To Ol






Candidemia and Invasive Candidiasis: Pathogenesis,

Molecular Epidemiology, and Predictors of Outcome

A population-based study

Lena R6s Asmundsdattir

Supervisor:
Magnus Gottfredsson

Doctoral Committee:

Helga Erlendsdattir (chairman)
Ingibjérg Hilmarsdottir
Ingileif Jonsdottir

Olafur Gudlaugsson

s

University of Iceland

Faculty of Medicine



© Lena Rds Asmundsdottir 2008
Printed in Iceland
by Leturprent
All rights reserved

ISBN 978-9979-9886-0-1



AGRIP

Tioni alvarlegra sveppasykinga hefur aukist umtsv hinum vestraena heimi a
undanférnum aratugum, samhlida framférum i gjérgeasbferd og medhéndlun
bakteriusykinga og illkynja sjukdéma. Danartioniulkdinga med ifarandi
sveppasykingar er mjog ha. Markmid rannsoknarinrear ad kanna faraldsfraedi
bl6dsykinga af voldunCandida gersveppa (candidemia) hér & landi & 27 ara timabi
1980-2006, par med talid tegundaskiptingweppastofna, naemi peirra fyrir
sveppalyfjum og sveppalyfjanotkun. Jafnframt vaa&fupplysinga um einkenni,
aheettupeetti og forsparpeetti um horfur sjuklinga geendust & arunum 1980-1999
(172 tilfelli). Pa var leitast vio ad meta umfangrdidra sveppasykinga i blédi a
landsvisu med pvi ad beita sameindaerfdafreedilegdferoum. Ad lokum var
meinvirkni Candida albicans og Candida dubliniensis rannsokud i musum.

Arlegt nygengi blodsykinga af voldum sveppa jokst 14 sykingum &
100.000 ibua a arunum 1980-1984 i 5,3 sykingar @.0D0 ibua 2000-2006
(p<0.001). Mest vard aukningin hja smabérnum (<s) &g medal eldri einstaklinga
(>60 ara).C. albicans var sa gersveppur sem oftast reektadist Ur blaglisga
(61,6%). Innflutningur & sveppalyfinu flukonazolkgh um ~550% & landsvisu a
arunum 1991 til 2006, en ekki vard vart markteekraytingar & neemi sveppastofna
fyrir lyfinu a sama timabili. Steersti hluti svepgpligga i blodi greindist a
gjérgeesludeildum (35,8%) og skurddeildum (30,1%ljolpatta adhvarfsgreiningu
hafdi brotthdm a midblasedarlegg innan tveggja d&ga greiningu marktaekt
forspargildi um betri horfur (OR 0,22), en sykldlogd greiningu tengdist haerri
danartioni (OR 8,01). Med pvi ad stofngreina aliikeeka sveppastofna sem
reektudust Ur blodi & timabilinu 1991-2006 kom islj@d 18,7-39,9% allra
blédsykinga voru tengdar i tima og rami, sem gbamnt til adur ogreindra faraldra a
sjukrahisum. begar meinvirk@. albicans og C. dubliniensis var borin saman i
musamaodeli af blodsykingu var 7-daga danartionidy@aim sem sykt voru me@.
dubliniensis og C. albicans svipud. Meinvirkni var breytilegri milli stofna tovrar
tegundar en milli tegunda. Pradamyndun var markteshti i nyrum tilraunadyranna
eftir sykingu medC. albicans i samanburdi vidC. dubliniensis (p<0,001). |
fiolpattagreiningu var fylgni milli baedi aukinnarrgdamyndunar (OR 2,27) og
gersveppamyndunar (OR 2,06) og heerri danartioni,agkin iferd einkjarna
blédfrumna hafdi fylgni vid betri lifun (OR 0,02).

Gersveppir valda i sivaxandi meeli blédsykingum iansjukrahisum hér a
landi og er nygengi peirra svipad og i 6drum Eviépdum en leegra en i
Bandarikjunum. Nidurstodur okkar renna jafnfrantdstm undir mikilveegi skjotrar
medferdar, og ad djupir sedaleggir séu fjarleegdipesss kostur. Allt ad pridjungur
ifarandi sykinga kann ad eiga reetur ad rekja kirgyapyrpinga eda faraldra, og koma
baer oftast upp & gjoérgeesludeildum. Talsverd skérunmeinvirkniC. albicans og C.
dubliniensis. Nidurstddurnar benda til ad uppruni hins meingaldi stofns sé
mikilveegur pegar rannsoknir & meinvirkni eru annaegar. Aukin pekking a
meingerd, meinvirknipattum og smitleidum er mikilydd ad beseta medferd sjuklinga
og fyrirbyggja pessar alvarlegu sykingar.

Lykilord: Candida, ifarandi sveppasykingar, blédsykingar, faraldsiraneinvirkni.



ABSTRACT

The incidence of serious fungal infections hasdased substantially in the past
decades, incident to increased prevalence of stisleephosts. Candidemia, in
particular, is associated with high morbidity andrtality. This thesis outlines
results from a nationwide study, conducted in lleéldrom 1980 to 2006, of the
incidence of candidemia. In addition, antifungaseptibility of the pathogens was
studied, as well as national consumption of ang&inagents. The clinical
characteristics of candidemic patients (n=165; &piksodes) from 1980 through
1999 are described, as well as predisposing conditand their association with
outcome. Furthermore, we studied the genetic mihates of all availabl€andida
bloodstream isolates (BSIs) in the country durindSayear period. Finally, the
virulence ofCandida albicans andCandida dubliniensis were compared in a murine
model of bloodstream infections.

The annual incidence of candidemia in Iceland iaseel from 1.4
cases/100,000 inhabitants/year during 1980-1984 %@ cases/100,000
inhabitants/year during 2000-2006 (p<0.001), wité greatest increase in incidence
occurring among infants <1 year of age and thergidage, >60 years)C. albicans
was the predominant species responsible (61.6%) national import of fluconazole
increased approximately 5.5-fold from 1991 thro@§l®6, but increased resistance
to this agent was not observed. Most cases occinrgdensive care units (35.8%)
and surgical wards (30.1%). In multivariate anaygprompt removal of central
venous catheters (odds ratio [OR], for death, 0&2®) septic shock (OR for death,
8.01) were the strongest independent predictorsutfome. PCR fingerprinting of
Candida BSlIs (n=219) from 94.4% of cases during 1991-288&aled temporo-
spatial associations between 18.7-39.9% of allciidas, suggestive of nosocomial
clustering. When the virulence 6f albicans andC. dubliniensis was compared in a
murine model, similar 7-day mortality was observedh greater strain variation
noted within species than between the two spedizsdubliniensis produced
significantly lower levels of hyphae in kidneys th&. albicans (p<0.001).
Increasing tissue burden of both hyphal forms (@R7) and yeasts (OR, 2.06) were
independently associated with death, whereas gréafitration of mononuclear
cells was protective (OR, 0.02).

These results confirm that invasive candidiasis &aerged as a serious
threat to hospitalized patients in recent decadlbsy also highlight the importance
of aggressive treatment. In an unselected hogpoalilation, as many as one-third of
all cases of candidemia may be attributable to cars@al clusters, and the risk is
highest in wards providing intensive care. Our Itsssuggest a great overlap
between the virulence properties ©f dubliniensis and C. albicans. In virulence
studies, the source of fungal isolates may be &eoesgl confounding factor. Further
studies of the virulence mechanisms of differ@aindida species and modes of
transmission of infecting strains in the hospitalisonment are warranted in order to
improve treatment and develop effective prevensimategies.

Keywords: Candida, invasive fungal infections, bloodstream infectipn
epidemiology, virulence.
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INTRODUCTION

Historical perspective

The first written descriptions of oral apthous ¢es, that were probably thrush, date
to the time of Hippocrates and Galen (1). In 183hgenbeck discovered fungi in
the gastrointestinal tract of a patient (2), angiears later Berg demonstrated the
fungal etiology of thrush in children (3). In 184RBpbin microscopically observed
budding cells and filaments in epithelial scrapingsd named the fungu@idium
albicans (4). Since then, there have been more than 100ngym® for Candida
albicans, a denomination first used by Berkhout in 1923,clwhis currently the
accepted name of this species (5). The first wetlkdnented case of invasive
candidiasis (IC) was described by Zenker in 1891af@ when the widespread use
of antibiotics began in the 1940s, the incidenceraitically all forms ofCandida
infections rose abruptly. Until the past 2 decadeémdida was often regarded as
simply a contaminant or “normal flora” in laboragaresults, instead of the highly
prevalent and potentially aggressive pathogen wegrze today (7).

Incident to increased prevalence of susceptibléshagecent years, fungi have
emerged as major causes of human disease amondahpsg@ and critically ill
patients (8-13). The reasons for this increasararkiple, including more extensive
surgical procedures, increasing use of large vascththeters (primarily central
venous catheters, CVC) and progress in the tredtofeserious bacterial infections
and malignant diseases (14-17). At the same tineeethas been a dramatic increase
in multiple cause mortality due to invasive mycosethe United States (US), from
being the tenth most common infectious cause ofthdeal1980, to the seventh in
1997 (18). Candidemia, in particular, is associatétli an attributable mortality as
high as 49% (19), which, despite advances in thkl fof antifungal therapy, has
remained relatively unchanged for the past decaded1). The annual expenditures
for IC have been estimated to approach ~$1 billothe US alone (22), mainly due

to the excessive length of hospital stay associatt#dthese infections (23-25).

Epidemiology and incidence

The epidemiology of candidemia has been extensistiglied (reviewed in 11 and

26). Candida species are currently the fourth most common rasad bloodstream



pathogens in the US, accounting for 8 to 10% ohaHpital-acquired bloodstream
infections, and are exceeded in frequency onlydagalase-negative staphylococci,
Saphylococcus aureus and enterococci (27).

