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Cross-resistance within a class of antimicrobial agents is a problem that is often encountered with antibac-
terial agents, and it is also an issue with antifungal agents. A current example is ravuconazole, a new triazole
antifungal with an expanded spectrum and potency against Candida spp., Aspergillus spp., and other oppor-
tunistic fungal pathogens. The present study addresses the issue of cross-resistance between fluconazole and
ravuconazole and the use of fluconazole as a surrogate marker to predict the susceptibility of Candida spp. to
ravuconazole. Reference broth microdilution MIC results for 12,796 strains of Candida spp. isolated from more
than 200 medical centers worldwide were used. Ravuconazole MICs and tentative interpretive categories
(susceptible, <1 �g/ml; resistant, >2 �g/ml) were compared with those of fluconazole by using regression
statistics and error rate bounding analyses. For all 12,796 isolates, the absolute categorical agreement rate was
92.5% (rate of false-susceptible results, or very major errors [VME], 0.1%). Ravuconazole was active (MIC, <1
�g/ml) against 99.9% of the fluconazole-susceptible isolates, 96% of the fluconazole-susceptible dose-dependent
isolates, and 49% of the fluconazole-resistant isolates, including 99% of the Candida krusei isolates. Since
ravuconazole is 16- to 32-fold more potent than fluconazole, the performance of fluconazole as a surrogate
marker for ravuconazole susceptibility was improved by designating those isolates with fluconazole MICs of
<32 �g/ml susceptible to ravuconazole, resulting in a categorical agreement rate of 98.3%, with a VME rate
of 0.3% (99 and 0.4%, respectively, when C. krusei was omitted). Cross-resistance between fluconazole and
ravuconazole applies most directly to fluconazole-resistant Candida glabrata and is variable among other
species of Candida. Fluconazole may serve as a surrogate marker to predict the susceptibility of Candida spp.
to ravuconazole.

Ravuconazole is an investigational triazole antifungal agent
with broad-spectrum activity against Candida spp., Cryptococ-
cus neoformans, Aspergillus spp., and other opportunistic fun-
gal pathogens (1, 14, 18). The activity of ravuconazole against
Candida spp. has been documented in vitro by broth dilution
methods (13, 14). Although ravuconazole is active against iso-
lates of Candida spp. with decreased susceptibility to flucon-
azole, evidence of cross-resistance has been demonstrated, es-
pecially with fluconazole-resistant strains of Candida glabrata
(14).

The purpose of this study was to provide further documen-
tation of cross-resistance between fluconazole and ravucon-
azole and to examine the usefulness of fluconazole as a surro-
gate marker for evaluating ravuconazole susceptibility in
Candida spp. by using a large database of susceptibility test
results compiled in the course of global antifungal surveillance
studies (12, 15, 15a).

MATERIALS AND METHODS

Organisms. A total of 12,796 clinical isolates of Candida spp. obtained from
more than 200 medical centers worldwide were tested. The collection included
7,521 Candida albicans isolates, 1,869 Candida glabrata isolates, 1,485 Candida
parapsilosis isolates, 1,185 Candida tropicalis isolates, 302 Candida krusei isolates,
128 Candida lusitaniae isolates, 103 Candida dubliniensis isolates, 84 Candida
guilliermondii isolates, 34 Candida pelliculosa isolates, 28 Candida kefyr isolates,
16 Candida famata isolates, 19 Candida rugosa isolates, 6 Candida lipolytica
isolates, 5 Candida zeylanoides isolates, 3 Candida inconspicua isolates, 1 Candida
lambica isolate, 2 Candida sake isolates, 1 Candida norvegensis isolate, and 4
isolates of Candida spp. not otherwise identified. All of these isolates were
incident isolates from individual patients, and more than 80% were obtained
from blood or other normally sterile body fluids. Isolates were identified by using
Vitek and API yeast identification systems (bioMerieux, Inc., Hazelwood, Mo.)
and were supplemented with conventional methods as needed (4). The C. dub-
liniensis isolates were obtained from mucosal infections and were identified by
specific probe hybridization (5). Isolates were stored as water suspensions until
they were used. Prior to testing, each isolate was passaged at least twice on
potato dextrose agar (Remel, Lenexa, Kans.) and CHROMagar (Hardy Labo-
ratories, Santa Maria, Calif.) to ensure purity and viability.

