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The threat posed by antimicrobial resistance was clearly
outlined in the 1995 report of the American Society for Mi-
crobiology (ASM) Antimicrobial Resistance Task Force (2).
That report strongly recommended increased research on an-
timicrobial resistance, including the establishment of surveil-
lance programs to detect emerging resistance, to monitor re-
sistance rates, and to guide infection control and formulary
intervention programs. Since that time, numerous federal and
nonfederal surveillance programs have been established (12,
16-20, 27, 29, 32, 50, 54). Although the strengths and weak-
nesses of these programs may be debated (16-19, 29, 32, 50,
54), it is clear that there is now a better appreciation of the
antimicrobial resistance problem and that the infrastructure
now exists for longitudinal tracking of resistance issues for
antibacterial agents and bacterial pathogens (16-20).

Although the ASM report did not highlight mycotic diseases,
it is apparent that the same issues pertain to this field of in-
fectious diseases (13, 37). Not only have invasive mycoses
emerged as a significant public health issue (13, 14, 21, 30, 37, 49),
but also there is a growing concern about a shortage of effective
antifungal agents and an increase in the resistance of fungal
pathogens to the existing agents (8, 9, 34, 38, 57).

Among the invasive mycoses, none is more important or
common than candidiasis (14, 22, 30, 37, 38, 49). Candidiasis,
specifically candidemia, has been shown in numerous studies to
be the most frequent mycotic infection of hospitalized patients
and is associated with a significant attributable mortality and
excess length of hospital stay (4, 6, 12-14, 21, 30, 48, 49, 53, 56,
64). Along with a recognition of the importance of candidemia
and an emphasis on surveillance of bacterial infections and
antibacterial resistance has come an interest in developing
surveillance efforts to monitor trends in this important infec-
tious disease (13, 21, 37).

SURVEILLANCE PROGRAMS FOR CANDIDEMIA

Although still relatively few in number, surveillance pro-
grams for candidemia are growing steadily (1, 4, 5, 7, 10-12, 15,
21, 26, 31, 35, 51, 55, 58, 60, 61, 63, 66; G. M. Lyon, G.
Ponce-De-Leon, A. N. Sofair, M. E. Brandt, M. A. Ciblak,
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B. A. Arthington-Skaggs, L. Thomson, S. M. Huie, S. F. Yeo,
M. Pass, L. H. Harrison, D. W. Warnock, and R. A. Hajjeh,
40th Intersci. Conf. Antimicrob. Agents Chemother., abstr.
217, 2000). Existing programs can be categorized into popula-
tion-based surveillance and sentinel and nosocomial surveil-
lance programs (Table 1).

Because active population-based surveillance is designed to
detect all candidemias in a defined population, it may provide
accurate incidence rates and better descriptive epidemiology
than other surveillance designs (13, 21, 49, 62; Lyon et al., 40th
ICAAC). The cases detected in population-based surveillance
are by definition representative of the population surveyed,
and such surveillance provides the opportunity to assess risk
factors for candidemia (13, 49; R. A. Hajjeh, 6th ASM Con-
ference on Candida and Candidiasis, abstr. S-6, p. 15, 2002).
Furthermore, the isolates obtained in the course of such sur-
veillance provide a truly representative picture of species and
strain distribution and of antifungal resistance rates (21; Haj-
jeh, 6th ASM Conf. Candida and Candidiasis; Lyon et al., 40th
ICAAC), provided that care is taken to ensure that all infec-
tions are captured. Conversely, population-based surveillance
is expensive and difficult to conduct and thus by necessity must
be limited to a specific geographic area and a limited period of
time. So although population-based surveillance may provide a
very accurate view of candidemia in a given area or region, the
data may not be generalizable to an entire country or a pro-
longed period of time.

Sentinel surveillance programs, on the other hand, can be
criticized for being nonrepresentative of all hospitals, poten-
tially missing data and thus underrepresenting the burden of
disease and failing to provide a true estimate of disease inci-
dence (49). Conversely, sentinel programs are quite flexible
and allow sampling of consecutive episodes of infection from a
large number of institutions over a broad geographic area and
for prolonged periods of time (18, 19, 27, 41-47). The study
protocol can be brief but standardized, and the specific aims
are more limited (e.g., defining species rank order and anti-
fungal susceptibility profiles of Candida bloodstream infection
[BSI] isolates) than those of population-based programs. The
more modest goals of sentinel surveillance programs and the
use of a central reference laboratory for organism identifica-
tion and antifungal susceptibility testing allow such programs
to provide more rapid reporting of results and important feed-
back to participating centers (17-19, 27, 29, 32, 50).