In the past 25 years, a number of surveys havetegpa substantial increase in
bloodstream infections caused b§andida spp. (12, 28-30) and a recent
comprehensive epidemiological study of sepsis & WS reported that the annual
number of episodes of fungemia increased by 207%nglul979-2000 (31). In
contrast, a recent report from the National Nosdabrinfections Surveillance
system (32), showed a significant decrease in lsiimedm infections due ©Gandida
species in intensive care units (ICUs) during 12899, mostly because of a
decrease in the incidence of hematoger@ualbians infections. However, reports
from Europe, Canada and Australia all conclude tiiaincidence of candidemia has
increased in recent years (33-35), and in the Nietids, the incidence doubled
between 1987 and 1995 (36). In contrast, a surfesandidemia in Swiss tertiary
care hospitals during 1991-2000 revealed a stabldence of the infection (37).

Population-based studies

Many surveys providing important information on igence trends of
candidemia have focused on selected patient popogabr hospitals (9, 38-43).
Population-based studies, on the other hand, peowdormation on disease
incidence in both the population as a whole anspiecific risk groups and have the
capability to provide absolute numbers for age-gijggacidence rates.

In recent years, several population-based surveytha US, Canada, Europe
and Australia have studied secular trends in tloedé@mce of candidemia (44-52).
According to these reports, incidence rates diffetween the US and Europe. The
annual incidence o€andida bloodstream infections in the US during 1992-2000
ranged from 6.0 to 8.7 cases per 100,000 populai@nd6), and the highest
incidence was observed in Baltimore (24.0 per 10®opulation per year) (45). At
the same time, the incidence rates reported fropulption-based European studies
were generally lower, ranging from 1.9 and 2.4 sgser 100,000 population per
year in nationwide studies in Finland and Norwa§, @1), to 4.3 cases per 100,000
inhabitants per year in Barcelona, Spain (48).dntiast, a recent Australian report
based on data from a countrywide, population-bagetilve laboratory surveillance,
revealed a low annual incidence of candidemia @gu#®01-2004 (1.8 per 100,000)



(50), and the concurrent annual incidence rateanada was also low (2.9 cases per
100,000 population, 1999-2004) (47)

Most population-based studies show that the highgstspecific incidence rates
of candidemia are among the very young (<1 yeaagsf), ranging from 9.4 to 75
cases/100,000/year, and among the eldeH§5 (years), ranging from 5.2-26
cases/100,000/year (44, 45, 47-49, 51). Again, loimeidence rates have been
reported from Europe compared to the US. Theseiestudlso underline the
important fact that candidemia is no longer assedi&xclusively with the ICU, as
<40% of patients in the majority of these studierevin an ICU at the time of
diagnosis (45, 46, 48, 50) and 11%-28% of infectivere acquired outside hospitals
(45, 48, 50).

Candida- the pathogen

Candida organisms are yeasts, that is, fungi that exstigminantly in a unicellular
form. They are 4-gum in diameter, ovoid in shape (blastospores, btastiolia) and
reproduce by budding (53). AlthoudgPandida are ubiquitous organisms, most are
not human pathogens but exist in the environmestapsotrophs (54, 55). The genus
Candida encompasses more than 160 species, and at lea$ttligse are known to
have caused bloodstream infection in humans (56,Aaproximately 90%-95% of
all cases of IC are caused by 4 species, listed hgrdecreasing prevalence:
albicans, C. glabrata, C. parapsilosis andC. tropicalis (45, 58-60). The remaining 5
to 10% are caused by 12 to 14 species, includinglubliniensis, C. krusei, C.
lusitaniae, C. guilliermondii, andC. rugosa (61). The number of pathoger@andida
species and other fungal opportunistic pathogeslated from clinical specimens is
constantly growing (13, 56, 60, 62), in part asesuft of an increased number of
immunosuppressed patients, improved diagnosis dose cscrutiny of patient
cultures in laboratories for the optimization ofiamgal treatment (57, 62).

Virtually all of the clinically commorCandida species are diploid and capable
of transition between a unicellular yeast form andamentous growth form (fungal
polymorphism) (63) (Figure la-c). An exception e thaploidC. glabrata which
grows in a unicellular form at all time€. parapsilosis and C. tropicalis grow
mainly as yeast cells or as pseudohyphae, formezhwhids remain attached to the
parent cell and elongate, resulting in constricti@t the cell-cell junctions of the

filaments. In additionC. albicans and C. dubliniensis are capable of forming true



hyphae, which are outgrowths of the yeast cell #iahgate by a process of apical
synthesis that does not involve budding (54).

Figure 1. (a) Yeast

Yeast, pseudohyphal and hyphal
morphologies ofandida albicans.

a) Yeast cells. b) Pseudohyphae superficially
resemble hyphae, but have constrictions at
the positions of septa (arrows) and show
regular branching. c¢) Hyphae display

parallel-sided walls with no constrictions or

branches. Scale bars represenpui0

Reproduced from: Sudbery P, Gow N, Berman J.
The distinct morphogenic states dandida
albicans. Trends Microbiol 2004;12(7):317-24,
with permission.

Species identification and genotyping

RoutineCandida species identification is primarily based on pbiajical testing. A
rapid, presumptive identification of. albicans can be made by observing the
formation of germ tubes (the initiation of true Igb growth) by incubation in serum
(53). Isolates can be further analyzed by spegesific differences in carbohydrate
assimilation as well as by distinctive color whenlated on a chromogenic culture
medium (64).

PCR fingerprinting

The growing field of medical mycology has beneéittdéom the revolutionary
advances in molecular biology in recent years. Newthods for species
identification and genotyping of clinical isolate§ human pathogenic yeasts have
been developed, facilitating epidemiological stadreviewed in 65 and 66). Among
these current techniques, polymerase chain readf®t®R) fingerprinting and
random amplification of polymorphic DNA are widelsed (67-72). With use of
random oligonucleotide primers of approximately 1B-bases, simple repetitive
DNA sequences throughout the genome are targetedaamplified, producing

individual band patterns (73). Microsatellite andnisatellite polymorphisms in



Candida species have been shown to be easily detected Gy &d to be
reproducible, although intensity of bands may v@y, 68, 69). These techniques
have high discriminatory power for related and latesl isolates of clinically
relevantCandida species (69), especially when a number of singlagrs are used
(74). Results of PCR fingerprinting show strong @andance with results of other
established methods, such as multilocus enzymeraboresis, Ca3 Southern
hybridization probe techniques and multilocus seqaeyping (MLST) (74, 75). In
addition, PCR fingerprinting requires little stagimaterial and is rapid and simple
to perform. An example of PCR fingerprints of difat species of Icelandic clinical
Candida bloodstream isolates (BSIs) is given in Figure 2.

bp 12 3 456 7 891011121314 1516171819 20 21 2223 24 25 26 27 28 29 30 31 32 33 34 35 36 37
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Figure 2. An example ofPCR fingerprints ofCandida isolates. Genomic DNA from 33
clinical Candida BSls was amplified with the M13 core (minisatellisequence as a single
primer. Lane 1, 18 and 37, size marker (bp: bases)pdanes 2-17 and 19-3€andida
BSIs cultured from Icelandic patients; lane @5albicans ATCC 90028; lane 36, negative
control.

Multilocus sequence typing

Recently, MLST, based on DNA sequence analysisunfeotide polymorphisms
within housekeeping gene fragments, has emergea adternative typing tool (76,
77). A collaborative consensus MLST scheme was fieveloped forC. albicans
(78), and additional MLST schemes have now beetighdad for 4 of the common
non-C. albicans species causing bloodstream infections in hum@ngtabrata (79),
C. tropicalis (80), C. krusel (81) andC. dubliniensis (82). Although it is still costly



and not a feasible method for screening of lardeectons of isolates of different
Candida species, MLST offers several advantages over P&3iedmethods. It is not
dependent on the researcher’s interpretation, #ét@ are portable, easily stored and
can therefore be easily compared (83). Although ®@sed fingerprinting methods
and MLST have not been implemented for routine foséungal diagnosis in most
clinical microbiology laboratories, they have prdvextremely useful for hospital
epidemiology - in particular for investigating icfeon clusters of IC in hospitals (84,
85).

Candida dubliniensis

Thanks to major advances in species identificatanisolates from clinical
specimens, previously unrecognized fungal spece® been discovered. In 1995,
Sullivan and colleagues identifie@. dubliniensis, which had previously been
recognized as “atypicaC. albicans’ (86). Originally described in cases of oral
candidosis in HIV-infected individualsZ. dubliniensis was initially thought to be
less virulent tharC. albicans, and hardly capable of causing invasive infections
Although it still comprises a low proportion of $gmic fungal infections in large
epidemiological studies (<1%) (59, 60, 87), othexgort a much higher recovery
rate. In 2 reports from the US and Scotland, 7% &6 of candidemias,
respectively, were caused KB dubliniensis, and were more commonly recovered
from blood tharC. krusel and everC. tropicalis in both studies (52, 88). In addition,
an increasing number of reports from different past the world describe fatal
and/or complicated cases of disseminated candsdéasised b¢. dubliniensis (89-
96). Because not all clinical laboratories distisguC. dubliniensis from the
morphologically similarC. albicans, the prevalence df. dubliniensis has probably
been underreported in the past.

C. dubliniensis is phenotypically similar t&. albicans in many respects, being
able to produce true hyphae and chlamydosporesphygogenic and genotypic
characteristics are, however, distinct fro@ albicans (82, 97). It can be
distinguished fronC. albicans following primary isolation from clinical specimen
by dark green colonies on CHROMagatr, its inabiiitygrow at 42°C, and distinctive
carbohydrate assimilation profiles (97). In additi®CR fingerprinting with the M13
phage core sequence has been proposed as a rahalteghly reproducible method
to differentiate between strains Gf albicans and C. dubliniensis (98). Nucleotide



sequence analysis of the internal transcribed sd#ét8) region of the rRNA gene
cluster, has also revealed tiatdubliniensis is comprised of 4 distinct genotypes,
but their clinical significance has yet to be ekthied (99).

