
are intrinsically resistant. As more of these newer agents are used, resistance has
begun to emerge just as it has for bacteria. To accommodate these changes, in vitro
fungal susceptibility testing is being requested more and more. The manufacturing
of manual and automated methods for performing an in vitro susceptibility test has
increased, and more laboratories are performing yeast susceptibilities in house,
rather than sending these out to reference laboratories. Even performance of in vitro
mold susceptibilities are not as uncommonly done as was once the case.

This text has been designed to cover the topic of antifungal agents and resistance
detection in fungal organisms, both yeasts and molds. One chapter is devoted to a
description of the most used antifungal agents, including those that are given sys-
temically, orally, and topically. Three chapters give information on the methods that
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viii Preface

can be used for performing in vitro susceptibility tests for yeasts and molds, and the
dermatophytes. The clinical utility of these in vitro tests is well described in one
chapter of this text. A chapter on the usual patterns of susceptibility for common
yeasts and molds is included as a reference tool for the laboratorian and the clini-
cian. The authors hope that you will find this text useful in determining when and
how in vitro testing might be done and instances where it need not be performed due
to intrinsic resistances among the fungi.

Cleveland, OH, USA Gerri S. Hall
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Chapter 1
Antifungal Agents

Gerri S. Hall, Jennifer A. Sekeres, Elizabeth Neuner, and James O. Hall

Abstract This chapter lists the formulations for and primary uses of, and the mechanisms
and spectrum of activity for the major classes of antifungal agents. Interpretation of
laboratory results and comments about toxicity or adverse effects are noted where
appropriate. When resistance has been found for the agents, this will be described
with references to instances where it has been reported.

1.1 The Polyenes

1.1.1 Amphotericin

1.1.1.1 Brand Names and Formulations

Conventional amphotericin B (CAB; Fungizone™, others), IV formulation,
lozenges, oral suspension
Liposomal formulations:

Amphotericin B cholesteryl sulfate complex (ABCD; Amphotec)
Amphotericin B lipid complex (ABLC; Abelcet)
Liposomal amphotericin B (LAmB; AmBisome)

G.S. Hall, Ph.D. (P<)

Section of Clinical Microbiology, Department of Clinical Pathology,
Cleveland Clinic, Cleveland, OH 44195, USA

e-mail: hallg@ccf.org
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2 G.S. Hall et al.

1.1.1.2 Structure

Amphotericin is a polyene antifungal that consists of naturally derived products of
Streptomyces spp. Amphotericin is lipophilic and insoluble in water; the conven-
tional formulation is dispersed in sodium deoxycholate which is then reconstituted
in 5% dextrose in water [53].

1.1.1.3 Primary Uses

Serious fungal infections caused by susceptible yeasts and moulds. It has indica-
tions for use for prophylaxis in patients with risk for serious fungal infections; for
empiric therapy in patients who have neutropenia and fever; for treatment of can-
didiasis including candidal esophagitis and hepatosplenic candidiasis; for severe
candidiasis including candidemia, endophthalmitis, and osteomyelitis; and for treat-
ment of aspergillosis, cryptococcosis, and the dimorphic mycoses [53].

At one time, it was the first-line agent for invasive aspergillosis, but today vori-
conazole has replaced it in many cases. Amphotericin remains as second-line or
salvage therapy for Aspergillus and other fungal infections. It remains as agent of
choice for Zygomycetes infections, although newer azoles, such as posaconazole
may have a greater role in this disease. The liposomal formulations have the same
indications, although with the potential for lowered toxicity as compared to conven-
tional amphotericin.

1.1.1.4 Spectrum of Activity

Amphotericin has a broad spectrum of activity against most yeasts, Aspergillus spp.
and other hyaline and dematiaceous moulds and systemic dimorphic moulds to
include:

Candida sp. with the possible exception of rare isolates of C. lusitaniae [4]
Cryptococcus neoformans

Aspergillus sp. (with exception of A. terreus) [7]

Other hyaline moulds, including most species of Penicillium, Paecilomyces, and
Scopulariopsis

Dimorphic fungi to include Histoplasma capsulatum, Blastomyces dermatitidis,
Coccidioides immitis, and Paracoccidioides brasiliensis

Note: Pseudallescheria boydii and Scedosporium prolificans are intrinsically
resistant as are some species of Trichosporon spp. and Fusarium sp.
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1.1.1.5 Mechanism of Action

The target of action is the plasma membrane ergosterol. These are the outcomes of
its activity:

1. Amphotericin binds to ergosterol in cell wall membrane of fungi, resulting in
alteration of membrane permeability by forming oligodendromes that function
as pores through which there is a leakage of cellular contents. There is an efflux
of potassium ions that then leads to disruption of the proton gradient and leakage
of other intracellular molecules, causing death to the susceptible fungus [53].

2. Amphotericin causes an oxidation-dependent stimulation of macrophages either
due to autoxidation of the drug in conjunction with formation of free radicals or
due to the increase in membrane permeability [53].

Sterols, like cholesterol, in mammalian cells are also affected by amphotericin B.
Amphotericin is a fungicidal agent. There is also some evidence that amphotericin
acts as a proinflammatory agent and serves to stimulate innate host immunity. This
process involves the interaction of amphotericin with Toll-like receptor 2 (TLR-2),
the CD14 receptor, and stimulates release of cytokines, chemokines, and other
immunologic mediators [53].

1.1.1.6 Pharmacokinetics: (Absorption/Distribution/Excretion)

There is poor oral absorption of amphotericin, and hence all systemic preparations
are IV formulations.

The drug is distributed widely with higher concentrations in liver and spleen;
lesser amounts in kidney and lung. It is, however, also distributed to adrenal glands,
muscles, and other tissues in potentially therapeutic concentrations. Concentrations
attained in pleural, peritoneal, and synovial fluids and in aqueous humor are report-
edly about two thirds the concentration in plasma. Vitreous penetration of amphot-
ericin is low (0-38%), and intraocular injections may be needed if amphotericin
must be used [53]. Concentrations in CSF are approximately 3-5% of concurrent
serum concentrations. To achieve fungistatic CSF concentrations, amphotericin B
has been administered intrathecally, although this is a difficult way to administer the
drug, and patient tolerability is often less than optimum. There are newer antifungal
agents that more often used to treat fungal meningitis [40].

IV administration produces peak serum concentrations within 1 h and detectable
levels may then persist for up to 24 h. Peak amphotericin B concentrations of
0.5-2 pg/ml are achieved with doses of 0.4-0.6 mg/kg.

Approximately 90% of the drug is protein-bound. Amphotericin is extensively
metabolized and although the exact mechanism is poorly understood, it is presumed
to be metabolized by the liver. Less than 10% unchanged drug is excreted in the
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urine, and bile or feces. No renal dose adjustment is necessary; amphotericin is not
dialyzed. The elimination half-life is ~24 h.

All of the lipid formulations are >95% protein-bound as well (primarily to albu-
min) and also have long half-lives [53].

1.1.1.7 Pharmacodynamic Target

The pharmacodynamic target for predicting outcomes of amphotericin therapy is
the peak serum level to mean MIC. A C__/MIC ratio is suggested to be four for
obtaining a 50% efficacy and ten for 100% maximal efficacy. (C=concentration).
Drug levels are usually not needed during therapy and are infrequently measured.
The drug demonstrates a concentration-dependent activity with a long post-antifun-
gal effect [44].

1.1.1.8 Adverse Reactions/Drug Interactions

(a) Infusion-related events such as fever, chills, and myalgias are most common
side effects and may occur in up to 50% of patients. These usually occur within
the first hour of infusion. Some of these can be ameliorated if patients are pre-
medicated with acetaminophen or diphenhydramine with or without meperi-
dine. Slowing the infusions may also alleviate some of the infusion-related
symptoms. Rarely, anaphylactoid reactions may occur and include hypotension,
respiratory distress, hypoxia, and tachycardia [57].

(b) The most serious side effect of amphotericin is its propensity to produce neph-
rotoxicity in the form of azotemia, decreased glomerular filtration, and loss of
the ability to concentrate urine. This is dose-limiting, and reversible renal func-
tion impairment occurs in 80% of patients. This side effect may present with
renal tubular acidosis and hypokalemia and hyphomagnesemia [57].

(c) A reversible hypochromic, normocytic anemia can occur due to hemolysis or
decreased erythropoietin production.

(d) Constitutional side effects to include nausea, vomiting, anorexia, weight loss,
and a possible unpalatable “aftertaste” have also been reported to occur.

1.1.1.9 Drug Interactions

Amphotericin can increase the accumulation of renally cleared drugs such as 5-FC,
fluconazole, B-lactam antibiotics, and many other antimicrobials. The dose of
amphotericin should be adjusted when given with any of these agents. The nephro-
toxicity of amphotericin is enhanced when given along with aminoglycosides,
cyclosporine, IV contrast dye, foscarnet, and many other agents. Minimizing
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coadministration of these latter drugs should be considered or use of the liposomal
formulation of amphotericin.

Some of the side effects of amphotericin can be reduced with use of the lipid
formulations of amphotericin. The lipid formulations of amphotericin are much less
associated with the adverse side effects of conventional amphotericin.

Amphotericin B colloidal dispersion (ABCD, Amphocil, Amphotec) uses sodium
cholesteryl as its lipid component.The bloodstream concentration is approximately
equivalent at steady state to conventional amphotericin. Its safety is superior
compared to amphotericin in regard to renal function, but has been however
associated with dyspnea and hypoxia upon infusion [58].

Amphotericin B liquid complex (Abelcet) has as its lipid components dimyris-
toylphosphatidylcholine and dimyristoylphosphatidylglycerol. Its acute toxicity is
eight to ten times less than conventional amphotericin in animal models; it results in
equivalent bloodstream concentrations to conventional amphotericin B; its safety
profile is superior to conventional amphotericin B in renal function and equivalent
to conventional amphotericin B in infusional toxicity [58].

LAmB (AmBisome) has as its lipid component soy phosphatidylcholine, dis-
tearoyl phosphatidylglycerol, and cholesterol. In animal models, it has been shown
to be 70-80 times less acutely toxic as compared to conventional amphotericin B.
AmBisome yields higher bloodstream concentrations than conventional amphoteri-
cin B, and its safety profile is superior to conventional amphotericin B for renal
function and infusion toxicity. It has been associated with back pain during infusion,
however [57, 58]. Since the lipid preparations of amphotericin have a lower inci-
dence of renal toxicity, if creatinine starts to rise during use of conventional ampho-
tericin, switching to one of the lipid formulations has been shown to stabilize or
improve renal function in a significant number of patients studied [53]. Alternatively,
starting with liposomal formulations have become more standard of care if ampho-
tericin is to be used for therapy.

1.1.1.10 Resistance

Primary or intrinsic resistance can be demonstrated by yeasts such as C. lusitaniae
[4], C. lipolytica, and C. guilliermondii and Trichosporon spp.; secondary or devel-
oped resistance has been seen with some other species of Candida and rare isolates
of Cryptococcus neoformans. Among the moulds, primary resistance is a character-
istic of Aspergillus terreus [7], some species of Fusarium, and members of the
Scedosporium genus (including Pseudallescheria boydii). The mechanism for resis-
tance to amphotericin is an alteration in the cell membrane ergosterol that leads to a
lowered affinity of the drug due to a lack of appropriate binding site [7, 53]. In addi-
tion, alterations in the content of the -1,3-glucans in the cell wall of a fungus could
increase stability of the wall and decrease the entrance of large molecules like the
polyene antifungals. Amphotericin resistance in A. terreus has been studied, and the
level of catalase was significantly higher than in Aspergillus fumigatus; since
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oxidative damage has been implicated in the action of amphotericin B, the high
level of catalase may contribute to intrinsic resistance [7]. Secondary resistance can
occur in fungi, although rarely, while a patient is on amphotericin.

1.1.1.11 MIC Interpretation

There are no interpretive criteria for amphotericin vs. yeasts or moulds,
although an MIC of >1 pg/ml is often considered as indicative of yeast
resistance [12, 38].

1.1.1.12 Comments

Because of the often severe kidney toxicity of this agent, amphotericin is not always
the first antifungal agent considered in treating fungal infections. Some authors
have suggested it is no longer the “gold standard for treatment of fungal infections
[40]. There are at least three liposomal formulations of amphotericin B: Abelcet®
(ABLC), Amphotec® (ABCD), and AmBisome® (LAmB) which afford the efficacy
of amphotericin, with much less associated toxicity [57]. Mechanisms of action,
mode of resistance development, and susceptibility testing are no different than for
nonliposomal amphotericin.

1.1.2 Nystatin

1.1.2.1 Brand Name/Formulations

Mycostatin®; oral; cream and suspensions; also shampoos, ointment, and powder
formulations, vaginal cream and suppository.

1.1.2.2 Primary Uses
Nystatin is used for the treatment of oral and vaginal candidiasis. Not for treatment

of systemic fungal infections. Oral suspensions of Nystatin are usually cherry mint
flavored and dosed as 100,000 USP/ml.

1.1.2.3 Spectrum of Activity

The activity of nystatin includes most yeasts, including Candida albicans, C. parap-
silosis, C. tropicalis, C. guilliermondii, C. krusei, and C. glabrata; in vitro activity



1 Antifungal Agents 7

against dermatophytes including Trichophyton rubrum and T. mentagrophytes has
also been demonstrated.

1.1.2.4 Mechanism of Action

Nystatin is a polyene antifungal agent, obtained from Streptomyces noursei. It can
be either fungistatic or fungicidal to susceptible fungi. Nystatin binds to sterols in
the cell membrane of yeasts, increasing the membrane permeability and consequent
leakage of intracellular components. Nystatin has no activity against bacteria, pro-
tozoa, or viruses [44].

1.1.2.5 Pharmacokinetics: (Absorption/Distribution/Excretion)

GI absorption from oral doses is insignificant and most of the drug is excreted in the
stool unchanged. In patients with renal insufficiency, receiving conventional dos-
ages of oral therapy, significant plasma concentrations of nystatin may occasionally
occur [44].

1.1.2.6 Adverse Reactions/Drug Interactions

Nystatin is usually well tolerated; however some oral irritation may occur; also, GI
side effects including diarrhea, nausea, and vomiting may be present; rash and
urticaria have been documented as well as rare cases of a Stevens-Johnson-like
syndrome. Rare instances of tachycardia, bronchospasm, facial swelling, and non-
specific myalgias have been reported.

There are no reported drug interactions with nystatin.

It is listed as Category C in regard to any teratogenic side effects during preg-
nancy; it is unknown if the drug is excreted in human milk. Caution should be exer-
cised when using during pregnancy or in nursing mothers.

1.1.2.7 Resistance

In vivo resistance has not been demonstrated, although Candida sp. other than
C. albicans can become resistant in vitro upon repeated subcultures.

1.1.2.8 MIC Interpretations

Susceptibility testing is rarely if ever performed; CLSI guidelines for performing
in vitro tests and their interpretation are not available.
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1.1.2.9 Comments

Nystatin is not used for serious systemic fungal infections; however, a liposomal
formulation is in Phase II and III trials and may afford another drug for systemic
candidal infections, including against amphotericin B—resistant isolates, at least
in vitro [3].

1.2 5-Fluorocytosine (5-FC)

1.2.1 Brand Name/Formulations

5-FC, Ancobon®

1.2.2 Structure

5-FC is a fluorinated pyrimidine analog of cytosine; it is deaminated to 5-fluorouracil
after it enters the fungal cell, and this is further metabolized once in the cell.

1.2.3 Primary Uses

Never used along, but rather in combination with other antifungal agents, most com-
monly with amphotericin B for the treatment of cryptococcal meningitis; in addi-
tion, the combination has been shown to be active in vitro against Candida sp. 5-FC
has also been recommended for use in synergy with other drugs for treatment of
chromoblastomycosis.

1.2.4 Spectrum of Activity

The spectrum of activity of 5-FC includes most species of Candida (except for
C. krusei) and C. neoformans and Saccharomyces spp. Dematiaceous moulds,
responsible for chromoblastomycosis may also be susceptible, such as Phialophora
and Cladosporium. Aspergillus spp., the Zygomycetes, and dermatophytes are all
intrinsically resistant to 5-FC [53].
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1.2.5 Mechanism of Action

5-FC is a fluorinated pyrimidine analog of cytosine that inhibits fungal protein
synthesis by replacing uracil with 5-flurouracil in fungal RNA. Flucytosine also inhibits
thymidylate synthetase via 5-fluorodeoxyuridine monophosphate (5-FUdRMP) and
thus interferes with fungal DNA synthesis. Mammalian cells do not possess cyto-
sine deaminase and hence cannot convert flucytosine to fluorouracil, so they are not
usually affected adversely by this agent. 5-FC can be either fungicidal or fungistatic
depending upon the species and strain of fungus [53].

1.2.6 Pharmacokinetics: (Absorption/Distribution/Excretion)

5-FC is well absorbed from the gastrointestinal tract, with greater than 80-90%
absorption following oral dose. Peak serum levels occur 1-2 h after ingestion.

The drug is well distributed, with a volume of distribution of 0.6-0.9. Bone,
peritoneal fluid, and synovial fluid have 5-FC levels several folds higher than con-
current serum levels [53]. 5-FC achieves good CSF levels (75% of plasma level).

5-FC is minimally protein-bound (<5%). 5-FC is minimally metabolized by the
liver and >90% of the drug is excreted renally, in urine, as unchanged drug. A small
portion of dose is found excreted in feces. 5-FC has a very short post-antifungal
effect [44].

The half-life in patients with normal renal function is 2.5-5 h, but this can be
prolonged to as much as 250 h in patients with moderate to severe azotemia. Renal
dose adjustment is necessary. 5-FC is dialyzed significantly [57].

1.2.7 Pharmacodynamic Target

The pharmacodynamic target is Time (7) above the MIC (7>MIC); this should be
at least 25%.

1.2.8 Adverse Reactions/Drug Interactions

5-FC has very low toxicity associated with its use:

(a) Mainly GI symptoms, such as nausea, abdominal pain, and diarrhea; elevated
levels of hepatic transaminases may occur.
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(b) Rare ulcerations and enterocolitis have been reported.

(c) Some rash, ataxia, paresthesias, and confusion may occur but rarely.

(d) Bone marrow depression can occur with use of 5-FC resulting in neutropenia,
anemia, and thrombocytopenia. The suppressive effects are usually seen when
blood levels exceed 100-125 pg/ml [53].

(e) In patients with impaired renal function, monitoring of creatinine levels is usu-
ally suggested because high creatinine levels can elevate flucytosine levels.
There are increased risks for toxicity with higher drug levels.

(f) 5-FC does cross the placenta and is teratogenic; it should not be administered
during pregnancy [53].

1.2.9 Resistance

Resistance to 5-FC develops quickly in most fungi especially if used alone. Primary
resistance is seen in some strains of Candida sp., like C. krusei. Resistance develops
due to mutations in cytosine permease or cytosine deaminase, which are the enzymes
through which the drug usually enters the cell and is converted to 5-fluorouracil
respectively [41].

1.2.10 MIC Interpretations

MICs have been developed by CLSI for yeast as follows:
<4 png/ml=S; 8-16 pg/ml=I; >32 pg/ml=R [12].

1.2.11 Comments

5-FC should never be used alone since resistance develops quickly. Synergy with
amphotericin has been documented for cryptococcal meningitis.

1.3 The Azoles

The azoles are a class of antifungal agents that inhibit the cytochrome P450-
dependent enzyme lanosterol C |, a-demethylase. This in general causes a disrup-
tion of membrane synthesis, a depletion of ergosterol which then leads to an increase
in toxic methylated sterol precursors in the cell membrane. The overall effect is felt
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to possibly result in fungicidal activity by many of the azoles due to an increased
sensitivity of the susceptible fungus to oxygen-dependent microbicidal systems of
the host. The area under the curve (AUC) to MIC ratio is the primary predictor of
drug efficacy.

Azoles differ in their affinity for the 14-alpha-demethylase enzyme, and this dif-
ference is responsible for their varying antifungal potency and varying spectrum of
activity. There are differences among the older and newer azoles and that will be
discussed for each agent individually. Availability of oral and IV formulations will
vary with each specific agent.

Toxic side effects are usually low, but drug interactions can occur with the azoles.
Some of the most significant drug interactions of triazoles are drug elevations of
cyclosporine, tacrolimus, and sirolimus, most calcium channel blockers, most ben-
zodiazepines, many statins and steroids, warfarin, and rifabutin. Carbamazepine,
phenobarbital, phenytoin, rifampin, and rifabutin significantly decrease azole con-
centrations. Increased blood levels of terfenadine, astemizole, cisapride, pimozide,
and quinine can cause QTc prolongation and predispose to torsades de pointes. In
addition, increased cytotoxin chemotherapy-related toxicity can be caused by con-
comitant treatment with triazoles (except for fluconazole) and vinca alkaloids,
cyclophosphamide, vinorelbine, and busulfan. The absence of a known interaction
does not mean that it cannot occur especially with the newer azoles [60].

There are two classes of azoles, the Imidazoles (possessing two nitrogen atoms
in the azole ring) that include mainly the topical agents clotrimazole, miconazole,
and ketoconazole. The other groups are the triazoles (possessing three nitrogen
atoms in the azole ring) and include fluconazole, itraconazole, voriconazole, and
posaconazole. The newer azoles like voriconazole and posaconazole have been
developed to overcome the limited efficacy of fluconazole against Aspergillus spp.
and other moulds and to improve the absorption, tolerability, and drug interaction
profile of itraconazole [60].

The triazoles do vary in their inhibition of CYP450 enzymes. Fluconazole, vori-
conazole, and posaconazole have a moderate inhibition on CYP3A4, whereas the
inhibition by itraconazole is strong. Itraconazole and posaconazole have no inhibi-
tory effects on CYP2C9 or CYP2C19. Fluconazole has a strong inhibitory effect on
CYP2C9 and moderate effect on CYP2C19. Voriconazole has a moderate inhibitory
effect on CYP2C9 and weak inhibitory effect on CYP2C19 [60].

1.3.1 The Imidazoles

1.3.1.1 Clotrimazole
Brand Name/Formulations

Lotrimin®, Gnye-Lotrimin®, Mycelex®, Mycelex-G®; topical in form of creams or
lotions. Lotrisone® cream and lotion contain combinations of clotrimazole, a synthetic
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antifungal agent, and betamethasone dipropionate, a synthetic corticosteroid, for
dermatologic use. No systemic formulations of clotrimazole are available.

Primary Uses

Cutaneous candidiasis; Candida infections of mucous membranes and mucocutane-
ous junctions, such as perianal, intertriginous (between digits), and vaginal areas.
Mycelex® Troches are administered only as a lozenge that must be slowly dissolved
in the mouth. Mycelex® Troches are indicated prophylactically to reduce the inci-
dence of oropharyngeal candidiasis in patients immunocompromised by conditions
that include chemotherapy, radiotherapy, or steroid therapy utilized in the treatment
of leukemia, solid tumors, or renal transplantation.

Spectrum of Activity

In vitro, clotrimazole demonstrates fungistatic activity at concentrations of drug up
to 20 pg/ml and may be fungicidal in vitro against C. albicans and other species of
the genus Candida at higher concentrations; it is active in vitro against the dermato-
phytes Trichophyton mentagrophytes, T. rubrum, Epidermophyton floccosum, and
Microsporim canis [46].

Mechanism of Action

Clotrimazole is an imidazole which causes changes in the fungal cell membrane
that result in leakage of intracellular compounds outside of the susceptible cell;
clotrimazole may also act to interfere with amino acid transport into fungus [18].

Pharmacokinetics: (Absorption/Distribution/Excretion)

When administered topically only, there is no distribution to other tissues. It is well
absorbed in humans following oral administration and is eliminated as inactive
metabolites. After oral administration, peak serum concentrations are 1.16-1.29 ng/
ml within 1 h and drop quickly thereafter [9].

Adverse Reactions/Drug Interactions

Contraindicated for use if there is a hypersensitivity to clotrimazole or any of the
components of the formulations. There are rare effects of erythema, urticaria, pruritus,
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stinging, and possible blistering. GI disturbances and alterations in hepatic and
adrenal functions have been reported [44].

Category C in pregnancy. There are no adequate and well-controlled studies in
pregnant women. Clotrimazole troches should be used during pregnancy only if the
potential benefit justifies the potential risk to the fetus [44].

Resistance

Natural resistance to clotrimazole is rare in the fungi; there has been a strain of
Candida guilliermondii reported to have primary clotrimazole resistance. No sin-
gle-step or multiple-step resistance to clotrimazole has developed during successive
passages of Candida albicans in the laboratory; however, individual organism toler-
ance has been observed during successive passages in the laboratory. Such in vitro
tolerance has resolved once the organism has been removed from the antifungal
environment. In one study of vaginitis, cross-resistance was determined between
fluconazole and over-the-counter antifungal agents like clotrimazole. Spontaneous
resistant mutants to clotrimazole were found to be cross resistant to fluconazole
in vitro [14].

MIC Interpretive Criteria

There is no standardized method for in vitro susceptibility testing. In a study com-
paring in vitro activity of azoles vs. Candida spp. involved in vulvovaginitis, >94.3%
were found susceptible to clotrimazole at MIC </=1 pg/ml [46].

Comments

Used only for cutaneous and mucous membrane candidal infections. No indications
for use of troches for treatment of systemic candidiasis. Vaginal cream not to be
used orally or systemically.

1.3.1.2 Miconazole

Brand Name and/or Formulations

Monistat-Derm (miconazole nitrate 2%) cream contains miconazole nitrate* 2%,
formulated into a water-miscible base consisting of pegoxol 7 stearate, peglicol

5 oleate, mineral oil, benzoic acid, butylated hydroxyanisole, and purified
water.
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Primary Uses

For topical application in the treatment of tinea pedis, tinea cruris, and tinea corporis
caused by Trichophyton rubrum, Trichophyton mentagrophytes, and Epidermophyton
floccosum, in the treatment of cutaneous candidiasis, including vaginal and oral
infections, and in the treatment of tinea versicolor.

Spectrum of Activity

Miconazole nitrate inhibits the growth of the common dermatophytes, Trichophyton
rubrum, Trichophyton mentagrophytes, and Epidermophyton floccosum; inhibits
Candida albicans, and inhibits Malassezia furfur, the agent of tinea versicolor.
Miconazole has in vitro activity against dimorphic fungi and hyaline moulds [18].

Mechanism of Action

Miconazole is an imidazole; inhibits cytochrome P450-dependent enzyme lanos-
terol C |, a-demethylase. This leads to disruption of membrane synthesis and deple-
tion of ergosterol that causes an increase in toxic methylated sterol precursors in the
membrane. The action of most azoles is considered fungistatic; however, recent
studies have indicated a fungicidal activity of micronazole specifically due to accu-
mulation of drug-induced reactive oxygen species within the fungal organism that
results in oxidative damage and cell death [5].

Pharmacokinetics: (Absorption/Distribution/Excretion)
Oral absorption is 25-30%. Topical miconazole is not systemically absorbed

(<0.1%), nor is the vaginal dose (1.4%). Oral miconazole is eliminated in the feces
as unchanged drug [57].

Adverse Reactions/Drug Interactions

There have been isolated reports of irritation, burning, maceration, and allergic con-
tact dermatitis associated with the application of Monistat-Derm.

Resistance

Cross-resistance with other azoles can occur, especially in strains of C. glabrata. In
more recent studies, clinical isolates of Candida spp. have been shown to be
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susceptible to miconazole even in isolates that have developed fluconazole
resistance and when isolates are exposed to increasing concentrations of micon-
azole in vitro [19].

MIC Interpretations

There are no breakpoints vs. Candida spp. for miconazole, and susceptibility testing
for this agent is usually not performed in clinical laboratories because of lack of its
use clinically in face of newer triazoles. Primary use of miconazole is for dermato-
phyte and Candida superficial skin infections.

Comments

Rapid intravenous administration of miconazole may lead to life-threatening car-
diac arrythmias. There is little use of miconazole outside of treatment of dermato-
phyte infections, cutaneous Candida infections, and tinea versicolor. With the
advent of new azoles and echinocandins that offer more broad-spectrum coverage
with lesser toxicity, use of miconazole is limited. There are, however, more recent
studies in the literature advocating miconazole for first-line treatment of oropharyn-
geal candidiasis [24].

1.3.1.3 Ketoconazole
Brand Name/Formulations

Nizoral® 2% cream, tablet, and shampoo available in USA.

Primary Uses

Used for the topical treatment of tinea corporis, tinea cruris, and tinea pedis;
treatment of tinea versicolor; treatment of cutaneous candidiasis and seborrheic
dermatitis.

Spectrum of Activity

Dermatophyte infections caused by Trichophyton rubrum, T. mentagrophytes, and
Epidermophyton floccosum; Candida spp.; Malassezia furfur. Ketoconazole does
have in vitro activity against dimorphic fungi and dematiaceous agents of chromo-
blastomycosis [18].
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Mechanism of Action

Ketoconazole is an imidazole; inhibits cytochrome P450-dependent enzyme
lanosterol C |, a-demethylase. This leads to disruption of membrane synthesis and
depletion of ergosterol that causes an increase in toxic methylated sterol precursors
in the membrane. The action is often fungicidal, increasing the sensitivity of the
fungus to oxygen-dependent microbicidal systems of the host.

Pharmacokinetics: (Absorption/Distribution/Excretion)

Peak plasma concentrations are achieved 1-2 h after oral administration. It requires
acidity for dissolution and absorption; if patient is receiving antacids, anticholin-
ergics, H, blockers, they should be given at least 2 h after administration of the
ketoconazole. There is a need to acidify the tablet of ketoconazole if given to achlo-
rhydric patients. It is highly protein-bound (99%); although there is distribution to
body fluids and tissues, there is only negligible amount in the CSF. About 13% is
excreted via urine; majority is excreted via bile [44].

Ketoconazole demonstrates time-dependent pharmacokinetics and has a long
post-antifungal effect.

The pharmacodynamic target for efficacy is the AUC (area under the curve)/MIC
of 25.

Adverse Reactions/Drug Interactions [44]

(a) The major toxicity is that of hepatic toxicity, with an incidence of 1:10,000, and
this is usually reversible. Obtaining baseline levels of liver function tests and
monitoring these through treatment is important44.

(b) There have been cases of hypersensitivity in the form of urticaria, lowered
serum testosterone levels, and decreased ACTH-induced corticosteroid levels
with administration of ketoconazole.

(c) There are no known controlled studies in the pregnant patient; teratogenic
effects have been seen in animals given large doses of ketoconazole.

(d) Cardiac complications have been found with coadministration of terfenadine
and astemizole and cisapride.

(e) The package contains contraindications for use of ketoconazole along with
these agents.

(f) Ketoconazole can increase blood levels of cyclosporine, theophylline, and
anticoagulants.

Resistance

Cross-resistance with other azoles (fluconazole) occurs in Candida glabrata clinical
isolates [47].
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MIC Interpretations

There are breakpoints vs. Candida spp. for ketoconazole, although susceptibility
testing for this agent is usually not performed in clinical laboratories because
of lack of its use due to newer, more efficacious and less toxic triazoles [12].
Primary use of ketoconazole is for dermatophyte and Candida superficial skin
infections.

Comments

There is little use of ketoconazole outside of treatment of dermatophyte infections,
cutaneous Candida infections, and tinea versicolor. With the advent of new azoles
and echinocandins that offer broader spectrum coverage with lesser toxicity, use of
ketoconazole is limited.

1.3.2 Triazoles

1.3.2.1 Fluconazole
Brand Names/Formulations

Diflucan®; tablets, oral suspension, and IV formulations available

Primary Uses

Used for vaginal candidiasis, oropharyngeal and esophageal candidiasis, cryptococ-
cal meningitis; prophylaxis in bone marrow transplant patients to decrease develop-
ment of disseminated candidiasis. Fluconazole has also been used for infections of
Coccidioides immitis [53].

Spectrum of Activity

Candida sp., to include C. albicans, most strains of C. tropicalis, and C. parapsilosis.
C. krusei is intrinsically resistant; most strains of C. glabrata demonstrate reduced
susceptibility. C. neoformans is susceptible; Rhodotorula spp. and Saccharomyces
spp. are usually susceptible [53].

Note: Trichosporon spp. are usually considered resistant. There is also no activity
against moulds such as Aspergillus spp., Fusarium spp., Pseudallescheria boydii,
and the Zygomycetes.
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Mechanism of Action

Fluconazole inhibits cytochrome P450-dependent enzyme lanosterol C,,
a-demethylase. This leads to disruption of membrane synthesis and depletion of
ergosterol that causes an increase in toxic methylated sterol precursors in the mem-
brane. The action is often fungicidal, increasing the sensitivity of the fungus to
oxygen-dependent microbicidal systems of the host.

Pharmacokinetics: (Absorption/Distribution/Excretion)

Fluconazole is water soluble and is absorbed very well from the GI tract. It is not
affected by food or gastric pH. Fluconazole is distributed widely in the body, including
the cerebrospinal fluid (70-80% serum levels). Vitreal penetration is 28-75% of
serum levels [8, 46]. Adequate levels can be achieved in saliva and sputum; lower
levels in vaginal fluid. Oral absorption remains unchanged in patients receiving
acid-suppressive therapy (protein pump inhibitors, H, blockers) [53].

Bioavailability is >90%; peak serum concentrations are achieved in 1-2 h after a
usual dose. Fluconazole is ~12% protein-bound. Half-life of fluconazole is 24-30 h;
steady state following oral administration is achieved after 5-7 days.

Renal excretion is the usual mode of elimination of the drug (80% is excreted
unchanged in urine). Hepatic CYP2C9 enzyme plays a minor role in metabolism of
fluconazole. Renal dose adjustment is needed [20, 60]. Patients with a reduced crea-
tinine clearance should receive lesser doses (as much as 50% less); 100% of the
regular dose is recommended as a loading dose after hemodialysis [60].