The population-based and sentinel surveillance programs
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TABLE 1. Surveillance programs for candidemia®

Type Surveillance program Reference(s)
Population-based surveillance Centers for Disease Control
San Francisco and Atlanta, 1992-1993 21
Baltimore and Connecticut, 1998-2000 —r
Sentinel surveillance and nosocomial National Epidemiology of Mycoses Study 4, 39, 49, 56
infection surveillance Surveillance and Control of Pathogens of Epidemiologic Importance 12, 40
SENTRY 10, 41-43, 45, 46
Emerging Infections and the Epidemiology of Iowa Organisms 11
National Nosocomial Infection Surveillance System 6, 14, 53, 62
Sweden 7
Quebec 60
European Confederation of Medical Mycology 1, 15, 35, 61

“ List is not all-inclusive.
® Hajjeh, 6th ASM Conf. Candida and Candidiasis; Lyon et al., 40th ICAAC.

listed in Table 1 and discussed herein exclude those efforts that
focus on reporting the activity of an antifungal agent at a given
point in time and those reports of the experience of a single
institution over time. Although useful, such surveys are not
necessarily well positioned to identify general trends in species
distribution or antifungal resistance over time. The surveil-
lance data discussed in this review represent the findings of
programs that are multi-institutional and span at least 2 years.
The data generated from such programs are more generaliz-
able than those representing the experience of a single insti-
tution.

A recent critique of antimicrobial surveillance programs by
Richet (54) identified only one program reporting data on
Candida spp. among reports published between 1 January and
31 October 2000. In contrast, we have identified several sur-
veillance programs reporting species and antifungal suscepti-
bility data on Candida BSI (Table 1) (1, 4, 5, 7, 10-12, 15, 21,
26, 31, 35, 51, 55, 58, 60, 61, 63, 66; Lyon et al., 40th ICAAC).
The programs listed in Table 1 do not represent all Candida
surveillance programs but do provide a demonstration of pro-
grams with published data on candidemia and which used
central laboratories for species identification and antifungal
susceptibility testing and either a population-based or sentinel
surveillance program design. As with the antibacterial surveil-
lance programs (2, 17-19, 29, 32, 50, 54), there has been little
sharing of structure and/or coordination between the various
Candida surveillance programs; however, as will be discussed
in this review, the data derived from these various programs
are remarkably consistent and thus provide a broader view of
candidemia than is generally appreciated.

SPECIES DISTRIBUTION IN CANDIDEMIA

Virtually all of the surveillance efforts focusing on candi-
demia have provided a rank order of species distribution (Ta-
ble 2) (4, 10, 11, 12, 21, 39-43, 45, 46, 48, 56, 62; Lyon et al,,
40th ICAAC). In one of the earliest efforts, the Centers for
Disease Control and Prevention (CDC) population-based sur-
veillance study conducted in 1992 to 1993 in the San Francisco
Bay and Atlanta metropolitan areas (21) found Candida albi-
cans to be the most common species, followed in order by C.
parapsilosis, C. tropicalis, and C. glabrata (Table 2).

Subsequent surveillance programs, including the most re-
cent CDC population-based effort (Lyon et al., 40th ICAAC),
have noted an increase in the proportion of Candida BSI

caused by species other than C. albicans and especially an
increase in the frequency of BSI due to C. glabrata (Table 2)
(Lyon et al., 40th ICAAC). The United States-based surveil-
lance programs have clearly demonstrated this trend (4,
10—12, 39-41, 43, 45, 46, 48), and longitudinal data from the
National Nosocomial Infections Surveillance Program, a sur-
veillance program conducted by the CDC (6, 53, 62), has
shown that C. glabrata was the only species of Candida that
increased in frequency as a cause of BSI over the past decade
(62; Hajjeh, 6th ASM Conf. Candida and Candidiasis). Like-
wise, the SENTRY Surveillance Program has shown C. gla-
brata to rank second overall, accounting for approximately
20% of Candida BSI in the United States over the past 5 years,
1997 to 2001 (Table 3) (10, 41-43, 45, 46). In contrast, surveil-
lance data from other countries continue to reflect the impor-
tance of C. parapsilosis over C. glabrata (1,5, 7,9, 10, 15, 26, 31,
38, 41-43, 45, 51, 55, 61, 63).