Global trends in species distribution

Large global surveillance studies of candidemia d@d have facilitated the
monitoring of longitudinal changes in species disifion and antifungal resistance.
Until the late 1990sC. albicans was the most common fungal pathogen cultured
from blood (12, 100) and data from the ARTEMIS glblsurveillance program
during 1997-2005, based on a total of ~200,000 tyesdates, showed that.
albicans remained the most common species causing IC wat&60). However,
recent series report tha@. albicans currently only causes ~50% of cases of
hematogenous candidiasis. Substantial geograpyaci@nces in species distribution
and susceptibility patterns exist and the proportad candidemia caused LY.
albicans ranges from a low of 37% in Latin-America (1012)1@0 a high of 70% in
Norway and Finland (49, 51X. glabrata is typically the second most common
recovered isolate in the US and many European geantanging from 14%-18% of
isolates (87, 102, 103), whife. parapsilosis andC. tropicalis are the most common
non-albicans Candida species recovered in Spain, Latin-America and A2t 102-
105). The frequency of infections caused by abmeans Candida species is
increasing in many areas of the world (59, 106-1&&)ch has implications for the
regional choice of antifungal therapy, based oryimar susceptibilities of different

Candida spp. to conventional antifungal drugs.
Susceptibility of Candidato antifungals

Antifungal susceptibility testing

Techniques for antifungal susceptibility testingd@anly recently been standardized.
The Clinical and Laboratory Standards Institute $0Lhas published a reference
broth microdilution method for susceptibility texyi of yeasts (113), serving as
standard for comparison of clinical data, and rdgeihe European Committee on
Antibiotic Susceptibility Testing proposed modifiica to this method (114). Agar-

based methods, such as the Etest, have shown alteex@agreement with the CLSI

reference method and are widely used in clinicarafiiology laboratories (115).



The correlation betweem vitro susceptibility and therapeutic outcome has
been summarized as the “90-60 rule”, which stdiasinfections due to susceptible
isolates respond to appropriate therapy ~90% ofithe, whereas infections due to
resistant isolates respond ~60% of the time (1Hd)wever, antifungal therapy
failure, reflected by persistence of clinical masthtions of infection, may
frequently be attributed to the severity of the tisosinderlying disease and/or
immune status, drug pharmacokinetics and pharmaewdigs, rather than to direct

resistance of the fungal strain (117).

Trends in antifungal susceptibility in relationgpecies oCandida

Candida species-specific susceptibility to the 3 main fangjal options will now be

addressed briefly, but it is reviewed in detair@fierences 118 and 119. Interpretive
susceptibility criteria have been established focdnazole (120) and voriconazole
(121), but proposed breakpoints for the echinocendiave only recently been

proposed (122).

Polyenes

Amphotericin B deoxycholate is a polyene producgdipeptomyces nodosus, and
exerts its fungicidal effect by insertion into thengal cytoplasmic membrane and
disruption of its function (123). It demonstrategpidly cidal activity against most
species ofCandida in vitro (124). Since its discovery in the 1950s, it havexd as a
standard drug for the treatment of IC, but toxiees often limit its use (125-127).
Lipid-based formulations of amphotericin B have milgss toxicity and favourable
side effect profiles, and have proved to be anctffe treatment for adult and
paediatric patients with candidemia and disseméhatandidiasis (128-130)C.
albicans remains almost universally highly susceptible gphotericin B (minimum
inhibitory concentration [MIC],<1 pg/ml) (44, 45, 104), but MICs amongG.
glabrata andC. krusel isolates have been increasing (131, 132), refiebtehigher
dose recommendations of amphotericin B for infetiavith these 2 species (133).
Agar-based methods, such as Etest, have shownrehtegt sensitivity for detection

of resistance amon@andida spp.(134, 135).



Azoles

The azole antifungals include two broad classesddmoles (incl. ketoconazole,
clotrimazole and miconazole) and triazoles (indradonazole, fluconazole,
voriconazole and posaconazole) (127). They shareséiime mechanism of action
with both classes selectively inhibiting the fungglochrome P450 that brings about
sterol C-l4i-demethylation, resulting in decreased ergosterghthesis and
disruption of membrane synthesis in the fungal ¢Ell3). Triazoles, however, have
less effect on human sterol synthesis and are wietad more slowly than
imidazoles (123, 127).

The triazole fluconazole has been widely and irgirgdy used for the treatment
of candidiasis since its approval in 1990 (33, 113,). Fluconazole has an excellent
safety profile and 2 large, randomized multicemtes showed equivalent efficacy
of fluconazole to amphotericin B deoxycholate imfm@utropenic hosts (138, 139).
The rate of fluconazole-resistance among the maostnoon Candida bloodstream
pathogens has remained infrequent worldwide; @st&t (MIC > 64 pg/ml) is
reported to be < 2% amorig albicans, < 4% forC. parapsilosis, and < 5% foIC.
tropicalis (46, 51, 60, 120, 140). In contrast, the overadigliency of reduced
susceptibility or resistance (MICs 16 pg/ml) to fluconazole among. glabrata
strains is ~20-30% (60, 120, 141, 142). M@t glabrata isolates demonstrate
“susceptibilty-dose-dependent” resistance (MIC,326:1g/ml) and may respond to
high dose fluconazole therapy vivo (133). C. krusei is intrinsically resistant to
fluconazole and almost all isolates have M¥CK5 pg/mlinvitro (58, 60, 104).

Other available azoles include itraconazole, avd aved improved formulations
of this agent for oral and parentaral use haveeased therapeutic options (143). The
new extended-spectrum azoles, voriconazole andcpnaaole, generally exhibit
greater potency than fluconazole against most spexfiCandida (58, 104, 144, 145)
but more importantly, are active against most clily relevantAspergillus spp.
(146, 147).

Echinocandins
Echinocandins are a new class of antifungal aglatsnhibit the synthesis of 13-
D-glucan in the fungal cell wall, resulting in ostcoinstability and cell rupture in

many fungal species (118). They possess fungi@davity against mos€Candida
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species, including polyene- and azole-resistantispeand have low rates of adverse
events (103, 148-151). Randomized, double-blindfiosnter trials have shown that
echinocandins are as effective as amphotericindBflaconazole for the treatment of
patients with invasiv&€€andida infections (152-154), and they are now an accepted

first-line treatment option for IC (133).

Pathophysiology and source of invasive candidiasis

Candida species are a component of normal human flor&aenmajority of healthy
individuals (155, 156). They are most commonly fdum the gastrointestinal tract,
on the mucous membranes of the mouth and vaginlgmskin (156). Surveillance
cultures in ICUs have revealed that up to one-tbfrtlCU personnel carrgandida
species on their hands (157, 158). When the balahttee normal bacterial flora is
disrupted, i.e., because of antibiotic therapy 159 if immune defenses are
compromised,Candida species often become pathogenic and capable aincau
invasive disease (160, 161). Invasion can alsorodractly by translocation, as a
result of disruption of the barrier function of tls&in (because of burn or the
placement of intravascular catheters) or of thergesestinal mucosa (because of
chemotherapy-induced mucositis, surgery, or peifota (162). The
pathophysiology of candidemia is summarized in Fegi

Although endogenous flora is often the source fssocomial fungal infections,
alternatively, exogenous strains can be transmitig¢tle patients from contaminated
infusates, biomedical devices and the hands ofthhezdre workers (163-166).
Studies using DNA fingerprinting of fungal isolatbsve revealed evidence of
nosocomial transmission @andida strains between hospitalized patients as well as
between health care workers and patients (167,. 8%t molecular epidemio-
logical studies of candidemia have been performedinvestigate or confirm
suspected outbreaks in single departments or lasg§84, 85, 163, 165, 169, 170),
but the overall prevalence of nosocomial clusteand/or outbreaks in patients with

candidemia has not been previously elucidated.

Virulence of Candidaspecies

As discussed aboveCandida has the ability to inhabit and infect several
anatomically distinct sites, which requires adaptatto a variety of different

environmental stresses. Virulence attributes theitifate host tissue colonization
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and invasion have mainly been studied am@hgalbicans and include hyphal

formation (morphogenesis), expression of surfacegeition molecules (adhesins),
phenotypic switching, and extracellular hydrolynzyme production (secreted
aspartyl proteinases [SAPs] and phospholipases)e(red in references 63, 156,
171, and 172). The signal transduction pathwaysegong virulence may vary

depending on the type of infection (i.e., mucosaystemic) (173, 174), the site and
stage of infection (175), and the nature of the hesponse (176).

Morphogenesis

The ability to switch between unicellular yeastsaind a filmentous growth form in
the host, either pseudohyphal or hyphal, is oneghef most important virulence
factors ofCandida (reviewed in ref. 176-178). However, onG albicans and C.
dubliniensis form both types of filaments. Amon@. albicans, the yeast-hyphal
transition is regulated, in part, by transcriptfantors that are controlled by signaling
pathways responding to a variety of extracellulanditions, i.e., ambient pH,
nutrient deprivation and serum (179-181). The hypipafunctions as an effective

drill-bit with which Candida can burrow into tissues (178), and is also the ait
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apical secretion of hydrolytic enzymes (182) andigam expression (183)C.
albicans mutants incapable of hyphal formation are gengrédlss virulent in
experimental models of disseminated candidiasig¢-{&65). In contrast, strains that
are unable to grow in the yeast form have also shattenuated virulence in animal
models (187). The yeast form may be better addptetee dissemination within the
circulatory system or between individual hosts, @the mode of proliferation in
target tissues (178). K. albicans, the yeast form also produces its own repertdire o
SAPs, all implicated in virulence (182). These obatons, therefore, suggest that
both growth forms may play important roles in thevelopment and progression of
invasive candidiasis.

Recent studies have shown that different growtm$induce different types of
immune response<C. albicans blastospores induce a protective type 1 immune
response in the host’s kidneys, whereas filamerttace a non-protective type 2
immune response (188). A proposed explanation esdifferential recognition of
hyphae and blastospores by Toll-like receptors (JThifich are important pattern
recognition receptors for microbial ligands and miatbrs of host defense (189).
albicans blastospores bind to TLR2 and TLR4 on mononuclearkocytes,
stimulating the secretion of tumor necrosis fagfoNF)-a as well as interferon
(IFN)-y, a key promoter of protective immunity to the majan (190). The hyphal
form, however, binds only to TLR2, inducing largenaunts of interleukin-10
secretion but much less TNFsecretion and negligible IFiN-secretion (190). The
loss of IFNy production during the yeast-to-hyphal transfororatnay therefore be

an important virulence mechanism, used to escape fihe host defense.