Fluconazole, as with other azoles, has a time-dependent kinetics; the post-antifungal
effect is long.

Pharmacodynamic Target

The pharmacodynamic target for efficacy is to achieve an AUC (area under the
curve)/MIC of >25.

Adverse Reactions/Drug Interactions

In general, fluconazole is well tolerated, and serious adverse side effects are rare.
Headache, nausea, vomiting, and abdominal pain and diarrhea are the more com-
mon, although rare, side effects [60]. Fluconazole is contraindicated if the patient is
hypersensitive to an “azole.”

Fluconazole:

(a) Should not be coadministered with terfenadine (antihistamine) or cisapride (for
gastric reflux). There are reports of cardiac complications when used with cisap-
ride in particular.
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(b) May have decreased serum concentration if administered with antacids, H,
receptor antagonists, proton pump inhibitors, sucralfate, and diadenosine;
fluconazole increases the concentration of INH, rifampin, phenytoin,
carbamazepine,and phenobarbital.

(c) May increase the concentration of other drugs when given with fluconazole:
anticoagulants, oral hypoglycemics, cyclosporine, tacrolimus, some protease
inhibitors, INH, rifampin, and cyclophosphamide.

Rare side effects include:

(a) Fluconazole has been associated with rare cases of hepatic toxicity.

(b) Few reports of rashes and exfoliative skin disorders; rare cases of alopecia have
occurred, but these are reversible and dose-dependent.

(c) Some associated gastrointestinal distress has been seen.

(d) Headache and transient increases in LFTs.

Fluconazole is a Category C drug, and its use in pregnancy should be avoided
[60].

Resistance

Primary intrinsic resistance in C. krusei; decreased susceptibility or resistance is
common in C. glabrata; secondary resistance may develop in any species of Candida
and in patients on therapy for C. neoformans.

Resistance to azoles is due to decreased membrane permeability, presence of
multidrug efflux transporters, or altered or overproduction of the target enzyme,
which is encoded on the ERG11 gene [6, 47].

MIC Interpretations
Interpretive guidelines are available for Candida sp. and are as follows:
<8 pg/ml=S; 16-32 ug/ml=S-DD (susceptible dose-dependent); >64 pg/ml=
R [12].
Comments
Fluconazole is most often considered a yeast and not a mould agent. Most Candida

sp. (except C. krusei and C. glabrata) and Cryptococcus neoformans are fully
susceptible.
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1.3.2.2 Itraconazole
Brand Names/Formulations

Sporanox®; available in capsules and an oral solution. The IV formulation is no
longer available. Ttraconazole is solubilized in the oral solution by the pharmaco-
logically inactive oligosaccharide, hydroxypropyl-B-cyclodextrin. This vehicle is
released when the itraconazole molecule makes contact in the lipid membrane of the
enteric cell [60].

Primary Uses

Pulmonary and extrapulmonary blastomycosis; most forms of histoplasmosis; pul-
monary and extrapulmonary aspergillosis in patients who are intolerant to or refrac-
tory to amphotericin B therapy; used for treatment of onychomycosis caused by
dermatophytes. It has been relegated to salvage therapy for invasive aspergillosis in
light of newer azoles that are available. It is approved for treatment of allergic bron-
chopulmonary aspergillosis.

Spectrum of Activity

Candida albicans and other Candida sp. except C. krusei which is intrinsically
resistant. Active against Aspergillus sp. C. neoformans, the dimorphic systemic
fungi including Histoplasma capsulatum, Blastomyces dermatitidis, Coccidioides
immitis, Paracoccidioides brasiliensis. Itraconazole has activity against Sporothrix
schenckii, the dermatophytes (Microsporum, Trichophyton, Epidermophyton), and
many of the dematiaceous moulds [30].

Mechanism of Action

Itraconazole inhibits cytochrome P450-dependent enzyme lanosterol C |, a-demethylase.
This leads to disruption of membrane synthesis, depletion of ergosterol that causes
an increase in toxic methylated sterol precursors in the membrane. The action is
often fungicidal, increasing the sensitivity of the fungus to oxygen-dependent
microbicidal systems of the host.

Pharmacokinetics: (Absorption/Distribution/Excretion)
Itraconazole is water insoluble, and its bioavailability is variable after oral ingestion.

The oral solution is better absorbed in the fasting state and generally achieves higher
bioavailability [53, 60]. Itraconazole requires an acidic environment for optimum
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absorption; peak serum concentrations occur in 2.5-4 h, depending upon formulation
of drug and whether it is taken with food. Itraconazole is highly lipophilic. It is highly
protein-bound, with <1% available as free drug. It is extensively distributed to
tissues, especially fatty tissues, like omentum, liver, and kidneys. Skin, lung, and
female GU tract have increased levels above that in plasma, but negligible concen-
trations are achieved in CSF, aqueous fluid, and saliva [20, 31].

Primarily, hepatic metabolism; biliary excretion is only about 3—18%. The major
liver metabolite is hydroxyitraconazole, and it does possess antifungal activity simi-
lar to that of the parent drug. No renal dose adjustment is needed. The half-life of
itraconazole is 24-30 h, but is prolonged in patients who have hepatic dysfunction,
and in these patients, drug dose adjustments, liver function testing, and drug interac-
tions need to be assessed [20, 53, 60].

Itraconazole follows time-dependent pharmacokinetics as with other triazoles
and has a long post-antifungal effect.

Pharmacodynamic Target

The pharmacodynamic target for efficacy is the AUC (area under the curve)/MIC
of >25.

Adverse Reactions/Drug Interactions

Interactions can occur with other agents that are metabolized by P450 enzyme
systems, that is, terfenadine, cisapride, triazolam, astemizole, or midazolam.
Antacids, anticholinergics, antispasmodics, sucralfate or anything that increases
GI pH may decrease absorption. Itraconazole usually causes an increase in their
concentration [60].

Itraconazole and voriconazole are inhibitors of gastric P-glycoprotein, a trans-
membrane efflux pump that limits exposure to many drugs by inhibiting GI absorp-
tion. The inhibition of P-glycoprotein by itraconazole and posaconazole may lead to
increased system exposure of drugs affected by this transport system. Interactions
caused by itraconazole have been extensively studied; drugs with known interac-
tions to itraconazole should be used with caution [60].

Although itraconazole is usually well tolerated, adverse reactions can include [60]:

(a) Gastrointestinal distress (nausea and vomiting which are dose-dependent), rash,
headache and dizziness, pedal edema, and increases in LFTs.

(b) Congestive heart failure and pulmonary edema have been reported with itracon-
azole capsules, and these should not be administered for onychomycosis, for
example, in patients with evidence of ventricular dysfunction.

(c) Use in any patient with liver dysfunction should be discouraged or monitored
regularly. Serious hepatotoxicity can lead to liver failure, although this is rare.

(d) The presence of cyclodextrin in the oral solution can cause diarrhea [60].
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Itraconazole is a Category C drug and should not be used in pregnancy and is
contraindicated during lactation [60].

Resistance

Resistance is often demonstrated by C. krusei, Saccharomyces sp., and Rhodotorula
sp. Zygomycetes and Fusarium sp. are often resistant. Pseudallescheria boydii may
be resistant (about 50% of strains in vitro). Resistance in Aspergillus spp. has been
increasing [56]. Resistance to itraconazole, like other azoles, is due to decreased
membrane permeability; presence of multidrug efflux transporters; or altered or
overproduction of the target enzyme, which is encoded on the ERG11 gene [47].

MIC Interpretation

Interpretive criteria available in the CLSI document for itraconazole vs. Candida sp.
are: <0.125 pg/ml=S; 0.25-0.5 pg/ml=S-DD (susceptible dose-dependent); >1 pg/
ml=R [12].

Comment

Liver enzymes are usually monitored periodically especially in any patient that is
receiving itraconazole for longer than a month. Itraconazole is often considered to
be a mould rather than a yeast agent.

1.3.2.3 Voriconazole
Brand Name/Formulations

Vfend™; It is available in both intravenous and oral formulations. It is a low molec-
ular weight poorly water soluble triazole with a chemical structure similar to flucon-
azole. Solubility of the intravenous formulation is achieved by sulfobutyl ether
B-cyclodextrin (SBECD), a molecule similar to that used for solubilizing itracon-
azole (hydroxypropyl-B-cyclodextrin). There is no SBECD in the oral formulation
of voriconazole [60].

Primary Uses
FDA-approved indications as of 2005 for voriconazole are for primary treatment of

aspergillosis; salvage therapy for serious fungal infections due to Fusarium sp., and
Scedosporium sp. (P. boydii) in patients refractory to or intolerant to other therapy;



1 Antifungal Agents 23

candidemia in nonneutropenic patients; disseminated candidal skin infection or
Candida infections of abdomen, kidney, and bladder wall; esophageal candidiasis.

Spectrum of Activity

Candida spp., including C. krusei and C. glabrata that are resistant to fluconazole.
In general, the MICs of voriconazole for C. albicans are 1-2 log lower than the
MICs for fluconazole; however, some highly fluconazole-resistant strains of
C. glabrata may demonstrate higher MICs to voriconazole as well [26]. Other
susceptible yeast include Cryptococcus neoformans and Trichosporon beigelii and
Saccharomyces cerevisiae [26]. Its spectrum of action includes the dimorphic
systemic fungi including Histoplasma capsulatum, Blastomyces dermatitidis,
Coccidioides immitis, and Paracoccidioides brasiliensis. Voriconazole is not as
active against Sporothrix schenckii.

Moulds including Aspergillus spp., Fusarium sp., Paecilomyces spp., Bipolaris
sp., Alternaria sp., P. marneffei, and some strains of P. boydii are also susceptible
in vitro [39].

Note: Zygomycetes are not susceptible to voriconazole [26, 53].

Mechanism of Action

Voriconazole inhibits cytochrome P450-dependent enzyme lanosterol C,,
a-demethylase. This leads to disruption of membrane synthesis, depletion of
ergosterol that causes an increase in toxic methylated sterol precursors in the
membrane. The newer azoles, like voriconazole also inhibit 24-methylene dihydro-
lanosterol demethylase to give increased activity against moulds. The action is often
fungicidal vs. moulds, increasing the sensitivity of the fungus to oxygen-dependent
microbicidal systems of the host. In vitro, data suggests static rather than cidal
activity against some yeasts.

Pharmacokinetics: (Absorption/Distribution/Excretion)

Voriconazole, like fluconazole, has excellent absorption and is >95% bioavailable
especially when given on an empty stomach; maximal plasma levels achieved after
1-2 h whether administered orally or via IV; no effects on absorption of voricon-
azole when administered with agents that increase the gastric pH. Fatty foods have
been found to reduce bioavailability of the oral preparations by 80%. Voriconazole
is extensively distributed into tissues (volume of distribution is 4.6 1/kg [1]), with
good levels in brain, CSF (level is ~46% of serum levels), and the eye (noninflamed
vitreous level is 53% and aqueous is 38%) [60]. Metabolism is in the liver, mainly
by CYP2C19 and CYP3A4 and to a lesser extent by CYP2C8/9. Excretion does not
depend on renal function [1]. The primary route of excretion is hepatic, and there
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are specific dosing recommendations for hepatic impairment (reductions in dose of
up to 50% is recommended) [1]; voriconazole should be used with caution in
patients with creatinine clearance of <50 ml/min [60]. Only about 2% of the active
drug is found in urine [60].

Voriconazole is estimated to be 58% bound to serum proteins [1, 20].

Steady state following oral administration is achieved after 5—-6 days with oral or
IV administration, but steady-state concentrations are reached within 24 h with a
loading dose. Peak plasma concentrations are in the range of 3—6 pg/ml, but can
vary considerably between patients [1, 20].

Voriconazole, like other azoles, has time-dependent kinetics; the post-antifungal
effect is long. The pharmacokinetics is nonlinear in adults due to saturable metabo-
lism, wide intersubject variability, and metabolism via CYP2C19 which exhibits
genetic polymorphism. Up to 20% of non-Indian Asians have low CYP2C19 activity,
and voriconazole serum levels are up to four times higher than those found in Caucasian
and African American populations in which the poor metabolizer status is uncom-
mon. The unpredictability of patient’s enzymatic activity has generated an increased
interest in the routine use of voriconazole serum level determinations [1, 53].

Pharmacodynamic Target

The pharmacodynamic target for efficacy is to achieve an AUC (area under the
curve)/MIC of >25.

Adverse Reactions/Drug Interactions

Voriconazole is well tolerated; however, there are some unique side effects includ-
ing visual disturbance, consisting of blurred vision, altered color discrimination, or
photophobia, which are transient, reversible, and dose-dependent. Mild transami-
nase elevations have been reported in 10% of patients, but is reversible [1]. Patients
should be warned to avoid extended exposure to sunlight during voriconazole treat-
ment. Patients with lactose intolerance should not be given oral formulations of
voriconazole since the vehicle it is given with contains lactose [1].

Due to accumulation of the IV voriconazole vehicle SBECD, the drug should be
used with caution in patients with creatinine clearance of <50 ml/min [60].

Voriconazole has extensive interactions with other agents that are metabolized
by P450 enzyme systems, that is, terfenadine, cisapride, triazolam, astemizole,
or midazolam. Voriconazole is a substrate and inhibitor of CYP2C19, 2C9, and
3A4 and has a similar drug interaction profile to itraconazole. Agents metabolized
via these pathways are likely to have interactions and require potential dosage
adjustments with voriconazole. Voriconazole levels can be affected by simultaneous
use of drugs such as rifampin, rifabutin, macrolide antibiotics, phenytoin, and
omeprazole [53].
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Adverse effects include:

(a) Ocular effects to include increased brightness, blurred vision, altered visual per-
ception, photophobia, altered color perception, and ocular discomfort. These
side effects can be seen in up to 30% of individuals that are on voriconazole,
although these do not always cause a discontinuation of the drug. These are
most often seen quickly after the dose is given (within 30 min) and during the
first week of therapy.

(b) Cardiac effects including prolonged QTc interval, and rare causes of torsades de
pointes reported.

(c) There can be increases in liver function tests especially related to high plasma
concentrations and longer duration of therapy (=7 days). Monitoring for hepatic
toxicity is recommended prior to therapy, within 2 weeks of its initiation and
every 2-4 weeks during therapy. The safety of using voriconazole in patients
with severe liver disease is uncertain [1, 53].

(d) Rash has been noted in up to ~19% patients in clinical trials with voriconazole.
Most are mild to moderate occurrences; however, the package insert does cau-
tion about severe rash, including Stevens-Johnson.

(e) Kidney toxicity in patients with renal impairment.

(f) Poor metabolizers of P450 cytochrome system will have four times the level of
voriconazole of others that are good metabolizers.

(g) Infusion-related side effects include anaphylactoid like reactions immediately
upon initiating infusion.

(h) Visual and rarely auditory hallucinations can occur in less than 5% of patients.
This occurs with IV formulations and disappears with continued treatment
[60].

Voriconazole is teratogenic in animals and is considered a Category D drug that
should not be used in pregnancy, nor in woman who are breastfeeding [1, 60].

Resistance

Resistance to azoles is due to decreased membrane permeability, presence of
multidrug efflux transporters, or altered or overproduction of the target enzyme,
which is encoded on the ERG11 gene. Resistance may develop while on voricon-
azole. Yeast with increased fluconazole MICs may also have increased voriconazole
MICs [41, 47].

MIC Interpretations

CLSI-defined interpretive breakpoints for voriconazole are <1 pg/ml=S; 2.0 ng/
ml=S-DD (susceptible dose-dependent); >4 png/ml=R [12].
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Comments

There have been some reports of increased incidence of infections with Zygomycetes
in association with increased use of voriconazole [29, 39].

1.3.2.4 Posaconazole
Brand Name/Formulations

Noxafil; cherry-flavored oral suspension using polysorbate 80 as the emulsifying
agent; posaconazole is insoluble in water so there is no IV formulation available.
Posaconazole is a lipophilic triazole with structure similar to that of itraconazole.

Primary Uses

Posaconazole was approved by FDA initially for the prophylaxis of invasive
Aspergillus and Candida sp. infections in high risk, severely immunocompromised
patients >13 years old, including hematopoietic stem cell transplant recipients with
graft vs. host disease and patients with hematologic malignancies with prolonged
neutropenia with chemotherapy [23, 36]. An oral suspension was in addition
approved (October 2006) for use in the treatment of oropharyngeal candidiasis,
including cases that are intolerant or refractory to itraconazole and/or fluconazole
therapy [23]. Among the azoles, posaconazole has a significant role in treatment of
Zygomycetes.

Spectrum of Activity

Posaconazole has a broad spectrum of activity, vs. yeasts, filamentous, and dimor-
phic fungi. This includes Candida sp., Cryptococcus neoformans, Aspergillus sp.,
Rhizopus sp., Blastomyces dermatitidis, Histoplasma capsulatum, Coccidioides
immitis, dermatophytes, and dematiaceous fungi. Posaconazole has not been given
an indication for salvage therapy of refractory fungal infections, but there are
reported uncontrolled studies with good response rate when used for zygomycosis,
histoplasmosis, fusariosis, coccidioidomycosis, or in patients with chronic granu-
lomatous disease [23, 60].

Mechanism of Action

Posaconazole is a triazole; it inhibits cytochrome P450-dependent enzyme lanos-
terol C , o-demethylase. This leads to disruption of membrane synthesis, depletion
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of ergosterol that causes an increase in toxic methylated sterol precursors in the
membrane. The end result is an abnormality in the fungal membrane permeability
and a lack of coordinated chitin synthesis [1, 36]. The action of posaconazole is
often fungicidal vs. moulds, increasing the sensitivity of the fungus to oxygen-
dependent microbicidal systems of the host.

Pharmacokinetics: (Absorption/Distribution/Excretion)

Oral administration should be done with food or a liquid nutritional supplement to
enhance absorption. Posaconazole has a large volume of distribution [1]. The absorp-
tion of posaconazole is not affected by changes in gastric acidity, but its bioavail-
ability can be increased up to 400% if taken with fatty meals [1]. Peak serum
concentrations have shown considerable interpatient variability for as yet undeter-
mined reasons. Therapeutic drug monitoring may be considered in some cases [53].
Posaconazole is metabolized by the liver and undergoes minimal glucuronida-
tion and is converted to biologically inactive metabolites [1]. Seventy-seven percent
is excreted unchanged in the feces and 14% in urine as multiple glycuronidated
products [1, 53]. A small amount is excreted unchanged in the urine. Posaconazole
is >98% protein-bound and has a long half-life of 16-35 h [1, 21, 53].
Posaconazole like other azoles has dose-dependent kinetics, and a saturable
absorption greater than 800 mg/day, thus oral loading is not possible and steady state
is not achieved until after 7-10 days of therapy; the post-antifungal effect is long
[20]. Although not metabolized through liver CYP450 system enzymes, posacon-
azole is a moderate inhibitor of CYP3A4, and there will be increased blood levels of
drugs that use the CYP3A4 metabolic pathway when they are coadministered with
posaconazole. Posaconazole is not cleared with hemodialysis, and thus there is no
need for dose adjustment in patients with moderate to severe renal disease [20, 60].

Pharmacodynamic Target

The pharmacodynamic target for efficacy is to achieve an AUC (area under the
curve)/MIC of >25.

Adverse Reactions/Drug Interactions

In a study of 428 patients with posaconazole treatment for invasive fungal infections
compared to healthy volunteers, adverse side effects included nausea, vomiting,
headache, abdominal pain, and diarrhea [1]. In clinical trials, very low percentage
of the following side effects were seen [60]:

(a) Hypersensitivity, hypotension, headache, dizziness, and confusion.
(b) GI symptoms, including constipation, dry mouth, diarrhea, nausea, and vomit-
ing (3—12% each in studies).



28 G.S. Hall et al.

(c) Hepatotoxicity and liver enzyme abnormalities have been reported in <2-3% of
patients.

(d) Rare complications of urinary tract infections, vaginitis, and musculoskeletal
pain.

(e) Cimetidine, rifabutin, and phenytoin can decrease posaconazole plasma con-
centrations hence their coadministration should be avoided unless necessary to
do. Coadministration with ergot alkaloids is contraindicated.

Since metabolism of posaconazole is not significant through the P450 cyto-
chrome, there are lesser expected interactions with other drugs metabolized by P450
enzymes, such as terfenadine, astemizole, cisapride, pimozide, halofantrine, or
quinidine. Coadministration with these substrates can increase plasma concentra-
tions of posaconazole, and this could lead to prolonged QTc [45]. The inhibition of
P-glycoprotein by itraconazole and posaconazole may lead to increased system
exposure of drugs affected by this transport system. Because interactions caused by
itraconazole have been more extensively studied than those with posaconazole,
drugs with known interactions to itraconazole should be used with caution in posa-
conazole-treated patients [60].

Posaconazole is a Category C drug and use in pregnancy should be avoided.

Resistance

Posaconazole is less active in vitro against fluconazole resistance Candida sp., espe-
cially C. glabrata and C. krusei. Literature on the mechanism of resistance to posa-
conazole are scarce.

MIC Interpretive Criteria

There are no CLSI interpretive guidelines for posaconazole.

Comments

Posaconazole has lower nephrotoxicity, hepatic toxicity, and ocular toxicity than
other triazoles; since the major metabolism is performed in the liver, posaconazole
has less effects on patients with renal impairment.

1.3.2.5 Ravuconazole (BMS-207147;ER-30346)

Brand Name/Formulations

There is no brand name given as yet; in Phase II trials; oral formulation only; struc-
turally looks like itraconazole. Bristol-Myers Squibb is the manufacturer.
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Primary Uses

Unknown as yet

Spectrum of Activity

Limited published data, but in vitro studies demonstrate efficacy of ravuconazole
against Candida spp., Aspergillus fumigatus, A. flavus, A. terreus, and other
Aspergillus spp., C. neoformans, Zygomycetes, S. apiospermum; variable to weak
activity vs. Fusarium and Paecilomyces spp [1].

Mechanism of Action

Ravuconazole is an azole, and as such, it inhibits cytochrome P450-dependent
enzyme lanosterol C , a-demethylase. This leads to disruption of membrane syn-
thesis, depletion of ergosterol that causes an increase in toxic methylated sterol
precursors in the membrane. The newer azoles, like ravuconazole also inhibit
24-methylene dihydrolanosterol demethylase to give increased activity against
moulds. The action is often fungicidal vs. moulds, increasing the sensitivity of the
fungus to oxygen-dependent microbicidal systems of the host.

Pharmacokinetics: (Absorption/Distribution/Excretion)

Oral bioavailability has been shown to be 47-74%; absorption rate is 4 h after oral
administration, and steady state is achieved after 29 days; 98% of the drug is protein-
bound; penetration into CSF has been shown to be 10% in a rabbit model; penetration
in vitreous fluid in a rabbit model has been 15% of serum levels. Tissue concentra-
tions in rabbits were high in liver, adipose tissue, bone marrow, lung, kidney, and
brain [1].

Half-life is 5-7 days [1]. Few CYP450 interactions since the metabolism is only
by CYP3A4 hepatic enzymes. No dose adjustments needed in patients with renal or
hepatic dysfunctions.

Like other azoles, ravuconazole works with dependent kinetics; the post-antifun-
gal effect is long. The pharmacodynamic target for efficacy is to achieve an AUC
(area under the curve)/MIC of >25.

Adverse Reactions/Drug Interactions

There are few CYP450 interactions as compared to other azoles. Very limited data
is available on drug interactions and adverse effects in humans. In a Phase I/II ran-
domized, double-blinded study of the treatment of 148 patients with subungual ony-
chomycosis with ravuconazole vs. a placebo, the proportion of patients with side
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effects was equal between the two groups. Headache and abdominal pain were most
frequent side effects in 6% of patients. Three patients discontinued the drug because
of dizziness, urinary incontinence, diarrhea, and malaise from anemia. Slight elec-
trolyte abnormalities were noted in 15% of patients, and mild elevations of liver
function tests were noted in 26% of study patients; 7.4% of patients had moderate
to severe elevations of liver function tests [1].

Resistance

No data is yet available about any in vitro resistance.

MIC Interpretive Criteria

Not available yet

Comments

It is unknown when this may be approved.

1.3.2.6 Albaconazole
Brand Name/Formulations

No brand name given as yet

Primary Uses

Possibly for vulvovaginal candidiasis

Spectrum of Activity

There is very limited published data, but in vitro studies have demonstrated efficacy
of albaconazole against Candida spp., Scedosporium prolificans, and variable activ-
ity against Paecilomyces spp. [1].

Mechanism of Action

Albaconazole is an azole, and as such, it inhibits cytochrome P450-dependent

enzyme lanosterol C , a-demethylase. This leads to disruption of membrane
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synthesis, depletion of ergosterol that causes an increase in toxic methylated sterol
precursors in the membrane. The newer azoles also inhibit 24-methylene dihydro-
lanosterol demethylase to give increased activity against moulds. The action is often
fungicidal vs. moulds, increasing the sensitivity of the fungus to oxygen-dependent
microbicidal systems of the host.

Pharmacokinetics: (Absorption/Distribution/Excretion)

Pharmacokinetic data is only available in animals and a few healthy volunteers or
patients with vulvovaginitis thus far. In dogs, the bioavailability was shown to be
100%. A CSF penetration of about 15% was seen in rabbits [1].

Half-life is 3 days [1]. Few CYP450 interactions since the metabolism is only by
CYP3A4 hepatic enzymes.

Adverse Reactions/Drug Interactions

Only preliminary data is available on the potential side effects of albaconazole. No
side effects were noted in a study with healthy volunteers and patients with vul-
vovaginitis, but more studies will be needed to verify this [1].

MIC Interpretive Criteria

Not available yet

Comments

It is unknown when this may be approved.

1.4 The Echinocandins

The echinocandins are one of the newest classes of antifungal agents that act by
inhibiting cell wall synthesis. They are semisynthetic lipopeptides that inhibit the
synthesis of 1,3-B-D-glucan, an essential cell wall component of many fungi. They
specifically target the FKS1 genes in fungal organisms that encode for the compo-
nents of the enzyme glucan synthase, an enzyme necessary for synthesis of 1,3-p-D-
glucan, an essential component of the cell wall of susceptible fungi. Inhibition of
this enzyme by the echinocandins is predominantly in Candida spp. and Aspergillus
spp. There is no activity by the echinocandins against Cryptococcus neoformans,
the Zygomycetes, the yeast forms of the endemic systemic mycoses, and other non-
Aspergillus moulds. The B-1,3-D- glucan in these fungi is not a prominent cell wall
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component, if present at all, and hence no echinocandin activity is seen in vitro or
in vivo. The action of the echinocandins against many susceptible fungi is consid-
ered to be fungicidal; however, against C. parapsilosis and C. guilliermondii, and
Aspergillus spp., the echinocandins are only fungistatic [51, 53].

Echinocandins also possess immunomodulatory effects. By exposing 3-glucan by
the disruption of the fungal cell wall mannoproteins, additional antigens are exposed
for antibody deposition and fungal recognition by the host immune system [53].

There are three echinocandins for treatment of susceptible fungal isolates in
order of their FDA approval and availability in the U.S.A: caspofungin, micafungin,
and anidulafungin. There are differences between them that will be described below;
however, they are considered to be similar in mode of action, in vitro MIC testing
and results for susceptible organisms, and in possible resistance development.
Echinocandin efficacy is predicted by peak to MIC ratios, and optimal fungicidal
activity is obtained when peak concentrations exceed MICs by five- to tenfold.
There is poor oral absorption of the echinocandins, and thus only IV formulations
are available.

There are few reported adverse side effects of the echinocandins because the
glucan target is not found in mammalian cells. Resistance development has been
rare to the echinocandins. A survey of >8,000 Candida isolates between 2001 and
2004 from >90 medical centers worldwide showed no change in MICs as compared
to data collected from 1992 to 2000 vs. 3,000 Candida isolates vs. echinocandins
[43]. A single amino acid substitution is postulated to be all that would be needed
for resistance development, and some resistance has been seen in isolates of
C. albicans, C. glabrata, C. parapsilosis, and C. krusei, but in patients who were on
long courses of echinocandin therapy. This resistance is theoretically possible with
mutations in the genes that code for the 1,3-B-bp-glucan synthase, specifically FKS1
and to a lesser extent FKS2. There are also suggestions that resistance might occur
via an efflux pump in the fungal cell wall and overexpression of cell wall transporter
proteins [51].

1.4.1 Caspofungin

1.4.1.1 Brand Names/Formulations

Cancidas® (Merck); IV formulation

1.4.1.2 Primary Uses

FDA-approved indications for caspofungin are for the empiric treatment of pre-
sumed fungal infections in febrile neutropenic patients; candidemia; treatment of
these candidal infections: intra-abdominal abscesses, peritonitis, and pleural space
infections; treatment of esophageal candidiasis and for treatment of invasive asper-
gillosis in patients refractory to other therapies.
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1.4.1.3 Mechanism of Action

The echinocandins are cyclic lipopeptides. They inhibit 1,3-B-D-glucan synthase
that is needed for the synthesis of cell wall glucans which act to provide structural
integrity and osmotic stability to the fungus. This will prevent >90% of glucose
incorporation into glucan in cell wall. The action of the echinocandin in inhibiting
cell wall synthesis results in lysis of the cells [27, 51].

1.4.1.4 Spectrum of Activity

Caspofungin is active against azole susceptible and resistant strains of Candida sp.
(Candida parapsilosis demonstrates highest MICs); some moulds including some
species of Aspergillus sp.; there is activity of the echinocandins against the mycelial
forms of the dimorphic fungi Histoplasma capsulatum, Blastomyces dermatitidis,
and Coccidioides immitis, but only limited activity vs. yeast forms of these fungi;
poor activity is demonstrated against Zygomycetes and Fusarium and
Pseudallescheria boydii; no activity against C. neoformans [27, 51, 53].

1.4.1.5 Pharmacokinetics: (Absorption/Distribution/Excretion)

Caspofungin, like all of the echinocandins, is a large molecule with poor oral bio-
availability. Less than 10% of the drug is absorbed, hence the use of only I'V formu-
lations. Caspofungin is highly protein-bound (up to 97%) and extensively distributed
in tissues; distribution is the dominant mechanism influencing plasma clearance.
Like the other echinocandins, it is easily distributed to viscera like liver and spleen,
GI tract and gall bladder, and the lungs. It is less well distributed to the eyes, to the
CSF, and to the brain [10, 27].

The half-life of caspofungin is 9—-11 h [27]. Metabolism occurs via hydrolysis
and N-acetylation in the liver; caspofungin and its inactive metabolites are excreted
in feces (35%) and urine (41%), with only about 1.4% excreted unchanged in the
urine. Caspofungin is a poor substrate for the cytochrome P450 enzymes [10, 27,
51]. No dosage adjustment is needed in renal or hepatic insufficiency.

Caspofungin, like other echinocandins, has a concentration-dependent pharma-
cokinetics. It is dosed once daily and has a long post antifungal effect against
Candida spp. [51].

1.4.1.6 Pharmacodynamic Target

The pharmacodynamic targetis a C /MIC (C=concentration of the drug) of 3 for
50% efficacy and >10 for maximal efficacy.
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1.4.1.7 Adverse Reactions/Drug Interactions

The glucan target for echinocandins is not found in mammalian cells, hence decreasing
the toxic side effects of these agents. Adverse side effects have been demonstrated
as follows:

(a) Fever, nausea and vomiting, phlebitis, and flushing; anaphylaxis has been
reported rarely [51].

(b) Laboratory abnormalities have included increased liver function tests, eosino-
philia, increased proteinuria, and decreased potassium levels.

(c) Interactions have been demonstrated with rifampin; antiepileptics, including
carbamazepine and phenytoin; immunosuppressants, including cyclosporine
(increases caspofungin levels by 35%), tacrolimus (reduces tacrolimus levels by
20-25%), and dexamethasone; and some antiretrovirals [53].

(d) Levels of caspofungin are reduced with coadministration of dilantin, rifampin,
and nevirapine [10, 53].

Caspofungin should not be given to patients who have a hypersensitivity to any
component of the agent.

Concentrations of tacrolimus are decreased by ~20% when given with caspo-
fungin; cyclosporine increases the area under the curve (AUC) of caspofungin;
rifampin can decrease steady-state plasma concentration of caspofungin. There is
no data on changes in presence of sirolimus, nifedipine, or voriconazole [27].

1.4.1.8 Resistance

Primary resistance in C. neoformans because it does not have the 1,3-B-p-glucan
synthase target. Caspofungin is not active in vitro vs. Fusarium sp., Rhizopus sp.,
Paecilomyces lilacinus, nor Scedosporium prolificans. Mutations in the FKS1 gene
that encodes glucan synthase and the GNS1 gene that encodes an enzyme involved
in fatty acid elongation can theoretically result in resistance; a single amino acid
substitution has the potential to lead to resistance [27, 51]. Other proposed mecha-
nisms of resistance include the presence of an efflux pump in the cell wall and
overexpression of cell wall transport proteins [S1]. Surveillance studies examining
the in vitro results of all three echinocandins failed to show evidence of emerging
resistance over a 6-year period from 2001 to 2007. However, there have been a few
reports of isolated cases of acquired resistance to echinocandins. This has not been
described except in patients on very extensive courses of therapy [43].

1.4.1.9 MIC Interpretations

There are interpretive criteria available for the susceptibility of the echinocandins
including caspofungin. The methods presently used for in vitro testing are those
described for other antifungals, that is determination of the MIC [12]. However,
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there is literature supporting the use of an MEC (minimum effective concentration)
in which changes in morphology are microscopically determined to suggest pres-
ence of antifungal activity [2, 16].

A nonsusceptible isolate of yeast may be indicated when the MIC to caspofungin
is >2 pg/ml; however, there is no resistance breakpoint because so few isolates have
demonstrated resistance.