The importance of patient age in determining the rank order
of Candida species causing BSI has also been noted in virtually
every program that has examined this relationship (Table 3)
(4, 21, 25, 46, 48, 56; Hajjeh, 6th ASM Conf. Candida and
Candidiasis; Lyon et al., 40th ICAAC). Both population-based
and sentinel surveillance programs have demonstrated the pre-
dominance of C. albicans and C. parapsilosis and the lack of C.
glabrata and other species of Candida as etiologic agents of
candidemia in the neonatal and pediatric age groups (Table 3).
In contrast, the increased importance of C. glabrata with in-
creasing patient age has been noted in both population-based
and sentinel surveillance data (Table 3).

Both the SENTRY and Emerging Infections and the Epi-
demiology of Iowa Organisms sentinel surveillance programs
demonstrated a significant trend towards a decreased propor-
tion of BSI due to C. albicans and an increased proportion due
to C. glabrata with increasing patient age (Fig. 1) (11, 46). Such
observations have important implications for infection control
(e.g., nosocomial transmission of C. parapsilosis in neonatal
intensive care units) (21, 25, 39, 46, 56; Hajjeh, 6th ASM Conf.
Candida and Candidiasis) and for empirical therapy and dos-
ing of systemic antifungal agents (46, 52). The increased im-
portance of C. glabrata and also C. krusei (22, 46, 52) in the
elderly gives rise to the need to consider higher doses of both
fluconazole and amphotericin B when treating Candida BSI in
older patients (52). Furthermore, using an alternative agent
such as an echinocandin in the elderly patient may also be
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TABLE 2. Candida species distribution as reported by sentinel and population-based candidemia surveillance programs
Surveillance No. of isolates % of total
“ Years Reference(s) d

program reporte C. albicans C. glabrata C. parapsilopsis C. tropicalis C. krusei Candida spp.
CDC 1992-1993 21 837 52 12 21 10 4 1
NEMIS 1993-1995 48 79 56 15 15 10 0 4
SCOPE 1995-1998 12, 40 934 53 20 10 12 3 2
CDC 1998-2000 —b 944 45 24 13 12 2 4
EIEIO 1998-2001 11 254 58 20 7 11 2 2
SENTRY 1997-2000 46 2,047 54 16 15 10 2 3

“ CDC, Centers for Disease Control; NEMIS, National Epidemiology of Mycoses Study; SCOPE, Surveillance and Control of Pathogens of Epidemiologic
Importance; EIEIO, Emerging Infections and the Epidemiology of Iowa Organisms; NNIS, National Nosocomial Infection Surveillance System.

® Hajjeh, 6th ASM Conf. Candida and Candidiasis; Lyon et al., 40th ICAAC.

considered, as the efficacy of this class of antifungal agents
against C. glabrata has been demonstrated (3, 22).

ANTIFUNGAL RESISTANCE TRENDS AND
NEW DRUG EVALUATION

Just as the rank order of species distribution changes with
patient age, there is also decreased susceptibility to both azoles
and amphotericin B among isolates of Candida spp. causing
BSI in older patients (46). This has been observed in the data
from the SENTRY program and is entirely driven by the de-
creased frequency of C. albicans and the increased frequency
of C. glabrata and C. krusei as causes of Candida BSI in patients
over the age of 65 years compared to the younger age groups
(46).