Adherence to host constituents (adhesins)

Adhesins are biomolecules which promote the adlcerehCandida to host cells or
host-cell ligands. TheC. albicans ALS (agglutinin-like sequence) gene family
includes at least 8 different ALS genes, which eecolarge cell-surface
glycoproteins that function as important adhesih81J. Most adhesin-encoding
genes, including ALS1, ALS3, and hyphal wall protdi (HWP1), are hyphae-
specific and co-regulated with cell morphogenes$igl( 185). Following adherence,
endocytosis ofC. albicans is mediated, in part, by hyphae-specific bindingN-
cadherin on the surface of vascular endothelids ¢£92).
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Phenotypic switching

Phenotypic switching refers to the ability 6f albicans and related species, to
switch reversibly and at high frequency betweerumlver of different phenotypes
(193). This is reflected by changes in colony moipgyin vitro (194). Switching is

a mode of adaption in response to environmentdlestges, affecting a variety of
virulence traits ofC. albicans and several otheCandida spp., including yeast-to-
hyphae transition, antigen expression, adhesiorsitbaty to neutrophils, proteinase
secretion and drug susceptibility (156, 193, 19Bhenotypic switching may

therefore be a valuable trait f@Gr albicans, both as a commensal and pathogen.

Secretion of extracellular hydrolytic enzymes

The SAPs are the most extensively investiged hytookenzymes secreted .
albicans, and seem to play an important role in the viroéeaf the species (reviewed
in ref. 172). Ten genes encoding SAP proteins hmeen cloned fronC. albicans
(196) but other pathogeni€andida spp. also possess SAP genes, includihg
dubliniensis (197), C. tropicalis (198), andC. parapsilosis (199). SAPs fulfill a
number of specialized functions during the infeetprocess, which include digestion
of molecules for nutrient acquisition, distortiohhmst cell membranes to facilitate
adhesion and tissue invasion, and disruption dficehune responses (182). SAP
production is also associated with a number of rothgative virulence attributes,
including filamentation, biofilm formation, and pi@ypic switching (172, 196)C.
albicans also secretes phospholipase B enzymes and lipase® of which are
required for virulence in animal models of candstsa200).

Animal models of infection

The murine model ofandida sepsis is the standard animal model used to determ
the host response to disseminated candidiasiseffftacy of antifungal drugs, as
well as the role of specifi€andida virulence genes (i.e., by using mutant strains)
(63, 201). Most investigators have used outbreder(26-30g); male CF1 mice (184,
202), male BALB/c mice (188), and female NMRI m{@93). Other animal models
of disseminated candidiasis include the rabbit J2@de rat (205, 206), and the
guinea-pig (203). In the murine model of hematogsnoandidiasis, a single dose of
organism is inoculated intravenously, usually \ha tail vein, and the survival of

animals and tissue counts of the organisms innatesrgans (generally the kidneys
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and liver) are the conventional end points (204)this model, the kidneys become
the most heavily infected organs (207), wheredkerrat and the guinea-pig models,
the infection is also severely spread into othgrans (203, 206). The intravenous
LDso usually ranges from f0to 10 yeasts, but depends on the virulence of the
Candida strain and on the susceptibility of the mouseirst{201). It has been
demonstrated that the mice die of progressive sephiock, manifested by
hypotension, tachycardia, and acidosis (208), mirgothe clinical course of severe

hematogenously disseminated candidiasis in humans.

Differences in virulence ofC. albicansand C. dubliniensis

In the past decades, animal models of disseminagudidiasis were most
extensively applied in order to study the pathogéniof C. albicans and C.
tropicalis (209-212). However, in recent years, the murinel@eh@f hematogenous
candidiasis, has been employed for effective coispas of the virulence of the
most commorCandida spp. causing bloodstream infections in humans)(ZI\8o
previous studies have used this model for direatparisons of the virulence @.
albicans andC. dubliniensis (197, 214). Survival of mice infected By albicans was
significantly impaired in comparison with animafgdcted withC. dubliniensis in
one study (214), but marginal in the other stud97§1C. albicans has also been
shown to be more effective at dissemination frore tastrointestinal tract in
immunocompromised animals (215). However, thesaliestu have two major
limitations in common: a low number of strains used/or an apparent lack of
criteria for selection of fungal strains for theraal experiments.

C. albicans and C. dubliniensis seem to possess different virulence traits, as
shown byin vitro andin vivo virulence studies. The ability to adhere to epithe
cells and to produce phospholipases, proteinaseédilaments may be attenuated
amongC. dubliniensis strains (195, 215, 216). In contrast, phenotypidching of
colony morphology and adaptive resistance to flazote and other azole agents
seems to be a more common traitGn dubliniensis (195, 217). Previous work
suggests that virulence properties of strains nayliferent, in part based on the
source (systemic vs. mucosal infections) (218-220).addition, a significant
association has been found between genetic clad€s abicans and anatomical
source of isolates, reflecting possible differenagegutative virulence properties
(221). In order to adjust for this potential corider, it is reasonable to use isolates
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from analogous anatomical sources as well as cabgpatients for comparisons
of the virulence of the two species.

Risk factors for candidemia

Risk factors for candidemia have been identifiedd axtensively described,
especially among critically ill non-immunosuppredgatients (7, 9, 15, 17, 39, 161,
222-224). Established risk factors significantlyseciated with candidemia are

shown in Table 1.

Table 1.Risk factors for candidemia among hospitalize depas*®.

Adult patients Pediatric patients
Length of hospital and ICU stay In addition to dwlt risk factors:
Diabetes Prematurity*
Malignancy 5 min Apgar score <5*
Renal failure/hemodialysis* Congenital malformason

Acute pancreatitis

Severity of disease

Prior surgery*

Transplantation

Previous bacteremia

Antimicrobial treatment (multiple or prolonged)*
Previous colonization wit@andida spp.*
Parenteral nutrition*
Immunosuppressive therapy
Corticosteroid therapy
Chemotherapy*

Neutropenia (<500/mj#

Central intravascular catheters*

Mechanical ventilation

NOTE. APGAR, American Pediatric Gross Assessment Record.

@ Data is compiled from references 7, 9, 15, 17326161, 222, 224, and 225.
b+ independent risk factor.

The hitherto largest prospective study of risk destassociated with candidemia
was conducted among 4,276 surgical ICU patienthenUS and identified 3 major
independent risk factors: prior surgery (relatiigk {RR], 7.3), acute renal failure
(RR, 4.2), and receipt of parenteral nutrition (BE5). Receipt of an antifungal agent
was associated with decreased risk (RR, 0.3), riiatastingly a higher severity of
illness score was not independently predictive @brpoutcome (15). In addition,

ICU admission, multiple or prolonged antimicrobidherapy, neutropenia,
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colonization with Candida spp., and indwelling vascular catheters (in paldic
CVCs), have been shown elsewhere to independentyligpose patients to
candidemia (14, 16, 20, 161, 222, 226). Among ceildand neonates, the most
important independent risk factors are prematutityperalimentation, low Apgar
score, presence of CVCs, and prolonged stay imé¢loaatal ICU (NICU) (161, 227,
228).

Importantly the majority of candidemic patients a2 significant risk factors
(228), whereby the risk of infection increases eially (229). In addition, most
of the risk factors shown in Table 1 are non- dpe&or candidiasis and commonly
encountered in the hospital and ICU setting, paéntdelaying diagnosis (224).
This has prompted the development of clinical ptde rules for the early
prediction of IC and for identification of patientgho might benefit from early
(prophylactic, empirical and pre-emptive) antifuhgherapy (222, 230-232).
Ostrosky-Zeichner et al. (231) recently developedule based on risk factors
determined from a retrospective analysis of pasi@ntl2 ICUs, which captured 34%
of patients with IC. Similarly, Leon et al. (222cently proposed a&andida score”
to target the best candidates for early antifurtigatapy in the ICU. The score was
based on 4 independent risk factors for candideméntified among patients in 73
ICUs: severe sepsis (2 points), surgery (1 pototal parenteral nutrition (1 point),
and multifocalCandida spp. colonization (1 point). A score >2.5 (sensiti 81%,
specificity 74%) indicates that early therapy isrnaated (222). Attempts of risk
stratification are important in order to impact theidence and mortality associated

with candidemia and IC, but further validation loeése models is needed.

Clinical manifestations

Clinical symptoms of candidemia and IC vary fromnmmal fever to full-blown
sepsis syndrome and multiorgan failure, resemblimgse caused by bacterial
pathogens (224). Acute disseminated candidiasisirecwhen several organs are
infected as a result of hematogenous spread, nmwsmonly the kidneys, brain,
myocardium, and eyes (Figure 1). Pathological chang internal organs mainly
comprise diffuse microabscesses with a combinedteacsuppurative and
granulomatous reaction (53).

Clinical manifestations of candidemia and IC in@dutharacteristic skin lesions
and, more rarely, eye lesions and deep absceSaedida endophthalmitis has been
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reported in as high as 28% of candidemic patieP83) and presents as pain and
gradual decrease in visual acuity, which can culte@nin permanent blindness.
Lesions are white, cotton ball-like exudates onrdtma (chorioretinitis), and rapidly

progress to involve the vitreous (234). Currentsamsus guidelines recommend at
least one dilated retinal examination in all caediit patients (133). Skin lesions
associated with candidemia are characterized bytewher firm pustules on an

erythematous base and can be generalized or leddiizthe extremities. These can
vary from tiny pustules to large, erythematous nadiesions (53). Diagnosis can be
made by demonstration dfandida spp. in histopathological analysis of punch
biopsies from the lesions, even when blood cultaremnegative.

Hepatosplenic candidiasis (chronic disseminatediidaasis) is an increasingly
recognized form of disseminatecbndida infection, that most commonly affects
patients with acute leukemia after prolonged chéeeipy-related neutropenia
(235). The diagnosis of hepatosplenic candidiasisfien difficult to make because
of a non-specific clinical presentation and negatiood cultures (236). However,
characteristic microabscesses in the liver, spéeehoccasionally the kidneys can be
identified by imaging techniques, in particular garted tomographic scanning or
magnetic resonance imaging (237).