1.4.1.10 Comments

Caspofungin is very effective in vitro against all Candida sp. No activity against
Cryptococcus neoformans.

1.4.2 Micafungin

1.4.2.1 Brand Name/Formulation

Micamine™; IV formulation only

1.4.2.2 Primary Uses

For the treatment of patients with candidemia, acute disseminated candidiasis,
Candida peritonitis, and abscesses; treatment of patients with esophageal candidi-
asis; prophylaxis against Candida infections in patients undergoing hematopoietic
stem cell transplantation. It has not been FDA-approved for use in empiric therapy
of the febrile neutropenic patient or for patients intolerant of or refractory to other
therapies for invasive aspergillosis [51].

1.4.2.3 Mechanism of Action

Micafungin is an echinocandin; semisynthetic water-soluble lipopeptide. It is syn-
thesized by a chemical modification of a fermentation product of Coleophoma
empetri F-11899. Like other echinocandins, micafungin inhibits production of
1,3-B-p-glucan synthase that is needed for the synthesis of cell wall glucans which
provide the structural integrity and osmotic stability to the fungus. The action of the
echinocandin in inhibiting cell wall synthesis results in lysis. Micafungin exhibits
fungicidal activity against Candida spp. and fungistatic activity against Aspergillus
spp. [51].
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1.4.2.4 Spectrum of Activity

Micafungin has good activity against C. albicans, C. glabrata, C. krusei, C. tropicalis,
and C. parapsilosis and has been shown, including those strains that are azole resistant.
There is activity against dimorphic fungi, especially the mycelial forms of these organ-
isms. Micafungin has been shown to possess activity against Aspergillus spp. including
A. fumigatus and A. terreus. Micafugin demonstrates activity against the mycelial
forms of the dimorphic fungi Histoplasma capsulatum, Blastomyces dermatitidis, and
Coccidioides immitis, but only limited activity vs. yeast forms of these fungi; poor
activity is demonstrated against Zygomycetes and hyaline moulds including Fusarium
and Pseudallescheria boydii; no activity against C. neoformans [27, 51].

1.4.2.5 Pharmacokinetics: (Absorption/Distribution/Excretion)

All of the echinocandins, including micafungin, have a concentration-dependent
pharmacokinetics with a long post-antifungal effect. The micafungin area under the
curve (AUC) is linearly related to dose over the range of 50—150 mg or 3-8 mg/kg;
85% of the steady-state concentration is reached after three daily micafungin doses
[10, 27, 51].

Micafungin is >99% protein-bound, primarily to albumin and to a lesser extent,
alpha-1-acid-glycoprotein. The volume of distribution is 0.39 L/kg body weight [1, 2].
Like the other echinocandins, it is easily distributed to viscera like liver and spleen,
GI tract and gall bladder, and the lungs. It is less well distributed to the eyes, to the
CSF, and to the brain [10]. The half-life of micafungin is ~13 h [27].

Micafungin is metabolized by nonoxidative metabolism within the liver by aryl-
sulfatase and then catechol-O-methyltransferase (COMT) to form two inactive
metabolites; primary elimination of micafungin and its metabolites in the stool is
~40% (although some authors suggest 71% [38]) and <15% in the urine. Micafungin
does not require dosage adjustment with patients who have renal or hepatic impair-
ment [10, 51, 53].

Micafungin exhibits linear pharmacokinetics after IV administration.

1.4.2.6 Pharmacodynamic Target

The pharmacodynamic targetis a C_ /MIC, where C=concentration of the drug, of
3 for 50% efficacy, and >10 for maximal efficacy.

1.4.2.7 Adverse Reactions/Drug Interactions

The only contraindication is a known hypersensitivity to any component of the
product. Serious hypersensitivity reactions, including anaphylaxis and anaphylactoid
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reactions, have been reported. Infusions should be immediately stopped and appro-
priate treatment administered [27].
Side effects include:

(a)There have been elevations in liver function tests, BUN, and creatinine, and
rarely intravascular hemolysis and hemoglobinuria.

(b) Rash, pruritis, facial swelling, and vasodilatation have been reported.

(c) Injection site reactions including phlebitis and thrombophlebitis have been

associated with peripheral IV administrations [51].

(d) In addition, other drug-related adverse effects that have been reported in patients
with esophageal candidiasis include headache, leukopenia, nausea, rigors,
abdominal pain, and pyrexia. The incidence of these was found in ~1.2% of all
patients.

(e) No dose adjustments have to be made when coadministered with mycopheno-
late mofetil, cyclosporine, tacrolimus, prednisolone, fluconazole, ritonavir, or
rifampin.

(f) Patients on sirolimus and nifedipine should be monitored for toxicity due to pos-
sible increased levels when coadministered with micafungin. The AUC of siroli-
mus was increased 21% in the presence of micafungin; the AUC and peak
concentration of nifedipine were increased 18% and 42% respectively, in pres-
ence of micafungin [13].

Safety and efficacy of micafungin have not been established in pediatric patients.
In pregnancy, micafungin is a Category C; it has not been studied in pregnant women
and should only be used if clearly needed.

1.4.2.8 Resistance

The potential for drug resistance is suggested possibly resulting from a single amino
acid substitution, but thus far little resistance has occurred in Candida spp. Primary
resistance is present in C. neoformans because it does not have the 1,3-B-b-glucan
synthase target. Micafungin is not active in vitro vs. Fusarium sp., Rhizopus sp.,
Paecilomyces lilacinus, nor Scedosporium prolificans. Mutations in the FKS1 gene
that encodes glucan synthase and the GNS1 gene that encodes an enzyme involved
in fatty acid elongation can theoretically result in resistance. Other proposed mecha-
nisms of resistance include the presence of an efflux pump in the cell wall and
overexpression of cell wall transport proteins [51]. Surveillance studies examining
the in vitro results of all three echinocandins failed to show evidenced of emerging
resistance over a 6-year period from 2001 to 2007. However, there have been a few
reports of isolated cases of acquired resistance to echinocandins [43]. This has not
been described except in patients on very extensive courses of therapy.
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1.4.2.9 MIC Interpretation

There are interpretive criteria available for the susceptibility of the echinocandins
including micafungin. The methods presently used for in vitro testing are those
described for other antifungals, that is determination of the MIC [12]. However,
there is literature supporting the use of an MEC (minimum effective concentration)
in which changes in morphology are microscopically determined to suggest pres-
ence of antifungal activity [2, 16].

A nonsusceptible isolate of yeast may be indicated when the MIC to micafungin
is >2 ng/ml; however, there is no resistance breakpoint because so few isolates have
demonstrated resistance.

1.4.2.10 Comments

Micafungin was FDA-approved in the U.S.A. in the Spring of 2005 for the treat-
ment of esophageal candidiasis and the prophylaxis if Candida infection in
hematopoietic stem cell transplantation.

1.4.3 Anidulafungin

1.4.3.1 Brand Name/Formulations

Eraxis (Pfizer); IV formulations

1.4.3.2 Primary Uses

Candidemia and other forms of Candida infections including intra-abdominal
abscess, peritonitis, and esophageal candidiasis.

Anidulafungin has not been studied in endocarditis, osteomyelitis, and meningi-
tis due to Candida and has not been studied in sufficient numbers of neutropenic
patients to determine efficacy in this group. It has not been FDA-approved for pro-
phylaxis against Candida in hematopoietic stem cell transplantation or for empiric
treatment in the febrile neutropenic patient nor for invasive aspergillosis in the
patient that is intolerant to or refractory to other therapies [51].

1.4.3.3 Mechanism of Action

Anidulafungin is a semisynthetic lipopeptide synthesized from a fermentation
product of Aspergillus nidulans. The echinocandins are cyclic lipopeptides. Anidu-
lafungin is a noncompetitive inhibitor of 1,3--D-glucan synthase that is needed for
the synthesis of cell wall glucans which act to provide structural integrity and
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osmotic stability to the fungus. The action of the echinocandin in inhibiting cell wall
synthesis results in lysis [55].

1.4.3.4 Spectrum of Activity

Candida sp., including C. albicans, C. tropicalis, and C. parapsilosis and C. lusita-
niae; anidulafungin, like the other echinocandins, has activity against fluconazole-
resistant Candida sp., including C. krusei and C. glabrata. There is some activity of
all echinocandins against the mycelial forms of the dimorphic fungi Histoplasma
capsulatum, Blastomyces dermatitidis, and Coccidioides immitis, but only limited
activity vs. yeast forms of these fungi; poor activity is demonstrated against
Zygomycetes and hyaline moulds, including Fusarium and Pseudallescheria boy-
dii; no activity against C. neoformans [55].

1.4.3.5 Pharmacokinetics: (Absorption/Distribution/Excretion)

Systemic exposures of anidulafungin are dose proportional; steady state was
achieved in healthy volunteers on the first day after a loading dose (twice the daily
maintenance dose), and the estimated plasma accumulation factor at steady state is
approximately two. The clearance of anidulafungin is about 1 L/h, and anidula-
fungin has a terminal elimination half-life of 40-50 h [27, 51, 55]. Anidulafungin is
largely bound to plasma proteins in humans (84-99%) [27, 51, 55]. The half-life of
anidulafungin is ~25 h (40-50 h in some studies [51]) the longest of the three echi-
nocandins [27, 55]. It is dosed once daily as are the other echinocandins.

The pharmacokinetics of anidulafungin following IV administration are character-
ized by a short distribution half-life (0.5-1 h), and a volume of distribution of 30-50 L
that is similar to total body fluid volume. Anidulafungin, as with other echinocandins,
achieves negligible concentrations in CSF, urine, and intravitreal fluid.

Like the other echinocandins, it exhibits linear pharmacokinetics. The echi-
nocandins have a concentration-dependent pharmacokinetics with a long post-
antifungal effect.

Anidulafungin is not metabolized in the liver, instead undergoing slow enzy-
matic chemical degradation in the blood to form inactive metabolites; 30% inactive
drug and 10% unchanged is excreted via feces, and <1% is renally excreted [10, 27,
51, 55].

Anidulafungin is not a substrate for the CYP450 system enzymes nor does it
inhibit them. No clinically relevant drug-drug interactions have been identified for
anidulafungin [10, 55].

1.4.3.6 Pharmacodynamic Target
Pharmacodynamic target for most Candida spp.isa C__/MIC ratio, where C=concentra-

tion of the drug, of 3 for 50% efficacy and >10 for maximal efficacy. For Aspergillus
spp., the efficacy is best correlated with C_/minimum effective concentration
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(MEC), where MEC=lowest concentration of drug that causes the formation of
abnormally branched hyphal tips.

1.4.3.7 Adverse Reactions/Drug Interactions

Anidulafungin is well tolerated, and severe adverse effects are uncommon.
Anidulafungin is contraindicated in persons with known hypersensitivity to anidu-
lafungin, any component of anidulafungin, or other echinocandins. Laboratory
abnormalities in liver function tests have been seen in healthy volunteers and patients
treated with anidulafungin. In some patients with serious underlying medical condi-
tions who were receiving multiple concomitant medications along with anidula-
fungin, clinically significant hepatic abnormalities have occurred. Isolated cases of
significant hepatic dysfunction, hepatitis, or worsening hepatic failure have been
reported in patients; a causal relationship to anidulafungin has not been established.
Patients who develop abnormal liver function tests during anidulafungin therapy
should be monitored for evidence of worsening hepatic function and evaluated for
risk/benefit of continuing anidulafungin therapy [27, 51, 55].

In vitro studies showed that anidulafungin is not metabolized by human cyto-
chrome P450 or by isolated human hepatocytes and does not significantly inhibit the
activities of clinically important human CYP isoforms (1A2, 2C9, 2D6, 3A4). No
clinically relevant drug-drug interactions were observed with drugs likely to be
coadministered with anidulafungin [55].

Anidulafungin is a Category C drug in pregnancy. It can cross the placental bar-
rier in rats and was detected in fetal plasma. It is not known whether anidulafungin
is excreted in human milk. Long-term carcinogenicity studies have not been con-
ducted; it was not genotoxic in in vitro studies.

1.4.3.8 Resistance

Primary resistance in C. neoformans because it does not have the 1,3-B-bp-glucan
synthase target. Anidulafungin is not active in vitro vs. Fusarium sp., Rhizopus sp.,
Paecilomyces lilacinus, nor Scedosporium prolificans. Mutations in the FKS1 gene
that encodes glucan synthase and the GNS1 gene that encodes an enzyme involved
in fatty acid elongation can theoretically result in resistance. Other proposed mecha-
nisms of resistance include the presence of an efflux pump in the cell wall and
overexpression of cell wall transport proteins [51]. Surveillance studies examining
the in vitro results of all three echinocandins failed to show evidenced of emerging
resistance over a 6-year period from 2001 to 2007. Howeyver, there have been a few
reports of isolated cases of acquired resistance to echinocandins [43]. This has not
been described except in patients on very extensive courses of therapy.
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1.4.3.9 MIC Interpretive Criteria

There are interpretive criteria available for the susceptibility of the echinocandins
including caspofungin. The methods presently used for in vitro testing are those
described for other antifungals, that is, determination of the MIC [6]. However,
there is literature supporting the use of an MEC (minimum effective concentration)
in which changes in morphology are microscopically determined to suggest pres-
ence of antifungal activity [2, 16].

1.4.3.10 MIC Interpretations
The MIC for anidulafungin is in the range of <0.03—4 pg/ml; activity against sus-
ceptible fungi is fungicidal. A nonsusceptible isolate of yeast may be indicated

when the MIC to anidulafungin is >2 pg/ml; however, there is no resistance break-
point because so few isolates have demonstrated resistance thus far.

1.4.3.11 Comments

Initial studies have demonstrated that anidulafungin may be useful for treating a
range of serious fungal infections, including mucocutaneous candidiasis, invasive
candidiasis, azole refractory esophagitis, and possibly invasive aspergillosis, either

alone or as part of a combination regimen. More studies will be needed to verify this
[55].

1.5 Miscellaneous Topical and Oral Antifungal Agents

1.5.1 Griseofulvin

1.5.1.1 Brand Name/Formulations

Fulvicin®(Schering), Grisactin® (Wyeth Pharmaceuticals); oral capsules, tablets,
and oral suspension

1.5.1.2 Primary Uses

Griseofulvin is primarily used for dermatophyte (ringworm) infections of skin, hair,
and nails that cannot be treated with itraconazole or terbinafine.
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1.5.1.3 Spectrum of Activity

Griseofulvin has fungistatic activity against Microsporum spp., Epidermophyton
floccosum, and Trichophyton spp. It has no activity against Candida spp.

1.5.1.4 Mechanism of Action

The complete mechanism of action for griseofulvin is not well understood, but is
known to arrest mitosis (cell division) in metaphase and cause a disorganization of
spindles (similar to the action of colchicine) and chromosome scattering in ana-
phase; acts on actively growing fungi only.

1.5.1.5 Pharmacokinetics: (Absorption/Distribution/Excretion)

Griseofulvin is fungistatic; following oral administration, 50% is absorbed systemi-
cally in fasting patients; 100% is bioavailable. Absorption is maximized when the
ultramicronized preparation is used.

Griseofulvin is deposited in keratin precursor cells which then become impervi-
ous to fungus, hence it can be effective for treatment of onychomycosis. There is a
very slow cure rate with griseofulvin; it takes weeks to months of therapy before
response is observed and recurrences are not uncommon [34, 57].

1.5.1.6 Adverse Reactions/Drug Interactions

(a) Hypersensitivity reactions are the most common in the form of rashes and
urticaria.

(b) Some GI symptoms and thrush.

(c)Isolated nonspecific findings including headache and fatigue.

Griseofulvin decreases concentration of some anticoagulants; barbiturates may
decrease the concentration of griseofulvin; alcohol effects may be potentiated by
griseofulvin; contraceptive effects may be decreased by concomitant use. It is con-
traindicated in patients with known hepatocellular disease [57].

Griseofulvin crosses the placenta and is contraindicated in pregnancy.

1.5.1.7 Resistance

Amount of resistance in vitro is unknown.

1.5.1.8 MIC Interpretations

There are no standardized methods of testing available; microbroth dilution has
been reported in some literature; however, no interpretive criteria are available.
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1.5.1.9 Comments

Griseofulvin has no affect on any other fungi than the dermatophytes. Griseofulvin
remains one of the agents for tinea capitis, especially when caused by Microsporum
spp.; however, there are more safer and rapidly active drugs now available, and for
other species, griseofulvin remains as an agent if other agents fail or cannot be used
[34, 57].

1.5.2 Terbinafine Hydrochloride

1.5.2.1 Brand Names/Formulations

Lamisil® (Novartis Pharmaceuticals); tablets, creams, and solution formulations
available.

1.5.2.2 Primary Uses

Terbinafine is primarily used for onychomycosis of the toenail or fingernail includ-
ing nail infections caused by Trichophyton mentagrophytes, T. rubrum,
Epidermophyton floccosum, and Scopulariopsis brevicaulis. In vitro, low MICs
have been demonstrated against C. albicans as well.

1.5.2.3 Spectrum of Activity

Terbinafine has an effective fungicidal effect against dermatophytes: Microsporum
sp., Epidermophyton floccosum, and Trichophyton sp.; in vitro, fungistatic activity
against C. albicans and C. neoformans, and Scopulariopsis brevicaulis is variable [15].

1.5.2.4 Mechanism of Action

Terbinafine is a synthetic allylamine derivative that acts to inhibit ergosterol synthe-
sis at the level of squalene epoxidase. Squalene epoxidase inhibition results in
ergosterol-depleted fungal cell membranes to exert a fungistatic effect; the toxic
accumulation of intracellular squalene exerts a fungicidal effect. Increased mem-
brane permeability prevents the normal “gatekeeper” function of the cell membrane
from operating [15].

1.5.2.5 Pharmacokinetics: (Absorption/Distribution/Excretion)

Terbinafine is slightly soluble in water. Oral preparations are well absorbed (>70%),
and there is a 40% bioavailability due to first-pass metabolism in the liver. Topical
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absorption is limited. Peak plasma concentrations of 1 pg/ml appear within 2 h after
a 250-mg oral dose. The AUC increases only slightly when terbinafine is taken with
meals [44].

Distribution: accumulation of the drug occurs in skin, nails, and adipose tissue.
The drug is highly protein-bound (>99%). About 70% is eliminated renally; renal
dose adjustment is necessary. In patients with creatinine clearance (<50 ml/min) or
in patients with cirrhosis of the liver, the clearance of terbinafine is decreased by
50% compared to normal volunteers.

Half-life is ~36 h. Very slow release from skin and adipose tissue and thus a
terminal half-life of 200—400 h. Terbinafine is extensively metabolized; however,
none of its metabolites have significant antifungal activity [15, 35].

1.5.2.6 Adverse Reactions/Drug Interactions

Terbinafine is contraindicated in individuals with a known hypersensitivity to any
components of the formulation. In the site of inhibition, squalene epoxidase is only
inhibited in mammalian cells at much higher concentrations than that which is
needed to inhibit the fungal enzymes; hence, terbinafine does not produce many
side effects.

Side effects do, however, include [35]:

(a) GI effects, malaise, fatigue, vomiting, arthralgia, myalgia, and hair loss.

(b) Dermatologic side effects, including Stevens-Johnson syndrome and progres-
sive toxic epidermal necrolysis have been seen.

(c) Change in ocular lens and retina and taste disturbances were reported in clinical
trials.

(d) Not recommended for patients with chronic liver disease or renal disease. Rare
cases of liver failure, some leading to death or liver transplant have occurred
with use of terbinafine in patients with and without preexisting liver disease.

(e) Isolated cases of severe neutropenia; cases of decreases in absolute lymphocyte
counts were reported in clinical trials. Cautious use in patients with known or
suspected immunodeficiency; monitoring complete blood counts should be
considered if patients receive the drug for greater than 6 weeks.

Terbinafine is an inhibitor of the CYP450 2D6 isoenzyme, and coadministration
with drugs also metabolized in this fashion, such as tricyclic antidepressants, selec-
tive serotonin reuptake inhibitors, beta-blockers, antiarrhythmics like flecamide and
propafenone, and monoamine oxidase inhibitors type B should be monitored for
increased levels of these other agents. Some studies show decreases in prothrombin
times when coadministered with warfarin; increased clearance of terbinafine when
given with rifampin. Terbinafine increases clearance of cyclosporine by 15% and
clearance of caffeine by 19%; terbinafine is decreased by 33% when given with
cimetidine. No drug interactions have been seen with oral contraceptives, hormone
replacement therapies, hypoglycemia, theophyllines, phenytoins, thiazide diuretics,
and calcium channel blockers [35].
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In vitro studies with terbinafine with human liver microsomes demonstrated
no inhibition of the metabolism of tolbutamide, ethinylestradiol, and ethoxycou-
marin, nor did it affect the clearance of antipyrine or digoxin in healthy human
volunteers.

Category B drug in pregnancy. Treatment of onychomycosis can usually be post-
poned until after pregnancy is completed, and this would be recommended.
Terbinafine is, however, present in breast milk or nursing mothers and hence is not
recommended to be given to breast-feeding mothers.

1.5.2.7 Resistance

Resistance has been rarely seen in humans thus far; in vitro experiments have shown
cross-resistance in C. tropicalis, for example, between azoles and terbinafine due to
upregulation of efflux transporter genes [6]. Six isolates of Trichophyton rubrum
were found resistant to terbinafine; resistance to terbinafine in these 7. rubrum isolates
appears to be due to alterations in the squalene epoxidase gene or a factor essential
for its activity. Usual MICs are 0.03 pg/ml in susceptible strains of 7. rubrum; in
these resistant strains, MICs were >1.0 pg/ml [17].

1.5.2.8 MIC Interpretive Criteria

There is a CLSI standard for antimicrobial susceptibility testing of filamentous
fungi that includes methods for testing terbinafine vs. dermatophytes [11].

1.5.2.9 Comments

Terbinafine is primarily a drug used to treat nail infections of hands and feet, caused
by dermatophytes. There is, however, increasing literature that terbinafine may
show synergy in vitro against a wider variety of moulds other than dermatophytes.
In one review of use of terbinafine for onychomycosis, terbinafine was said to dem-
onstrate greater effectiveness that itraconazole, fluconazole, and griseofulvin in der-

matophyte caused onychomycosis. Their suggestion was that terbinafine become
the drug of choice for these infections [15].

1.5.3 Amorolfine

1.5.3.1 Brand Name/Formulations

Loceryl™ (Roche Laboratories); topical nail lacquer
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1.5.3.2 Primary Uses
Amorolfine is used for dermatophyte infections, particularly onychomycosis that do

not involve the nail matrix; some in vitro antifungal activity against other moulds
and yeasts involved in onychomycosis.

1.5.3.3 Mechanism of Action
Amorolfine causes an alteration of fungal cell membrane, resulting in reduction of

ergosterol and accumulation of sterically nonplanar sterols. Can be fungistatic or
fungicidal depending upon the organism.

1.5.3.4 Spectrum of Activity
Candida sp., Cryptococcus sp., dermatophytes including Microsporum sp.,
Trichophyton sp., and Epidermophyton floccosum; Scopulariopsis; dematiaceous

mould including Alternaria, Cladosporium, Fonsecaea, and Wangiella;, and
Histoplasma capsulatum, Sporothrix schenckii, and Coccidioides immitis.

1.5.3.5 Pharmacokinetics: (Absorption/Distribution/Excretion)
Amorolfine penetrates and diffuses through the nail plate [37]. In a study comparing
amorolfine and ciclopirox, amorolfine appeared more suitable for drug delivery

from lacquer applications to human nails because it penetrated into nails via a
hydrophilic pathway [37].

1.5.3.6 Adverse Reactions/Drug Interactions
Amorolfine can cause some minor local reactions, such as burning, dryness of skin,
scaling, itching, erythema, and weeping of skin. There is no data for use during

pregnancy, so amorolfine should be avoided in the pregnant woman. There are no
known interactions with other agents.

1.5.3.7 Resistance

Mechanisms of resistance are unknown.

1.5.3.8 MIC Interpretive Criteria

No methods available for performing susceptibility tests.
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1.5.3.9 Comments

None.

1.5.4 Tolnaftate

1.5.4.1 Brand Name/Formulations

Tinactin®; 1% concentrations as topical creams or liquids or powder formulations

1.5.4.2 Primary Uses

Tolnaftate is active against dermatophytes, but not candidal infections of the skin. It
is less effective in areas of hyperkeratotic lesions. Tolnaftate is not effective against
infections of the scalp, for example, 7. tonsurans for tinea capitis infections.

1.5.4.3 Mechanism of Action

Tolnaftate is fungicidal; is a thiocarbamate that targets cell membrane permeability
[44].

1.5.4.4 Pharmacokinetics: (Absorption/Distribution/Excretion)

Tolnaftate is a topical agent; no distribution to other tissues.

1.5.4.5 Adverse Reactions/Drug Interactions

None recognized.

1.5.4.6 Resistance

Some resistant strains have been seen; cross-resistance between terbinafine and tol-
naftate has been reported in six strains of 7. rubrum [17].

1.5.4.7 MIC Interpretive Criteria

None available.
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1.5.4.8 Comments

Tolnaftate is an older drug still effective in treatment of some dermatophyte
infections.

1.5.5 Butoconazole or Butoconazole Nitrate

1.5.5.1 Brand Name/Formulations

Gynazole-1™, Mycelex®-3 and in Canada, Femstat®

1.5.5.2 Primary Uses

Butoconazole is primarily used for the local treatment of vulvovaginal candidiasis.

1.5.5.3 Spectrum of Activity

Butoconazole nitrate is an imidazole derivative that has fungicidal activity in vitro
against Candida spp. and has been demonstrated to be clinically effective against
vaginal infections due to Candida albicans. In vitro activity has been demonstrated
against C. glabrata and Saccharomyces cerevisiae [32].

1.5.5.4 Mechanism of Action

The exact mechanism of the antifungal action of butoconazole nitrate is unknown;
however, it is presumed to function as other imidazole derivatives via inhibition of
steroid synthesis. Imidazoles generally inhibit the conversion of lanosterol to ergos-
terol, resulting in a change in fungal cell membrane lipid composition. This struc-
tural change alters cell permeability and ultimately results in the osmotic disruption
or growth inhibition of the fungal cell [18].

1.5.5.5 Pharmacokinetics: (Absorption/Distribution/Excretion)

Following vaginal administration of butoconazole nitrate vaginal cream, 1.7%
(range 1.3-2.2%) of the dose was absorbed on average. Peak plasma levels (13.6—
18.6 ng radioequivalents/ml of plasma) of the drug and its metabolites are attained
between 12 and 24 h after vaginal administration [44].
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1.5.5.6 Adverse Reactions/Drug Interactions

Hypersensitivity to any component would be a contraindication for use of
butoconazole. Can cause GI abdominal pain or cramping; pelvic pain, vulvar/vaginal
burning, itching, soreness, and swelling. There is no data on drug interactions.

No studies are recorded in regard to its potential carcinogenicity; studies in ani-
mals revealed no problems with infertility or mutagenicity.

Pregnancy Category C. There are, however, no adequate and well-controlled
studies in pregnant women. Gynazole-1® should be used during pregnancy only if
the potential benefit justifies the potential risk to the fetus. Safety and effectiveness
in children have not been established.

1.5.5.7 Resistance

There is an unknown potential for resistance development.

1.5.5.8 MIC Interpretive Criteria

No standard methods for susceptibility testing.

1.5.5.9 Comments

In a comparative study of butoconazole nitrate cream vs. oral fluconazole treatment
of vulvovaginal candidiasis, butoconazole resulted in a shorter time period to relief
(12.9 h vs. 20.7 h for time to first relief), 75% of the butoconazole patients experi-
enced first relief of symptoms at 24.5 h vs. 46.3 h for fluconazole patients. Fewer

reported adverse events were seen in the butoconazole arm of the study as well
[48].

1.5.6 Butenafine Hydrochloride

1.5.6.1 Brand Name/Formulations

Mentax (Penederm Inc.); cream formulation.

1.5.6.2 Primary Uses

Butenafine is a topical agent for dermatophyte infections, tinea pedis, tinea cruris,
tinea corporis, and onychomycosis that are caused by dermatophytes and Candida
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albicans. Treatment of tinea versicolor is also included as an indication for use of
butenafine.

1.5.6.3 Mechanism of Action

Butenafine is a benzylamine derivative, similar in structure to the allylamines (e.g.,
terbinafine), except that a butyl benzyl group replaces the allylamine group [52].
Butenafine inhibits the conversion of 2,3-oxydosqualene, a reaction catalyzed by
the enzyme squalene epoxidase, thus it suppresses ergosterol biosynthesis by block-
ing squalene epoxidation. Like the allylamines, the benzylamine derivatives block
an earlier step in ergosterol biosynthesis than do the azoles. Butenafine has anti-
inflammatory as well as antifungal activity. Some authors have suggested that it
may in addition alter cellular sterol composition and thereby render the cell mem-
brane susceptible to damage as well [49].

1.5.6.4 Spectrum of Activity

Butenafine is a fungicidal antimycotic, with activity against the dermatophytes,
including Epidermophyton floccosum, Trichophyton mentagrophytes, T. rubrum,
and T. tonsurans. In vitro activity vs. Candida albicans and Malassezia furfur is
included in the package insert and online descriptions of the cream [52].

1.5.6.5 Pharmacokinetics: (Absorption/Distribution/Excretion)

Butenafine has excellent penetration into the dermis and results in high concentra-
tions in the skin that are maintained for a long time after dosing. The concentration
of butenafine achieved in the skin of a guinea pig model at 24 h after a single appli-
cation was 31.5 pg/g tissue, and this increased to 8.8 png/g at 72 h. The minimum
fungicidal concentrations (MFC) of T mentagrophytes and M. canis are 0.012 and
0.05 Bg/ml, so these concentrations are well above these MFC concentrations. The
total amount (or% dose) of butenafine HCI absorbed through the skin into the sys-
temic circulation is low [49].

1.5.6.6 Adverse Reactions/Drug Interactions

Butenafine is usually well tolerated. Patients who are known to be sensitive to
allylamine antifungals should use Mentax® (butenafine HCI cream) Cream, 1%,
with caution, since cross-reactivity may occur. Mentax® cream, 1%, should only be
used topically as directed by the physician, and contact with the eyes, nose, mouth,
and other mucous membranes should be avoided [44].
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Butenafine has no known mutagenicity or carcinogenicity potential nor have
there been any studies that show impaired fertility when used topically as directed
[49]. Safety and efficacy in pediatric patients below the age of 12 years have not
been studied. Use of Mentax® cream, 1%, in pediatric patients 12—16 years of age is
supported by evidence from adequate and well-controlled studies of Mentax® cream,
1%, in adults.

In controlled clinical trials, 9 (approximately 1%) of 815 patients treated with
Mentax® cream, 1%, reported adverse events related to the skin. These included
burning/stinging, itching, and worsening of the condition. No patient treated with
Mentax® cream, 1%, discontinued treatment due to an adverse event. In the vehicle-
treated patients, 2 of 718 patients discontinued because of treatment site adverse
events, one of which was severe burning/stinging and itching at the site of applica-
tion [49]. In uncontrolled clinical trials, the most frequently reported adverse events
in patients treated with Mentax® cream, 1%, were: contact dermatitis, erythema,
irritation, and itching, each occurring in less than 2% of patients [49].

1.5.6.7 Resistance

No mechanisms for resistance development are known.

1.5.6.8 MIC Interpretive Criteria

No standardized methods for susceptibility testing. An evaluation of the in vitro
activity of butenafine HCI using a microdilution method for determination of sus-
ceptibilities was performed against a variety of dermatophytes and yeasts. The range
of MIC for dermatophytes was 0.03-0.25 pg/ml for butenafine. There was limited
activity of butenafine against C. albicans and no activity vs. Malassezia furfur.
When compared to econazole and butenafine, ciclopirox demonstrated the broadest
in vitro activity [28].

1.5.6.9 Comments

Butenafine 1% used topically has been reported to be efficacious in randomized
clinical trials for tinea pedis, tinea corporis, and tinea cruris when used for short
durations of treatment. However, its efficacy for treatment of tinea versicolor,
seborrheic dermatitis, and its use as an anti-Candida agent has not yet been fully
established [49].
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1.5.7 Ciclopirox

1.5.7.1 Brand Name/Formulations

Loprox® cream, Penlac™ (Aventis Pharmaceuticals); topical nail lacquer.

1.5.7.2 Primary Uses

Ciclopirox is for treatment of dermatophyte and yeasts nail infections; for use on
nails and immediately adjacent skin. Loprox® cream is indicated for the topical
treatment of the following dermal infections: tinea pedis, tinea cruris, and tinea
corporisdueto Trichophytonrubrum, Trichophyton mentagrophytes, Epidermophyton
floccosum, and Microsporum canis; candidiasis (moniliasis) due to Candida albi-
cans; and tinea (pityriasis) versicolor due to Malassezia furfur.

1.5.7.3 Spectrum of Activity

Ciclopirox is active in vitro against Trichophyton rubrum, T. mentagrophytes,
Epidermophyton floccosum, Microsporum canis, and Candida albicans. The MIC
range with Sabouraud agar free of metals is 0.9-3.9 pg/ml. Ciclopirox 1% cream or
lotion has been reported to have fungicidal activity against Trichophyton mentagro-
phytes; cidal activity in vitro vs. C. albicans has also been demonstrated [22].

1.5.7.4 Mechanism of Action

Ciclopirox, a synthetic antifungal agent, is a hydroxypyridone derivative which
does not affect sterol synthesis. It is not related to the azoles or allylamines. The
mechanism of action involves iron chelation, which inhibits fungal growth due to
the inhibition of metal-dependent enzymes responsible for degradation of peroxides
in cell. In addition, ciclopirox may modify the plasma membrane of dermatophytes
and C. albicans (22, 44].