Trends in the susceptibility of Candida spp. BSI isolates to
fluconazole over time have been assessed using both popula-
tion-based and sentinel surveillance programs. The two CDC
population-based surveillance efforts show little, if any, resis-
tance to fluconazole emerging among BSI isolates of Candida
spp. between 1992 and 2000 (21; Lyon et al., 40th ICAAC).
Likewise, data from SENTRY and other sentinel surveillance
programs indicate that fluconazole resistance, as assessed by
National Committee for Clinical Laboratory Standards
(NCCLS) reference testing methods (33), is very uncommon
among BSI isolates of C. albicans, C. parapsilosis, and C. tropi-
calis (Table 4) (7, 11, 21, 46, 60; Lyon et al., 40th ICAAC).

Resistance to fluconazole among C. glabrata organisms has

been noted in approximately 10% of BSI isolates, with the
exception of data from Sweden (Table 4). Examining the pro-
file of fluconazole susceptibility observed over 3 years (1997 to
1999) in the SENTRY program finds no increase in resistance
among the most common species causing Candida BSI (45).
Notably, one study showed a trend towards increased suscep-
tibility to fluconazole among C. glabrata isolates (45). Although
the reasons underlying this apparent trend are unclear, the
possibility of improved utilization and dosing of fluconazole in
recent years with the resultant suppression of fluconazole re-
sistance in this species is worth investigating (45).

Sentinel surveillance programs have also been very impor-
tant in assessing the potential usefulness of investigational and
newly introduced antifungal agents (10, 31, 42, 44, 45, 47). The
ability to access large collections of recent clinically important
isolates of Candida spp. from geographically diverse sources
provides a much more informative assessment of the spectrum
and potency of a new antifungal agent than does a more lim-
ited evaluation using isolates from a single institution (Fig. 2).
In addition, the collection of BSI isolates from more than 100
institutions over several years in sentinel surveillance programs
such as the SENTRY program provides the requisite number
of relatively rare phenotypes (such as fluconazole-resistant
C. albicans BSI isolates) required to meaningfully assess cross-
resistance among new agents of the same class (Fig. 2) (47).
Such an assessment would be difficult to conduct without the
large clinical isolate collection provided by a longitudinal mul-
ticenter surveillance program.

TABLE 3. Candida species distribution in adults and neonates as reported by different candidemia surveillance programs

Study Surveillance v % of total
opulation rogram“ s References : g s . .

pop prog C. albicans C. glabrata C. parapsilopsis C. tropicalis C. krusei Candida spp.

Adults NEMIS 1993-1995 4,48 48 24 5 19 0 0
NNIS 1989-1999 — 59 12 10 11 NA° NA
CDC 1998-2000 - 48 25 12 14 NA NA
SENTRY 1997-2000 46 50 23 12 10 2 NA

Neonates CDC 1992-1993 21 53 0 45 0 0 2
NEMIS 1993-1995 48, 56 63 6 29 0 0 3
NNIS 1989-1999 — 54 2 38 4 0 2
SENTRY 1997-2000 46 60 3 24 7 0 6

“ See Table 2, footnote a, for surveillance program abbreviations.
? See Table 2, footnote b.

¢ NA, data not available.

4 Hajjeh, 6th ASM Conf. Candida and Candidiasis.



3554 MINIREVIEW

90
80
701
601
501
401
301
20-
101
04 . EEE
<1 1018

Percent of candidemias

19t049 50to64  >=65
Age group

|l C. albicans B C. parapsilosis B C. glabrata |

FIG. 1. Percentage of all candidemias due to selected Candida
species in each age group. Data are from the Emerging Infections and
the Epidemiology of Iowa Organisms survey, 1998 to 2001. P = 0.02
for trend of increased frequency of C. glabrata with increasing age.
Adapted from reference 11 with permission.

USE OF SURVEILLANCE PROGRAMS IN ASSESSING
MECHANISMS OF RESISTANCE

Currently, the various Candida surveillance programs pres-
ent antifungal susceptibility test information without investi-
gating the mechanism of resistance among strains expressing a
resistant phenotype. By accumulating large numbers of Can-
dida BSI isolates from around the world, longitudinal sentinel
surveillance programs may allow investigators to address these
issues as they pertain to both licensed and investigational
agents such as the new “extended-spectrum” triazoles. It is now
known that although rare, isolates of C. albicans exhibiting
high-level resistance to fluconazole (MIC, =64 pg/ml) may ex-
press several mechanisms of resistance (36, 65). Those isolates
of C. albicans with a phenotype of high-level resistance to both
fluconazole (MIC, =64 pg/ml) and itraconazole (MIC, =1 g/
ml) (the RR phenotype) may overexpress both MDR and CDR
efflux pumps with or without ERG16 mutations or overexpres-
sion, whereas a strain with high-level resistance to fluconazole
and susceptibility to itraconazole (MIC, =0.12 pg/ml) (the RS
phenotype) may overexpress the MDR pump but not the CDR
pump (36, 65).