Diagnosis

As addressed, the diagnosis of IC remains a clg@le@ulture from sterile body sites
and proper histopathology remain the “golden stedidf@r diagnosis, but the yield
of Candida spp. in blood cultures is suboptimal, even withrrent culture
techniques. As a result, diagnosis is often basedclmical and/or radiological
surrogate markers of disease.

Blood cultures

A positive blood culture is essentially the standatiagnostic procedure for
candidemia. Studies from the early 1990s, basealitopsy records, have shown that
blood cultures may only be approximately 50% seresitfor detection of
disseminated candidiasis (238, 239), but this lsa®een recently re-evaluated.
Since the advent of modern blood culture technigueany studies have
compared the sensitivity of different blood cultsgestems for the detection of yeasts

(240-242). Episodes of candidemia are most commaietiected with standard
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aerobic and anaerobic blood culture media, andesGandida spp. are generally
regarded as obligate aerobes, the detection raderobic bottles is higher (243). A
recent study compared the ability of the 2 most mamy used automated blood
culture systems, BACTEC 9240 (BD Diagnostic Syster8parks, Md.) and
BacT/ALERT 3D (bioMérieux, Inc., Durham, N.C.), tetect growth of different
Candida species (244). The sensitivity for detection ohdiated candidemia in at
least 1 bottle of aerobic or anaerobic media w&% @dd 100% for BACTEC and
BacT/ALERT, respectively, when a standard 5-dayulration was used (244).
Following blood cultureCandida grows rapidly on several types of solid culture
media and does not need specific fungal mediurcutiivation.

Non-culture based methods

In parallel with recent advances in molecular gglothere has been increased
emphasis on non-culture based methods in ordeptenpally improve diagnostic
accuracy and hasten diagnosis of candidemia and2#5). Although various
laboratory tests have been developed, that de@ardida-specific antibodies,
antigens, or metabolites, they suffer from lackspécificity and/or sensitivity and
are unable to discriminate between differ&andida species (246-249). Recent
reports suggest that the combined serological tleteof mannanemia and anti-
mannan antibodies may be useful for the diagnokisystemic candidiasis (250,
251), and a new promising assay is based on tlestdet of 3-D-glucan, which is
present in the cell wall of many fungi (252-254L R based assays for candidemia,
with use of both universal and species-specifimprs, have been reported to have
sensitivity close to that of blood cultures (25Bespite their great promise, non-
culture based detection methods are still maingdus reference laboratories and
research and their future role in the diagnostickwg of patients with suspected IC

is still uncertain.

Burden of invasive candidiasis

Incident to the increasing incidence of seriougyalnnfections, there was a dramatic
increase in multiple cause mortality due to invasimycoses in the US, from 1,557
deaths in 1980 to 6,534 deaths in 1997 (18). Thdatiable mortality of candidemia

estimated in retrospective matched-cohort studieges from 10%-49%, with single

institutions (19-21) generally reporting higher poations (35%-49%) than studies
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based on population surveillance (10-24%) (24, Fa)thermore, some studies
indicate that candidemia carries no less risk dtlileluring hospitalization today
than it did 20 years ago (19, 21). The averagetlemd stay in the hospital is
increased approximately twofold in patients witlsocomial candidemia (21, 23, 24)
resulting in significant financial burden (256).deat cost-of-illness analyses in the
US suggest that the mean cost directly attributédolan episode of IC ranges from
$28,000 to $119,000 for pediatric patients (24,)26% from $34,000 to $46,000 for
adult patients (24). The variables most stronggoemted with excess costs are the

increased length of stay (23) and adequate ant@fungatment (25).

Predictors of mortality

Given the significant mortality associated with d@emia, many studies have
assessed risk factors that could independentlyigiradfatal outcome. Older age,
hospitalization in an ICU, neutropenia and seveotyunderlying illness are well
known independent predictors of mortality (50, Z&#8:). However, prognostic
factors seem to differ between adults and childfefarge, prospective, multicenter
study in the US showed that higher severity ofedls, neoplasia, receipt of
glucocorticosteroids, and candidemia du€éamdida spp. other thag. parapsilosis
were among the most important predictors of deatladult candidemic patients,
whereas only neutropenia and endotracheal intubatere significantly associated
with mortality among children (228). Mortality mayso be related to the infecting
pathogen, and several surveys have reported higbeality rates associated with
glabrata bloodstream infection (40, 50, 262). Among treattelated factors, the
absence of antifungal treatment (48, 50, 259, 26B, 264) and catheter removal
(48, 50, 263, 265-267) have been shown to be imdkpely associated with poor
outcome.

Prognostic factors for mortality in patients witAnclidemia have only recently
been analyzed in population-based studies (48, &@),these reports are based on
clinical data collected during a 2 or 4 year peri&ince many studies on
epidemiology, management and outcomes are limaesktected hospitals (36, 37,
263, 268) or specific groups of patients (40, 2@869), with relatively short
observation periods, it is also imperative to assesntinuously, whether new

therapeutic options such as novel triazole antéliragents, lipid preparations of
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amphotericin B an@-glucan synthase inhibitors, have made a positiygact in the

long term on outcomes among candidemic patients.
Treatment

Removal of vascular catheters

Candida spp. adhere to materials used in vascular cathé2@0), and the rationale
for their removal in the setting of candidemia asdliminate a possible nidus of
infection. Removal and reinsertion of vascular etdls are, however, potentially
hazardous procedures among critically ill patieartd the topic of catheter removal
has been hotly debated (271).

Vascular catheters are an important independenfaitor for development of
candidemia (161, 272) and some studies show a lotzafit in terms of a reduction
in duration of candidemia and a lower attributablertality rate when vascular
catheters (in particular CVCs) are promptly remo{28l7, 268, 273). Other studies
do not support this observation, except in casgar@fen catheter-related infection
(271, 274). Supporting the latter, studies haveead strong genetic relatedness
betweenCandida isolates recovered from the alimentary tract dedioodstream in
candidemic patients (275). However, it has beengesigd that even when the
gastrointestinal colonization is the source of dtifan, indwelling vascular catheters
may become secondarily infected and serve as aeofiisustained fungemia (276).
Although prospective randomized controlled triaftsthis topic are lacking, current
consensus guidelines emphasize that percutanedstara should be withdrawn
from all patients with candidemia and disseminataddidiasis, if feasible (133,
277).

Antifungal treatment

Consensus guidelines also advise that all patwerits positive blood culture with
Candida species should receive antifungal therapy (133)s recommended that
treatment be continued for 2 weeks after the lasitipe blood culture result and
resolution of the signs and symptoms of infectid83). Based on results from large
randomized studies (138, 139, 152-154), amphoteri8, fluconazole, or
echinocandins, are all considered suitable firsbiagh agents in adults with
bloodstream infections due t. albicans, C. tropicalis, andC. parapsilosis (127,

133). Combination therapy potentially holds pronfiseimmunosuppressed patients
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and/or patients with severe manifestations of dhadis (278), but awaits
demonstration in clinical trials. Fluconazole prglaixis (400 mg daily) during the
neutropenic period is standard practice for patiemtdergoing allogenic blood and
marrow transplantation and for patients with acleéekemia and prolonged
neutropenia, based on decreases in superficialirarasive fungal infections and
associated morbidity and mortality demonstratedrandomized-controlled trials
(279-284). Recent meta-analyses of randomizededinitrials of antifungal
prophylaxis among high-risk ICU and/or surgicaligatis have also shown that azole
prophylaxis can reduce the risk of IC by 50-80%, the effect on mortality proved
to be less robust (285-287). However, further griate needed to identify the
subgroups of patients that might benefit most frormphylaxis and to assess the
effects on antifungal susceptibility patterns. Arestpotential strategy to reduce the
morbidity and mortality of IC is to use empiricahiher than prophylactic) antifungal
therapy, but in a recent, large, randomized-colettidrial among high-risk adult ICU
patients, empirical fluconazole (800 mg daily) wasmore beneficial than placebo
(288).

Recent reports describe a surprisingly high proportof patients with
candidemia who receive inadequate antifungal therBpzniak et al. (20) reported
that 10% of patients that were hospitalized foleast 1 week, received no therapy,
and Morgan et al. (25) reported that 30%-39% o&¢hsurviving more than 3 days
from positive blood culture received <7 days ofrépy. A minimal delay (>12 h
from having the first positive blood sample fortaué drawn) in initiating antifungal
treatment in patients with candidemia has beertiitkshas an independent predictor
of mortality (289). Similarly, a recent retrospe&etimulticenter study of candidemic
patients who received fluconazole reported thatemsed time from blood culture
until initiation of fluconazole therapy was indepently associated with poor
outcome (290). This underlines the current needrfore rapid diagnostic techniques
for the identification ofCandida species in blood samples, as well as for the
implementation of clinical prediction rules andimedside scores which may help

clinicians select patients who will benefit fronrlgaantifungal administration.
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AIMS OF THE STUDY

Our aims were:

* To define the incidence of fungal bloodstream itilets on a nationwide
basis in Iceland during a 27-year period, 1980-20@&per | and
unpublished).

e To identify the spectrum of pathogens causing aerdia in Iceland, to
study their antifungal susceptibility and the na#b consumption of

antifungal agents (paper | and unpublished).

* To analyse clinical characteristics and predisgpsionditions of patients

with candidemia in a nationwide setting, and tlasisociation with mortality

(paper 11).

e To study the genetic relatedness of all availalfdsBof Candida species in
Iceland during a 15-year period using PCR fingetprg, and thereby
quantitate the contribution of nosocomial outbremkthe overall context of

candidemia (paper IlI).

* To compare the virulence @. dubliniensis, using a range of BSls, wilB.
albicans in a murine model of bloodstream infection in immaompetent

animals (paper V).

e To evaluate in a blinded, systematic manner thetopéghological
characteristics associated with outcomeCindubliniensis and C. albicans

bloodstream infections (paper V).
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MATERIALS AND METHODS

The studies were approved by the relevant autberith Iceland, including the
National Bioethics Committee of Iceland and the eD&rotection Authority of
Iceland. The animal experiments were authorizedth®y Experimental Animal
Committee of Iceland and complied with the Anima¢Nsre Act 15/94.