1.5.7.5 Pharmacokinetics: (Absorption/Distribution/Excretion)

An 8% ciclopirox nail lacquer was shown to permeate well in a bovine hoof mem-
brane model and produced dose-dependent inhibitory effects on dermatophytes
and yeast; 40—60% of the applied ciclopirox penetrated during the first 6 h of appli-
cation, in infected and uninfected nails, and its concentration remained above the
MIC of the nail pathogens studied experimentally [54].

Pharmacokinetic studies in men with tagged ciclopirox solution in polyethylene
glycol 400 showed an average of 1.3% absorption of the dose when it was applied
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topically to 750 cm 2 on the back followed by occlusion for 6 h. Penetration studies
with human cadaver skin from the back with Loprox (ciclopirox) cream with tagged
ciclopirox showed the presence of 0.8—1.6% of the dose in the stratum corneum
1.5-6 h after application. The levels in the dermis were still 10—15 times above the
minimum inhibitory concentrations.

Biological half-life is <2 h; excretion is via the kidney. Two days after applica-
tion, only 0.01% of the dose applied could be found in the urine. Fecal excretion
was negligible [21].

Autoradiographic studies with human cadaverous skin have shown that ciclopirox
penetrates into the hair and through the epidermis and hair follicles into sebaceous
glands and dermis; a portion of the drug does remain in stratum corneum [44].

1.5.7.6 Adverse Reactions/Drug Interactions

The olamine cream is well tolerated. A mild rash may occur rarely [22]. Concomitant
use of ciclopirox topical solution with systemic antifungals for onychomycosis is
not usually recommended. In the controlled clinical studies with 514 patients using
Loprox® cream and in 296 patients using the vehicle cream, the incidence of adverse
reactions was low. This included pruritus at the site of application in one patient and
worsening of the clinical signs and symptoms in another patient using ciclopirox
cream and burning in one patient and worsening of clinical signs and symptoms in
another patient using the cream [22]. Safety and efficacy studies have not been per-
formed in children under age of 10 years.

Pregnancy Category B drug. There are, however, no adequate or well-controlled
studies in pregnant women. Because animal reproduction studies are not always
predictive of human response, this drug should be used during pregnancy only if
clearly needed [21, 44].

1.5.7.7 Resistance

There is an unknown potential for development of resistance by susceptible fungal
organisms during therapy.

1.5.7.8 MIC Interpretive Criteria

No standardized methods nor breakpoints have been determined. An evaluation of
the in vitro activity of ciclopirox olamine using a microdilution method for determi-
nation of susceptibilities was performed against a variety of dermatophytes and
yeasts. The range of MIC for dermatophytes was 0.03—0.25 pg/ml for ciclopirox.
Good activity was shown vs. yeasts with an MIC range of 0.001-0.25 pg/ml. When
compared to econazole and butenafine, ciclopirox demonstrated the broadest in vitro
activity [28].



54 G.S. Hall et al.

1.5.7.9 Comments

Ciclopirox is only for use on nails and immediately adjacent skin; not for use for
ophthalmic, intravaginal, or oral administration.

1.5.8 Naftifine

1.5.8.1 Brand Name/Formulations

Naftin® (Allergan); cream or gel for topical application.

1.5.8.2 Primary Uses

Naftifine is primarily used for skin infections: it is indicated for the topical treat-
ment of athlete’s foot (tinea pedis), tinea cruris, and tinea corporis (ringworm). Not
for ophthalmic use.

1.5.8.3 Mechanism of Action

Naftifine is an allylamine that suppresses the biosynthesis of ergosterol at an earlier
stage of the metabolic pathway than the azoles, independent of cytochrome P450
enzymes, by inhibiting the activity of squalene epoxidase. The resulting ergosterol
deficiency is accompanied by an accumulation of squalene in the fungal cell that
leads to cell death [33, 42].

1.5.8.4 Spectrum of Activity

Naftifine is a fungicidal activity demonstrated against dermatophytes including
Trichophyton rubrum, Trichophytonmentagrophytes, T. tonsurans, and Epidermophyton
floccosum, and Microsporum canis, M. audouinii, and M. gypseum. Fungistatic
activity has been shown in vitro against C. albicans.

1.5.8.5 Pharmacokinetics: (Absorption/Distribution/Excretion)

Naftifine is a topical agent; no tissue distribution. Naftifine can penetrate the stra-
tum corneum in sufficient concentrations to inhibit fungi found there. Following
topical applications to skin of healthy volunteers, systemic absorption of naftifine
was ~4% of the applied dose [44].
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Naftifine and/or its metabolites are excreted via the urine and feces with a half-life
of approximately 2-3 days [44].

1.5.8.6 Adverse Reactions/Drug Interactions

During clinical trials with Naftin® cream, 1%, the incidence of adverse reactions
was as follows: burning/stinging (6%), dryness (3%), erythema (2%), itching (2%),
and local irritation (2%) [44]. Long-term animal studies to evaluate the carcino-
genic potential of Naftin® cream, 1%, have not been performed. In vitro and animal
studies have not demonstrated any mutagenic effect or effect on fertility.

Pregnancy Category B. Reproduction studies have been performed in rats and rabbits
(via oral administration) at doses 150 times or more the topical human dose and
have revealed no evidence of impaired fertility or harm to the fetus due to naftifine.
There are, however, no adequate and well-controlled studies in pregnant women.
It is not known whether this drug is excreted in human milk. Because many drugs are
excreted in human milk, caution should be exercised when Naftin® cream, 1%, is
administered to a nursing woman [44].
Safety and effectiveness in pediatric patients have not been established [44].

1.5.8.7 Resistance

No resistance patterns have yet been detected for this class of drugs.

1.5.8.8 MIC Interpretive Criteria

There are no established methods for determining MIC values.

1.5.8.9 Comments

Naftifine is not for treatment of vaginal yeast infections or use in the eye.

1.5.9 Econazole

1.5.9.1 Brand Names/Formulations

Spectazole® (Econazole nitrate cream) 1%; vaginal and topical creams; 1% solu-
tion, spray, and powder [18].
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1.5.9.2 Primary Uses

Econazole is for the topical application for treatment of tinea pedis, tinea cruris, and
tinea corporis; also used for treatment of cutaneous candidiasis and treatment of
tinea versicolor. Not for ophthalmic use.

1.5.9.3 Spectrum of Activity

Econazole is effective against dermatophytes, including Trichophyton rubrum,
T. mentagrophytes, T. tonsurans, Microsporum canis, M. gypseum, M. audouini, and
Epidermophyton floccosum; also effective against Candida spp. and Malassezia furfur.

1.5.9.4 Mechanism of Action

Econazole is an antifungal imidazole derivative with a structure identical to micon-
azole; however, it differs due to absence of one chlorine ring on one benzene ring.
The specific mechanism of action is largely unknown, but like other imidazoles
is felt to interact with 14 a-demethylase, a cytochrome P450 enzyme necessary
to convert lanosterol to ergosterol. As ergosterol is an essential component of the
fungal cell membrane, inhibition of its synthesis results in increased cellular
permeability causing leakage of cellular contents. Ultrastructurally, the cell wall of
C. albicans, for example, appears distorted after treatment with econazole, and
the plasmalemma and mitochondria of M. canis appear altered after econazole
exposure [18].

1.5.9.5 Pharmacokinetics: (Absorption/Distribution/Excretion)

Econazole is bound strongly by serum proteins and cannot be used systemically.
After topical application to the skin of normal subjects, systemic absorption of
econazole nitrate is extremely low. Although most of the applied drug remains on
the skin surface, drug concentrations were found in the stratum corneum which, by
far, exceeded the minimum inhibitory concentration for dermatophytes.

1.5.9.6 Adverse Reactions/Drug Interactions

Econazole is contraindicated in individuals who have demonstrated hypersensitivity
to econazole or any of the other ingredients of the cream.

The drug should be discontinued if sensitization or excessive irritation occurs.
Burning, itching, erythema, and stinging may occur rarely. In pregnancy, it is listed
as a Category C; not recommended in first trimester, unless essential.
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1.5.9.7 Resistance

Not described in the literature.

1.5.9.8 MIC Interpretations

An evaluation of the in vitro activity of econazole using a microdilution method for
determination of susceptibilities was performed against a variety of dermatophytes
and yeasts. The range of MIC for dermatophytes was <0.001-0.25 pg/ml for econ-
azole. Lesser activity was demonstrated vs. yeasts with a broader range of MICs
(0.125—>0.5 pg/ml) as compared to ciclopirox. When compared to econazole and
butenafine, ciclopirox demonstrated the broadest antifungal in vitro activity overall
[28].

1.5.9.9 Comment

None.

1.5.10 Sertaconazole

1.5.10.1 Brand Name/Formulations

Sertaconazole nitrate cream 2%.

1.5.10.2 Primary Uses

Sertaconazole is indicated for the topical treatment of athlete’s foot (tinea pedis).

1.5.10.3 Mechanism of Action

Sertaconazole is an imidazole; inhibits cytochrome P450-dependent enzyme lanos-
terol C , a-demethylase. This leads to disruption of membrane synthesis and deple-
tion of ergosterol that causes an increase in toxic methylated sterol precursors in the
membrane. The action is often fungicidal, increasing the sensitivity of the fungus to
oxygen-dependent microbicidal systems of the host.
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1.5.10.4 Spectrum of Activity

Sertaconazole has fungicidal activity demonstrated against dermatophytes including
Trichophyton rubrum and Trichophyton mentagrophytes.

1.5.10.5 Pharmacokinetics: (Absorption/Distribution/Excretion)

Sertaconazole is a topical agent; no tissue distribution.

1.5.10.6 Adverse Reactions/Drug Interactions

After 4 weeks of treatment of 92 patients with tinea pedis interdigitalis, only 8% expe-
rienced any adverse effects; none of the side effects were considered serious [8].

Teratogenic Effects: Pregnancy Category B: Safety and effectiveness in pediatric
patients have not been established.

1.5.10.7 Resistance

No resistance patterns have yet been detected for this class of drugs.

1.5.10.8 MIC Interpretive Criteria

No established methods for determining MIC values.

1.5.10.9 Comments

This is a new agent for which data is not complete, but it does appear to be safe and
effective against tinea pedis interdigitalis [8].

1.5.11 Oxiconazole

1.5.11.1 Brand Name/Formulations

Oxistat (oxiconazole nitrate) cream 1%.
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1.5.11.2 Primary Uses

Oxiconazole is indicated for the topical treatment of tinea pedis, tinea cruris, and
tinea corporis due to 7. rubrum, T. mentagrophytes, or E. floccosum; also for treat-
ment of tinea versicolor caused by Malassezia furfur [44].

1.5.11.3 Mechanism of Action

Oxiconazole is an imidazole; inhibits cytochrome P450-dependent enzyme lanos-
terol C |, a-demethylase. This leads to disruption of membrane synthesis and deple-
tion of ergosterol that causes an increase in toxic methylated sterol precursors in the
membrane. The action is often fungicidal, increasing the sensitivity of the fungus to
oxygen-dependent microbicidal systems of the host.

1.5.11.4 Spectrum of Activity

Oxiconazole has fungicidal activity demonstrated against dermatophytes including
Trichophyton rubrum, Trichophyton mentagrophytes, E. floccosum, and M. furfur.

1.5.11.5 Pharmacokinetics: (Absorption/Distribution/Excretion)

Oxiconazole is a topical agent; no tissue distribution.

1.5.11.6 Adverse Reactions/Drug Interactions
Of 995 patients in initial trials with use of oxiconazole, there were about 4% adverse
reactions that included pruritus, burning, contact dermatitis, folliculitis, erythema,

papules, fissures, maceration, rash, stinging, and nodules [44].
Drug interactions have not been systematically evaluated.

Teratogenic Effects: Pregnancy Category B: Safety and effectiveness in pediatric
patients have not been established.

1.5.11.7 Resistance

No resistance patterns have yet been detected for this class of drugs.

1.5.11.8 MIC Interpretive Criteria

There are no established methods for determining MIC values.
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1.5.11.9 Comments

In one study, 60% of patients treated for tinea cruris, tinea pedis, and tinea corporis
showed a clearing of their fungal infection when treated with oxiconazole lotion vs.
71% with the cream. None of the patients demonstrated side effects [25].

1.5.12 Potassium lodide, SSKI

1.5.12.1 Brand Name/Formulations

Only an oral solution.

1.5.12.2 Primary Uses

Used for cutaneous and lymphatic sporothrichosis and in the tropics for ento-
mophthoramycosis. A meta-analysis was recently done to assess the efficacy of oral
SSKI for treatment of sporotrichosis, and the conclusion was that the currently
available evidence is insufficient to assess the potential for oral potassium iodide in
the treatment of sporotrichosis. There is no high-quality evidence for or against oral
potassium iodide as a treatment for sporotrichosis. Further randomized double-blind
placebo-controlled trials are needed to define the efficacy and acceptability of these
interventions [59].

1.5.12.3 Mechanism of Action

The exact mechanism of fungicidal/fungistatic action is unknown. KI may work
against fungi by a fungicidal mechanism, or it may enhance the body’s immune and
nonimmune defense mechanisms. Cell degeneration has been shown by electron
microscopy to occur in Sporothrix schenckii yeast when placed into solutions of KI.
However, KI does not increase monocyte or neutrophil killing of S. schenckii [50].

1.5.12.4 Pharmacokinetics: (Absorption/Distribution/Excretion)

KI is a compound made of 76% of the halogen iodine and 23% of the alkali metal
potassium by weight [50]. Since potassium iodide is highly soluble in water, SSKI
contains 1 g KI per milliliter (ml) of solution. This is less than 100% by weight,
because SSKI is significantly more dense than pure water. Because KI is about
76.4% iodide by weight, SSKI contains about 764 mg iodide per ml.

After ingestion, KI is readily absorbed in the intestinal tract and distributes rapidly
through the extracellular space. Iodine concentrates in the thyroid gland, salivary
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glands, gastric mucosa, choroid plexus, mammary glands, and placenta; 90% is
excreted in the urine. Sweat, breast milk, and feces account for the remainder of the
excretion [50].

1.5.12.5 Adverse Reactions/Drug Interactions

Side effects/adverse reactions include hypothyroidism; symptoms associated with
iodine, such as a brassy taste, excessive secretions of nose, saliva, and tears; sneez-
ing, burning, and ocular irritation; and dermal lesions, acne, loss of appetite, or
upset stomach during the first several days as the body adjusts to the medication.
More severe side effects which required notification of a physician are fever, weak-
ness, unusual tiredness, swelling in the neck or throat, mouth sores, skin rash, nau-
sea, vomiting, stomach pains, irregular heartbeat, numbness, or tingling of the hands
or feet [50].

1.5.12.6 Resistance

None known.

1.5.12.7 MIC Interpretive Criteria

None available.

1.5.12.8 Comments

KI has been largely replaced with newer agents such as itraconazole for the treat-
ment of sporotrichosis. There is a case report in the literature of successful treat-
ment of subcutaneous sporotrichosis with a combination of terbinafine for 6 months
and oral KI for 2 months; the authors concluded that terbinafine and KI should be
the agents of choice for treatment of subcutaneous sporotrichosis [13].
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Chapter 2

Antifungal Susceptibility Testing: Clinical
Laboratory and Standards Institute
(CLSI) Methods

Annette W. Fothergill

Abstract Antifungal susceptibility testing has become an important tool for
physicians faced with making difficult treatment decisions regarding treatment of
patients with fungal infections. The Clinical Laboratory and Standards Institute
(CLSI) has approved methods for testing of both yeast and moulds. Testing may be
accomplished via macrobroth, microbroth, or disk methods. In addition to CLSI
methods, industry has provided a variety of both manual and automated systems for
determining antifungal susceptibility for fungi. This, combined with an expanded
list of interpretive data, has elevated antifungal susceptibility testing to a level of
importance as a diagnostic test.

2.1 Introduction

Antifungal susceptibility testing (AST) has been a recognized diagnostic tool for
over 20 years. Despite this, interpretation of the results and determination of how
best to use these results continue to cause considerable confusion. Over the past two
decades, antifungal susceptibility has undergone considerable change. AST has
evolved from a nonstandardized procedure that generated results lacking clinical
utility to a standardized procedure that is well controlled and that gives results phy-
sicians may use to assist with making tough clinical decisions. The Clinical and
Laboratory Standards Institute (CLSI), formerly the NCCLS (National Committee
on Clinical Laboratory Standards), has released four standard methods for antifun-
gal susceptibility testing including M27-A3 [1] for macrobroth and microtiter yeast
testing, M38-A2 [2] for microtiter mould testing, M44-A [3] for yeast disk diffusion
testing, and M51-P [4] for mould disk diffusion testing.
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2.2 History

In 1985, the subcommittee on AST released its first report [5]. This document,
M20-CR, Antifungal Susceptibility Testing: Committee Report, was compiled from
responses to a questionnaire sent to hospitals and reference laboratories. This docu-
ment indicated that AST was being conducted by approximately 20% of institutions
that responded but on a rather small scale and that most of the sites conducting test-
ing were utilizing some form of broth testing. Other methods in use included agar
and disk diffusion methods. It was also noted that the method variability contributed
to minimum inhibitory concentrations (MICs) that could not be reliably reproduced
between institutions. Given these findings, the committee concluded that it was nec-
essary and would be of use to the medical community to proceed toward a standard-
ized method.

Based on an evaluation of findings, it was determined that the reference method
should be a broth dilution method. Having chosen this starting point, several other
parameters required investigation including inoculum preparation, test medium,
incubation temperature, incubation duration, and criteria for endpoint determina-
tion. The first standard was published in 1992 [6] and was a macrobroth dilution
method requiring 1-ml volumes in tubes. To avoid drug-medium interactions,
RPMI-1640, a totally defined medium, was selected. Optimum incubation was
determined to be 35°C for 48 or 72 h depending on species. The endpoint was
defined as the lowest dilution that resulted in zero visible growth for amphotericin
B or in an 80% reduction in turbidity as compared to the drug-free control tube for
the azoles and 5-fluorocytosine.

Subsequent publications provided for a microtiter dilution method where param-
eters were the same but where endpoints were defined as zero visible growth for
amphotericin B or a 50% reduction in turbidity as compared to the drug-free control
well for other drugs. In addition to a more user-friendly method, the newer versions
of M27 provided both QC and reference MIC ranges with break points being pro-
vided for Candida species. To date, interpretive guidelines have only been estab-
lished for 5-fluorocytosine; some azoles including fluconazole, itraconazole, and
voriconazole; and the currently available candins anidulafungin, caspofungin, and
micafungin. Categories for 5-fluorocytosine include susceptible (S), intermediate
(D), and resistant (R) while those for the azoles include susceptible (S), susceptible-
dose-dependent (SDD), and resistant (R). The susceptible-dose-dependent category
relates to yeast testing only and is not interchangeable with the intermediate cate-
gory associated with bacterial and 5-fluorocytosine break points. This category is in
recognition that yeast susceptibility is dependent on achieving maximum blood
levels. By maintaining blood levels with higher doses of the antifungal, an isolate
with an SDD endpoint may be successfully treated with a given azole [1]. The can-
dins are categorized only as susceptible or nonsusceptible. The term nonsusceptible
is reserved for this group because, to date, insufficient data exists to create the resis-
tance category.
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Procedures for mould testing were released in 2002 as document M38-A [7].
Parameters were similar to those for yeast microtiter testing with the exception of
the inoculum size which was increased approximately one log. Endpoint determina-
tion differed slightly, with zero visible growth considered the endpoint for amphot-
ericin B, itraconazole, posaconazole, and voriconazole. The endpoints for the
remaining azoles and 5-fluorocytosine continued to occur at the lowest concentra-
tion with a 50% reduction in growth as compared to the drug-free control well.

Realizing that the candins could not be read in the same manner as existing
drugs, a new criterion for endpoint determination was required. The minimum
effective concentration (MEC) was described to assist with this group [8—10]. The
MEC is a more difficult endpoint to describe and only applies to mould testing. It is
a result of the aberrant growth noted when many mould species come in contact
with the candins. This aberrant growth is noted in the test wells but typically contin-
ues through the highest concentrations. The MEC is the lowest concentration where
aberrant growth is first noted.

The time- and labor-intensive methods for antifungal susceptibility testing were
difficult for many routine laboratories to incorporate into their workflow. As a result,
the committee reviewed the feasibility of adopting a disk diffusion method for yeast
testing. The resulting document, M44-A [4], released in 2004, provided an alterna-
tive for categorizing yeast as susceptible, susceptible-dose-dependent, or resistant
without testing for MICs. This methodology utilizes Mueller-Hinton agar which is
already a staple in most routine microbiology settings. Results are available in
24-48 h, and categorical placement of isolates falls very close to those determined
by the MIC provided in broth methods.

2.3 Yeast Testing

Following the recruitment of several laboratories from across the United States, a
preliminary standard was introduced 7 years following the initial committee report.
This standard, M27-P [6], provided guidelines and stipulated the parameters that are
still in effect. The most current method for antifungal susceptibility testing of yeast
fungi is outlined in CLSI document M27-A3 [1]. It is important to note that only
Candida spp. and Cryptococcus neoformans have been evaluated. Despite this fact,
other species are frequently tested using these parameters. Current parameters for
yeast testing include RPMI-1640 as the test medium; an inoculum size of 0.5—
2.5x10° CFU/ml prepared spectrophotometrically; incubation at 24, 48, or 72 h
depending on species and/or drug; and endpoint determinations of optically clear
for amphotericin B or 50% reduction in turbidity for the other drugs in the microti-
ter system. Endpoints are slightly different when performing testing via the macro-
broth method. Endpoints for AMB remain at optically clear, but endpoints for the
remaining drugs are considered at the lowest concentration that results in an 80%
reduction in turbidity as compared to the drug-free control tube.
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Break points for the yeast are placed into one of five categories. These categories
include susceptible, intermediate, susceptible-dose-dependent, resistant, and non-
susceptible. Isolates with MICs in the susceptible range indicate that the isolate is
inhibited by a concentration of antifungal that is typically achieved in patients being
treated by a standard dose. Currently, 5-flurocytosine is the only antifungal where
the intermediate category is applicable. Isolates with MICs in this category are sus-
ceptible at a concentration that may be achieved in patients being given a standard
dose but that are less likely to respond to therapy than an isolate that is considered
susceptible. Susceptible-dose-dependent is a category unique to antifungal testing.
This category indicates that a given drug may be effective in patients that can be
treated with higher than normal doses and where maximum blood or tissue concen-
trations can be achieved. Resistant indicates that the isolate is not inhibited by con-
centrations of a drug that are typically achievable in patients. With the new class of
antifungals, the candins, only two categories are being considered. These categories
include susceptible and nonsusceptible. Nonsusceptible is used to categorize iso-
lates that do not fall within the susceptible range for a drug but where resistance has
not yet been defined.

Endpoints may be read either visually or spectrophotometrically. Turbidity is
graded from 0 to 4 with 0 indicating optically clear and 4 indicating no reduction in
turbidity compared to the turbidity of the drug-free control well. Grading of the
remaining numbers include 1 for slightly hazy wells, 2 when a prominent reduction
in turbidity is noted (usually approximately 50%), and 3 for a slight reduction in
turbidity. This grading scale may be difficult since a true 50% reduction in turbidity
as determined spectrophotometrically typically is substantially more turbid than the
eye recognizes when assessing a 50% reduction.

For amphotericin B, the endpoint is the lowest concentration that inhibits visual
growth or an endpoint score of 0. The endpoint for the azoles, 5-fluorocytosine, and
the candins is the concentration where there is a decrease in turbidity of approxi-
mately 50% or an endpoint score of 2. When read spectrophotometrically, the end-
point is determined mathematically where a score of 0 equates with an optical
density typically 5% or less of the drug-free control well. The endpoint for 2 equates
with an optical density between approximately 6% and 50%.

Originally, the MIC was determined at either 48 h for Candida sp. or 72 h for
Cryptococcus neoformans. The standard now permits the reading of endpoints in as
few as 24 h for amphotericin B, fluconazole, and the candins. The remaining drugs
should be read only at 48 or 72 h in the case of Cryptococcus neoformans. While the
recommendation for the candins permits only the 24-h time point for determining
the MIC, both amphotericin B and fluconazole may be read at either 24 or 48 h for
Candida species.

The M27-A3 document permits some deviations from the method that may be
evaluated by laboratories for use in their setting. One important deviation includes
the use of media other than RPMI-1640 for testing of some drugs or species. The
most widely discussed modification centers around amphotericin B. Isolates tested
in RPMI-1640 result in amphotericin B MICs that are very tightly clustered around
1.0 pg/ml. This does not permit the distinction between susceptible isolates and



2 Antifungal Susceptibility Testing... 69

potentially resistant ones. Antibiotic medium 3 provides a wider distribution of
MIC values. Isolates with low MICs can easily be distinguished from those with
much higher MICs. It is critical that clinicians determine which medium is being
used when evaluating amphotericin B results. Concerns have been expressed regard-
ing lot-to-lot variability with antibiotic medium 3. This, however, has not been
observed by all testing facilities.

While this method was being developed in the United States, the European com-
munity began work on a standard method as well. The EUCAST (European
Community Antifungal Susceptibility Testing) method, although similar, incorpo-
rated some revisions to the CLSI method to include the addition of a higher concen-
tration of glucose to the RPMI-1640. This addition facilitates the rate of fungal
growth allowing the MIC to be determined at 24 h as opposed to the original M27-
A-mandated 48 h. Studies have shown that the two methods are equivalent despite
these differences [11] and that a given set of isolates can expect the same categorical
placement regardless of the method utilized.

Great interest in acquired resistance has surfaced regarding Candida species.
Some feel that the widespread use of fluconazole has led to decreased susceptibility
of Candida sp. to not only this agent but others within the azole class revealing
cross-resistance. Although it is possible to find azole resistance in any given collec-
tion or clinical setting, such resistance is not as widespread as some may fear
(Table 2.1). Species resistance can be assessed by the MIC,  and MIC . These two
values represent the MIC at which 50% or 90% of the isolates tested fall at or below.
It is not to be confused with the mean MIC nor the median MIC but rather is a
reflection of the MICs obtained for a test set of isolates.

Despite the presence of resistance in the clinical setting, the MIC, and MIC, for
most species fall within what is considered a susceptible range. Notable exceptions
include Candida glabrata against the azoles, Candida krusei against fluconazole,
and Cryptococcus neoformans against caspofungin. It is critical to note that caspo-
fungin is not recommended for C. neoformans nor is fluconazole recommended for
Candida krusei. Neither of these isolates should be tested against the respective
drugs to which they are intrinsically resistant.

Early reports have described Candida lusitaniae resistance to AMB and have
shown that this species possesses the possibility of developing resistance while the
patient is on treatment. The first report involved a patient whose initial isolate was
susceptible but whose subsequent isolates had developed AMB resistance [12].
Later reports have shown AMB resistance may exist even prior to exposure to AMB
[13]. The expected rate of resistance for C. lusitaniae is 8—10% of any given stock
collection.

When discussing utility of susceptibility testing and its correlation to patient
outcome, it is best to reference the document by Rex and Pfaller [14]. Some assump-
tions may be made regarding the MIC and patient outcome. Rex and Pfaller propose
the “90-60 Rule.” This rule states that infections caused by isolates that have MICs
considered susceptible respond favorably to appropriate therapy approximately
90% of the time, whereas infections caused by isolates with MICs considered resis-
tant respond favorably approximately 60% of the time.
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Realizing that M27-A3 is very labor intensive and not easily incorporated into
busy clinical settings, the CLSI introduced M44-A. This method is a disk diffusion
method that is similar to the routine Kirby-Bauer method utilized globally for bacte-
rial susceptibility testing. To date, only fluconazole and voriconazole have been
standardized, but the committee has evaluated other antifungals against both yeast
and moulds. This method utilizes the same Mueller-Hinton agar that is required for
bacterial testing but stipulates the addition of methylene blue-glucose to assist with
yeast growth and to enhance visualization of the zone diameters. While it is benefi-
cial for yeast testing, it does not hold true when testing moulds and M51-P methods
eliminate the addition of methylene blue preparations.

Methylene blue-glucose solution is added to the surface of the Mueller-Hinton
agar and permitted to air dry prior to adding the yeast inoculum. Laboratories are
likely to find that M44-A fits into their workflow more easily than M27-A3 and
appreciate the added benefit of being much less costly. Much work has been done to
provide QC limits to ensure this method has the same validity as the original M27-
A3 [15].

Since approved methods have been developed, commercial products have been
introduced to assist laboratories with AST. Systems that have been evaluated include
the YeastOne system by Trek Diagnostics and the Etest by AB Biodisk. These meth-
ods are easy to incorporate into the routine laboratory and give equivalent results to
M27-A3 [16-18]. In addition, automated methods are under development with the
Vitek by bioMérieux having FDA approval for fluconazole. Prior to launching an
AST program, institutions should consider the volume of testing they can expect.
The method is inherently variable, and reproducibility can be a problem. Another
problem is the availability of an individual to discuss interpretation of the testing
with clinicians.

Clearly, antifungal susceptibility testing of yeast fungi has become routine in
many settings, and physicians are relying on MIC data to assist with difficult clini-
cal decisions. The release of testing systems by industry such as the Etest (AB
Biodisk) and YeastOne panels (Trek Diagnostics, Sensititre) has made this testing a
reality in routine microbiology laboratories. While many clinicians will order sus-
ceptibility testing, there continues to be much confusion regarding the use of the
results. Sufficient data has been generated to suggest susceptibility trends for spe-
cific isolates against specific agents, but direct patient outcome-MIC correlation
data is minimal. Despite the lack of correlation data, antifungal susceptibility test-
ing continues to provide useful information to assist with patient care.

2.4 Mould Testing

A new mould method, CLSI M38-A2, was released in 2002. This method is nearly
identical to M27-A3 with the exception of the inoculum size. The inoculum size is
determined spectrophotometrically but to a higher desired final concentration of
0.4-5%10* CFU/ml. The guideline provides target percent transmission (%T) readings
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based on conidial size that are listed by species. Isolates from the genera of
Aspergillus spp., Paecilomyces spp., and Sporothrix spp. are measured at 80-82%T
while species with larger conidia such as Fusarium spp., Rhizopus spp., and
Scedosporium spp. are standardized to 68-70%T. Efforts are under way to deter-
mine the correct%T for most of the clinically significant fungi, but the list is not yet
complete. When fungi not discussed in the M38-A2 are tested, laboratories must
determine the correct %T through trial and error to achieve the desired final
concentration.

From several years of the use of M27 documents, it was recognized that the sci-
entific community preferred the microtiter method to a macrobroth one. As a result,
the macrobroth method is not discussed in M38-A2. This poses a problem when
testing the endemic fungi such as Histoplasma capsulatum, Blastomyces dermatiti-
dis, or Coccidioides immitis. When necessary, mould testing may be conducted by
the macrobroth method as early studies have shown that the two methods are equiv-
alent. Other fungi that may benefit from testing by the macrobroth method are those
fungi that grow very slowly. It is difficult to hold microtiter tests longer than 72 h
due to dehydration. Many of the less frequently encountered fungi may require as
long as 120-144 h before growth is detected in the drug-free growth control well.
For this reason, isolates that are known to be slow growers should be tested via the
macrobroth method.

Endpoint determination is also much more difficult with moulds than with the
yeast fungi. While a reduction in turbidity is typically easy to visualize with yeast
fungi, it is not so easily visualized when moulds are tested. Due to the unique growth
patterns of the mould fungi, one looks for a decrease in volume of growth rather
than a reduction in turbidity as for the yeasts. Aspergillus spp., for example, growth
is seen as a cottony clump in the broth. To determine an endpoint, the reader must
assess the amount of growth for each concentration and call the endpoint at that
concentration that has at least 50% smaller volume of growth for antifungals not
read at 100% inhibition. Many individuals are not comfortable with this subjective
endpoint determination and prefer to refer mould testing to reference centers.

Reading the MIC endpoint for moulds differs from the criteria established for the
yeast fungi. Amphotericin B, itraconazole, posaconazole, and voriconazole end-
points are all determined at the lowest concentration that prevents discernable
growth or in other words, the first clear well. Fluconazole and 5-fluorocytosine are
determined at the lowest concentration that correlates with a 50% reduction in
growth as the MIC. The candins do not provide a MIC but rather a MEC, or mini-
mum effective concentration. The candins attack the growing tips of the hyphae
resulting in aberrant, stubby growth of the hyphae. This aberrant growth is easily
visualized as the hyphae cluster within the well in clumps. The MEC is the lowest
concentration where the growth within the well is visually clumped. Microscopic
examination will display obviously distorted hyphae.

Work has not been completed that permits categorizing moulds as susceptible or
not. General guidelines have been established to assist with analyzing mould data.
Based on large amounts of data [19], isolates are considered susceptible to ampho-
tericin B, itraconazole, posaconazole, voriconazole, and caspofungin when the



2 Antifungal Susceptibility Testing... 73

MIC/MEC is <1.0 pg/ml, intermediate with MIC/MEC is 2.0 pg/ml, and resistant
when the MIC/MEC is 24.0 pg/ml. It is likely that the other candins would fit into
these ranges as well.

2.5 Conclusion

Antifungal susceptibility testing has indeed come of age. Physicians have discov-
ered its utility and accepted its limitations when seeking assistance with tough clini-
cal cases. While moulds are typically not tested in routine settings, yeast fungi are
more frequently incorporated into clinical laboratories. As more drugs reach the
market, the CLSI will be challenged to expand existing documents, especially when
new classes of drugs are introduced. In the interim, the CLSI continues to monitor
medical mycology to ensure appropriate methods are available for clinical testing.
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Chapter 3
Antifungal Susceptibility Testing Methods:
Non-CLSI Methods for Yeast and Moulds

Audrey Wanger

Abstract There are defined methods for performing susceptibility testing that have
been published by the Clinical and Laboratory Standards Institute (CLSI) for yeast
and moulds. There are commercially available products for performance of the
recommended broth microdilution methods that are contained in those documents.
These are described in Chapter 2 of this text. In addition, there are other available
methods that are described in this chapter that are culture-based and non-culture-
based. These include the use of disk diffusion, Etest, chromogenic media, and
molecular methods.