Susceptibility testing. Reference antifungal susceptibility testing of all isolates
was performed by broth microdilution as described by the National Committee
for Clinical Laboratory Standards (NCCLS) (8). Reference powders of flucon-
azole (Pfizer) and ravuconazole (Bristol-Myers Squibb) were obtained from their
respective manufacturers.

MIC interpretive criteria for fluconazole were those published by Rex et al.
(16) and the NCCLS (8). Breakpoints were as follows: susceptible (S), �8 �g/ml;
susceptible-dose dependent (S-DD), 16 to 32 �g/ml; resistant (R), �64 �g/ml.
Ravuconazole has not been assigned an interpretive breakpoint. For purposes of
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comparison and because pharmacokinetic data indicate that achievable levels for
ravuconazole in serum may range from 2 to 6 �g/ml with sustained concentra-
tions of �1 �g/ml depending on the dosing regimen (1; D. M. Grasela, S. J.
Olsen, V. Mummaenni, P. Rolan, L. Christopher, J. Norton, O. H. Hadjilabris,
and M. R. Marins, Abstr. 40th Intersci. Conf. Antimicrob. Agents Chemother.,
abstr. 839, p. 22, 2000), we employed breakpoints of �1 �g/ml (S) and �2 �g/ml
(R).

Analysis of results. All MIC results (expressed in micrograms per milliliter) for
fluconazole were directly compared with those for ravuconazole by using regres-
sion statistics and a scattergram (Fig. 1). The error rate bounding method to
minimize intermethod interpretive error was also applied with the interpretive
breakpoints described above. Acceptable error limits used in this comparison
were those cited by the NCCLS (7) and by other authors (3, 6).

The definitions of errors used in this analysis were as follows: a very major
error (VME), or a false-susceptible error, was a result of S for the surrogate
marker fluconazole and a result of R for ravuconazole; a major error (ME), or
a false-resistant error, was a result of R for fluconazole and a result of S for
ravuconazole; and a minor error was a result of S-DD for fluconazole and a result
of either S or R for ravuconazole. In general, for an agent to be considered a
reliable surrogate, the VME rate should be �1.5% of all results and the absolute
categorical agreement between methods should be �90% (3, 6, 7).

RESULTS AND DISCUSSION

Table 1 summarizes the comparison of 12,796 strains of
Candida spp. tested against ravuconazole and the surrogate

marker fluconazole by using the NCCLS (8) validated broth
microdilution method. Overall, for fluconazole, 11,666
(91.2%) isolates were categorized as S, 766 (6.0%) were cate-
gorized as S-DD, and 364 (2.8%) were categorized as R. Con-
versely, for ravuconazole, 12,567 (98.2%) were categorized as
S at �1 �g/ml and 229 (1.8%) were categorized as R, with
MICs of �2 �g/ml (range, 2 to �8 �g/ml) (Table 1 and Fig. 1).
If the fluconazole test result category (S, S-DD, or R) was used
to predict the ravuconazole category, the absolute categorical
agreement between test results was 92.5%, with a VME rate of
0.1%, a ME rate of 1.4%, and a minor error rate of 6.0%
(Table 2). The regression statistics (y � 4.7 � 1.0x; R � 0.92)
show an excellent level of agreement between the two methods
(Fig. 1).

Tables 1 and 2 also show the results for 12 individual species
of Candida. With the exception of C. glabrata, C. krusei, C.
rugosa, and C. famata, categorical agreement rates of 90% or
better (range, 90.5 to 100%) were observed for the individual
species, with few VMEs, MEs, or minor errors.

The NCCLS does not recommended that laboratories test C.
krusei against fluconazole given its poor clinical response to

FIG. 1. Scattergram comparing fluconazole and ravuconazole MICs (in micrograms per milliliter) for 12,796 strains of Candida spp. An
excellent correlation was observed (R � 0.92; y � 4.7 � 1.0x).
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this agent and the fact that fluconazole MICs are predictably
elevated (8, 16). In contrast, ravuconazole appears to be quite
active against this species (MICs for 299 of 302 isolates [99%]
were �1 �g/ml [Table 1]). Clearly, fluconazole results are not
predictive of ravuconazole susceptibility for this species (Ta-
bles 1 and 2). Thus, the C. krusei results should probably be
factored out of this analysis. When the C. krusei results were
excluded, the overall categorical agreement for the remaining
12,494 isolates improved to 94.7%, with VME, ME, and minor
error rates of 0.1, 0.5, and 4.7%, respectively (Table 2). At this
point, it appears that the susceptibility of C. krusei to ravucon-
azole may be predictable and the testing of this drug-organism
combination will not be necessary (17). Under selected circum-
stances (e.g., suboptimal clinical response), specific testing of
ravuconazole against C. krusei should be performed in order to
determine the activity of this agent against the clinical isolate
(17).