Setting and methods for blood culture

Iceland had a population of 226,948 at the begmoin1980 and 307,672 at the end
of 2006. Currently, 2 university hospitals and Benunity hospitals exist in the
country. During most of the study period, 1980-20®@re were 3 adult ICUs in the
country, and 1 NICU. Three clinical microbiologybt@atories processed blood
cultures from all the hospitals, one of them sey\vais a reference laboratory for the
entire country. Episodes of candidemia among halspitd patients were recorded in
each laboratory. During the study period, 3 difféer@automated blood culture
systems were used. The BACTEC (Becton Dickinsorgioatic Systems, Sparks,
Maryland) radiometric blood culture system was s wntil 1996, followed by the
continuous monitor system ESP DIFCO (Difco Labarag) Detroit, Michigan)
during 1997-2001. From 2002, all laboratories hased the BacT/ALERT blood
culture system (Organon Teknika Corp., Durham, IN@&rolina).

A national population registry is available frometiBureau of Statistics in
Iceland (http://www.statice.is), which containsamhation on every inhabitant on an
annual basis, including gender, date of birth zaie df death.

Candidaspecies identification (1,11,111,1V)

All obtainable BSls were collected from hospitdbdeatories across Iceland, where
they had been stored in glycerol at -70°C fromtthree of diagnosis. In total, 217
yeast isolates cultured from blood during the merio January 1991 through 31
December 2006 were viable and thus available fothén study. Two isolates
cultured in 1990 were also attained. In total, weeamed 219 fungal BSls identified
from 198 patients with candidemia, which repressatates from 203 (94.4%) of
215 episodes diagnosed in the country during 19b62Species identification was

based on germ tube production, morphology followengure on chromogenic agar
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(CHROMagar, Hardy Diagnostics, Santa Maria, CA) dmd analyzing sugar
assimilation profiles with use of the APl 20C anBIAd32C systems (bioMérieux,
France). In additionC. dubliniensis was distinguished fronC. albians by PCR
fingerprinting (described in detail on p. 26-27ndalTS sequence analysis, as
described by Lan et al. (291).

Antifungal susceptibility testing (I, IV)

All isolates were tested for susceptibility to 3tiamgal agents: amphotericin B,
fluconazole and itraconazole. Antifungal MICs weetermined by using Etest (AB
Biodisk, Solna, Sweden), an agar-based predefioedentration gradient method
that has shown an excellent essential agreemeiht twé CLSI reference broth
microdilution method (115). Application of EtestdaiIC readings were performed
according to instructions from the manufacturertpfiWivww.abbiodisk.com), as
follows: Organisms were inoculated onto RPMI 164@replates, and when dry, the
Etest strips were applied to the inoculated surféibe plates were incubated at 35°C
and read at 48 h. The data reported represent mwatiens of each antifungal agent
necessary to inhibit 50% (MK and 90% (MIGy) of the isolates tested.
Susceptibility results were categorized accordiry imterpretive breakpoints
recommended by the CLSI (113).

Import of antifungal agents (I and unpublished)

National import figures of antifungal agents fro®80 through 2006 were obtained
from the Icelandic Association of Importers of Rhaceuticals and the Icelandic
Medicines Control Agency. The figures were expréssenumber of imported packs
of antifungals per year. By calculating definedlylaioses (DDD) per packing and
consulting the national register we were able tcutate the import as DDD per
1,000 inhabitants per year and DDD per 100,000kitaats per day. We applied the
WHO/ATC definition of DDD (http://www.whocc.no), atuding our daily dose

definition for lipid based amphotericin B (175 m@ocumented antifungal agents
(year of first registered import) were the folloginNystatin (before 1980),

griseofulvin (before 1980), amphotericin B deoxyet® (1982), 5-flucytosine

(1982), ketoconazole (1985), fluconazole (1990)bitafine (1993), itraconazole
(1995), lipid-based formulations of amphoterici{I®97), voriconazole (2002), and
caspofungin (2003).
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Case definitions

An episode of candidemia was defined as at leabtotbd culture positive for
Candida species with temperature ¢f38.5°C or other signs of bloodstream
infection. Episodes were considered to be sepdrétey occurred at least 1 month
apart (50, 51) or were caused by differ@andida species. The time of onset of
candidemia was defined as the date when the blawghle was obtained for culture.
Cases occurring either prior to or within 2 days hafspital admission were
considered community acquired (48, 50). Source afdmemia was considered
catheter-related if culture of the catheter tipwgrtde same species isolated from
blood (292). The infection was considered dissetathd evidence was found for
hematogenous spread to non-contiguous sites (QVE& was considered promptly
removed if this was done within 2 days after thetfpositive blood culture result
was obtained (274, 293). Septic shock was defisesbpsis syndrome in association
with hypotension (systolic blood pressure <90 mm digeduction of 40 mm Hg
from baseline) despite adequate fluid resuscitatg94), within 12 h of a positive
blood culture. With use of hospital records and nlagional population registry of
Iceland (http://www.statice.is), we calculated tba&se fatality proportion among
patients with candidemia within 7 and 30 days, cépely, after the blood sample

was obtained for culture.

Collection of clinical data (I,11,111,1V)

All patients in Iceland withCandida species isolated from blood from 1 January
1980 through 31 December 2006 were identified spkeatively by a nationwide
search in microbiology databases. The data codedteluded demographic
characteristics; number of blood cultures positioe Candida spp.; dates when
blood samples were obtained for culture; originpécses identification; patient
location (hospital and hospital ward) at time o$itige blood culture; survival 7 and
30 days after the initial positive blood culturegdadate of death.

In addition, medical charts of all patients withhndademia in Iceland from 1
January 1980 through 31 December 1999 were reviewddlata were recorded on a
standard computerized case report form. The datkded reasons for hospital
admission; duration of hospital and ICU stay; fistors associated with candidiasis
(i.,e., use of antimicrobial and systemic antifungaents, surgical operations,

intravascular devices, hyperalimentation, immunpsegsive and corticosteroid
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therapy); major co-morbidities; other concomitamntigd therapy; clinical signs of
sepsis<12 h of positive blood culture; results from roetiblood tests at the time
(<24 h) of positive blood culture; complications aindidemia; results from imaging
studies following diagnosis<R weeks); and clinical outcome<30 days).

Information regarding antifungal therapy receivedd athe number of central
intravascular catheters and catheter-days was algained. Central catheters
included CVCs, arterial catheters, pulmonary arteatheters and umbilical
catheters. Microbiology data included dates, whesults of blood cultures turned

positive, and results of fungal-cultures from otbiées.

PCR fingerprinting (lII)

In order to be able to quantitate the proportioma@$ocomial clustering afandida
spp. BSIs, we performed PCR fingerprinting on 236lates, which represented
94.4% of all episodes diagnosed in the countrymduti991-2006. This method was
chosen, since PCR fingerprinting has high discratary power for related and
unrelated isolates of clinically relevadandida species (65, 73). Genomic DNA was
extracted from each isolate as described previdmgl}u et al. (68) and stored at -
20°C . After measuring genomic DNA amount in eaamgle with a fluorometer
(DYNA Quant™ 200 Fluorometer, Amersham Biosciencak)lsamples were diluted
to 10 ngiul. DNA was amplified by arbitrarily primed PCR (APER) using 4 single
primers: i) the M13 phage core sequence (15 base#)e simple repeat sequences
(GACA)4 (16 bases); iii) the oligonuclotide PA0O3 (10 basesd iv) the intergenic
spacer repeat of transfer RNA, T3B (19 bases) t-hawae all been previously used
for genotypingCandida isolates (67, 68).

Amplifications were performed in volumes of 25 pid 200 pL Ready-To-Go-
PCR tube (Amersham Biosciences) that contained n2@f genomic DNA and
primer at a final concentration of 0.8 uM. All PCRere performed in a Touchgene
Gradient thermal cycler (Techne Inc., Princeton) &kl described by Xu et al. (68),
with minor alterations. Amplification products weseparated by electrophoresis on
1% agarose gels with 1 x Tris-borate-EDTA buffad ®, for 150 min at 6 V/cm.
Amplicons were stained with ethidium bromide andrevehotographed digitally

under ultraviolet light (Chemilmager; Alpha InndteCo, San Leandro, CA).
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Reproducibility assessment

Genomic DNA from aC. albicans ATCC 90028 strain was included in each AP-
PCR run. PCR fingerprinting patterns of the ATCM2® strain were compared to

assess reproducibility, and fingerprinting restriden each run were included only if

the ATCC 90028 fingerprint was consistent with #o$ previous runs.

Fingerprinting analysis and cluster definitions

The electrophoretic bands were sized and scorediatigrand with BioNumerics,
version 4.61 (Applied Maths), using a position tafee setting of 2%.
Fingerprinting patterns were clustered, and dendrag were generated using the
Dice coefficient and the unweighted-pair group mdthusing average linkages.
Epidemiologically related isolates were clusteresing 2 potential cutoff values:
100% and>90% relatedness. To evaluate the proportion aédctidns caused by
clustered isolates, a nosocomial cluster was defaee isolation of closely related
isolates ¥90%) from>2 patients in the same ward or at the same hospitiain a
period of 90 days. Patients with polymicrobial caledhia were excluded from these

calculations.
Virulence studies in a murine model of bloodstreanmfection (IV)

Candida isolates

Candida isolates from different anatomical sites may diffa their virulence
potential (see Introduction chapter). In order diguat for this potential confounder,
we used isolates from analogous anatomical so@sesgell as comparable patients
in the animal experiments. The isolates were dtilaify cultured from blood: SC.
dubliniensis and 3C. albicans (paper 1V, Table 1). Their original identificatiomas
based on growth phenotypes on CHROMagar (Hardyraistics, Santa Maria, CA,
USA) and API 20C and API id32C substrate utilizatfrofiles (bioMérieux, Marcy
I'Etoile, France). Definitive species identificatiowas confirmed by sequence
analysis of the ITS regions 1 and 2 using the fungéversal primers ITS1 and
ITS4, as previously described (291).