3.1 Background

In 1997, the National Committee of Clinical Laboratory Standards (NCCLS),
now the Clinical Laboratory Standards Institute (CLSI), developed a standardized
method for susceptibility testing of yeasts and later moulds [24]. Although no MIC
interpretive breakpoints exist for moulds with any of the currently available
antifungal agents, reproducible results have been documented in the literature with
the CLSI as well as alternative methods. A major limitation of the CLSI reference
method is the need to prepare the MIC broth microdilution trays, which is a very
labor intensive process and requires significant resources for quality control of the
reagents and procedures. Problems also exist in manual reading of the trailing
endpoints seen for several drug-organism combinations in the reference broth
microdilution method. The ability of the broth microdilution method to accurately
detect resistance to amphotericin remains unresolved. The CLSI disk diffusion
method [22] was developed as an alternative qualitative method of antifungal
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susceptibility testing for laboratories without the resources to perform broth
microdilution testing. The disk method requires the laboratory to purchase
methylene blue dye and supplement their ready-made Mueller Hinton agar plates
with the dye and glucose. Disks are only commercially available for fluconazole
and voriconazole.

The Antifungal Susceptibility Testing Subcommittee of the European Committee
on Antibiotic Susceptibility Testing (EUCAST) also has a reference method for
antifungal susceptibility testing that is a modification of the CLSI method.
Differences include an inoculum that is 100x higher than CLSI, and the supplemen-
tation of the RPMI 1640 broth with 2% glucose (10x higher than CLSI), and an
incubation period of 24 h versus 48 h for the CLSI procedure. In a comparative
study using 100 bloodstream isolates of Candida species, Cuenca-Estrella showed
good agreement between the two reference methods [9].

For practical reasons, the CLSI reference method recommends visual reading of
the broth microdilution trays. However, spectrophotometric reading of broth
microdilution trays can help eliminate variability and allows for reproducible read-
ing, especially for azoles that can show significant trailing of growth at the endpoint,
and can reduce subjectivity in the selection of MIC results. The microtiter plates are
agitated so that a uniform suspension is obtained, and the turbidity can be read in a
spectrophotometer. Azoles and flucytosine (FC) MIC endpoints are read at 50%
inhibition and amphotericin is read at 90% inhibition as compared to controls for
spectrophotometric reading [28]. Good agreement was seen in comparing visual
and spectrophotometric readings of 100 clinical isolates.

3.2 Broth Microdilution Methods

A commercially available broth microdilution product for antifungal susceptibility
testing Sensititre YeastOne Colorimetric system is currently available (Trek
Diagnostic Systems, Cleveland, OH). The clinical panel available in the United
States contains fluconazole, itraconazole, voriconazole, 5-flucytosine and is
cleared for testing of Candida species only. Addition of lyophilized dilutions of
Alamar blue oxidation-reduction colorimetric indicator to the test system is
intended to aid in reading trailing endpoints [12]. The MIC result is read as the first
well that shows a change in color from pink to purple (indicating inhibition of
growth). A research-based panel is available which contains amphotericin B (AP)
fluconazole, itraconazole, voriconazole, posaconazole as well as caspofungin,
anidulafungin and micafungin. Custom dried panels without Alamar blue are also
available on request from Trek Diagnostic Systems. Itraconazole MIC results have
been reported to be higher with this method as compared to the CLSI method, and
agreement is low for the azoles for certain Candida species, particularly C. glabrata
and C. tropicalis [1].
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Overall agreement in a study of 728 isolates of Candida and 78 Cryptococcus
species was 98% as compared to the CLSI method for five drugs and Candida species.
Agreement for Cryptococcus was good (94—-100%) for azoles and FC, but 74% for AP
with the YeastOne panels giving lower MICs than the reference broth method [26].

BioMérieux recently received FDA clearance for an antifungal susceptibility
testing card containing fluconazole for use on their automated Vitek 2 instrument.
Results are reported to be available after a minimum of 13 h incubation in the
instrument. Excellent essential agreement was seen between and CLSI reference
method, read after 24 h of incubation, with an overall categorical agreement of 90%.
[49]. In a large study with Vitek 2 for 426 clinical isolates of Candida sp., the
categorical agreement with broth microdilution was 88% at 24 h and 97% at 48 h
[27]. A 64-well investigational card with amphotericin, flucytosine, fluconazole, and
voriconazole is also available for the Vitek 2.

Other broth-based commercial methods that are available outside of the United
States include the Fungitest (Sanofi Diagnostics, Pasteur, Paris, France), a broth
microdilution system with breakpoint dilutions AP (2, 8), FC (2, 32), miconazole
(0.5, 8), ketoconazole (0.5, 4), itraconazole (0.5, 4), and FL (8, 64) in modified
RPMI broth with a color-indicating dye. The final inoculum concentration is
a 1x10* CFU/ml. Interlaboratory agreement varied between 56% and 100%, with
results for the azoles demonstrating the poorest agreement [47]. Results which
showed good interlaboratory agreement were compared to the CLSI method and
agreement was 56—100%, again with poor results for all the azoles. Davey also
showed poor agreement for Fungitest with the azoles, particularly for C. glabrata
with agreement as low as 38-56% [10]. Sixteen percent of FL-resistant isolates
were reported as falsely susceptible by this method. The authors stated that the
method required further development. Other methods which have undergone lim-
ited investigations and in general demonstrate poor agreement with the reference
method include the Candifast (International Microbio/Stago, Milan, Italy), with
eight wells for biochemical identification and a single well each for AP (4 pg/ml),
FC (35 pg/ml), econazole, ketoconazole, miconazole, and FL at 16 pg/ml. Integral
System Yeast (Liofilchem Diagnostics, L’ Aquila, Italy) available only outside of the
United States comprises wells for identification and the following drugs: nystatin
(200 units/ml), AP (200 pg/ml), FC 20 ng/ml, econazole, ketoconazole, and FL at
100 pg/ml. A study in Italy of 800 Candida isolates compared the CLSI reference
method to Etest, disk diffusion, Sensititre YeastOne, Fungitest, Candifast, and
Integral System Yeast for testing of fluconazole. Overall agreement was 78—82%
except for Candifast and Integral System which showed poor agreement (22-37%)
due to a lack of standardization in inoculum preparation and medium. The
authors recommended that these methods should be avoided for clinical and epi-
demiological studies [20]. ATB Fungus (API-bioMerieux, Marcy 1’Etoile, France)
uses Yeast Nitrogen Base (YNB) and includes FC (0.25-128 pg/ml), AP (1-8 ng/
ml), and miconazole, ketoconazole, and econazole (1-8 pg/ml). This method rec-
ommends an inoculum suspension with a turbidity equivalent to a McFarland 2.0
(100 pl added to each cupule), incubation at 30°C for 48 h, and the endpoint criteria
of turbidity present or absent. Correlation of ATB Fungus with an agar dilution
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procedure using YNB agar showed poor agreement [33]. Other methods for which
no comparative data could be found include Mycostandard (Institute Pasteur,
France), Mycototal (Behring Diagnostic, Rueil-Malmaison, France), and ASTY
(Kyoto Tokyo).

Bioscreen microdilution, a semiautomated computer-controlled instrumentation,
is available from Labsystems, Helsinki, Finland. This method is based on turbidi-
metric reading of growth in a microdilution format and generation of growth curves.
These growth curves are used to provide an extrapolated MIC result and also allow
rates of growth inhibition to be assessed. Excellent agreement was seen with the
CLSI method [44].

More rapid generation of results can also be achieved by the addition of chemical
compounds to the broth media. Consumption of these compounds during growth of
the fungus can be detected more rapidly than measuring growth of the fungus. XTT
(tetrazolium salt), an electron transport agent, has been used in these test systems.
A concentration-dependent increased rate of XTT conversion to a reduced metabo-
lite allows for early detection of fungal growth (as early as 6 h for zygomycetes).
Good agreement was seen between the XTT rapid assay method and the CLSI
reference method [2].

Addition of carboxyfluorescein diacetate (CFDA), a novel fluorescent dye, to
microdilution trays after incubation was also found to aid rapid detection of antifun-
gal resistance and allow for more objective reading of MIC endpoints. Microdilution
trays read visually at 24-48 h were compared to reading using a fluorescent reader.
MIC values of FL for 68 strains of Candida sp. were compared to the CLSI broth
microdilution method and demonstrated a correlation of 97.6% at 24 h [17]. The
advantage of adding the dye to the microdilution tray after incubation of the yeast
with the antifungal agent is to ensure that no interference is caused by the dye itself.
The dye diffuses across the cell membrane and is hydrolyzed to the fluorescent
component; the dye then leaks out of the damaged membranes and is measured.

Another dye that has been added to broth microdilution trays is chloromethyl-
fluorescein diacetate which is cleaved into a fluorescent product in the growing cell.
The dye was added to microdilution plates after 16 h of incubation of Aspergillus
species, and fluorescence was read and compared with that of drug-free controls
(100% reduction in fluorescence for amphotericin and 90% reduction for the azoles).
Preliminary data using two-well characterized strains indicate good correlation with
the CLSI reference method [4].

3.3 Agar Methods

The broth microdilution method for testing of caspofungin has met various in vitro
limitations. Problems have been observed in performance of broth microdilution
MICs for caspofungin. Specifically for some isolates, growth may be observed in all
of the wells (trailing), and this does not appear to correlate with treatment outcome
of patients [15]. An agar dilution assay for testing of the echinocandins with
Aspergillus species has also been developed. These as well as other investigators
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have proposed the use of the MEC or minimum effective concentration or the lowest
concentration at which the fungi display microscopic morphological changes (cor-
related with secretion of galactomannan) as a measure of the antifungal activity
instead of the standard MIC result [14]. Agar dilution MICs were within one dilu-
tion of MECs for 85% of isolates tested.

3.3.1 Disk Diffusion

In addition to the reference broth microbroth method, the CLSI has also published
a standard for antifungal susceptibility testing using the disk diffusion method [22]
and with interpretive criteria for fluconazole, voriconazole and caspofungin. Outside
of the United States, a modification of the disk diffusion method that comprises
compressed 9-mm tablet (Neo-Sensitabs) (Rosco Diagnostica, Taastrup, Denmark),
with the antifungal agent has been in use for several decades. Neo-Sensitabs tablets
are available for a variety of antifungal agents. The tablets are applied to an inocu-
lated agar plate made with Shadomy medium, a modification of Yeast Nitrogen
base, as recommended by the manufacturer and then incubated for 24-48 h.
Inhibition zone diameters are read and interpreted according to criteria provided by
the manufacturer. Studies of the tablet method for both yeast and mould species in
comparison to CLSI broth microdilution and disk methods have been performed
[11], and categorical agreements of 70-80% were achieved for posaconazole and
50-70% for amphotericin. A study in Belgium using fluconazole Neo-Sensitabs
found too many major errors using interpretive criteria provided by the manufac-
turer, compared to the CLSI reference method to justify its use [45].

3.3.2 Direct Testing on Chromagar

Direct inoculation of blood from positive blood culture bottles for yeast onto
Chromagar for the identification of Candida and placement of an FL disk (25 pug) on
the agar has also been evaluated, to achieve both yeast identification and susceptibility
results simultaneously. All isolates tested (95), except one C. krusei, were FL. S and
agreed with the CLSI method. There were two very major errors for results were read
at 24 h compared to broth microdilution, a C. glabrata and C. parapsilosis. Overall,
there was also a tendency for the standardized disk diffusion method to undercall
resistance when C. glabrata isolates were read after 24 h of incubation [43].

3.3.3 Etest for MIC Determinations

Etest is an agar-based MIC method for antifungal susceptibility testing that is
approved by the FDA for clinical use in the United States. This innovative gradient
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technique introduced in 1988 [8] illustrated an application for MIC testing of fungi.
Etest comprises a preformed and predefined gradient of antibiotic or antifungal con-
centrations, immobilized in a dry format onto the surface of a plastic strip. The
concentration gradient is calibrated across an MIC range corresponding to 15 two-
fold dilutions. When applied to the surface of an inoculated agar plate, the antibiotic
or antifungal agent on the Etest strip is instantaneously transferred to the agar in the
form of a stable and continuous gradient directly beneath and in the immediate
vicinity of the strip. The stability of the gradient is maintained for up to 18-20 h
which covers the critical times of a wide range of pathogens, from rapid-growing
aerobic bacteria to slow-growing fastidious organisms including fungi. The stable
gradient also provides inoculum tolerance where 100-fold variation in CFU/ml has
minimal effect on the MIC result itself for homogeneously susceptible strains. Thus,
inoculum variability seen in routine susceptibility testing will have minimal effects
on Etest MIC results unlike other susceptibility testing methods. More importantly,
the stable gradient also allows the use of a macromethod with heavier inoculum to
optimize the detection of low-level resistance, heteroresistance, and resistant
subpopulations.

When using Etest, exact MIC results for a wide variety of antifungal agents and
for most yeast can be read after 24 h of incubation, and for moulds, after 24 h to
4-5 days. Etest is FDA-cleared for testing of fluconazole, voriconazole, flucytosine,
itraconazole, and micafungin. Investigational strips are available for ketoconazole,
amphotericin B, and newer agents such as posaconazole, caspofungin, and anidula-
fungin. Etest is thus far the only method that accurately detects amphotericin resis-
tance [46]. Media recommended by the manufacturer for use with Etest is RPMI
1640 (same medium as for the CLSI broth method) but supplemented with 2% glu-
cose and buffered with MOPS. Studies involving different media with Etest, e.g.,
modified casitone and antibiotic medium 3 agar, have shown that RPMI gave the
best performance in comparison to the CLSI method [23].

Trailing of growth that is observed in the CLSI broth microdilution method as
well as other methods is also seen with Etest in the form of microcolonies growing
within an otherwise discernable ellipse. In a study by Pfaller et al., agreement
between Etest and CLSI method was best achieved by ignoring the growth within
the ellipse when reading the MICs for azole antifungal agents [31].

Etest was found to be a reproducible method in a study by Barry et al. using 50
challenge strains tested in triplicate in three different laboratories with >90% agree-
ment was seen for fluconazole MIC values within =1 dilution of the mode [7].

3.3.3.1 Comparison of Etest and CLSI Methods

Comparisons between Etest and CLSI methods have achieved >90% agreement for
testing of Candida species against fluconazole, voriconazole, posaconazole [40],
amphotericin, flucytosine, and caspofungin [30] and excellent agreement between
Etest and broth microdilution in a study with 162 strains of Cryptococcus neofor-
mans for voriconazole and amphotericin (94% and 99%, respectively) [18].
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3.3.3.2 Comparison of Etest and Other Microdilution Broth Methods

The use of Etest for moulds has also shown excellent agreement with the broth
microdilution method. In a comparison of 90 isolates, 100% agreement was seen
with Aspergillus species and amphotericin and itraconazole, and >90% agreement
with other species of moulds. In a large comparative study, 283 clinical isolates of
A. fumigatus were tested for susceptibility to AP, IT, and VO with Etest and CLSI
broth microdilution reference method. Agreement between the methods was
98-100% =2 dilutions and 86-95% =1 dilution after 48 h of incubation in RPMI
medium [13]. Szekely et al. tested three isolates of Aspergillus that were resistant to
itraconazole in an animal model and were associated with treatment failure had
Etest MICs of >32 pg/ml. As has been shown for yeast testing, it was stated by the
author that Etest was able to better discriminate in vitro amphotericin resistance in
moulds compared to BMD [42]. When tested on RPMI 1640 media, better agree-
ment was seen in a comparative study with Etest and 50 moulds with both RPMI
and casitone agar and itraconazole [29]. A study of 146 clinical isolates of filamen-
tous fungi (Aspergillus sp., Mucor, and Rhizopus) compared Etest to broth microdi-
lution for posaconazole and had excellent categorical agreement (96-98%) [19].

Studies have also evaluated the use of Etest with other fungi such as dermato-
phytes, where a reference CLSI method is not published (Chap. 4).

3.3.4 Other Agar-Based Methods

Fluconazole testing has also been conducted based on comparison of colony size of
the yeast with or without antifungal on yeast morphology agar. A study by Xu et al.
compared fluconazole MIC values obtained from this method using ten strains of
yeast in a comparison to the CLSI method. Colony size was measured microscopi-
cally using 50-100x magnification. The size of 20 random colonies on agar plates
with 12 concentrations of FL was measured. The MIC was selected as the lowest
concentration of drug that caused a significant decrease in colony size compared
with the control [48]. Nine of the ten isolates tested had similar MICs with the two
methods (+2 — twofold dilutions), and results were reproducible on repeat testing.
This method could be a useful to screen for azole resistance.

A semisolid agar method using heart infusion broth, designed to mimic condi-
tions in the body at the site of infection, e.g., low oxygen tension, uses 0.5% agar in
tubes containing various interpretive breakpoint concentrations of the antifungal
agent. The assay most closely resembled the format of a macrobroth dilution
method. Growth in drug-containing tubes was read after 48 h of incubation and
compared to growth in control tubes. The endpoint was considered the concentra-
tion at which there was 75% inhibition of growth as compared to the control [34].
Reproducible results were seen with QC yeast isolates, and 96% agreement was
seen with clinical mould isolates.
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3.4 Non-growth-Based Methods

Several methods of antifungal susceptibility testing have been evaluated using
principles other than growth of the fungus in an attempt to provide more rapid results.
RSA (rapid susceptibility assay) measures the uptake of glucose by the fungus,
a process that will be suppressed when a susceptible fungus is exposed to that anti-
fungal agent. The amount of residual glucose is measured in an automated reader
after addition of an enzyme substrate bound to a colored compound. It is more rapid
(6-19 h) than conventional methods [39].

3.4.1 Ergosterol Assay

Other unique methods of antifungal susceptibility testing include quantitation of
ergosterol present in the fungal cell wall. This method is only useful for azoles,
since they inhibit ergosterol synthesis. The procedure measures the total intracellu-
lar ergosterol content following growth of the organism in different concentrations
of FL. The advantage of this assay is that it eliminates the subjectivity in reading
endpoints associated with trailing of growth caused by azoles. Results for 18 FL
susceptible C. albicans isolates, which did not show endpoint trailing, demonstrated
100% agreement with the CLSI method. However, poor agreement was seen for
isolates that exhibited trailing of endpoints [3]. Isolates that were FL susceptible
when read at 24 h yet resistant at 48 h by the broth microdilution were found to be
FL susceptible by the ergosterol quantitation method. Another advantage of this
method is that it does not require any specialized equipment and can be read after
an 18-h incubation.

3.4.2 Flow Cytometry

Flow cytometry has been investigated as a rapid non-growth-based method for
determining susceptibility of microorganisms to antimicrobial agents. This tech-
nique measures the change of fungal cell membrane potential, metabolic activity
due to membrane damage or uptake of a DNA-binding dye in response to the addi-
tion of an antifungal agent [35]. DNA-binding dyes which have been used include
acridine orange and FUN-1. FUN-1 is a fluorescent probe which is converted to
cylindrical intravacuolar structures in metabolically active cells [5]. Good correla-
tion was seen with the CLSI method for susceptibility of Aspergillus sp. to ampho-
tericin. The main advantage of flow cytometry is that it does not require growth of
the fungi; however, it does require a dedicated instrument, which is costly, and a
highly trained technologist to perform the test. Most dyes used in flow cytometry
assays measure death of the cells, and therefore fungicidal activity, while FUN-1 is
a vital dye and measures both fungistatic and fungicidal effects.
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3.4.3 Molecular Methods

Molecular methods for detection of antifungal resistance are being investigated in
research laboratories in an effort to overcome some of the problems of phenotypic
testing and to provide more rapid and specific results. However, resistance markers
are not well established since resistance mechanisms for azoles are multifactorial
and complex. The most common mechanisms of fluconazole resistance is either
point mutations in ergl1 gene that reduces binding of the drug to the target site or
overexpression of drug efflux transporter genes above the level found in susceptible
strains and encoded by the CDR1 and CDR2 genes [38]. In a study of 59 isolates of
Candida species, resistant to fluconazole as tested by CLSI methods, all strains
were found to have either the ergl 1 mutation or overexpression of efflux transporter
genes [25].

Resistance to echinocandins resistance is due to mutations in FKS1 gene and is
associated with elevated caspofungin MIC of >16 pg/ml and an increase in the
amount of drug needed to decrease fungal colony counts in a mouse model. Balashov
et al. used molecular beacons with real-time multiplex PCR to screen-resistant
mutants of C. albicans for FKS1 gene mutations [6].

3.5 Beyond Susceptibility Testing

3.5.1 Minimum Fungicidal Concentration (MFC)

Fungicidal testing can be useful in certain clinical situations and most notably in
serious infections in immunocompromised patients. Since most serious fungal
infections occur in the compromised host, fungicidal tests may be needed to fur-
ther optimize the management of antifungal therapy in this patient group. Assays
of the bactericidal activity of antibiotics include time-kill studies and the determi-
nation of the minimum bactericidal concentration (MBC) based on 99.9% kill of
the initial inoculum in terms of CFU/ml. Technical parameters that affect these
assays for both bacteria and fungi include: inoculum density, growth phase, drug
carryover, test medium, test format (macro versus micro), method of sampling the
growth, trailing of growth, and paradoxical effects of drugs. Measurement of
dose-related mortality in animal models would be the gold standard for fungicidal
testing; however these studies are not routinely done. The advantage of the time-
kill assay is that it can assess the rate and extent of killing [32]. Although there are
no CLSI guidelines, in vitro and animal data suggest a better correlation between
time-kill data rather than MIC values with clinical outcomes in patients with
Aspergillus infection, particularly those with A. ferreus infection and treated with
amphotericin.
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3.5.2 Antifungal Combination Testing

Combinations of antifungal drugs are often used for the treatment of serious fungal
infections associated with high morbidity and mortality especially in the compro-
mised host. Amphotericin B or fluconazole are commonly used in combination with
flucytosine. However, combination testing is rarely performed in the clinical labora-
tory, in part due to the difficulty of setting up the assay and in part because no
defined standards exist for the procedure to be used and interpretation of the result
[41]. Data in the literature suggest in vitro antagonism between amphotericin B and
azoles, although clinical trials have not confirmed these findings [36]. Current meth-
ods for combination testing of antibacterial agents include checkerboard titration,
time-kill studies, and Etest methods. All of these methods have been evaluated for
use with fungi [21]. In a study comparing the three methods with three strains of
Candida, Etest and time-kill had the best agreement [16].

3.6 Summary

Routine testing of yeast, particularly Candida sp. not albicans from sterile sites, is
currently recommended by CLSI as well as experts in the field [37]. With the advent
of FDA-cleared user-friendly methods, “real-time” testing is appropriate for routine
clinical laboratories. Testing of yeast isolates to create a yearly antibiogram is also
recommended to aid in choice of empiric therapy. Routine testing of moulds is not
recommended at this time; however, testing of isolates in select clinical situations
may provide useful information for choice of antifungal therapy for serious
infections.
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Chapter 4
Susceptibility Testing of Dermatophytes

David V. Chand and Mahmoud A. Ghannoum

Abstract The dermatophytes are a specialized group of fungi which infect the
keratinized tissues of humans (hair, nails, and skin) and cause superficial infections.
While several studies have been conducted to develop methods to determine the
susceptibilities of yeast and filamentous fungi, similar studies for dermatophytes
have only recently taken place. In this chapter, we will review how susceptibility
testing of dermatophytes was developed and how it has already been applied to
clinical samples. With several agents now available for treating infections due to
dermatophytes, susceptibility testing will serve as a valuable tool for clinicians as
they choose the most appropriate treatment option. Studies are still needed to estab-
lish interpretive breakpoints for antifungal agents used in the treatment of superfi-
cial fungal infections.

4.1 Introduction

4.1.1 Background

The dermatophytes are a specialized group of fungi which infect the keratinized
tissues of humans, such as skin, hair, and nails, commonly causing superficial infec-
tions. While there have been several studies involving yeasts which have been used
to develop the Clinical and Laboratory Standards Institute (CLSI) reference method
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[1], the antifungal susceptibility of dermatophytes has only recently been addressed
in the standard for filamentous fungi [2]. While some infections do respond to topi-
cal therapy, others, particularly involving the scalp and nails, require prolonged sys-
temic therapy. Therefore, determining the susceptibility patterns of dermatophytes
will allow clinicians to choose the most appropriate antifungal therapy.

4.1.2 Dermatophytes and Clinical Manifestations

For an extensive review of this topic [3], please refer to the reference section.
Briefly, the dermatophytes which cause human disease include Epidermophyton,
Microsporum, and Trichophyton species. Among the fungi, they are unique in their
ability to cause communicable disease, as infections can result from contact with
humans, animals, and fomites. Common clinical manifestations include: (1) tinea
capitis (scalp); (2) tinea barbae (bearded area); (3) tinea corporis (trunk, limbs,
face); (4) tinea cruris (groin, perianal, and perineal areas); (5) tinea pedis (feet); and
(6) tinea unguium, often called onychomycosis (nails).

4.1.3 Need for Susceptibility Testing

While the number of fungal infections is increasing, so is the population of immu-
nocompromised hosts, where such infections can be more extensive and difficult to
treat. Furthermore, there are several antifungal agents available to treat infections
due to dermatophytes, including ciclopirox, fluconazole, griseofulvin, itraconazole,
posaconazole, terbinafine, and voriconazole. Of these, only griseofulvin, ciclopirox,
terbinafine, and itraconazole are approved by the United States Food and Drug
Administration (FDA) to treat superficial infections. The other agents showed prom-
ising in vitro data against dermatophytes [4]. The availability of susceptibility pat-
terns will help guide the management of such infections and provide the opportunity
for the clinician to select the therapeutic option that maximizes efficacy, safety, and
convenience while minimizing cost and toxicity [5, 6]. In addition, susceptibility
testing will provide a means to monitor the development of resistance and predict
the therapeutic potential of investigational agents.

4.2 Susceptibility Testing

4.2.1 Optimal Growth Conditions

Both the CLSI M27-A3 and M38-A2 reference methods specify inoculum size and
preparation, test medium, incubation time and temperature, and end-point definitions
for determining the antifungal susceptibility against yeast and filamentous fungi,
respectively. Before susceptibility testing of dermatophytes could be standardized,
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the optimal growth conditions for different dermatophytes needed to be determined.
Norris et al. [7] studied 18 clinical specimens of Trichophyton species (T. rubrum,
T. mentagrophytes, T. tonsurans) isolated from nail or hair. Four types of media were
examined: RPMI 1640 with L-glutamine, without sodium bicarbonate and buffered
at pH=7.0; antibiotic medium #3 (Penassay); yeast nitrogen base with 0.5% dextrose
buffered at pH="7.0; and Sabouraud dextrose broth. Growth was evaluated at 30°C
and 35°C. After the optimal media and temperature were determined, the effect of
inoculum concentration (103, 104, and 10° conidia/mL) against four antifungal agents
(griseofulvin, itraconazole, fluconazole, and terbinafine) was studied.

RPMI 1640 and Sabouraud dextrose broth both supported optimal growth. The
authors concluded that RPMI 1640 was the best choice because it is a chemically
defined medium with no known interference with antifungal agents. It was also found
that 4 days provided sufficient time for adequate growth and, from a practical sense,
a reasonable time to provide clinicians with the necessary data upon which to guide
their management. No difference in growth was found at the two temperatures, but
the authors added that 35°C was a convenient temperature because additional plates
for yeast testing could be incubated concurrently. The minimum inhibitory concen-
tration (MIC) was defined as the point at which the organism was inhibited by 80%
as compared with growth in the control well. Inoculum size did not affect the MIC
results for itraconazole or terbinafine, but the larger inoculum sizes did result in a
slightly higher MIC for griseofulvin and a significantly higher MIC for fluconazole.
Therefore, 10° conidia/mL was determined to be the optimal inoculum size.

Jessup et al. [8] furthered this study by determining the optimal medium for
conidial formation by dermatophytes. The identification of such a medium is critical
because dermatophytes, especially 7. rubrum, are poor producers of conidia, and
failure to produce spores will limit one’s ability to prepare the proper inoculum size
needed for testing. Both oatmeal cereal agar and rice agar best supported the ability
of T. rubrum to produce conidia, in contrast to potato dextrose and Mycosel with 1%
yeast extract. Nevertheless, 15% of T. rubrum isolates still failed to produce any
conidia in the oatmeal cereal and rice agar media.

In summary, establishing the optimal growth conditions was the first step in
developing a method to determine the antifungal susceptibilities of dermatophytes.
Oatmeal cereal agar should be used to promote conidia formation, particularly for
T. rubrum, so that an initial inoculum size of 10° conidia/mL can be measured.
RPMI 1640 should then be used as the growth medium, and incubation should occur
for 4 days at 35°C. The MIC is defined as the point at which the organism is inhib-
ited 80% compared with the growth in the control sample.

4.2.2 Standardization

Demonstrating reproducibility of endpoints and the ability to detect the development
of resistance is an integral part of establishing a susceptibility testing method (inter- and
intralaboratory agreement). A multicenter study involving six laboratories examined
the MIC reproducibility of seven antifungal agents tested against 25 dermatophyte
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Table 4.1 Interlaboratory agreement summary
Antifungal Within | dilution ~ Within 2 dilutions Within 3 dilutions
% of total isolates

50% Inhibition endpoint

Ciclopirox 94.6 96.0 99.0
Fluconazole 67.6 82.1 93.6
Griseofulvin 96.9 98.6 98.6
Itraconazole 63.9 79.8 92.0
Posaconazole 93.6 994 100
Terbinafine 84.5 92.9 98.0
Voriconazole 75.3 87.8 100
80% Inhibition endpoint

Ciclopirox 95.9 97.6 99.0
Fluconazole 64.9 85.8 87.8
Griseofulvin 88.9 97.7 98.4
Itraconazole 62.8 82.7 90.5
Posaconazole 88.8 95.6 99.3
Terbinafine 85.8 95.3 98.0
Voriconazole 73.6 89.1 97.5

Reprinted from Ref. [4]. With permission from the American Society for Microbiology

Table 4.2 Intralaboratory agreement summary
Antifungal Within 1 dilution ~ Within 2 dilutions Within 3 dilutions

% of total isolates

50% Inhibition endpoint

Ciclopirox 91.8 96.6 99.3
Fluconazole 79.6 87.8 93.9
Griseofulvin 91.2 97.3 98.0
Itraconazole 73.5 86.4 95.2
Posaconazole 95.2 98.6 100
Terbinafine 84.4 91.2 97.3
Voriconazole 74.1 86.3 94.5
80% Inhibition endpoint

Ciclopirox 92.5 100 100
Fluconazole 74.8 83.6 89.0
Griseofulvin 91.8 96.6 98.3
Itraconazole 66.7 85.1 91.9
Posaconazole 89.8 97.3 100
Terbinafine 83.7 91.2 96.0
Voriconazole 74.1 87.4 96.2

Reprinted from Ref. [4]. With permission from the American Society for Microbiology

isolates using the susceptibility method outlined in the previous section [4]. Each
laboratory tested five blinded pairs of five dermatophyte strains: 7. rubrum, T. mentagro-
phytes, T. tonsurans, E. floccosum, and M. canis. The antifungal agents included ciclopirox,
fluconazole, griseofulvin, itraconazole, posaconazole, terbinafine, and voriconazole.
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Table 4.3 Quality control ranges for antifungal agents

Dermatophyte QC Antifungal agent  MIC range (ug/mL)
T. mentagrophytes ATCC Ciclopirox 0.5-2.0
MYA-4439 Griseofulvin 0.12-0.5

Itraconazole 0.03-0.25
Posaconazole 0.03-0.25
Terbinafine 0.002-0.008
Voriconazole 0.03-0.25

T. rubrum ATCC MYA-4438 Ciclopirox 0.5-2.0
Fluconazole 0.54.0
Voriconazole 0.008-0.06

Reprinted from Ref. [2]

The results can be seen in Tables 4.1 and 4.2. Using 80% inhibition as compared to
the growth control as the endpoint, interlaboratory agreement within three dilutions
ranged from 87.8% for fluconazole to 99.3% for posaconazole. Similarly, the intral-
aboratory agreement within three dilutions ranged from 89% for fluconazole to
100% for ciclopirox and posaconazole.

In order for this method to be approved by CLSI and to have utility in clinical
microbiology laboratories, appropriate quality control/standard isolates needed to
be identified. Eight laboratories tested a total of ten different dermatophyte strains
against the seven antifungal agents examined in the interlaboratory study previously
described [9]. The candidate strains included five T. rubrum strains, known to have
elevated MICs to terbinafine, as well as five strains of T. mentagrophytes. Based on
best overall agreement, T. mentagrophytes ATCC MYA-4439 and T. rubrum ATCC
MYA-4438 were included as reference strains (Table 4.3).

Before having a clinical utility, it will be important to develop interpretive break-
points for different antifungal agents. These breakpoints will guide the clinicians in
deciding whether an organism is susceptible or resistant to a particular agent. Further
work in this area is warranted.

4.2.3 Clinical Applications

Although breakpoints have not yet been established, Bradley et al. used antifungal
susceptibility testing to investigate 104 7. rubrum isolates from 30 patients who had
failed treatment with terbinafine for onychomycosis of the toenail [10]. There was
no increase in MIC of sequential isolates seen and, therefore, no development of
resistance. The authors concluded that treatment failure was likely due to host
factors.