The fluconazole results also underestimated the activity of
ravuconazole against C. glabrata, C. rugosa, and C. famata

(Tables 1 and 2). More than 99% (range, 99.5 to 100%) of the
fluconazole-susceptible isolates of these three species were
also susceptible to ravuconazole at an MIC of �1 �g/ml (Table
1). Likewise, 89% of the fluconazole-resistant strains of C.
glabrata demonstrated decreased susceptibility (MIC � 2 �g/
ml; range, 2 to �8 �g/ml) to ravuconazole. In contrast, 94% of
the C. glabrata isolates and all isolates of C. rugosa and C.
famata that were S-DD to fluconazole were susceptible (MIC,
�1 �g/ml) to ravuconazole (Table 1). Clearly, it is most im-
portant to detect those isolates of C. glabrata that may be
resistant to ravuconazole and for this purpose fluconazole per-
forms quite well as a surrogate marker. If one uses fluconazole
MICs of �32 �g/ml as a surrogate marker to predict suscep-
tibility to ravuconazole (combining the S and S-DD categories)
and fluconazole MICs of �64 �g/ml to predict the ravucon-
azole resistance of C. glabrata isolates, the categorical agree-
ment rate improves to 97.1%, with VME and ME rates of 1.9
and 1.0%, respectively (Table 2). Similarly, with these criteria,
the categorical agreement levels for C. rugosa and C. famata
improve from 79 and 75%, respectively, to 100%. Applying
these modified criteria to the entire collection of isolates (mi-
nus C. krusei) results in an overall categorical agreement rate
of 99.1%, with VME and ME rates of 0.4 and 0.5%, respec-
tively (data not shown).

The use of one drug’s susceptibility test result to predict the
results for another agent is a way of measuring cross-resistance
and has been an important component of standardized anti-
bacterial susceptibility testing for decades (6, 9–11). The con-
cept of a class representative or surrogate marker is illustrated
and explained in NCCLS document M100-S13 (11), in which
the listing of drugs within a single box in supplemental Table 1
designates clusters of comparable agents that need not be
duplicated in testing because interpretive results are usually
similar and clinical efficacies are usually comparable (11). Fur-
thermore, the joining of two or more drugs with the word “or”
indicates related groups of agents with almost identical spectra
of activity and interpretive results and for which cross-resis-
tance and susceptibility are nearly complete, precluding the
need to test more than one agent from the group (11). These
principles can also be used to develop practical alternatives for
the microbiology laboratory when diagnostic susceptibility test-
ing reagents are not yet available (6). The example presented
in the present study represents the first application of these
principles to antifungal susceptibility testing.

Currently, the clinical development of ravuconazole has
been suspended by the manufacturer, Bristol-Myers Squibb.
Regardless, the present study serves as a proof of concept
regarding the use of surrogate markers or class representatives
in antifungal susceptibility testing. Previously (15a), we showed
a similarly strong correlation (R � 0.9) between voriconazole
and posaconazole MICs and fluconazole MICs in testing 3,932
isolates of Candida spp. With the same interpretive categories
used in the present study, fluconazole proved to be an excellent
surrogate marker for both voriconazole and posaconazole,
with categorical agreement rates of 97 to 98% and a VME rate
of 0.1% (data not shown). Thus, the class representative con-
cept can be applied to other extended-spectrum triazoles as
well as ravuconazole.