Antifungal susceptibility testing
The MICs of amphotericin B, fluconazole and itragpole were determined for all

isolates by using Etest, as described on p. 24.
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DNA fingerprinting and genotyping

Genomic DNA was extracted as described by Xu ef7&)). The 9C. dubliniensis
isolates were genotyped by PCR amplification wide wf the genotype-specific
primer pairs G1F/G1R, G2F/G2R, G3F/G3R, and G4F/G#Rdescribed by Gee et
al. (99). These primers allo®. dubliniensis isolates to be grouped into 1 of 4
genotypes based on genotype-specific differencéseémucleotide sequence of the
ITS1 and ITS2 regions of the rRNA gene cluster (9@fraspecies genotypic
diversity was further determined by PCR fingerpngtwith 4 single primers (M13,
(GACA),, PA03, and T3B), as previously described (p. 2p-27

Animal experiments

Adult (6-10 weeks of age) female non-immunosup@m@d$MRI mice (mean weight
29 g) were obtained from M&B AS (Ry, Denmark). Timdective inoculum was
generated by suspending 2 to 3 colonies in stsal@e for a final concentration of
5-8 x 160 organisms/ml. The volume was adjusted appropyidtglmeasurements of
optical density (OD) and by using counting chamb@nal concentration was
verified by viability counting on solid media. Thmice were challenged with a
volume of 200ul of the yeast suspension by injection into therttail vein, using
a 27G needle and tuberculin syringes (inoculum, x1-2¢ organisms). In each
experiment, a group of 10 mice were challenged wdhh isolate and 4 different
isolates were tested each time. A total of 157 mieee infected wittC. dubliniensis

(9 strains) and 99 mice were infected withalbicans (3 strains). The control strain
ATCC 90028 was used in all except 2 of experimedsan internal control. In
general, if the strains were consistently not assed with mortality in 10 animals
they were not retested. Experiments were repeatethbse strains associated with
death and the results pooled. The animals were ikepages with free access to
commercial pelleted food and water under standaddconditions at the Institute of
Experimental Pathology at Keldur (Reykjavik, Icelanvith regulated daylight and
temperature. Mice were monitored 3 times daily fadays after the challenge and
mortality was noted. If they appeared to be in painpre-terminal they were

euthanized. At the end of the experiment (day [)va animals were sacrificed.
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Viability counting

Both kidneys and the liver were removed. The lihard one kidney were
homogenized (Omni tissue homogenizer; Omni, Gaitleswa.) in 1.8 mL cold
saline. Yeast densities were determined by plasegal 10-fold dilutions on
Sabouraud agar with chloramphenicol (Oxoid, Badolgs Hampshire, UK). The

colonies were counted (colony forming units [CFWl)) after 48 h of incubation.

Histopathological analysis

One kidney was fixed in 10% buffered formaldehydad aprepared for
histopathological examination; embedded in paraffut into 5um thick sections
and stained with hematoxylin-eosin (HE) and methena-silver stain. Kidneys
from 235 mice were available for histopathologiealalysis. The sections were
marked with encrypted numbers and examined in adéd manner without
knowledge of the infective strain. The followingathcteristics were systematically
scored for each specimen according to a predetedrsnoring system as shown in
Figure 4a-h: tissue burden of organisms (0-4); goes, localization and proportion
of yeast forms vs. hyphae/pseudohyphae; inflammatesponse (degree (0-4),
localization and type); infiltration of neutrophi{8-4) and mononuclear cells (0-4);
presence of microabscesses (+/-) and granuloma$. (Fhe specimens were
decrypted after all sections had been evaluatedtandesults recorded in a database
(SPSS version 11.0; SPSS Inc., Chicago, IL, USA).

Statistical analysis

For the statistical analyses of the frequency chadiomous variables, the Fisher’s
exact test was used for comparison of two indepgngeoportions, and the chi-
square test for independence and linear trend leetweups for comparison of three
or four independent proportions (I, II, Ill, 1V).ogistic regression was used to
compare continuous variables (Il). Statistical gees were performed by SPSS
version 11.0 (SPSS Inc., Chicago, IL, USA). Alltsewere two-sided and level of
significance was set at p<0.05.

Incidence of candidemia (1,111)

Information about national demographics was obthiaethe National Population
Registry of Iceland. These data were used to catiethe incidence (cases/100,000
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Figure 4. Quantification of tissue burden of organisms amfthimmatory responses
in kidneys of animals infected with isolates ©f albicans and C. dubliniensis. A
scoring system of 0-4 for each parameter was dpeeld~or quantification of fungal
load, kidney slices were stained by methenamineisstain and scored as 0 (if no
yeasts were visible) or as 1, 2, 3 or 4 (figuredb,ac and d respectively). For
estimation of inflammatory responses, slices weatned with hematoxylin-eosin
stain (H&E) and the amount of inflammatory cellsswscored in the same way as
fungal load (figures e, f, g and h respectivelyagvlification 310x.
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population/year) and age-specific incidence of aemia in Iceland as well as
national import of antifungals. Information regargliadmissions at the 2 university
hospitals was obtained from annual hospital repamts the incidence of candidemia

per 1,000 and 100,000 admissions, respectively cafasilated from these numbers.

Patient survival (11,11

Survival of adult patients was calculated from dag¢e, when the first positive blood
sample forCandida spp. was obtained for culture, until death or Zk@&mnber 2006.
In paper lll, patients with polymicrobial candidemivere excluded from analysis
when we compared cluster-associated and sporafiictions with regard to case
fatality.

In paper II, survival following candidemia was casngd according to removal
of CVCs, and by four 5-year intervals, with usekKaplan-Meier analysis and the
log-rank test. Odds ratios (OR) for mortality wth% confidence intervals (95% ClI)
were calculated for the clinical variables. Uniesei analyses were performed to
identify risk factors associated with case fatalithin 30 days after the blood
sample was obtained for culture. Candidate vargabléth a univariate p<0.05, as
well as age and gender, were evaluated in a stegaggstic regression model with

death at day 30 as the dependent variable.

Virulence studies (V)

Survival of animals was compared using Kaplan-Meiealysis and the log-rank
test. We used the nonparametric Mann-Whitney testampare yeast counts in
internal organs (CFU/mlI, [lag]) between groups. Variables significantly assaxat
with mortality by univariate analysis were furtherssessed with stepwise
multivariable logistic regression analysis with theat day 7 as the dependent
variable. The following variables were tested: antoof hyphae (fungal load
multiplied by the proportional amount of hyphaelpdghyphae, 0-21); amount of
yeast forms (fungal load multiplied by the propon&al amount of yeast forms, 0-21);
amount of mononuclear cells (0-4); amount of neahiils (0-4) and fungal species

(C. albicansvs.C. dubliniensis).
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RESULTS

Incidence and patient demographics (I and unpublised)

During the 27-year period from 1980 through 20081 2pisodes of candidemia in
270 patients were identified in Iceland, rangingnir2-3 cases/year during 1980-
1983 to 19 cases/year in 2006. The average popumibaised incidence of

candidemia was 3.8 cases per 100,000 populatioggzer The incidence increased
from 1.4 during 1980-1984 to 5.3 during 2000-2006<(0.001; Figure 5). A vast

majority of cases (91%) occurred at the 2 largevemsity hospitals, where the rate
increased from 0.13 cases per 1,000 admissionegd@®880-1984 to 0.64 cases per
1,000 admissions during 2000-2006 (p < 0.001; EEd)r The use of blood cultures
at the 2 university hospitals increased from 15,9@ds per year during 1990-1998
to 19,038 vials per year during 1999-2006. At tame time, the proportion of blood

cultures positive for yeasts doubled, from 0.2%ircur1990-1998 to 0.4% during

1999-2006 (p < 0.001).

Figure 5. 6 - 107

Increasing incidence of
candidemia in Iceland,
1980-2006.

The open squares with
solid lines represent the
population-based
incidence, whereas the
filled squares with dashed
lines depict the incidence
as a proportion of 1,000
admissions to university
hospitals.
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The average population-based incidence was higireeng children <1 years
of age (12.0/100,000) and adults 61-80 years of (4§&5/100,000; Figure 6). No
cases of candidemia were diagnosed among infafityger) during 1980-1989, but
the annual age-specific incidence increased fror@ édses per 100,000 children <1
year of age during 1990-1999 to 30.5 cases du@@)-2006 (p = 0.003). All these
infants were <3 months of age and located in tHeWNat the time of diagnosis. For
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Figure 6. % —0—1980-1989
Age-specific incidence 30 4 ---1990-1999
of fungal bloodstream
infections in Iceland
from 1980-2006,
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year.
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other age groups, the age-specific incidence wasasly distributed throughout the
study period.

Infants <1 year of age accounted for 14 (5.0%)8&if @ases, children 1-16 years
of age for 10 (3.6%) cases, adults 17-64 yearsgeffar 126 (44.8%) cases, and
elderly patients>65 years of age for 131 (46.6%) cases. Median aage 6% years
among adults and 2 months among children. 55% itifreln and 58% of adults were
males. There was a male dominance among infantd afjeyear (71%) and the
elderly >65 years (60%), but the gender distribution waatinedly equal among
other age groups.

Most cases occurred in ICUs (100 [35.8%)] of 27%sg@ssurgical wards (84
[30.1%] cases), and medical wards (64 [22.9%] Jademsiergency (2.5%) and
gynecology services (0.4%) reported small percastayf episodes. Pediatric cases
occurred in the NICU (14 cases, 5.0%), pediatrigisal or medical wards (8 cases,
2.9%) and in the ICU (2 cases).

Candidaspecies (I and unpublished)

In total, 219 BSIs were available for definitiveespes identification and antifungal

susceptibility testing. They were identified fror@8Lpatients with candidemia, and
represent isolates from 203 (94.4%) of a total b Zpisodes diagnosed in the
country during 1991-2006. For other isolates, weorethe antifungal susceptibility

pattern and the species identified at the timeositjve blood culture.
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An overview of the different yeast species ideatlffrom blood during 1980-
2006 and the frequency by which they occurred,ivergin Table 2. Overall, the
species distribution was stabf@. albicans was the most frequently isolated species
(183 [61.6%] of 297 isolates), ranging between 588 65% of infections, an@.
glabrata was the second most common pathogen, ranging fi8#h tb 15%.C.
tropicalis emerged as the third most common pathogen (5% @ /985-1989 and
14% during 2000-2006, p = 0.027), whereas the ewd of C. parapsilosis
decreased (12% in 1985-1989 and 5% in 2000-2006,0063). These 4 species
accounted for 91.6% of th€andida BSls. Species identification of all available
isolates during 1991-2006, with use of phenotypethnds and PCR fingerprinting,
revealedC. dubliniensis in 4% of episodes in 1995-1999 and 6% in 2000-2006
During the 27-year study period, the proportiomoh-C. albicans species increased
slightly, from 35% in 1980-1984 to 42% in 2000-20p6= 0.66).