Another study was conducted to determine the prevalence of dermatophyte-
positive scalp cultures among elementary school students in Cleveland, Ohio [11].
The MIC values of griseofulvin, itraconazole, fluconazole, and terbinafine against

the 122 isolates obtained were measured. The MICSO, the lowest concentration at
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which 50% of all isolates were inhibited, was 2.0, 0.25, 0.004, and 0.015 pg/mL for
fluconazole, griseofulvin, itraconazole, and terbinafine, respectively. Similarly, the
MIC,, the lowest concentration at which 90% of all isolates were inhibited, was
8.0, 1.0, 0.03, and 0.03 pg/mL, respectively. The MICs were found to be well below
achievable skin levels of most of the drugs tested.

Finally, a 12-center North American study was conducted to determine the frequency
of onychomycosis, identify the responsible pathogens, and determine the antifungal
susceptibility of the isolates [12]. Of the 1,832 participants in the study, 253 (13.8%)
met the case definition for onychomycosis. Dermatophytes were the most commonly
isolated fungi (59%) from all nail samples. The MICs of terbinafine, griseofulvin,
fluconazole, and itraconazole were measured, and all the dermatophyte isolates
appeared to be susceptible. Nevertheless, terbinafine appeared to possess the greatest
activity with much smaller MICs.

4.3 Conclusions

Although susceptibility testing for fungi has lagged behind that for bacteria, much
progress has been made over the last decade. Such knowledge should improve the
clinician’s ability to select the best choice among the growing arsenal of antifungal
agents available. Further work needs to be done to correlate in vitro findings with
clinical outcomes. The collection of such data will allow for the establishment of
interpretive breakpoints, which have already been established for Candida spe-
cies and some antifungal agents (e.g., anidulafungin, caspofungin, fluconazole,
5-fluorocytosine, itraconazole, micafungin, and voriconazole). Finally, surveillance
studies are needed to determine the true frequency of antifungal resistance. The
development of the method for susceptibility testing of dermatophytes is a step in
the right direction toward reaching these goals.
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Chapter 5
Usual Susceptibility Patterns of Common Yeasts

Gerri S. Hall

Abstract The in vitro susceptibility patterns of some of the common yeast such as
Candida spp., Cryptococcus spp., Rhodotorula spp., Trichosporon spp.,
Saccharomyces cerevisiae are described in this chapter. Isolates such as C. albicans
and C. parapsilosis are fairly predictable; others such as C. glabrata may demon-
strate less predictable patterns that require that susceptibility be performed for each
isolate of significance. In this chapter, we describe the most common susceptibility
patterns as found in the published literature, including some geographic differences
throughout various parts of the world where results have been reported. Table 5.1
provides a summary of the expected susceptibility patterns for the most common
yeast isolates described in this chapter.

5.1 Candida spp.

5.1.1 C. albicans

Most Candida albicans are susceptible in vitro to amphotericin-B, the azoles,
fluconazole, itraconazole, voriconazole, and posaconazole, to 5-FC and to the echi-
nocandins. This is especially true if the patient, from which they are isolated, has
not be treated with any of these antifungals before the yeast is first isolated and the
susceptibility test is performed. The ARTEMIS Global Surveillance Study data ana-
lyzing trending for an 8.5-year period of time with thousands of C. albicans isolates
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worldwide could not demonstrate any more than 1.6% resistance to fluconazole and
voriconazole from 1997 through 2005. There was slightly more resistance found in
the >4,600 isolates from North America, with 5% fluconazole resistance reported
and 3.7% voriconazole resistance [20]. The SENTRY study results for 2006-2007
in North America, Europe, and Latin America were similar in that 771 isolates of
C. albicans demonstrated overall 99.7% susceptibility and 0.3% S-dose dependent
(DD) to fluconazole and 100% susceptibility to voriconazole; in isolates from North
America alone, there was a 99.5% susceptibility — so a very small percentage of
non-susceptible isolates were found. In the latter study, there was 100% susceptibil-
ity to amphotericin-B, caspofungin, and anidulafungin; 99.7% and 97.7% suscepti-
bility to 5-FC and itraconazole were seen, respectively. The Minimum Inhibitory
Concentration (MIC ) for posaconazole was 0.12 pg/ml [17]. Susceptibility test-
ing for C. albicans probably can be reserved for instances where failures have
occurred or in patients for whom azoles have been used in prophylaxis or treatment
of other fungal organisms.

5.1.2 C. glabrata

C. glabrata is second only to Candida albicans in frequency of isolation of Candida
spp. from clinical samples, in particular, blood, urine, and vaginal samples. It is a
more resistant isolate than is C. albicans, especially to the agent fluconazole. In a
recent ARTEMIS Surveillance Study report of >23,000 clinical C. glabrata isolates
from five geographic regions in the world, decreased susceptibility to fluconazole
occurred throughout all regions, from 63% to 77% susceptibility depending upon
the region. Poland, Czech Republic, Venezuela, and Greece had the highest overall
rates of resistance to fluconazole. In the USA, the susceptibility was 74-92%.
Voriconazole activity was superior to that of fluconazole throughout all regions
[23]. There is significant variability, hence susceptibility testing, dependent upon
clinical significance of the C. glabrata isolation, should be considered before
employing an azole for therapy. In an 8.5-year analysis of global trends in flucon-
azole susceptibility, between 1997 and 2005, resistance had decreased from a high
of 19-15% in 2005. For voriconazole, the percent resistance has remained fairly
stable at just under 10%. Rates of resistance globally are highest for both flucon-
azole and voriconazole versus C. glabrata in North America, however [20]. Data
from the SENTRY Surveillance studies reported that 100% of 202 isolates of
C. glabrata from North America, Latin America, and Europe remained fully sus-
ceptible to amphotericin-B, 5-FC, caspofungin, and anidulafungin between 2006
and 2007; 74% of the isolates were susceptible, 15% S-DD, and 10% resistant to
fluconazole versus 90% susceptible to voriconazole. Itraconazole performed poorly,
with 69.8% of the C. glabrata isolates falling in the resistant range [17]. Rates of
resistance to the azoles for C. glabrata are variable between regions of the world
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and from 1 year to the next, especially in regard to fluconazole. Because of the
potential lack of predictability of C. glabrata, these results would suggest that sus-
ceptibility testing be performed when consideration is given to the use of an azole,
especially fluconazole, for clinically significant infections with C. glabrata.

5.1.3 C. parapsilosis

Candida parapsilosis is usually seen as one of the top four non-C. albicans species
of Candida isolated from clinical specimens, although this frequency varies through-
out the world. Global susceptibility data versus fluconazole and voriconazole has
been reported from the ARTEMIS surveillance studies published in 2008 of nearly
9400 isolates of C. parapsilosis in many regions of the world. Most regions demon-
strated a high level of susceptibility to fluconazole and voriconazole (95% S and
98% S, respectively); however, rates of non-susceptibility in Africa and the Middle
East were as high as 20% and 14% to fluconazole and voriconazole, respectively.
Over 99% of >1,400 isolates of C. parapsilosis were found susceptible to caspo-
fungin, with similar high levels of susceptibility to micafungin and anidulafungin as
well [22]. When a trend analysis of resistance to fluconazole and voriconazole was
reported for 1997-2005 worldwide, the rate of fluconazole resistance remained
stable at <4.2%; for voriconazole <2.3% [20]. All but 3.4% of 238 isolates of C.
parapsilosis in the SENTRY surveillance report of testing globally in 2006-2007
were susceptible to fluconazole and 0.4% non-susceptible to voriconazole. On the
contrary, itraconazole performed poorly, with as many as 57% of the isolates testing
as S-DD. There were rare isolates of C. parapsilosis that were non-susceptible to
the echinocandins, slightly higher for anidulafungin than caspofungin. In addition,
only 0.4% of the 238 isolates were found resistant to amphotericin and 1.3% resis-
tant to 5-FC [17].

5.1.4 C. tropicalis

Candida tropicalis remains susceptible to amphotericin-B, azoles, and the echi-
nocandins. The ARTEMIS global susceptibility report in 2007 showed that <6.6%
of C. tropicalis isolates were resistant to fluconazole between 1997 and 2005, and
the rates were fairly stable over these years, with the highest rates (~8%) in Asia-
Pacific. The resistance rates for voriconazole were <5% for most of the years tabu-
lated, although rates reached 8.1% in 2002 [20]. The SENTRY study reported that
of 157 isolates tested during 2006-2007 worldwide, none were resistant to caspo-
fungin, anidulafungin, or fluconazole. There was a 1.9% resistance seen versus
amphotericin-B; 1.3% resistance was seen to voriconazole; and 34% of the 157
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isolates were non-susceptible to itraconazole. Isolates of C. tropicalis usually do
demonstrate lower susceptibility among the Candida spp. to 5-FC and in this study,
the resistance was found to be 4.5%.

5.1.5 C. krusei

Candida krusei continues to be less frequently isolated than C. glabrata, C. tropi-
calis, and C. parapsilosis among the non—C. albicans Candida spp. In one global
study, the highest incidence of finding C. krusei was seen in the Czech Republic and
the lowest rates of recovery in Indonesia, South Korea, and Thailand. All isolates of
C. krusei are considered clinically resistant to fluconazole. Susceptibility to vori-
conazole in the ARTEMIS global surveillance studies, 1997-2005, was 83% over-
all, from 75% in Latin American countries to 92% in North America. Slightly lower
susceptibilities (77%) were seen in North American isolates from patients in the
hematology-oncology services. Of all isolates tested, 100% were susceptible to all
of the echinocandins, but there were some decreased susceptibilities seen to ampho-
tericin and 5-FC [21]. Isolates are known to be intrinsically resistant to the azoles,
although in vitro data may not give MICs in the resistant range. In one set of
ARTEMIS global trending data, the percent resistance had increased in vitro from
66% in 2000 to 79% in 2005 [20]. Likewise in the SENTRY data, with 29 isolates
of C. krusei tested, 3.5% of isolates were susceptible, 79.3 fell in the S-DD range,
and 17.2% in the resistant range [17]. In these same SENTRY data, 100% of the 29
isolates were found susceptible to anidulafungin and 97% to caspofungin; 93%
were susceptible to amphotericin and 93% susceptible to voriconazole. Only 3.4%
were susceptible to 5-FC, which is a common characteristic of most studies report-
ing on C. krusei susceptibility [17]. For reporting purposes, clinical laboratories
should report results versus fluconazole as resistant for C. krusei regardless of the
in vitro MIC results.

5.1.6 C. lusitaniae

Candida lusitaniae is often considered to be non-susceptible to amphotericin
because of a few reports of cases of meningitis and fungemia in which the MICs of
the isolates were very high [12, 16]. The susceptibility tests done were agar-dilution
based and without any CLSI/NCCLS guidelines to follow. In the SENTRY data,
using CLSI guidelines for testing and interpretation, 14 isolates of C. lusitaniae
were found 100% susceptible to amphotericin-B, the echinocandins, and 5-FC.
In addition, 93% were fully susceptible to fluconazole and 100% to voriconazole.
Only 64%, however, were susceptible to itraconazole [17]. A review article of
other published susceptibility data reported that in 70 isolates of C. lusitaniae, the
MIC,. was<0.5-2, indicating that there were a few amphotericin-B-resistant strains.
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In that same review, 114 (100%) isolates were susceptible to caspofungin, and
107/107 were susceptible to fluconazole and 27/27 susceptible to voriconazole [8].
Looking at bloodstream isolates, Ostrosky-Zeichner found no resistance to ampho-
tericin in 20 C. lusitaniae tested in the USA [18]. Lastly, there is a paper describing
the colonial morphology changes in an isolate of C. lusitaniae in a patient with
systemic infection and along with these morphologic changes, the emergence of
amphotericin-B resistance [15]. In this day of newer antifungal agents, there are
other choices than amphotericin-B for treatment of potentially resistant yeasts or
those that might become resistant. Alternatively, if amphotericin-B is being consid-
ered, a susceptibility test can be done on that particular isolate [13].

5.1.7 C. guilliermondii

C. guilliermondii is rarely isolated in clinical laboratories, except in Latin America
where it has been reported as the sixth most common Candida spp. The ARTEMIS
Surveillance data has reported on the response to azoles and echinocandins of
>1,000 clinical isolates of C. guilliermondii from around the world between 2001
and 2003. Only 71% of the isolates were susceptible to fluconazole as compared to
91% susceptibility to voriconazole. Most of the isolates (96% of those tested) were
susceptible to caspofungin [25]. In a review study of many published articles, the
MIC, , of 58 isolates of C. guilliermondii was 0.25-0.5 pg/ml [8].

90%

5.1.8 C. rugosa

Candida rugosa is seen in some countries outside of the USA, including Canada and
Latin American countries with higher frequencies. It has been shown to have decreased
susceptibility to azoles, especially fluconazole, and should be considered as another
potential fluconazole-resistant species like C. glabrata and C. krusei [19].

5.2 Cryptococcus spp.

5.2.1 C. neoformans

Cryptococcus neoformans is susceptible to amphotericin, 5-FC, and the azoles;
however, all strains will be intrinsically resistant to the echinocandins. Rarely
strains of C. neoformans may be initially resistant to the azoles, or 5-FC or develop
that resistance during therapy. A study of global trends in the susceptibility of
C. neoformans from 1990 to 2004 in five geographic regions of the world reported



102 G.S. Hall

that resistance to amphotericin-B, 5-FC, and fluconazole was <1%. However, only
75% of North American strains were fully susceptible to fluconazole (MIC <8 pg/ml)
compared to 94-100% in the other four regions (Africa, Latin America, Europe,
and Asia-Pacific). Susceptibility to voriconazole and posaconazole was good and
similar throughout all regions. Susceptibility to 5-FC increased from 34% in
1990-1994 to 66% in 2000-2004; susceptibility to fluconazole also increased
over the 15 years surveyed [26]. In another in vitro study, isolates from the USA,
Thailand, and Malawi demonstrated no evidence of resistance to amphotericin-B,
5-FC, fluconazole, and itraconazole in a 2004 report [1]. In a surveillance study of
drug susceptibility testing of almost 500 C. neoformans isolates in South Africa
for two time periods, 2002-2003 and 2007-2008, only three (0.6%) of the isolates
had an MIC to fluconazole >16 pg/ml and only in the first time period studied. All
isolates were susceptible to amphotericin-B and had low MICs to voriconazole
and posaconazole. When isolates from the same patient were collected during
therapy, only one case was detected in which the MIC to fluconazole was signifi-
cantly higher than at the time of initial isolation in the patient [11]. In another
study of fluconazole and amphotericin-B susceptibility testing of sequential
strains during treatment of the patient, all isolates continued to have very low
MICs to amphotericin (<1 mcg/ml); in five cases of relapse with continued posi-
tive cultures, one isolate became resistant (MIC >64 mcg/ml) and four others had
MICs in the S-DD range. There appeared to be no adverse clinical outcomes as a
result of this, however [2]. The MIC, , of 100 clinical isolates of C. neoformans
from Taiwan were reported to have MICs indicating susceptibility to fluconazole,
itraconazole, 5-FC, voriconazole, and amphotericin-B. There was only one identi-
fied C. gattii in this collection [14].

5.2.2 C. gattii

C. gattii isolates have recently become emergent pathogens throughout the world. In a
study from India, in which 308 clinical and environmental isolates of C. neoformans
var. grubii and C. gattii serotype B were compared for results in susceptibility testing
with a standard microbroth dilution method, only two isolates of C. neoformans var.
grubii were found resistant to 5-FC. C. gattii strains were found to be significantly
less susceptible to fluconazole, itraconazole, and voriconazole, but both responded
similarly as susceptible to amphotericin-B and 5-FC. In addition, the environmental
isolates of C. neoformans var. grubii were found to be significantly less susceptible
to fluconazole, itraconazole, and 5-FC as compared to clinical strains [6]. In a Brazilian
study, 80 clinical isolates of C. neoformans var. grubii and 4 isolates of C. gattii
were all found susceptible to amphotericin-B, fluconazole, itraconazole, and voriconazole
[28]. Twenty-three clinical isolates of C. gattii were compared to C. neoformans
strains in Spain and were found to be more susceptible to amphotericin-B and 5-FC;
however, fluconazole and other azoles demonstrated higher MICs for C. gattii compared
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to C. neoformans [10]. Another study in Colombia comparing the two serotypes of
C. neoformans found that there were similarities in interpretive criteria; however, the
MICs were actually higher with C. gattii strains [7].

A study of susceptibilities in Nairobi, Kenya, points out the necessity of develop-
ing criteria in one’s geographic area for antifungal susceptibility testing patterns. In 80
clinical isolates of C. neoformans (75/80=var. grubii, 3 var. neoformans and 2 var.
gartii). Hundred percent of all strains were susceptible to amphotericin, 21% resistant
to 5-FC, 24% susceptible and 65% S-DD to fluconazole, 11% resistant to fluconazole
(using breakpoints for Candida sp). Increased prophylactic use of the azoles in HIV*
individuals may have increased the overall resistance seen in these isolates [4].

5.2.3 Other Cryptococcus spp.

There are not many studies that report on the in vitro susceptibility testing results
with species of Cryptococcus spp. other than C. neoformans. In a study out of
Spain in 2010, 122 isolates were reported on (24 such isolates from their institution
and 98 other strains from a review of the literature). Included were C. albidus (46%),
C. laurentii (32%), and the other 22% composed of C. uniguttulatus, C. humicola,
C. curvatus, and C. luteolus. Most remained susceptible to amphotericin-B, but
non-susceptible to the echinocandins and 5-FC. Fluconazole was not susceptible
against many strains; in particular, it was inactive versus C. albidus, C. uniguttulatus,
and C. laurentii. Resistance was seen for some species versus voriconazole,
itraconazole, and posaconazole [3].

5.3 Other Yeasts

5.3.1 Rhodotorula spp.

Rhodotorula spp. are not commonly isolated from clinical specimens, but there is
some available data about antimicrobial susceptibility testing of isolates. There is an
intrinsic resistance to both the azoles and echinocandins. Results of 29 isolates from
one laboratory in Spain were combined with a literature review of susceptibility
results of an additional 102 clinical isolates of Rhodotorula spp. including R. muci-
laginosa, R. glutinis, and other Rhodotorula spp. An MIC of<1 ng/ml was demon-
strated versus amphotericin-B for all isolates. Good activity was seen with 5-FC as
well. Most isolates had very high MICs to fluconazole; although some isolates
did have lower MICs to itraconazole and voriconazole, the authors concluded
that the activity of these azoles was poor [9]. Similarly, the ARTEMIS Global
Surveillance Study reported on results from >380 isolates of Rhodotorula spp. from
five geographic locations during years 1997-2007. Fifty to more than eighty percent
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of isolates were resistant to fluconazole using a disk diffusion CLSI method;
40-69% were also resistant to voriconazole. The least amount of resistance was
reported in isolates from Asia-Pacific regions, as low as 15% versus voriconazole,
although the authors still concluded that azoles should be considered resistant
against Rhodotorula spp. [24].

5.3.2 Trichosporon spp.

Most isolates of Trichosporon asahii are found to be resistant to amphotericin-B,
with MICs >2 pg/ml and often much higher than that. Susceptibility patterns of a
number of Trichosporon spp. were reported from Chile in 2005, using conven-
tional methods as well as molecular methods for detection of resistance. The
majority of 15 isolates of 7. asahii had high MICs to amphotericin-B as compared
to predominantly susceptible MICs for 7. inkin and T. mucoides, two other com-
monly isolated species of Trichosporon. In that same study, fluconazole performed
poorly against T. asahii, but voriconazole showed good activity [27]. A Brazilian
study also demonstrated that nearly 50% of the T. asahii strains would be consid-
ered resistant (MICs >2 ng/ml), but there was more activity by all azoles, although
voriconazole did again perform best. All 22 strains of Trichosporon spp. had
MICs =2 pg/ml versus the echinocandin, caspofungin, and also high MICs to
5-FC [5]. Across the five geographic regions of the ARTEMIS Global Surveillance
Study, 0-12% resistance to fluconazole was seen by ~1,000 Trichosporon spp.
and that included T. asahii. The percent resistance to voriconazole was very low
throughout all regions [24].

5.3.3 Saccharomyces spp.

Saccharomyces cerevisiae and other species of Saccharomyces rarely cause human
infections; however, they have been reported in cases of fungemia and even the rare
case of endocarditis. In the ARTEMIS Global Surveillance Study, <6% of 470 iso-
lates of S. cerevisiae tested between 2005 and 2007 were resistant to fluconazole
and <3% to voriconazole. When the data was stratified by regions, up to 24% of the
Latin American and Asia-Pacific isolates were found to be fluconazole resistant
and>10% voriconazole resistant, so susceptibility testing would be important in
those regions if azoles were being considered for treatment [24]. In a review of
results of 48 S. cerevisiae isolates, the MIC, , to amphotericin-B was 1.0 pg/ml and
to 5-FC, 0.12-0.25; the MIC,,, of 46 strains versus anidulafungin and 10 versus
caspofungin was <2 pg/ml, which should be considered susceptible for all of these
antifungal agents [8].
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Chapter 6
Usual Susceptibility Patterns of Common
Moulds and Systemic Fungi

Gerri S. Hall

Abstract The in vitro susceptibility patterns of some of the common moulds such
as Aspergillus spp., Fusarium spp., and other hyaline moulds; Zygomycetes, and
dematiaceous moulds such as Alternaria spp., Curvularia spp., Exophiala spp., and
other black moulds are described in this chapter. For some isolates such as A. fumig-
atus and A. flavus, results are fairly predictable, and isolates are often susceptible to
all agents tested; others such as Fusarium sp. may demonstrate less predictable pat-
terns that require that susceptibility be performed for each isolate of significance. In
this chapter, we describe the most common susceptibility patterns as found in the
published literature, including some geographic differences throughout various
parts of the world where results have been reported.

6.1 Hyaline Moulds

6.1.1 Aspergillus spp.

6.1.1.1 Aspergillus fumigatus

Aspergillus fumigatus is usually susceptible in vitro to most antifungal agents. In the
SENTRY antimicrobial surveillance 20062007, 29 isolates of A. fumigatus were
reported to be 100% susceptible to itraconazole, voriconazole, posaconazole, caspo-
fungin, and anidulafungin; the MIC , of the 29 isolates vs. amphotericin B was
2 pg/ml, and only 71.4% were noted to be susceptible to amphotericin with an MIC
of <1 pg/ml [27]. Data from the same surveillance group in 2009 reported on 40
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A. fumigatus isolates, and again, 100% were susceptible the echinocandins,
caspofungin, micafungin, anidulafungin, and the azoles itraconazole, voriconazole,
and posaconazole. No information was given on amphotericin testing in this latter
series [32]. A study of 375 isolates in Spain in 2006 reported an MIC ,, to ampho-
tericin of 0.5 pg/ml, which is usually an indication of susceptibility [12]. There is
some reported variability of in vitro amphotericin susceptibility among strains of
A. fumigatus.

In a UK study of data collected in 2008 and 2009, of 230 isolates of A. fumiga-
tus, 64 (28%) were azole resistant, 14% in 2008, and 20% of patients in 2009 had
resistant isolates, respectively. During this period, 62 of 64 (97%) were itraconazole
resistant, 2 of 64 (3%) only were voriconazole resistant, and 78% of cases were
multiazole resistant [7]. In a study by Pfaller et al. in which triazole cross-resistance
was being specifically determined, 553 isolates of A. fumigatus had susceptibilities
performed following CLSI M38-A standard and interpretations were designated as
<l pg/ml=S and >4 pg/ml=R. For itraconazole, 93% of the A. fumigatus were
susceptible, and >99% were susceptible to posaconazole, voriconazole, and ravu-
conazole [33]. There have been a number of studies which suggest that although
azole resistance in A. fumigatus is rare, it is increasing; using itraconazole resistance
as a marker of this resistance seems warranted since no resistance in voriconazole,
posaconazole, or ravuconazole has been seen in itraconazole susceptible strains [30].
Cross-resistance to azoles was studied in Spain among 393 isolates of A. fumigatus,
including 32 itraconazole-resistant strains. These authors showed that specific muta-
tions in the cyp51A locus could result in total cross-resistance among all azoles, and
like others suggested that determination of itraconazole resistance was important as
a marker of potential azole resistance development [35].

6.1.1.2 A. flavus and A. niger

Aspergillus flavus is often the second most common clinically significant Asper-
gillus spp. isolated in clinical laboratories. It usually demonstrates a susceptibility
pattern similar to A. fumigatus, i.e., susceptible to amphotericin, itraconazole, vori-
conazole, and the echinocandins [12, 16, 31, 33]. Only 70% of 30 isolates of
A. flavus reported by Diekema et al., from an Iowa study in 2003, were susceptible
to amphotericin, using <1 pg/ml a s breakpoint for susceptibility; in addition, >96.7%
were susceptible to the azoles (itraconazole, voriconazole, and posaconazole) and
100% to caspofungin, using a susceptibility breakpoint of <1 pg/ml MIC or MEC
respectively [14]. Aspergillus niger, the third most frequent isolate in clinical speci-
mens, has been reported to be susceptible to amphotericin (MIC ,, of 0.25 pg/ml
for 55 strains tested in a Spanish study and 100% susceptible in a US study in 2003)
[12, 14]. Aspergillus niger has been shown to have higher MICs to the some of the
triazoles as compared to A. flavus and A. fumigatus. In the 2003 US study, 45% of
29 A. niger isolates only were susceptible to itraconazole, however, and 66% to
voriconazole as compared to 100% susceptibility to posaconazole, using <1 pg/ml
as breakpoint for all. All 29 isolates were susceptible to caspofungin [14, 18]. In the
Pfaller study examining cross-resistance of Aspergillus spp. to the azoles, only 41%
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of 59 A. niger strains had an MIC < 1 pg/ml to itraconazole compared to the >93%
for A. fumigatus and A. flavus [33]; likewise in the Cuenca-Estrella study, the MIC,
of 55 A. niger isolates was 4.0 pg/ml, which would be considered an indication of
resistance using the CLSI interpretations [12]. In the same Pfaller study of cross-
resistance, for voriconazole, 97% of the isolates were susceptible (MIC < 1 pg/ml),
similar to that of A. flavus and A. fumigatus; and 92% for posaconazole [33]. Eighty-
three strains of A. niger had an MIC , < 0.25 pg/ml for all three echinocandins;
these same isolates of A. niger had MIC, . of >8, 2.0, and 0.5 pg/ml, respectively
vs. itraconazole, voriconazole, and posaconazole, demonstrating some variability
vs. the azoles for A. niger [13].

6.1.1.3 A. versicolor

A. versicolor is a less frequently isolated species of Aspergillus. Twenty strains were
tested in an Iowa study in 2003, and using <1 pg/ml (MIC for amphotericin and
azoles and MEC for echinocandins) as a breakpoint for susceptibility, 80% were sus-
ceptible to amphotericin, 91% to caspofungin, only 65% to itraconazole, but greater
than 90% for voriconazole and posaconazole [14]. In the Cuenca-Estrella study in
Spain, with 13 strains of A. versicolor, the MIC, . for itraconazole was <1.0 pg/ml for
itraconazole and posaconazole and was 2.0 ug/ml for voriconazole. The MIC, , for
amphotericin was <2.0 png/ml, suggesting that some isolates were potentially nonsus-
ceptible [12]. In a study the following year with 12 strains of A. versicolor, results
were the same vs. amphotericin and the azoles; in addition, the MIC,,, for caspo-
fungin was 2.0 pg/ml, and <0.06 pg/ml for micafungin and anidulafungin [13].

6.1.1.4 A. terreus

A. terreus strains have been shown to be more resistant to amphotericin than other
Aspergillus spp. Seventy-four isolates in Spain were tested, and MIC, , to amphot-
ericin was 8.0 pg/ml, considerably above the nonsusceptible breakpoint which is
usually considered 22.0 pg/ml. In the same study, the MIC, , to the azoles, itracon-
azole, voriconazole, and posaconazole were all susceptible at <1.0 pg/ml. In a US
study from Iowa in 2003, using <1.0 pg/ml as a susceptible breakpoint for all agents,
100% of 16 strains of A. terreus were susceptible to caspofungin, and the azoles,
itraconazole, voriconazole, and posaconazole; however, over 37% were susceptible
to amphotericin [14]. A study from Spain, using EUCAST testing methods, with 48
clinical isolates of A. ferreus, obtained arange of MICs vs. amphotericin of 0.5-8 pg/
ml, with few isolates in which the MIC was <1 pg/ml. The MIC,, was 2.0 pg/ml,
which was lower than found in studies employing CLSI testing methods. MICs to
voriconazole were high, with an MIC, , of 2.0 pg/ml; for posaconazole, the MIC,
was 0.12 pg/ml; for itraconazole, 0.5 pg/ml; and for terbinafine, 0.5 pg/ml.
The authors concluded that there was a difference between CLSI and EUCAT meth-
ods especially with voriconazole; however, without clinical outcomes correlations,
it would be impossible to know which was the correct MIC [18, 24].
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6.1.1.5 A. nidulans

For A. nidulans, in vitro data from 29 strains from Spain in 2006 showed that all
were resistant (>8.0 pg/ml) to itraconazole, voriconazole, and posaconazole, and
had an MIC,,, to amphotericin of 2.0 pg/ml [12]. Interestingly, in 2009, 20 iso-
lates of A. nidulans were all found susceptible (<1 pg/ml) to the azoles and again
a higher MIC to amphotericin with MIC, . at 4.0 pg/ml [13]. In USA in 2008,
Espinel-Ingroff reported that for 13 isolates of A. nidulans, most were suscepti-
ble to the itraconazole and voriconazole, with an MICQO% to amphotericin of

2.0 pg/ml [16].

6.1.1.6 Epidemiological Cutoff Values for Aspergillus spp.

For the Aspergillus spp., another way of examining susceptibility to the azoles that
has been used is to determine the epidemiological cutoff values (ECVs) to distin-
guish wild-type strains from those that harbor resistance mutations [34]. Use of
these ECVs were applied to over 1,700 strains of Aspergillus spp. from 63 differ-
ent worldwide centers from 2001 to 2009 in order to determine the frequency of
non-wild type strains. For all of the wild-type strains of A. fumigatus, A. flavus,
A. terreus, A. niger, A. versicolor, and A. nidulans, the percentage of isolates at or
below the epidemiological cutoff was >97.8%. For the non-wild type strains, the
percentage of MIC above ECV ranged from 0% to 17.3% for itraconazole, 0-3.2%
for voriconazole, and 0-5.1% for posaconazole. A. niger had the highest percent-
age of MICs>ECYV for itraconazole [32, 34]. Ninety-nine percent of >2,500 iso-
lates of A. fumigatus had MICs less than the epidemiological cutoff value (ECV)
for itraconazole, and 99% and 98% respectively for posaconazole (>1,600 strains)
and voriconazole (>2,700 strains). Isolates in this analysis were obtained from US,
Spain, and the UK. For hundreds of isolates of A. flavus, A. terreus, A. niger,
A. nidulans and A. versicolor, results were similar, with percentage less than ECV
> 95% for the three azoles. There was a recommendation that if an isolate of one
of these species of Aspergillus spp. had an MIC to posaconazole above 0.25 pg/ml,
reduced susceptibility to this triazole should be considered, and standard dosing
regimens may have to be increased [17].

6.1.1.7 Synergy and Aspergillus spp.

A study looking at the possible synergism of combining voriconazole and mica-
fungin against Aspergillus and other moulds showed a 79% synergism effect with
A. fumigatus at an MIC, , level. Forty percent (10/24) of the A. flavus and 2/6 isolates
of A. niger and A. nidulans also demonstrated a synergistic effect. None of the
Aspergillus spp. tested demonstrated any antagonism when voriconazole and mica-
fungin were combined [22].
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6.1.2 Fusarium spp.

There is great variability among the species of Fusarium in regard to their in vitro
susceptibility to antifungal agents. In general, all Fusarium are more resistant than
are the Aspergillus spp. Data from a study in Spain with 44 strains of Fusarium spp.
showed that the three species (F. solani, F. oxysporum, and F. verticillioides) were
resistant to the azoles, itraconazole, voriconazole, and posaconazole, with MICQO% >
8 pg/ml. F. solani, and F. verticillioides had a high MIC, .. to amphotericin (=4 pg/
ml), whereas the MIC, , for F. oxysporum was 1.0 pg/ml, indicating susceptibility
to amphotericin [12]. Another Spanish study in 2009 from the same lab reported
very high MICs for the three above species of Fusarium as well as 19 F. prolifera-
tum sp. [5]. Eleven Fusarium spp. from USA and Canada reported in a study from
Towa in 2003, using percentage of isolates <1 pg/ml to indicate susceptibility, dem-
onstrated that 82% were susceptible to amphotericin, and 18% to voriconazole and
posaconazole; no isolates were considered susceptible to itraconazole and caspo-
fungin [14]. All of the 57 isolates of Fusarium spp. reported from Mexico in 2005
had an MICQO% > | pg/ml for itraconazole, voriconazole, and posaconazole, an indi-
cation that the majority were resistant to the azoles in vitro [21].

In one study of ocular isolates of Fusarium spp., F. solani demonstrated consis-
tently higher MICs to itraconazole, voriconazole, and posaconazole than did species
of F. oxysporum. Most Fusarium spp. had high MICs to amphotericin, natamycin,
and the echinocandins in that same study [23]. Likewise, when in vitro pharmaco-
dynamics was compared to noncultural method endpoints, F. solani was found
cross-resistant to amphotericin B, itraconazole, and voriconazole [25]. A study in
Spain in 2008 used molecular methods to identify species and then compare the
identification to their antifungal susceptibility patterns (Table 6.1). The most fre-
quent isolates were F. solani, F. oxysporum, F. proliferatum, and F. verticillioides.
Amphotericin B was the only drug with low MICs for all species; the azoles (itra-
conazole, voriconazole, and posaconazole) all demonstrated high MICs as did ter-
binafine [1]. In a Spanish study using methods approved by AFST-EUCAST, the
results vs. amphotericin of F. solani (32 strains) and F. oxysporum (19 strains) were
an MIC,  of 2.0 ug/ml; for 19 strains of F. proliferatum and 11 of F. verticillioides,

the MI(?Z;/ was 4.0 pg/ml, both of which would be considered, according to CLSI
38-A, as intermediate. All three azoles (itraconazole, voriconazole, and posacon-
azole) demonstrated MIC, . of >4 pg/ml (interpreted as resistant); poor activity was
reported vs. the three echinocandins, with MICSO% and MICQO% >16 pg/ml [9, 13].