Fluconazole as a surrogate marker functioned well as a pre-
dictor of ravuconazole susceptibility among clinically signifi-

TABLE 1. Use of fluconazole to predict ravuconazole susceptibility
patterns for 12,796 clinical isolates of Candida spp. from the Global

Antifungal Surveillance Program, 1992 to 2002

Species
(no. of isolates tested)

Fluconazole
susceptibility

category

No. (%) of isolates in
ravuconazole category

S (�1 �g/ml) R (�2 �g/ml)

All Candida (12,796) S 11,656 (91.16) 10 (0.1)
S-DD 732 (5.7) 34 (0.2)
R 179 (1.4) 185 (1.5)

C. albicans (7,521) S 7,441 (98.9) 1 (�0.1)
S-DD 36 (0.5) 1 (�0.1)
R 27 (0.3) 15 (0.2)

C. glabrata (1,869) S 1,218 (65.2) 6 (0.3)
S-DD 452 (24.2) 29 (1.6)
R 18 (0.9) 146 (7.8)

C. parapsilosis (1,485) S 1,435 (96.6) 0 (0.0)
S-DD 43 (2.9) 0 (0.0)
R 7 (0.5) 0 (0.0)

C. tropicalis (1,185) S 1,159 (97.8) 1 (0.1)
S-DD 6 (0.5) 3 (0.3)
R 1 (0.1) 15 (1.2)

C. krusei (302) S 8 (2.7) 0 (0.0)
S-DD 171 (56.6) 1 (0.3)
R 120 (39.7) 2 (0.7)

C. lusitaniae (128) S 124 (96.9) 0 (0.0)
S-DD 3 (2.3) 0 (0.0)
R 1 (0.8) 0 (0.0)

C. dubliniensis (103) S 94 (91.3) 0 (0.0)
S-DD 6 (5.8) 0 (0.0)
R 1 (1.0) 2 (1.9)

C. guilliermondii (84) S 73 (86.9) 2 (2.4)
S-DD 6 (7.1) 0 (0.0)
R 0 (0.0) 3 (3.6)

C. pellliculosa (34) S 34 (100) 0 (0.0)
S-DD 0 (0.0) 0 (0.0)
R 0 (0.0) 0 (0.0)

C. kefyr (28) S 28 (100) 0 (0.0)
S-DD 0 (0.0) 0 (0.0)
R 0 (0.0) 0 (0.0)

C. rugosa (19) S 15 (79) 0 (0.0)
S-DD 4 (21) 0 (0.0)
R 0 (0.0) 0 (0.0)

C. famata (16) S 12 (75) 0 (0.0)
S-DD 4 (25) 0 (0.0)
R 0 (0.0) 0 (0.0)
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cant isolates of Candida spp. The absolute categorical agree-
ment of 94.7%, with a VME rate of 0.1%, among more than
12,000 isolates tested easily meets the recognized criteria for a
reliable surrogate marker (3). Ravuconazole is 16- to 32-fold
more potent than fluconazole against Candida spp. (Fig. 1),
with the result that the vast majority (96%) of isolates that are
S-DD to fluconazole are susceptible (MIC, �1 �g/ml) to ra-
vuconazole (Table 1). The use of fluconazole as a surrogate
marker for ravuconazole susceptibility could actually be im-
proved by designating those isolates with fluconazole MICs of
�32 �g/ml (the S and S-DD categories combined) susceptible
to ravuconazole, with the resistant category staying the same at
�64 �g/ml. The resulting categorical agreement rate of 98%
and VME rate of 0.3% (99 and 0.4%, respectively, when C.
krusei was omitted) is excellent for a surrogate marker.

In conclusion, cross-resistance between fluconazole and ra-
vuconazole (and likely other extended-spectrum triazoles) is
such that the fluconazole MIC result may be used as a surro-
gate marker for ravuconazole susceptibility. Specifically, flu-
conazole MICs of �32 �g/ml predict susceptibility and MICs
of �64 �g/ml predict resistance to ravuconazole. This is espe-
cially true for C. glabrata. The occurrence of false-susceptible
and false-resistant errors with this expanded application of the
class representative concept to selected triazoles was very low
and acceptable for surrogate marker testing. By using a pre-
dictor agent with a generally narrower spectrum of activity or
reduced potency, such as fluconazole, a conservative and safe
categorical estimation of activity can be made until specific,
ravuconazole-containing, federally approved products are
available (2). As commercial ravuconazole susceptibility test-
ing products become available, their use should rapidly replace
the interim use of this surrogate marker for clinical testing.
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