Thus, one can use these phenotypes to track these resistance
mechanisms among clinically important isolates as well as to
assemble collections of strains for evaluation of the newer

J. CLIN. MICROBIOL.

triazoles and other antifungal agents (47). To date, it is appar-
ent that both the RR and RS phenotypes are quite rare among
C. albicans strains isolated from BSI (47). However, when they
occur, these phenotypes may also predict the efficacy of the
newer triazoles (Table 5) (44, 47). The RS phenotype appears
to be susceptible to the newer agents, such as voriconazole,
ravuconazole, and posaconazole (44, 47), whereas strains with
the RR phenotype are significantly less susceptible to these
agents than are those with the RS phenotype (Table 5) (44,
47). Thus, surveillance programs may identify resistance phe-
notypes that may be characterized further with respect to re-
sistance mechanism and, by tracking these phenotypes, may
also provide a better understanding of the frequency of the
resistance mechanisms, thereby serving to guide empirical
therapy and dosing recommendations.

DIFFERENT PROGRAMS PROVIDE
COMPLEMENTARY DATA

Although discontinuous, the various sentinel, nosocomial,
and population-based Candida surveillance programs, when
taken as a whole, do provide a useful view of trends in candi-
demia over the past decade. As noted above, the observation
from the two CDC population-based surveillance programs
that C. glabrata has emerged to become the second most com-
mon cause of candidemia is supported by the consecutive sen-
tinel surveillance programs National Epidemiology of Mycoses
Study (1993 to 1995), Surveillance and Control of Pathogens of
Epidemiologic Importance (1995 to 1998), and SENTRY
(1997 to 2002), as well as the longitudinal observations of the
National Nosocomial Infections Surveillance program (Table
2) (11, 12, 40, 46, 48, 62; Hajjeh, 6th ASM Conf. Candida and
Candidiasis). Likewise, the SENTRY program has demon-
strated differences in Candida species distribution among var-
ious countries that has been further substantiated by sentinel
studies in Europe (1, 15, 35, 61).

The influence of patient age on the frequency of various
species causing candidemia has also been demonstrated by
both population-based and sentinel surveillance programs
(Table 3 and Fig. 1) (4, 21, 46, 48, 56; Hajjeh, 6th ASM Conf.
Candida and Candidiasis; Lyon et al., 40th ICAAC). The con-
sistent observation of an increasing prominence of C. glabrata
as a cause of BSI with increasing patient age is very important
and should prompt more detailed investigations concerning
changes in mucosal immunity with age and their influence on
mucosal colonization with various species of Candida (22, 23,

TABLE 4. Fluconazole resistance among Candida BSI isolates as determined by different surveillance programs®

% Resistant to fluconazole”

Surveillance v No. of BSI
IS References
program tested C. albicans C. glabrata C. parapsilopsis C. tropicalis

CDC 1992-1993 21 394 1 14 0 2
CDC 1998-2000 — 944 1 10 0 6
Sweden 1994-1998 7 233 0 40 15 0
Quebec 1996-1998 60 442 1 9 0 0
SENTRY 1997-2000 46 2,047 1 7 0 1
EIEIO 1998-2001 11 254 0 10 0 0

“ See Table 2, footnote a.

® Determined by using NCCLS broth microdilution and interpretive criteria (MIC =64 wg/ml) (36).

¢ Lyon et al., 40th ICAAC.
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FIG. 2. In vitro activity of newer azoles stratified by fluconazole
susceptibility. There were 6,268 susceptible (fluconazole MIC, =8 g/
ml), 463 susceptible dose-dependent (susc-DD; fluconazole MIC, 16 to
32 pg/ml), and 239 resistant (fluconazole MIC, =64 ng/ml) strains.
Data are from reference 47.