Susceptibility testing is needed for each isolate when clinically relevant since
results differ between species and are also dependent on the method for identification
and potentially the country of origin of the isolate. Resistance to most antifungal
agents will be anticipated, however, for many of the Fusarium spp.

Comparison of CLSI methods for antifungal susceptibility testing was compared
to the XXT reduction assay in conjunction with fluorescent morbidity staining for two
strains each of Fusarium solani and F. oxysporum. One of the F. solani isolates had

an MIC that was 1 pg/ml to amphotericin; the other four strains had MICs > 1 pg/ml
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and MFCs > 2 pg/ml. One of the F. solani had MICs and MFCs to amphotericin that
were very high (>8 pg/ml). The four Fusarium spp. had high MICs to itraconazole
(=8 pg/ml) and voriconazole (=2 pg/ml). The XXT assay was used to determine
hyphal damage to characterize the pharmacodynamics of these three antifungal
agents. By using these assays, itraconazole was seen to have less activity than ampho-
tericin B or voriconazole against the four Fusarium spp. Amphotericin B showed
good activity against 3% Fusarium spp. even though fairly high failure rates usually
exist when attempting to treat Fusarium infections with amphotericin; data from the
in vitro MIC tests indicated nonsusceptibility for three of the four isolates.
Amphotericin exhibits a nonlinear concentration-dependent binding to proteins in
serum and tissue, and this increases with increasing drug concentrations. Voriconazole
demonstrated good activity against the four Fusarium strains [25].

6.1.3 Scedosporium spp.

Scedosporium apiospermum and S. prolificans are intrinsically resistant to amphoteri-
cin and variably resistant to the azoles. In a study in Spain, 65 isolates had a predict-
ably high MIC, , of >16 ug/ml to amphotericin, an MIC, , > 8 ug/ml for itraconazole
and posaconazole, and MIC, . of 4.0 ug/ml for voriconazole. Thirty-seven isolates of
S. prolificans had MIC, , > 32 pg/ml and >8 pg/ml for amphotericin and azoles (itra-
conazole, voriconazole, and posaconazole), respectively [10]. Using the Sensititre
YeastOne panel for performing MICs to voriconazole, Linares, also in a study in
Spain, with six isolates of S. apiospermum, reported an MIC, . of 0.5 pug/ml, which
would be considered susceptible [26]. The echinocandins were tested against 36 S.
apiospermum and 17 isolates of S. prolificans with the following results of the MIC,
for each: caspofungin and micafungin were >16 pg/ml for both species, and anidula-
fungin had an MIC, , of 4.0 pg/ml vs. S. apiospermum, and >16 pg/ml for S. prolifi-
cans. The only suggested breakpoint for susceptibility for the echinocandins listed in
the CLSI document M38-A is for caspofungin (=4 ng/ml=R), but if that carries over
to any echinocandin, most Scedosporium spp. would be considered resistant to the
echinocandins as a class along with resistance to the azoles and amphotericin [13].

Activities of 35 combinations of antifungal agents against Scedosporium spp.
were analyzed by a checkerboard microdilution design and the summation of frac-
tional concentration index. An average indifferent effect was detected apart from
combinations of azole agents and echinocandins against Scedosporium apiospermum.
Antagonism was absent for all antifungal combinations against both species [10].
The in vitro interaction between amphotericin B and micafungin against 36 isolates
of Scedosporium spp. has been evaluated using checkerboard assays and the minimal
effective concentration endpoint. Synergy was found for 82.4% of Scedosporium
prolificans isolates and for 31.6% of Scedosporium apiospermum isolates. Antago-
nism was not observed [38].
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The antifungal susceptibilities of the Pseudallescheria boydii complex were
reported from a Spanish laboratory in 2006. Eighty-four isolates of eight species in
this complex were tested against 11 antifungal agents. The species were as follows:
30 strains of P. boydii, 4 each of P. minutispora and P. angusta, 6 P. ellipsoidea,
2 P. fusoidea, 7 Scedosporium aurantiacum, 26 of what is a cryptic species referred
to as Clade 4, and 5 of Clade 3. Amphotericin was not active against any of the
isolates. Voriconazole was the most active drug, with MIC; , < 1 pg/ml for all
except S. aurantiacum. Results with posaconazole were similar, and again, S. auran-
tiacum was not susceptible. All 84 isolates were resistant to micafungin. The authors
concluded that voriconazole seemed to be the most effective agent; however, they
suggested that proper identification of the species within the complex should be
done in order to provide correct information for treatment, especially if S. auranti-
acum was the identity of the mould [20]. PCR and DNA sequencing of the internal
transcribed spacer (ITS) region of 46 clinical isolates of morphologically identified
P. boydii and S. apiospermum was performed along with antifungal susceptibility
testing according to CLSI recommendations. Four of the 46 isolates were identified
molecularly as S. aurantiacum. The latter was found even more resistant in vitro to
amphotericin and itraconazole as compared to those molecularly identified as
P. boydii/S. apiospermum. The authors felt that most clinical laboratories would not
be able to perform this differentiation, so antifungal susceptibility testing could
provide the correct MIC per species [2].

6.1.4 Paecilomyces spp.

There can be great variability in the in vitro susceptibilities of various species of
Paecilomyces sp. Most clinical laboratories do not always speciate an isolate, but
rather may call it a Paecilomyces spp. Data in the literature on large numbers of
isolates is not readily available. In a study in Spain in 2005, 11 isolates of P. lilaci-
nus and 10 of P, variotii were tested using broth microdilution. For the P. lilacinus,
MICQO% was high, >8 pg/ml for amphotericin, itraconazole, and voriconazole. The

MIC,,,, for posaconazole indicated good activity at 0.5 pg/ml. The MICs for the
P. variotii were all very low, indicating in vitro susceptibility to amphotericin, itra-
conazole, voriconazole, and posaconazole [12, 13]. There are reported differences
between these two species vs. the echinocandins. P. lilacinus appears to be resistant
to echinocandins with MIC,, > 16 pg/ml, P. variotii demonstrates very low MICs
to anidulafungin and micafungin (<0.03 pg/ml), but the MIC, , of 17 isolates of
P. variotii was found to be 4.0 png/ml, which could be interpreted as resistant according
to CLSI M38-A [9]. A study in Spain in 2008 compared the susceptibility of 27
P. lilacinus vs. 31 P. variotii that were identified morphologically and confirmed by
molecular identification methods. P. lilacinus showed high MICs with geometric
means >8 pg/ml for amphotericin, itraconazole, and all three echinocandins,

whereas voriconazole, posaconazole, and terbinafine had geometric means <2 pg/ml
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with posaconazole demonstrating the best overall activity. P. variotii had low MICs
and MECs (for echinocandins) for amphotericin, itraconazole, posaconazole,
terbinafine, and the three echinocandins, but MICs were >2 pg/ml for 82% of the
strains vs. voriconazole [8]. Identification and susceptibility testing would be
recommended if treatment of a serious infection with Paecilomyces sp. was being
considered [13].

6.1.5 Penicillium spp.

Determining the clinical significance of the isolation of a Penicillium spp. in a clini-
cal specimen is difficult. Finding data on susceptibility testing in the literature is also
sparse. A report from 35 isolates tested in the USA and Canada in 2000-2001 had
favorable results of MIC or MEC, , that were below the resistant breakpoint for
amphotericin, caspofungin, and the azoles, itraconazole, voriconazole, and posacon-
azole; the percent of total isolates that had MIC < 1 pg/ml (S) was >77%, and for
caspofungin, in particular, it was 97% [14]. In contrast, the Cuenca-Estrella study in
2006 reported on 45 Penicillium spp. from Spanish laboratories. The MIC, . of
amphotericin, itraconazole, and voriconazole was high and indicated that many
strains were probably not susceptible. The MIC, , to posaconazole was 2.0 pg/ml,
which falls below the 4 ng/ml breakpoint often used to suggest susceptibility among
the filamentous moulds [12]. Another study from Spain looked at MICs of 72
Penicillium spp., and the MIC, , was high for itraconazole and voriconazole, but in
this study, the posaconazole was also higher at 4.0 pg/ml. Results vs. micafungin and
anidulafungin showed low MIC,, at <0.06 pg/ml, but the caspofungin MIC, , was
8.0 ng/ml which would indicate variability among the echinocandins [13]. Rarely is
Penicillium spp. considered significant, but if it is, a susceptibility would be war-
ranted to detect resistances since they do not appear to be predictable for all antifun-
gal agents, nor the same when the organism is isolated from different countries.

6.1.6 Scopulariopsis spp.

Scopulariopsis brevicaulis is the most common species in this genus. It is most often
involved in nondermatophyte nail infections, although there are rare reports of
more systemic infections caused by this mould in recent decades. Nineteen isolates
studied by broth microdilution were found nonsusceptible with very high MIC, . to
amphotericin (16 pg/ml), itraconazole, voriconazole, and posaconazole (>8 pg/ml)
[12]. In another publication out of Spain specifically looking at combination test-
ing vs. S. brevicaulis, 25 strains from nails, skin scrapings, sputum, and blood were
found resistant to amphotericin and the azoles, and also highly resistant to terbin-
afine and caspofungin. Using a checkerboard MIC method for detecting results
with combinations of amphotericin plus azoles or caspofungin, azoles plus caspo-
fungin, or terbinafine plus azoles, synergy was noted for some strains especially
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with the combinations of posaconazole or voriconazole plus terbinafine. Most of
the caspofungin combinations resulted in indifference, although if minimum effec-
tive concentrations (MECs) were used as the method of resulting, synergy was
observed for more combinations including caspofungin plus amphotericin.
Variability among strains may warrant synergy testing with individual patient iso-
lates if treatment of systemic infections with S. brevicaulis is indicated [11].

6.1.7 Acremonium spp.

Acremonium spp. are a group of about 150 species of environmental isolates that
rarely infect humans. Traumatic implantation of the spores of Acremonium spp. is
the usual start of any infection with this group of hyaline moulds. A study at the
Texas Fungus Testing Laboratory with 47 isolates from the USA demonstrated that
all strains had very high MICs to amphotericin, the azoles, and echinocandins. Only
terbinafine showed any activity with MIC, , < 2.0 pg/ml [28].

6.2 Zygomycetes

The MICQO% of 15 Rhizopus oryzae isolates in Spain, using a broth microdilution, was
2 ng/ml for amphotericin, which is near what is considered a susceptible breakpoint,
but it was >8 pg/ml for itraconazole, voriconazole, and posaconazole, suggesting
probable resistance to the azoles. Sixteen other zygomycetes had similar MIC,
results [12]. In 2009, 26 isolates of R. oryzae were tested using the EUCAST recom-
mended methods for antifungal susceptibility testing, including a 24- and 48-h read-
ing; the geometric mean vs. amphotericin was susceptible at 1.0 pg/ml. It was higher
for itraconazole and voriconazole, indicating resistance to these azoles, although vs.
posaconazole, the geometric mean at 48 h was only 2.0 pg/ml. Terbinafine testing
resulted in very high MICs (32 pg/ml for the mean) [3]. Additionally, in another
paper from Spain, 11 isolates of R. oryzae were found to have high MIC, , to the
three echinocandins (=16 pg/ml). Other Zygomycetes, including 16 strains of
Mpyocladus corymbifereus, 11 Mucor sp., and 11 other Mucorales sp. all demon-
strated high MIC_, to the azoles and echinocandins [13]. Twenty strains of Mucor
circinelloides from a paper in Spain, using molecular methods for identification of
the species, reported a low geometric mean for amphotericin, indicating susceptibil-
ity to the polyene, however, very high MICs to itraconazole, voriconazole, and posa-
conazole as well as terbinafine [3]. The antifungal susceptibility, using EUCAST
proscribed methods, of 9 strains of Saksenaea spp. were reported in a paper from
Europe and the USA. High MICs were demonstrated for amphotericin B and vori-
conazole, as were high MECs to the echinocandins. Low MICs were however shown
for itraconazole, posaconazole, and terbinafine [5].

The Fungus Testing Laboratory in San Antonio, Texas, reported on susceptibili-
ties of 217 Zygomycetes strains; isolates came from many US laboratories. One
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hundred percent of 134 isolates of Rhizopus spp. were susceptible to amphotericin;
0% to 5-FC, caspofungin, and fluconazole; >50% to itraconazole; >60% to posa-
conazole; and <5% to voriconazole. Results were similar for 41 Mucor spp.: 94%
were susceptible to amphotericin, and 57% to itraconazole, and 70% to posaconazole.
None were susceptible to 5-FC, caspofungin, fluconazole, or voriconazole. Twelve
sp. of Absidia were susceptible to amphotericin and posaconazole, and >50% to
itraconazole. In contrast, of the 13 species of Cunninghamella sp., only 63% were
susceptible to amphotericin, 75% to posaconazole, and 29% to itraconazole [4].

Posaconazole in combination with amphotericin was found to perform synergis-
tically in vitro against some strains of Zygomycetes in a study done in Germany and
Spain and reported in 2008. Thirty clinical isolates of strains of Rhizopus, Mucor,
Absidia, Rhizomucor, Syncephalastrum, and Cunninghamella were used in the
study, and susceptibility testing was performed using a checkerboard method with
preparations of both hyphae and conidia for each mould. The conidial preparation
of two strains of Rhizomucor and one of Rhizopus demonstrated synergy with the
combination; all others were indifferent. For the hyphal preparations, 12 strains
(3 Cunninghamella sp., 23 Mucor sp., 3 Rhizopus sp., and 3 Absidia spp.) were
synergistic, and the rest demonstrated indifference. No antagonism was seen with
the combination of amphotericin and posaconazole [29].

6.3 Black (Dematiaceous) Fungi

6.3.1 Alternaria spp.

In one study from Spain, 11 Alternaria spp. had an MIC, . of 0.5 pg/ml to amphoteri-
cin (probable susceptibility), and MIC , > 8 pg/ml for itraconazole, voriconazole,
and posaconazole [12]. In another paper, 11 Alternaria alternata and 10 A. infec-
toria had MIC_, indicating high MIC,, to amphotericin, the azoles, and the echi-
nocandins, although there were some isolates with low MICs to amphotericin, so if
considered significant in a patient when isolated, susceptibilities would be warranted.
The MIC,,, of “other black fungi” was low, suggesting probable susceptibility to
amphotericin and the echinocandins. The azoles remained in the resistant range [13].
In a paper from the Mayo Clinic in 2010, eight clinical isolates from five patients with
Alternaria sp. were all found susceptible to itraconazole, posaconazole, amphotericin,
and, caspofungin; they recommended itraconazole or an echinocandin for treatment.

The MICs to voriconazole were higher than seen with the other azoles tested [6].

6.3.2 Curvularia spp.

Curvularia sp. can be a laboratory contaminant or rarely, a pathogen. A review of
antifungal susceptibility testing literature in 2001 by Espinel-Ingroff et al. reported
on susceptibilities vs. 26 isolates of Curvularia spp. (19 C. lunata, 3 each C. verruculosa
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and C. senegalensis, and 11 C. inaequalis). The range of MICs of C. lunata was
0.125 pg/ml to >16 pg/ml vs. amphotericin B; however, the MIC, , was 0.5 pg/ml,
which is interpreted as susceptible; the other species all have low MICs to amphot-
ericin. Voriconazole was more active than itraconazole, but most Curvularia spp.
were susceptible to both [15].

6.3.3 Exophiala spp.

One hundred sixty isolates of 11 different species of Exophiala, including 27 E.
dermatitidis, 8 E. jeanselmei, 40 E. oligosperma, and 39 E. xenobiotica were tested
in the Fungus Testing Laboratory, San Antonio, Texas, using a macrobroth dilution
and following guidelines of CLSI M38-A. The MICs for three azoles, itraconazole,
voriconazole, and posaconazole were low and in the susceptible range. All species
except E. attenuata appeared susceptible to amphotericin B [19]. In a study of 16
Exophiala dermatitidis isolates in China, using a microbroth MIC method, the
azoles and amphotericin were found to have low MICs in the susceptible range.
MICs to caspofungin were high (32-64 pg/ml), and MICs of terbinafine were all
<0.25 pg/ml. Synergism was demonstrated with the combination of caspofungin
and voriconazole (10/16 isolates), caspofungin and amphotericin B (15/16 isolates),
and caspofungin and itraconazole (16/1 isolates). The combination of terbinafine
plus itraconazole showed neither synergism nor antagonism [36].

6.3.4 Other Dematiaceous Moulds

The geometric mean of terbinafine, amphotericin, and itraconazole when tested
alone and results of combination testing of these agents against 53 isolates of black
moulds in China were reported in 2008. For 22 strains of Cladophialophora carri-
onii, the mean MIC of amphotericin was 3.03 png/ml (above the breakpoint of 1.0 pg/
ml), for itraconazole it was 0.32 pg/ml (Susceptible), and for terbinafine it was
0.019 pg/ml (no breakpoints established for terbinafine). When terbinafine and
itraconazole were combined, only 1/22 isolates of C. carrionii demonstrated
synergism; no isolates demonstrated synergism or antagonism when terbinafine and
itraconazole or amphotericin plus terbinafine were combined. With the 20
Phialophora verrucosa strains, the mean for amphotericin was 3.34 pg/ml (proba-
bly “intermediate”); for itraconazole, 0.69 pg/ml (susceptible); and for terbinafine,
0.07 pg/ml. For 11 Fonsecaea pedrosoi, the amphotericin mean MIC was 2.2 pg/ml
(intermediate); for itraconazole, 0.43 pg/ml (susceptible); and for terbinafine,
0.05 pg/ml. Neither synergism nor antagonism was seen with the any of the combi-
nation of these three antifungal agents against the Phialophora or Fonsecaea [37].
There was a review of antifungal susceptibility results of many yeast and moulds
including dematiaceous moulds vs. amphotericin B, voriconazole, and itraconazole.
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Fifty-eight isolates of Bipolaris sp. (23 B. hawaiiensis, and 32 B. spicifera, and 3 B.
australiensis) had low MICs to amphotericin (<1.4 pg/ml); B. hawaiiensis and B.

australiensis had low MICs to itraconazole (<0.2 pg/ml), but MIC

for B. spic-

90%

ifera was 5.71 pg/ml, which would be considered resistant. Likewise with voricon-
azole, B. spicifera had higher MICs than B. hawaiiensis and B. australiensis,
although all had MICs <2 pg/ml [15].
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Chapter 7
Usual Susceptibility Patterns for Systemic
Dimorphic Fungi

Gerri S. Hall

Abstract There are not as many requests made for in vitro susceptibility testing of
systemic fungi such as H. capsulatum and B. dermatitidis. There is limited data in
the literature as well. The inoculum for testing could be the yeast or conidia/myce-
lial form of each of these fungi. Very few laboratories offer the susceptibility test.
There is no standardized method in CLSI for testing of the dimorphic fungi. Below
is some of the data found in the literature for in vitro testing of systemic dimorphic
fungi when it has been done.

7.1 Histoplasma capsulatum

Four strains of H. capsulatum were tested using the mould and yeast form of the
fungus vs micafungin, amphotericin, itraconazole, and fluconazole using a microdi-
lution broth method of testing. The MICs vs amphotericin B were comparable when
either the yeast or mould form of H. capsulatum was used and were all <0.5 pg/ml.
The MICs vs itraconazole was very low (£0.03 pg/ml) and comparable between
yeast and mould inocula. The yeast form produced lower MICs to fluconazole vs the
mould form. There was a huge difference between the yeast and mould forms of
inocula when micafungin was tested. Very low MICs of <0.06 pg/ml were found vs
the mould form, but >64 pg/ml to micafungin vs the yeast for of H. capsulatum.
This was similar to what was seen with B. dermatitidis and P. brasiliensis [6].

The results of testing 144 clinical isolates of H. capsulatum vs amphotericin and
three azoles were reported by Espinel-Ingroff in 2001. The range of MICs was
<0.3-2.0 pg/ml with a MIC, . of 0.25 pg/ml. The MIC, . for 136 strains vs ampho-
tericin was 1.0 pg/ml and vs. itraconazole, the MIC, , was 0.06 pg/ml. The range
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of MIC:s for 26 isolates vs fluconazole was <0.125—->64 pg/ml [3]. The same author
in a subsequent chapter summarized the echinocandin susceptibility of the systemic
dimorphic fungi from a number of literature reports. Using the mould phase of five
isolates of H. capsulatum, the MICs vs caspofungin was 0.5—4 pg/ml; the same five
strains vs anidulafungin demonstrated an MIC range of 2—4 pg/ml [1].

7.2 Blastomyces dermatitidis

Six strains of B. dermatitidis (three ATTC strains and three clinical strains) were
tested using the mould and yeast form of the fungus vs micafungin, amphotericin,
itraconazole, and fluconazole using a microdilution broth method of testing. The
MICs vs amphotericin B were different when the yeast vs mould form of B. derma-
titidis was used, i.e., the MIC with the mould form was 0.0156 pg/ml and the yeast
for all was 0.125 pg/ml. The MICs vs itraconazole were very low (<0.03 pg/ml),
comparable between yeast and mould inocula and even lower than found vs H. cap-
sulatum for most strains. Similar to testing of H. capsulatum, the yeast form pro-
duced lower MICs to fluconazole vs the mould form and there was a huge difference
between the yeast and mould forms of inocula when micafungin was tested. Very
low MICs of <0.03 pg/ml were found vs the mould form, but was >32 pg/ml to
micafungin vs the yeast for of B. dermatitidis. This was similar to what was seen
with H. capsulatum and P. brasiliensis [6].

The same 2001 paper described above for H. capsulatum reported on results of
142 isolates of B. dermatitidis vs. voriconazole. MIC, . was 0.25 ug/ml. One hun-
dred thirty three isolates vs amphotericin had MIC, . of 0.5 pg/ml and vs itracon-
azole MIC, , was 0.125 pg/ml. The range of MICs for 30 isolates vs fluconazole
was 1-64 pg/ml [2, 3].

Another study with 34 isolates of B. dermatitidis provided results on the echi-
nocandins: the MIC range was 2—>8 pg/ml for anidulafungin, and for fewer iso-
lates, the range for caspofungin and micafungin was 0.5—->8 pg/ml [2]. In the 2003
literature review paper, the azoles, itraconazole, and posaconazole appeared to be
more active than the echinocandins [1].

7.3 Coccidioides immitis

In one study looking at four clinical isolates of C. immitis (along with other dimor-
phic fungi as noted above), using, of course, only the mould form of this fungus,
very low MICs were demonstrated vs amphotericin (<0.25 pg/ml), itraconazole
(=0.125 pg/ml), fluconazole (4 pg/ml), and micafungin (0.02 pg/ml) [6].

For C. immitis, the 2001 paper from Espinel-Ingroff reported on 142 isolates vs
voriconazole with MIC range of <0.3-0.5 ug/ml and MIC, , of 0.25 pg/ml. The
amphotericin and itraconazole MIC,, for 131 isolates was 1.0 pg/ml for both
agents. The range of MIC for fluconazole vs 29 C. immitis isolates was 2—-64 pg/ml [3].
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Results were similar in a later paper of 29 isolates vs amphotericin and fluconazole,
but echinocandins were also reported. For caspofungin, 25 C. immitis isolates had
MIC of >8 pg/ml; there were results for only four isolates vs micafungin, but the MIC
was in the susceptible range of 0.01 pg/ml interestingly [1].

7.4 Paracoccidioides brasiliensis

Seven clinical strains of P. brasiliensis were tested using the mould and yeast form
of the fungus vs micafungin, amphotericin, itraconazole, and fluconazole using a
microdilution broth method of testing. The MICs vs amphotericin B were different
when the yeast vs mould form of P. brasiliensis was used, i.e., the MIC with the
mould form was 0.03 pg/ml and the yeast for all was <0.25 pg/ml. The MICs vs
itraconazole were very low (<0.08 pg/ml), comparable between yeast and mould
inocula and even lower than found in vs H. capsulatum for most strains. The yeast
form of P. brasiliensis produced slightly lower MICs to fluconazole vs the mould
form for 3/7 strains. The difference between the yeast and mould forms of inocula
when micafungin was tested was present as seen with B. dermatitidis and H. capsu-
latum although both were quite high (>4 pg/ml) [6].

Only 19 isolates of P. brasiliensis were reported in the 2001 paper by Espinel-
Ingroff vs voriconazole. The range of MIC values was <0.03-2 pg/ml; for amphot-
ericin, <0.125 to >64 png/ml; for itraconazole, < 0.03—1 pg/ml; and for fluconazole,
<0.125-64 pg/ml [3].

7.5 Sporothrix schenckii

Seven clinical strains of S. schenckii were tested using the mould and yeast form of
the fungus vs micafungin, amphotericin, itraconazole, and fluconazole using a
microdilution broth method of testing. The MICs vs amphotericin B and itracon-
azole were all <2.0 pg/ml, which was slightly higher than the MICs for the other
dimorphics tested. The MICs to fluconazole were very high (=16 pg/ml) and for
most >64 pg/ml. There were results of both yeast and mould phase inocula for only
2/7 strains of S. schenckii, and for those two, the mould form produced a lower MIC
to micafungin (<1.0 ng/ml) as was seen with the other dimorphics. With yeast inoc-
ula, 216 pg/ml of micafungin was found [5]. Espinel-Ingroff reported that for five
clinical isolates of S. schenckii, the range of MIC to the echinocandins caspofungin
and anidulafungin was broad, from 0.25->8 pg/ml. The MIC range for posacon-
azole for those same isolates was 0.12—1.0 pg/ml [2].

In a Brazilian study in 2006, 43 isolates of S. schenckii were tested using CLSI
standards M27-A2. Higher MICs were noted with the mould form of inocula vs
amphotericin, itraconazole, and terbinafine, especially vs amphotericin B. This was
in contrast to the higher MICs seen with yeast form in the Japanese study by Nakai.
[5, 6] Ninety-five percent of the results using yeast form were susceptible to
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amphotericin B (MIC <1.0 pg/ml) vs 35% using the mycelial form as inocula. For
itraconazole, 98% of the isolates had an MIC below 0.5 pg/ml with yeast form vs
76% with mould form of inocula; for terbinafine, the MICs to which most of the
isolates were susceptible was 0.06—0.25 pg/ml with minimal variability between the
mould vs yeast forms [5]. Ninety one S. schenckii isolates from another Brazilian
study in 2009 also demonstrated higher MICs with mycelial forms as the inocula
compared to the yeast form although good activity was seen with either mycelial or
yeast forms vs. amphotericin, itraconazole, terbinafine, and ravuconazole; no activ-
ity was demonstrated against S. schenckii when either growth phase was used against
fluconazole and voriconazole. When an E-test method was compared to the broth
microdilution, many discrepancies were seen with voriconazole and itraconazole,
but the authors concluded that the E-test could be employed instead of the broth
microdilution method for testing amphotericin and fluconazole [4].

The voriconazole MIC,, for 47 isolates of S. schenckii was >16 pg/ml; for itracon-
azole, 4.0 ug/ml; and for fluconazole, >128 ug/ml. The MIC, , for amphotericin was
4.0 pg/ml [3]. Five isolates were reported vs echinocandins, and the MIC range was
0.25—->8 pg/ml. Posaconazole results were included as well, 0.12-1.0 pg/ml [2, 3].

7.6 Penicillium marneffei

Five clinical strains of P. marneffei were tested in the Nakai paper along with the
other dimorphics. MICs for both yeast and mould inocula vs amphotericin were
similar and low (<0.5 pg/ml), itraconazole (<0.06 pg/ml), and fluconazole (<4 g/
ml). MICs to micafungin were >4 pg/ml with the yeast inocula. For three out of four
strains of P. marneffei, the mould inocula gave an MIC of 2.0 png/ml and for 1 strain
0.03 pg/ml [6].

In another study, 27 isolates had an MIC to voriconazole of <0.03 pg/ml, and 25
isolates were susceptible to fluconazole with MICs <8 ng/ml. The range for 25 iso-
lates vs amphotericin was <0.03-8 pg/ml and for itraconazole, <0.03-2 pg/ml [3].

In summary, for all of the dimorphic fungi reported on in the literature, a variety
of differences were seen with the growth phase used, i.e., mycelial vs yeast phase;
there appear to also be differences seen when results are given for isolates tested
from different countries. Knowing the in vitro susceptibility of isolates from the
country in which you practice would be important when planning treatment pro-
grams for these fungi. Performance of in vitro susceptibility in cases of serious
infections may be warranted.
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Chapter 8
Utility of Antifungal Susceptibility
Testing and Clinical Correlations

Daniel J. Diekema and Michael A. Pfaller

Abstract In this chapter, we review the available published data addressing the clinical
relevance of antifungal susceptibility test results. By far the most data exist to support
the clinical relevance of AFST results for Candida against fluconazole, and these
data suggest that the clinical utility of this information mirrors that put forward for
antibacterial susceptibility testing. Clinical relevance has also been demonstrated
for selected other antifungal agents against Candida and Cryptococcus spp. By con-
trast, little direct support for the clinical utility of AFST for moulds is available.

8.1 Antimicrobial Susceptibility Testing and “Clinical Utility”

The first and most important step toward the goal of “clinically useful” antimicro-
bial susceptibility testing is the development of standardized, reproducible refer-
ence testing methods. For antifungal susceptibility testing (AFST), this step has
been accomplished and has resulted in the establishment of standard testing meth-
ods by both the Clinical and Laboratory Standards Institute (CLSI) and the European
Committee for Antimicrobial Susceptibility Testing (EUCAST) [1-6]. These groups
have developed and validated methods for broth dilution (CLSI and EUCAST) and

D.J. Diekema, M.D. (<)
Division of Infectious Diseases, Department of Internal Medicine, University of lowa
Carver College of Medicine, lowa City, IA, USA

University of Iowa College of Public Health, Iowa City, IA, USA
e-mail: daniel-diekema@uiowa.edu

M.A. Pfaller, M.D.
Division of Clinical Microbiology, Department of Pathology, University of Iowa
Carver College of Medicine, lowa City, IA, USA

University of Iowa College of Public Health, Iowa City, IA, USA

G.S. Hall (ed.), Interactions of Yeasts, Moulds, and Antifungal Agents: 131
How to Detect Resistance, DOI 10.1007/978-1-59745-134-5_8,
© Springer Science+Business Media, LLC 2012



132 D.J. Diekema and M.A. Pfaller

disk diffusion (CLSI) susceptibility testing of yeasts [1, 2, 5] and moulds [3, 4, 6]
(see Chap. 2). Development of standard methods has been accompanied by devel-
opment of quality control limits for many agents for both minimum inhibitory
concentration (MIC) and disk diffusion (DD) methods [1-9].

Now that AFST tools are available, how should we evaluate and use them?
Standard AFST methods have clearly been very useful for performing large-scale
surveillance studies, describing the susceptibility profiles of fungal organisms
worldwide, and for examining geographic, temporal, and species-related trends
in vitro susceptibility [10-34]. Standard methods have also proven useful for screen-
ing investigational agents to determine the likelihood that they hold clinical prom-
ise. In addition, standard AFST methods can now serve as gold standard comparators
for the development and validation of commercial AFST methods ([35-39], see
Chap. 3). All of these uses, however, presume that the information provided by
standard AFST methods (the MIC or the disk zone diameter) has clinical relevance
in the care of patients with fungal infection. It is this issue (the “clinical utility” or
“clinical relevance” of AFST) that will be the topic of this chapter.

Rex and Pfaller have articulated several important principles to consider when
discussing the clinical utility of susceptibility test methods [40]. These principles
include an understanding that the MIC is a construct that is largely defined by test-
ing conditions, rather than a physical or chemical measurement (e.g., a sodium
level). While it is hoped that this highly artificial measure will correlate with clinical
outcome, several factors related to the host (immune response, underlying illness,
site of infection), the infecting organism (virulence), and the antifungal agent (dose,
pharmacokinetics, pharmacodynamics, drug interactions) may be more important
than susceptibility test results in determining clinical outcomes for infected patients.
In particular, in vitro susceptibility of an organism to an antifungal agent does not
predict a successful therapeutic outcome. However, in vitro resistance of an organ-
ism to an antifungal agent should help predict clinical failure [40].

Understanding these principles should temper our expectations regarding the
clinical utility of any in vitro susceptibility test and should engender a healthy
respect for how difficult it is to demonstrate an association between an AFST result
and clinical outcome for patients with serious fungal infections. Since AFST meth-
ods have been widely introduced more recently than have antibacterial susceptibil-
ity testing (ABST) methods, we will first review lessons learned from the experience
to date with ABST.

8.2 Lessons Learned from Antibacterial
Susceptibility Testing: The ¢“90—60 Rule”

Rex and Pfaller reviewed 12 studies that sought to correlate in vitro susceptibility
test results with clinical outcome among persons with bacterial infection [40]. While
these studies, outlined in detail by Rex and Pfaller and summarized in Fig. 8.1,
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Fig. 8.1 Rates of successful outcome of therapy for organisms susceptible versus resistant to the
therapeutic agent used (Data represent compilation of the results of 12 studies reviewed in Ref.
[40D

represented a wide variety of infection sites, antimicrobial agents administered, and
measures of success (mortality, clinical response, microbiologic response), a clear
pattern emerged: infections due to susceptible bacteria responded favorably to
appropriate therapy about 90% of the time, while infections due to resistant bacte-
ria, when treated with the agent to which they were resistant, responded about 60%
of the time [40].

This observation, referred to by the authors as the “90-60 rule,” is best under-
stood in the context of the principles of in vitro susceptibility testing described
above. The fact that appropriate therapy fails in up to 10% or more of infected
patients demonstrates the importance of host factors in clinical outcome. Likewise,
the fact that 60% of patients treated with a drug to which their infecting organism is
resistant still respond is a testament to the importance of host immune response,
among other factors, in determining outcome. Antibacterial susceptibility testing
appears to have its greatest clinical utility in predicting which antimicrobials are
less likely to result in a favorable clinical outcome.

8.3 Clinical Correlations for Antifungal Susceptibility Testing
8.3.1 Candida spp.

By far the most in vivo data to support clinical relevance of AFST exist for the
Candida species. As such, we will spend most of this chapter reviewing the data for
Candida for each antifungal agent.
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Fig. 8.2 Correlation of fluconazole susceptibility with clinical response for mucosal and invasive
Candida infections treated with fluconazole (Adapted from Ref. [28]). N=1,295 infection-
episode-isolate events (692 mucosal, 603 invasive, compiled from 12 published studies)

8.3.1.1 Candida spp. and Fluconazole

The original CLSI interpretive breakpoints for fluconazole and Candida spp.
(susceptible (S), MIC <8 pg/mL, susceptible dose dependent (S-DD), MIC 16-32 ng/
mL, and resistant (R), MIC >64 pg/mL) were based upon an analysis of treatment
outcome in a dataset consisting of both mucosal (411 patient-episode-isolate events)
and invasive (108 patient-episode-isolate) disease [41]. The interpretive category of
“S-DD” was first introduced at this time and served to emphasize the importance
of adequate fluconazole dosing to achieve blood and tissue levels sufficient to
inhibit isolates with higher fluconazole MICs. Overall, the clinical response rate in
this dataset was 87%, including 92% (370/403) for infections with susceptible
isolates, 82% (45/55) for infections with isolates having MIC in the S-DD range,
and 56% (34/61) for those infections with resistant isolates. When invasive infec-
tion episodes only were examined, the corresponding success rates were 71%, 91%,
and 58%, respectively. As has been pointed out previously, the limitations of this
dataset include (1) the majority of results were drawn from mucosal candidiasis
episodes, (2) few episodes were due to isolates with elevated fluconazole MICs, and
(3) the concept of dose-dependent susceptibility was demonstrated only for mucosal
disease [42].

Since these data were published and breakpoints were established, there have
been several additional studies examining the relationship between therapeutic out-
come and fluconazole MIC or susceptibility category. These 12 studies, summa-
rized in Fig. 8.2, include 692 mucosal and 603 invasive infection episodes. The
overall success rate for the 1,295 patient-episode-isolate events was 77%, including
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85% for episodes due to Candida with MIC <8 ng/mL (S), 67% for episodes with
MIC of 16-32 pg/mL (S-DD), and 42% for those episodes due to resistant isolates
(MIC 264 pg/mL). These data provide confirmation of the clinical relevance of
antifungal susceptibility testing and are consistent with the “90-60 rule” described
above.

As would be expected, a low MIC (<8 pg/mL) to fluconazole was more predic-
tive of success for patients with mucosal, rather than invasive, candidiasis. The
patient population at risk for invasive candidiasis is such that host factors often
overwhelm the in vitro potency of an antifungal therapy in determining the outcome
of infection. In contrast, a high MIC (264 ng/mL) predicted a higher likelihood of
failure in patients with both mucosal and invasive candidiasis (only ~40% in each
group were successfully treated). Clearly, Candida isolates for which the flucon-
azole MIC is 264 pg/mL represent organisms for which adequate fluconazole con-
centrations cannot be sustained with current dosing regimens. These organisms
cause infections that are significantly less likely to respond to fluconazole therapy.
They also happen to consist mainly of C. glabrata and C. krusei.

The available data also support the concept that Candida spp. with MICs in the
S-DD range have response rates comparable to susceptible isolates provided that
higher fluconazole doses are used [42—46]. For both mucosal and invasive disease,
response rates to fluconazole were higher for S-DD than for resistant organisms
(Fig. 8.2).

Because physicians need useful susceptibility information sooner [47-50], the
CLSI Subcommittee sought to determine if reading the BMD fluconazole MIC at
24 h would produce valid results when interpreted using the existing 48-h break-
points [S51]. Excellent correlation (R=0.9) was noted between fluconazole MICs
read after 24- and 48-h incubation for 11,654 isolates of Candida spp. [52]. The
categorical agreement between the two readings, using the 48-h breakpoints, was
also very good, with an absolute categorical agreement of 93.8% and only 0.02%
very major (false-susceptible) or major (false-resistant) errors. Furthermore, when
the 48-h fluconazole breakpoints were applied to MICs read at 24 h, the earlier read-
ing predicted therapeutic outcome as accurately as the 48-h MICs in a set of 528
isolates from patients with mucosal and invasive candidiasis: 82% success for epi-
sodes in which the 24-h MIC was <8 pg/mL (S), 55% for those episodes in which
the MIC was 16-32 pg/mL (S-DD), and 39% for episodes in which the MIC was
>64 pg/mL (R) [51]. Based on these results, the CLSI Subcommittee has included
the option to read fluconazole MICs for Candida after 24-h incubation, using the
original interpretive breakpoints, in CLSI document M27-A3 [1]. Physicians and
laboratories are cautioned to be aware that when an isolate is identified as C. glabrata
and the fluconazole MIC is <32 pg/mL (read at either 24 or 48 h), patients should
receive a maximum dosage of fluconazole (e.g., 12 mg/kg/day) [1, 53].

Additional data in support of the CLSI breakpoints for fluconazole, and for the
S-DD category, come from the pharmacodynamic literature. In vivo pharmacody-
namic studies suggest that the parameter most predictive of efficacy in animal mod-
els is the area under the concentration curve (AUC) to MIC ratio (AUC/MIC) [43,
44, 54, 55]. In healthy adults with normal renal function, the AUC is approximated
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Table 8.1 Relationship between dose/MIC ratio
and clinical response in fluconazole treatment of
mucosal and invasive candidiasis

Dose/MIC ratio % Clinical success (n/N)*®

>400 98 (123/125)
100-300 95 (135/142)
50-75 86 (53/62
25-37.5 72 (178/246)
6.26-12.5 68 (52/77)
<6.25 55 (36/65)

2n number of successful treatment events, N num-
ber of total episode-isolate events

®Data compiled from four studies, table adapted
from Ref. [28]

by the total daily dose in milligrams [42]. Using these assumptions, the CLSI
Subcommittee for Antifungal Testing used the dose/MIC ratio (as a surrogate for
AUC/MIC) to analyze the relationship between drug dose, organism MIC, and clin-
ical outcome for fluconazole treatment of mucosal candidiasis [42]. These data,
outlined in Table 8.1, demonstrate that a dose/MIC ratio of >25 is most predictive
of efficacy. This observation further supports the CLSI breakpoints for fluconazole
against Candida spp.: a 400-mg/day dose will achieve a ratio 250 for organisms
with fluconazole MIC <8 pg/mL, while 800 mg/day is required to achieve dose/
MIC ratios of >25 for isolates with MICs of 16-32 pg/mL.

While most data for clinical relevance of fluconazole MIC and Candida spp.
derives from the CLSI method [1], there is correlation between fluconazole MIC
and dose/MIC ratio and clinical outcome using the EUCAST method, using cohorts
of patients with mucosal candidiasis and candidemia [56]. These investigators
reported a clinical success rate of 94% (136 of 145 infection episodes) when flucon-
azole MICs were <2 pg/mL, 66% (8 of 12 episodes) when the fluconazole MIC was
4 ng/mL, and only 12% (12 of 101 episodes) when the MIC was >8 pg/mL. However,
over half of the patients in these cohorts were treated with fluconazole doses
<400 mg/day. The clinical response rate for dose/MIC ratio of >25 was 91.2% (145
of 159 episodes) in this study [56]. A second report utilized data mining of these
same two cohorts to validate the EUCAST breakpoints for Candida and fluconazole
(susceptible (S), MIC <2 pg/mL; intermediate (I), MIC 4 pg/mL; and resistant (R),
MIC =8 pg/mL) which differ from those of CLSI [57]. EUCAST breakpoints are
species specific and apply only to C. albicans, C. tropicalis, and C. parapsilosis.
Comparison of CLSI and EUCAST breakpoints was initially difficult, given the
differences in MIC methodology and in the definitions used to assess clinical
correlation [56].

Therefore, the CLSI Subcommittee on Antifungal Susceptibility Testing
embarked upon an effort to harmonize the CLSI and EUCAST breakpoints, taking
into account the wild-type distributions by species, molecular mechanisms of resis-
tance, essential and categorical agreement of MICs generated using the two meth-
ods, pharmacokinetic and pharmacodynamic considerations, and a reexamination



8 Utility of Antifungal Susceptibility Testing and Clinical Correlations 137

Table 8.2 Analysis of fluconazole MIC ranges
and outcome in patients with candidemia and
mucosal candidiasis

Outcome at MIC
MIC (ng/mL)  No. of events % Success
<2 550 91.6
4 52 82.7
>8 212 37.3

Adapted with permission from Ref. [58]

of the correlation between MICs and outcomes using previously published data
[58]. Datasets correlating CLSI and EUCAST MICs with outcomes revealed lower
response rates when MICs were >4 pug/mL for C. albicans, C. tropicalis, and
C. parapsilosis and >16 pg/mL for C. glabrata (Table 8.2). These findings led CLSI
to adjust their breakpoints for fluconazole and C. albicans, C. tropicalis, C. parap-
silosis (S, £2 pg/mL; S-DD, 4 pg/mL; R, 28 pg/mL), and C. glabrata (S-DD,
<32 pug/mL; R, 264 ng/mL). These breakpoints provide consistency with EUCAST
breakpoints and should also be more sensitive for detection of emerging resistance
among common Candida spp. [58].

In summary, abundant data exist to support the clinical relevance of AFST of
fluconazole against Candida spp. However, some of these data may be confounded
by the fact that most clinical Candida isolates that have elevated MICs to flucon-
azole are C. glabrata or C. krusei. If clinical variables exist that are associated with
both increased risk for C. glabrata or C. krusei infection, and with poor clinical
outcome, then the impact of the organisms MIC may be negligible. Data to support
clinical relevance may then be found either by examining only infection episodes
due to a single species or by examining case reports and series of salvage therapy,
wherein patients infected with isolates with elevated fluconazole MICs who are
failing fluconazole therapy are treated successfully with other antifungal agents
to which the organism has lower MICs (e.g., caspofungin, voriconazole, amphoteri-
cin B) [58-60].

One obstacle to demonstrating clinical relevance within a single Candida species
that is usually fluconazole-susceptible (e.g., C. albicans, C. tropicalis, C. parapsilosis)
is the absence of sufficient numbers of isolates that are fluconazole-resistant.
In order to establish a relationship between MIC and clinical outcome, one requires
not only sufficient numbers of resistant isolates but also a sufficient number of
patients infected with resistant isolates and treated with the drug to which the isolate
is resistant. The same problem exists for newer drugs that have excellent in vitro
activity against Candida spp. (e.g., echinocandins).

8.3.1.2 Candida spp. and Voriconazole

AFST interpretive breakpoints for voriconazole against Candida spp. were pro-
posed [27] and adopted by CLSI in 2008 [1]. Like the fluconazole breakpoints, an
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Table 8.3 Candida species, geometric mean MICs, and investigator-assessed
response to voriconazole therapy

Geometric mean

Species No. of isolates tested ~ MIC (ng/mL)* % Success
C. albicans 96 0.02 72
C. parapsilosis 34 0.03 85
Candida spp. 12 0.07 92
C. tropicalis 51 0.13 73
C. krusei 9 0.37 78
C. glabrata 47 0.79 55

Table adapted with permission from Ref. [27]
“Broth microdilution MICs were determined in accordance with CLSI M27-A2

Table 8.4 Investigator assessment of efficacy versus baseline MIC for Candida
species against voriconazole in primary and salvage therapy studies

MIC breakpoint

(ug/mL) Interpretive category No. of isolates % Success
<0.5 S 211 73

1-2 S-DD 17 65

>4 R 21 62

<1 S 221 74

2 S-DD 7 43

>4 R 21 62

Adapted with permission from Ref. [27]

S-DD category was included (MIC for susceptible, <1 pg/mL; S-DD, 2 ug/mL; and
resistant, >4 ug/mL). These breakpoints were established as they should be for any
organism-drug combination, based upon an integration of the MIC distribution,
pharmacokinetic and pharmacodynamic parameters, and the relationship between
in vitro activity and outcome from in vivo and clinical studies [27]. Given the scope
of this chapter, we will concentrate on the latter—the relationship between MIC and
outcome from clinical studies.

Pfaller, et al. summarized the clinical trials data available from 249 patients
infected with Candida spp. and treated with voriconazole [27]. As outlined in
Table 8.3, the clinical efficacy of voriconazole was >72% for all species of Candida
except for C. glabrata. For C. glabrata, the mean voriconazole MIC was higher (0.8
versus <0.4 pug/mL for the other species), and the clinical success rate was lower
(55%). Moreover, analysis of the data demonstrated a statistically significant rela-
tionship between baseline MIC of the infecting Candida isolate and end-of-therapy
assessment of outcome (p=0.02) [27]. Because of the strong association with spe-
cies identification and voriconazole MIC, species identification was also signifi-
cantly associated with end-of-therapy assessment of outcome in this dataset, and
when both variables were entered into a model, the log MIC term was no longer
significant [27]. Table 8.4 reveals the percent success rate of therapy by investigator
assessment of outcome versus the MIC category for two possible voriconazole
breakpoint criteria. For this dataset, the resistant category (MIC >4 ug/mL) was
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Table 8.5 Analysis of voriconazole MIC range versus outcome in patients with candidiasis
No. of events (% success) at MIC (pg/mL)

Species (no. tested) Incubation time (h) <0.125 0.25-0.5 >1
C. albicans (96) 24 83 (72.3) 6 (100.0) 7 (42.8)
48 81 (74.1) 7(71.4) 8 (50.0)
C. tropicalis (48) 24 47 (72.3) 1 (100.0)
48 35 (80.0) 7(42.9) 6 (66.7)
C. parapsilosis (34) 24 34 (85.3)
48 34 (85.3)
Miscellaneous (12) 24 9 (88.9) 2 (100.0) 1(0.0)
48 9 (88.9) 1 (100.0) 2 (50.0)
Total (190) 24 173 (75.7) 9 (100.0) 8 (37.5)
48 159 (78.6) 15 (60.0) 16 (56.3)

Adapted with permission from Ref. [62]

associated with an approximately 60% success rate, while infections due to suscep-
tible organisms responded approximately 75% of the time [27].

An S-DD category could be supported for voriconazole based upon the same prin-
ciples upon which it was established for fluconazole, in order to account for the non-
linear pharmacokinetics and the dosing flexibility of the drug [41]. Moreover, the
S-DD or “intermediate” (I) categories can function as a “buffer zone” to prevent minor
technical factors from causing discrepancies that cross major interpretive categories.

There are also EUCAST breakpoints for voriconazole and C. albicans, C. tropi-
calis, and C. parapsilosis, which differed from those of CLSI [61]. Recently, how-
ever, areassessment of the CLSI breakpoints was performed in an effort to harmonize
the two methods [62]. After establishing excellent agreement between 24-h MICs
using CLSI and EUCAST methods, and after examining the correlation between
MICs and outcomes from previously published data using CLSI methods (see
Table 8.5), the subcommittee recommended adjusted breakpoints for C. albicans,
C. tropicalis, C. parapsilosis, and C. krusei (Table 8.6).

8.3.1.3 Candida spp. and Itraconazole or Posaconazole

AFST interpretive breakpoints for itraconazole against Candida spp. have also been
established by CLSI, but are limited by virtue of (1) being based only upon episodes
of mucosal disease and (2) being established prior to the availability of intravenous
preparations of itraconazole, and therefore subject to the limitations of erratic bio-
availability of the oral preparation [41]. The current breakpoints (susceptible,
<0.125 pg/mL; S-DD, 0.25-0.5 pg/mL; and resistant, >1 pg/mL) are therefore con-
servative and not readily comparable to those for fluconazole or for those likely to
be approved for newer azoles. Given the limited use of itraconazole for invasive
candidiasis, there are no additional large datasets available, as there are for flucon-
azole, to provide additional support for the existing breakpoints.
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Table 8.6 New 24-h CLSI MIC interpretive breakpoints for voriconazole

and Candida®
MIC (pg/mL) defining
Species Susceptible Intermediate Resistant
C. albicans <0.125 0.25-0.5 >1
C. tropicalis <0.125 0.25-0.5 >]
C. parapsilosis <0.125 0.25-0.5 >]
C. krusei <0.5 1 >2
C. glabrata Note®

“Breakpoints may also be used for 48-h readings if 24-h growth control is
insufficient

*Note: The current data is insufficient to demonstrate a correlation
between in vitro susceptibility testing and clinical outcome for C. glabrata
and voriconazole. The epidemiological cutoff values (MIC, <0.5 pg/mL)
may be used to differentiate wild-type (WT) from non-WT (strains with
acquired or mutational resistance mechanisms) strains of this species

Regarding posaconazole, at the time of this writing, there are no clinical breakpoints,
and no data are available to support the clinical relevance of posaconazole MICs for
treatment of Candida spp. infections.

8.3.1.4 Candida spp. and Flucytosine

CLSI established breakpoints for flucytosine tested against Candida spp. [1, 41],
but these were based primarily upon historical and animal model data. No data
exists that directly addresses the clinical relevance of AFST results for flucytosine.
Since flucytosine should not be used as a single agent, but only in combination with
other systemic antifungal drugs such as amphotericin B or fluconazole, establishing
clinical relevance for AFST of flucytosine alone would be extremely challenging.

8.3.1.5 Candida spp. and Amphotericin B

Detection of resistance to amphotericin B among Candida spp. using the CLSI
M27-A3 broth microdilution method has been problematic due to the very narrow
range of MIC values obtained [40, 42, 63]. In vitro and in vivo resistance clearly
exists [64—72], and in vitro-in vivo correlations are possible [64, 66, 73, 74]. For
example, Clancy and Nguyen examined data from a multicenter prospective study
of candidemia and reported higher rates of therapeutic failure among patients who
had isolates with amphotericin B MIC of >0.38 pg/mL (14/25 failed therapy (56%)
versus only 12/74 (16%) with amphotericin B MICs of <0.38 pg/mL). In this study,
Etest was used to determine the amphotericin B MIC. In general, agar-based meth-
ods such as Etest (AB BIODISK, Solna, Sweden) have proven to be the most
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sensitive and reliable means by which to detect resistance to amphotericin B among
Candida species [19, 35, 63, 64, 66, 72, 73], although time-kill studies and determi-
nation of the minimum fungicidal concentration (MFC) may also be useful [68, 75].
Most recently, Park et al. examined Candida isolates from 107 candidemic patients
treated with amphotericin B, and despite using five different methods of MIC deter-
mination, including Etest, they did not find any correlation of MIC with therapeutic
outcome [63].

Despite the inconsistent data regarding the clinical relevance of the amphotericin
B MIC, and although interpretive breakpoints have not been established, it is recog-
nized that Candida for which MICs are >1 pg/mL are possibly “resistant” or may
require higher doses of amphotericin B for optimal treatment [40, 53, 76]. Using the
Etest agar-based technology as part of multicenter surveillance, we have identified
differences in the susceptibility of the various species of Candida to amphotericin B
[12, 13, 16, 19, 77-80]. Clearly, both C. glabrata and C. krusei exhibit decreased
susceptibility to amphotericin B compared to that of C. albicans [12, 19, 66, 79, 80].
Furthermore, amphotericin B exhibits markedly delayed killing kinetics against
these two species compared with that against C. albicans [75]. These findings are
reflected in the treatment guidelines for Candida infections where higher doses of
amphotericin B (=0.7 mg/kg/day for C. glabrata and 1 mg/kg/day for C. krusei) are
recommended for these two species [53, 76].

These issues are exemplified in a report by Krogh-Madsen and colleagues [66]
who described a series of consecutive isolates of C. glabrata with increasing resis-
tance to both amphotericin B and caspofungin recovered from a critically ill patient
in an ICU. Amphotericin B MICs determined by Etest ranged from 1.5 to 32 ng/
mL. An animal model documented therapeutic resistance to amphotericin B for
isolates for which the amphotericin B MIC was 6-8 pg/mL (decreased response)
and 232 pg/mL (fully resistant). The Etest method was superior to broth microdilu-
tion methods in predicting amphotericin B resistance. Reduced susceptibility to
amphotericin B was also demonstrated by time-kill studies. This case not only dem-
onstrates the development of amphotericin B resistance in C. glabrata but also con-
firms the Etest as a superior method for detecting such resistance.

Most other species of Candida remain susceptible to amphotericin B [12, 63].
Although notorious for developing clinical resistance to amphotericin B [73, 81—
84], C. lusitaniae generally appears susceptible to this agent upon initial isolation
from blood [12]. Thus, resistance to amphotericin B is not necessarily innate in this
species but develops secondarily during treatment. C. lusitaniae has been shown to
exhibit high-frequency phenotypic switching from amphotericin B susceptibility to
resistance on exposure to the drug [85, 86]. A recent case report demonstrated the
coexistence of two distinct color variants of C. lusitaniae upon subculture of posi-
tive blood samples onto CHROMagar Candida (Hardy Diagnostics, Santa Maria,
CA) [73]. One variant (blue colony type) was susceptible to amphotericin B, and
one (purple colony type) was resistant. The resistant variant was only detected after
intense exposure to amphotericin B, therapy which was clinically unsuccessful.
These results emphasize the importance of repeat amphotericin B susceptibility
testing for patients with persistent C. lusitaniae infection [73].
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8.3.1.6 Candida spp. and Echinocandins (Caspofungin,
Micafungin, Anidulafungin)

The optimization of in vitro susceptibility testing of the echinocandins against
Candida spp. has been difficult [17, 87, 88]; however, collaborative studies con-
ducted by the CLSI Antifungal Subcommittee demonstrated that the use of RPMI
1640 broth medium, incubation at 35°C for 24 h, and an MIC endpoint criterion of
prominent reduction in growth (MIC -2 or >50% inhibition relative to control
growth) provided reproducible MIC results with separation of the “wild-type” MIC
distribution from isolates with mutations in the FKS1gene for which reduced sus-
ceptibility was documented [17, 26, 88, 89].

The multicenter surveys conducted by Pfaller et al. [23, 26, 29, 90] and by
Ostrosky-Zeichner et al. [58] both document the excellent potency and spectrum of
all three echinocandins against more than 8,000 bloodstream infection isolates of
Candida spp. Both surveys show that the common species C. albicans, C. glabrata,
C. tropicalis, and C. krusei are highly susceptible to all three agents whereas
elevated MICs (1 to 4 ug/mL) are seen for C. parapsilosis and C. guilliermondii.
The available clinical data indicate that all of these species respond similarly to
treatment with each of these agents [76, 91-100], although persistent fungemia with
C. parapsilosis has been noted in the face of caspofungin therapy [97].

The CLSI applied the blueprint used to develop interpretive breakpoints for the
azoles to develop breakpoints for anidulafungin, caspofungin, and micafungin when
testing Candida spp. [34]. The CLSI Subcommittee considered (1) PK data docu-
menting total serum drug concentrations above 1 pg/mL throughout the dosing
interval for all three echinocandins [101]; (2) MIC distribution data showing that the
MICs for >99% of 8,271 isolates was <2 pg/mL for all three agents [90]; (3) cross-
resistance among the three echinocandins [90, 102] and lack thereof between echi-
nocandins and azoles [17, 23, 26]; and (4) echinocandin MICs for Candida strains
with documented FKS1 (glucan synthase) gene mutations and isolates from early
case reports of echinocandin failures that were generally between 4 and 8 pg/mL or
greater [102, 103]. Pharmacodynamic considerations included the fact that the indi-
ces associated with treatment efficacy for the echinocandins were AUC/MIC and
Cmax/MIC ratios [104-106].

The clinical trial data (patient outcomes and baseline isolates) used in the initial
CLSI analysis included four phase 2 or phase 3 studies of esophageal candidiasis
treated with caspofungin [95], two phase 3 studies of invasive candidiasis treated
with caspofungin [95], one phase 3 study of invasive candidiasis treated with anidu-
lafungin [99], and two phase 3 studies of invasive candidiasis treated with mica-
fungin [100, 107]. Clinical outcomes, as determined by the investigators at the end
of therapy, were compared with the relevant echinocandin MICs for each baseline
Candida isolate. Analysis of the available data supported an MIC of <2 pg/mL as
predictive of efficacy (S) for all three echinocandins [34]. Successful outcomes at
the breakpoint of <2 pg/mL were 88% for anidulafungin, 79% for caspofungin, and
80% for micafungin. An MIC predictive of resistance could not be defined for these
agents based on data from clinical trials because of the paucity of isolates for which
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the MIC was greater than 2 pg/mL. The CLSI Subcommittee decided to recommend
a “susceptible only” breakpoint of <2 pg/mL due to the lack of echinocandin resis-
tance in the population of Candida isolates thus far [34]. Isolates of any species for
which MICs are greater than 2 pg/mL were designated “nonsusceptible” (NS) and
referred to a qualified reference laboratory for confirmation of identification and
susceptibility to the echinocandins.

However, the first recommended CLSI clinical breakpoint for echinocandins and
Candida spp. (£2 pg/mL) is 8—-64-fold higher than the “epidemiological cutoff val-
ues” (ECVs) for the echinocandins and most Candida spp., including C. albicans,
C. glabrata, C. tropicalis, and C. krusei [90]. Only for C. lusitaniae, C. parapsilo-
sis, and C. guilliermondii are the echinocandin ECVs within one or two dilutions of
the clinical breakpoint [90]. This is important because while clinical breakpoints are
designed to indicate those organisms most likely to respond to treatment with a
given antimicrobial, ECVs are used as a sensitive measure to detect organisms that
fall outside of the “wild-type” MIC distribution and may therefore exhibit resistance
mechanisms. Although clinical trials showed that each of the three echinocandins
could be used to treat invasive candidiasis due to Candida spp. isolates for which
MICs were as high as the clinical breakpoint of 2 pg/mL [76, 91-100], several
reports of clinical resistance to caspofungin therapy ([66, 103, 108—113]; Table 8.7),
combined with studies of glucan synthase enzyme kinetics [113-115], suggested
that the clinical breakpoint of <2 pg/mL needed to be adjusted to both predict clini-
cal resistance as well as the emergence of strains with FKS1 mutations. In each of
the cases shown in Table 8.7, clinical failure of caspofungin therapy was associated
with FKS1 resistance mutations and MICs for all the echinocandins that were above
the ECVs (e.g., elevated compared with “wild type”) but not necessarily higher than
the clinical breakpoint.

Therefore, the CLSI revisited the echinocandin breakpoints and proposed
species-specific breakpoints that for several species (C. albicans, C. glabrata, C. tropicalis,
and C. krusei) are significantly lower than previous breakpoints [116] (Table 8.8).
These breakpoints will be more sensitive to detect emerging resistance to the
echinocandins among common Candida spp. and should be better predictors of
clinical failure [116].

8.3.2 Aspergillus spp.

There are currently no established AFST breakpoints for the Aspergillus spp. and any
available antifungal agent. Animal (murine) model data have produced mixed results
regarding the correlation of in vivo outcome from Aspergillus infection and in vitro
AFST results for itraconazole [117, 118] and amphotericin B [119]. The most widely
cited study supporting the clinical relevance of AFST results for invasive aspergil-
losis (IA) was published by Lass-Florl et al. [120], who examined the relationship
between MIC (determined according to methods similar to the CLSI M38-A) and
outcome among 29 patients with IA. All six subjects with an amphotericin B MIC
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Table 8.8 MIC interpretive breakpoints (BP) for the echinocan-
dins and Candida species (CLSI)

MIC BP (ug/mL)
Antifungal agent  Species S I R
Anidulafungin C. albicans <025 05 =21
C. glabrata <025 05 =21
C. tropicalis <025 05 =1
C. krusei <025 05 =1
C. parapsilosis <2 4 >8
C. guilliermondii <2 4 >8
Caspofungin C. albicans <025 05 =1
C. glabrata <025 05 21
C. tropicalis <025 05 21
C. krusei <025 05 21
C. parapsilosis <2 4 >8
C. guilliermondii <2 4 >8
Micafungin C. albicans <025 05 =1
C. glabrata <0.06 0.12 2>0.25
C. tropicalis <025 05 =1
C. krusei <025 05 =1
C. parapsilosis <2 4 >8
C. guilliermondii <2 4 >8

of <1 pg/mL survived their infection, while 22/23 with amphotericin B MIC of
22 pg/mL died [120]. Nine of the 22 who died were infected with A. terreus, a spe-
cies well known to exhibit in vitro and in vivo resistance to amphotericin B [121,
122] (Table 8.9). Unfortunately, these results have not been replicated by other
groups [123].

While there are insufficient data to establish clinical breakpoints for Aspergillus
spp. based upon associations of MIC with clinical outcomes, there are several
reports of treatment failure associated with elevated azole MICs [124-126]. Both
primary resistance and secondary resistance have been demonstrated. Furthermore,
studies of MIC distributions and resistance mechanisms in A. fumigatus have shown
that MIC ECVs of <1 pg/mL for itraconazole and voriconazole and <0.25 pg/mL
for posaconazole identified “wild-type” strains and provide separation of the wild-
type population from those strains with resistance mutations of the cyp 5S1A gene
[31, 127].

8.3.3 Other Moulds

Even fewer data exist to support clinical relevance of AFST results for moulds other
than Aspergillus spp. The most useful information currently is the observation that
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Table 8.9 List of fungal organism and antifungal combinations for which
intrinsic or acquired resistance is commonly seen

Fungus Drug(s) Type of resistance
Aspergillus terreus Amphotericin B Intrinsic
Candida glabrata Azoles Intrinsic and acquired
Amphotericin B Acquired
Candida krusei Fluconazole Intrinsic
Flucytosine Intrinsic
Amphotericin B Acquired
Candida lusitaniae Amphotericin B Intrinsic and acquired
Histoplasma capsulatum Fluconazole Acquired
Scedosporium apiospermum  Amphotericin B Intrinsic
Scedosporium prolificans Amphotericin B Intrinsic
Trichosporon spp. Amphotericin B Intrinsic

for certain individual organism and drug combinations, there is some consistency
between the results obtained from in vitro testing and anecdotal or case series reports
of clinical success. For example, posaconazole, the azole with the best in vitro activ-
ity against the zygomycetes [128], is also the azole that holds the greatest promise
clinically in patients with zygomycosis [129, 130]. Conversely, there are organisms
which exhibit in vitro resistance almost uniformly to agents that may have some
clinical utility (e.g., Fusarium and voriconazole).

8.3.4 Cryptococcus neoformans

Although no AFST breakpoints have been established for this organism, there are
data suggesting a relationship between fluconazole MIC and outcome of cryptococ-
cal meningitis treated with this drug [131-133]. Aller et al. reported data from 25
patients with cryptococcal infection, noting that all five subjects who experienced
clinical failure had fluconazole MICs of >16 pg/mL, while the other 20 subjects had
fluconazole MICs of <8 pg/mL [133]. Similar data are not available for C. neofor-
mans and other antifungal agents such as amphotericin B or flucytosine.

A more recently published analysis of 74 cases of cryptococcal meningitis failed
to find any association between MIC and clinical outcome of treatment with ampho-
tericin B, flucytosine, or fluconazole [134]. However, this study is limited by the
inclusion of only 15 persons treated with fluconazole.

8.3.5 Other Yeast, Yeast-Like Fungi, and Dimorphic Fungi

There are insufficient data for the less common yeast and yeast-like fungi to sup-
port clinical utility of AFST results. Among the dimorphic fungi, there is one
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report suggesting an association between fluconazole MIC and clinical response
to fluconazole therapy among HIV-infected subjects with disseminated histoplas-
mosis [135].

8.4 A Practical Approach to the Use of Antifungal
Susceptibility Testing

Given the data we have reviewed in this chapter, how then should one use AFST
results in the care of patients? Table 8.10 provides detailed guidance on the use of
antifungal susceptibility testing in the clinical laboratory.

As additional data are gathered and relevant breakpoints established for new
organism-drug combinations (e.g., Aspergillus spp. and azoles), the recommenda-
tions in Table 8.10 are subject to modification.

8.5 Conclusion

Standardized methods for antifungal susceptibility testing have been developed and
are now widely available. Do the results of such testing have any utility in the care
of patients with invasive fungal infections? In this chapter, we review the available
published data addressing the clinical relevance of antifungal susceptibility test
results. By far the most data exist to support the clinical relevance of AFST results
for Candida against fluconazole, and these data suggest that the clinical utility of
this information mirrors that put forward for antibacterial susceptibility testing.
Clinical relevance has also been demonstrated for selected other antifungal agents
against Candida and Cryptococcus spp. By contrast, little direct support for the
clinical utility of AFST for moulds is available.

Since antifungal susceptibility patterns are strongly associated with species iden-
tification, we recommend that all laboratories identify invasive fungal isolates to the
species level. In addition, laboratories should routinely test invasive (sterile site)
Candida glabrata isolates against fluconazole and an echinocandin. Additional test-
ing of other fungal organisms and other drugs are also recommended in some situa-
tions, as dictated by the infection site, the organism involved, and the clinical
response to therapy. These recommendations will evolve as additional data is gath-
ered and relevant breakpoints established for new organism-drug combinations. We
anticipate that AFST will play an increasingly important role in the management of
patients with invasive fungal infections.
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