28). Finally, the consistent use of the standardized NCCLS
method for assessing antifungal susceptibilities of Candida BSI
isolates in the various surveillance programs has provided a
uniform observation of a sustained high level of susceptibility
to fluconazole among the most common species of Candida
(Table 4 and Fig. 2).

The greater the care in selecting a particular organism (Can-
dida) from a well-defined type of infection (bloodstream), the
more likely that results from different surveys will be compa-
rable and validate one another. Thus, the sentinel surveillance
programs discussed in this review all focus on Candida spp. and
BSI identified consecutively at the participating institutions.
The fact that the isolates from the National Epidemiology of
Mycoses Study, Surveillance and Control of Pathogens of Ep-
idemiologic Importance, SENTRY, and Emerging Infections
and the Epidemiology of Iowa Organisms surveillance pro-
grams were all processed by the same central laboratory using
validated reference identification and susceptibility testing
methods also provides a level of standardization and continuity
that facilitates comparison of results from study to study.

The similar study design used in all of these surveillance
efforts has allowed us to compare and contrast species distri-
bution and antifungal susceptibility profiles among different
countries and institutions, different age groups, hospital loca-
tions (intensive care unit versus ward), and inpatient versus
outpatient settings (4, 10-12, 39, 40, 42, 43, 45, 46, 48, 56).

TABLE 5. Cross-resistance of C. albicans isolates to
licensed and investigational triazoles”

Cumulative % inhibited

Antifungal st?;ﬁil;_ No. of at MIC (pg/ml):
agent » isolates
€ category 012 025 05 1 2 4 8
Voriconazole RR 37 0 2.7 10.8 189 37.8 40.5 40.5
RS 38 2.6 263 553 947 100
Ravuconazole RR 32 125 188 250 40.6 43.8 469 469
RS 38 50.0 89.5 97.4 100

“ Adapted from reference 47 with permission.
® RR, fluconazole MIC =64 pg/ml and itraconazole MIC =1 pg/ml; RS,
fluconazole MIC =64 pg/ml and itraconazole MIC =0.12 pg/ml.
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The comparability of these data with those generated by the
less frequently performed population-based surveillance stud-
ies (21; Hajjeh, 6th ASM Conf. Candida and Candidiasis; Lyon
et al., 40th ICAAC) demonstrates the usefulness of sentinel
surveillance programs as a complement to the more labor- and
resource-intensive population-based efforts.

SUMMARY AND CONCLUSIONS

If the goal of surveillance programs is to identify emerging
infectious threats, to monitor trends in antimicrobial resis-
tance, and to contribute data that may be used by individual
practitioners and institutions and in drug development efforts
(2, 16-19, 29, 32, 50), then the combination of population-
based and sentinel surveillance programs for candidemia has
served its purpose to date. It is important to realize that there
is not one single best way to conduct surveillance and provide
useful information (17-19, 29, 32). Whereas the population-
based surveillance efforts are unsurpassed in providing inci-
dence data and risk factor profiles, they are limited in time and
space due to expense and labor intensiveness. Sentinel surveil-
lance programs designed to capture organisms and patient
demographic data from representative sites spanning a larger
geographical area and over a longer period of time serve to fill
in the gaps in time and space that are necessarily left by the
more intensive yet intermittent population-based programs.
The establishment of an infrastructure necessary for conduct-
ing sentinel surveillance may facilitate more intensive surveil-
lance in certain areas, such as a single state, and provide
information that may approximate that obtained from a pop-
ulation-based program (e.g., Emerging Infections and the Ep-
idemiology of Iowa Organisms) (11).

Improvements in data handling and reporting may provide
more rapid communication of surveillance results to partici-
pating centers (17-19, 29, 32). In the case of candidemia,
sentinel surveillance programs may provide identification con-
firmation and access to antifungal susceptibility testing services
that may not otherwise be available to participating institu-
tions. Thus, such programs should be supported and continued
as yet another means of aiding in the fight against opportunis-
tic mycoses. Expansion of existing programs to include less
frequent mycotic infections, such as those due to Aspergillus
spp. and other filamentous fungi, will further expand our
knowledge of these increasingly important infectious patho-
gens.
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