Table 2.Species distribution of 297 fungal isolates causilogdstream infections in
Iceland, 1980-200%6

No. (%) of isolates

Total no.

1980-1984 1985-1989 1990-1994 1995-1999 2000-2006 (%) of
Yeast species n=17 n=41 =49 n=72 n=118 isolates
C. albicans 11 (65) 26 (63) 32 (65) 45 (63) 69 (59) 183 (62)
C. glabrata 6 (15) 7 (14) 11 (15) 15 (13) 39 (13)
C. parapsilosis 5(12) 4(8) 9(12) 6 (5) 24 (8)
C. tropicalis 2 (5) 4 (8) 4 (6) 16 (14) 26 (9)
C. dubliniensis 3(4) 7 (6) 10 (3)
OtherCandida spp® 1 (6) 2 (4) 5 (4) 8 (3)
Other fungf 5 (29) 2 (5) 7(2)

% Episodes were caused by a single fungal specie®6ih cases; 2 differenCandida sp. were isolated
simultaneously in 12 cases and 3 differ@andida sp. in 2 cases.

b OtherCandida spp. are, as followsandida famata (2 isolates)Candida guilliermondii (1), Candida lusitaniae
(3 isolates), an€Candida krusel (2 isolates).

¢ Other fungi arePichia anomala (1 isolate) and yeast without definitive speciesniification (6 isolates, no
longer available, presumed to Gandida isolates).

C. albicans was the most common cause of candidemia in alge@gps (range, 57%
to 86%; Table 3)C. glabrata showed a gradual increase with age, and caused 31

(19%) of 162 episodes in patients >60 years of age.
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Table 3. Distribution of fungal isolates according to ageup.

No. (%) of isolates

_ <ly 1-20y 2140y 41-60y 61-80y >80y

Yeast species
n=14 n=16 n=24 n=281 n =146 n=16

C. albicans 12 (86) 11 (69) 17 (71) 48 (59) 83 (57) 12 (75)
C. glabrata 1(7) 1(4) 6 (7) 28 (19) 3(19)
C. parapsilosis 1(7) 3(19) 8 (10) 11 (8) 1 (6)
C. tropicalis 2 (8) 9 (11) 15 (10)
C. dubliniensis 3(13) 2(3) 5(@3)
Other fungi 2 (12) 1(4) 8 (10) 4(3)

2All infants <3 months of age, in the NICU.

The majority of candidemic episodes among patiemt$CUs and surgical
wards were caused Ify. albicans (68.6% and 64.8%, respectively). In contrast, 36
(52%) of 69 isolates cultured from patients in nsativards were identified as non-

C. albicans, most commonly. glabrata (16%) andC. tropicalis (12%).

Antifungal susceptibility testing (I and unpublished)

Susceptibility testing for amphotericin B, flucow#é and itraconazole was
performed for all available BSIs (219 isolates). shmmary of thein vitro
susceptibility test results is given in Table 4l iblates tested were susceptible to
amphotericin B (MIC< 1 ug/ml). In total, 214 isolates (97.7%) were susd#etto
fluconazole (MIC <8 pg/ml), including allC. albicans, C. tropicalis, C. parapsilosis
andC. dubliniensis isolates. Fou€C. glabrata isolates (13%) and C. krusei isolate
had decreased susceptibility to fluconazole (MKE&6 ng/ml), but no isolates were
fully resistant (MIC,> 64 ug/ml). The proportion of isolates highly suscemilb
fluconazole (MIC< 1 pug/ml) remained relatively stable at ~80% during 1-2906,
without significant change in the distribution oflG4 of fluconazole between the
first (1991-1999) and second half (2000-2006) ef $tudy period (p = 0.90), with a
median MIC of 0.25ug/ml during both time periods. Most isolates (86)3&ere
susceptible to itraconazole (MI€,0.125ug/ml). Itraconazole resistance (MIE,1
ug/ml) was observed for 5% of a@llandida isolates tested and was highest amGng
glabrata (30%).
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Table 4.1n vitro susceptibilities o€andida bloodstream isolates.

MIC (ug/ml)

Species

(no. of isolates tested) Antifungal agent MIC range Mig* MICeo’

C. albicans (135) Amphotericin B 0.002-0.38 0,094 0,125
Fluconazole 0.047-8.0 0,19 0,5
Itraconazole 0.004-0.75 0,023 0,094

C. glabrata (30) Amphotericin B 0.064-0.75 0,25 0,38
Fluconazole 0.25-48.0 4,0 12,0
Itraconazole 0.064-32.0 0,38 3,0

C. tropicalis (20) Amphotericin B 0.002-0.5 0,125 0,38
Fluconazole 0.125-4.0 0,38 1,0
Itraconazole 0.003-0.064 0,016 0,047

C. parapsilosis (19) Amphotericin B 0.047-0.25 0,125 0,25
Fluconazole 0.125-8.0 0,75 2,0
Itraconazole 0.008-0.19 0,064 0,125

C. dubliniensis (10) Amphotericin B 0.012-0.125 0,023 0,094
Fluconazole 0.047-8.0 0,19 2,0
Itraconazole 0.004-0.5 0,064 0,38

&MIC at which 50% of the isolates tested are inbithit
P MIC at which 90% of the isolates tested are inhihite

Import of antifungal agents (I and unpublished)

The national import of selected antifungal agemsnf 1990 through 2006 is shown
in Figure 7a-c (shown for all registered antifursgduring 1990-1999 in paper I,
Table 3). Amphotericin B and fluconazole (Figureara 7b) were probably mainly
used for the treatment of IC, whereas the primadications for itraconazole,
terbinafine and ketoconazole in recent years haen lonychomycosis and fungal
skin infections (Figure 7c). Fluconazole was apptbfor oral and parenteral use in
1990. During the period from 1991 to 2006, the ofkeral formulations increased
from 2.6 to 15.9 DDD per 100,000 inhabitants pey ¢&4 to 58.1 DDD/1,000
inhabitants/year) (512%) and the import of flucarlazZor parenteral use increased
from 0.14 to 1.65 DDD per 100,000 inhabitants pay ¢0.5 to 6.0 DDD/1,000
inhabitants/year) (1080%). Voriconazole and caspgifu were first imported in
2002 and 2003, respectively. Voriconazole use aswd from 0.03 to 0.13
DDD/100,000 inhabitants/day during 2002-2006 argpoéungin use increased from
0.02 to 0.05 DDD/100,000 inhabitants/day during3@006.
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Risk factors for candidemia and association with oticome (I1)

Patient demographics

Medical charts of all patients with candidemia ¢eland from 1 January 1980 to 31
December 1999 were reviewed. During the 20-yeatysperiod, 172 episodes of
candidemia, in 165 patients, were diagnosed. Datdaspital characteristics and
outcome were available for all episodes and clindz#ta were available for 162
episodes (94.2%) in 155 patients.

A detailed description of the study cohort is givenTable 5. In total, 4% of
patients had recurrent episodes, occurring at lkasbnth apart; 5 had 2 separate
episodes and one patient had 3 episodes. A s(baghdida sp. was cultured from
blood in 166 cases (96.5%), 2 differ&dndida sp. were isolated simultaneously in

5 cases, and 3 differe@andida sp. were isolated in 1 case.
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Table 5. Summary of 172 candidemic episodes in IcelandD419599.

No. (%), by age group

Variable <16 years >16 years Total
Patientsif = 165)
Male 7 (64) 84 (55) 91 (55)
Female 4 (36) 70 (45) 74 (45)
Median age in years (range) 1(0-2) 66 (17-96) (696)
Median days in hospital before
candidemia (range) 33 (12-384) 22 (0-166) 23 (0384
Median days of hospital stay (range) 121 (50-771) 3 (H269) 56 (3-771)
Single episode 10 (91) 149 (97) 159 (96)
Recurrent episodés 1(9) 5(3) 6 (4)
Episodesif = 172)
Hospital locatiofi
ICU 2 (16) 58 (37) 60 (35)
Adult surgery . 62 (39) 62 (36)
Adult medicine . 39 (24) 39 (23)
NICU 52 ... 5(@3)
Other pediatric wards 542 ... 5(@3)
Source of infectioh
Catheter-associated 2(17) 78 (54) 80 (51)
No demonstrated source 8 (67) 48 (33) 56 (36)
Disseminated infection 2(17) 16 (11) 18 (12)
Other sourcés 0 3(2) 3(2)
Fungal speciesi(= 179)
Candida albicans 9 (75) 105 (63) 114 (64)
Candida glabrata 1(8) 23 (14) 24 (13)
Candida parapsilosis 2(17) 16 (10) 18 (10)
Candida tropicalis 0 10 (6) 10 (6)
Candida dubliniensis 0 3(2) 3(2)
Other fungal species 0 10 (6) 10 (6)

NOTE. There are minor differences in species distributiad total number dfandida BSIs compared with
Table 1 in paper Il, since PCR fingerprinting anadyssvealed a previously unidentified polyfungemi& icases.

2Five patients had two separate episodes of candidamil one patient had three episodes.

®Information was missing for 1 episode.
¢Information was available for 157 cases.

dUrosepsis in 2 cases and factitious sepsis ind. cas

Most cases occurred in adult surgery wards (62 |3%71 cases), ICUs (60 [35%]
cases) and adult medicine wards (39 [23%)] casesyerS cases (4%) were
community acquired. The first cases of candidemmargy children< 16 years) were
diagnosed in 1993.
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Overall, 51% of candidemic episodes were cathellated, as demonstrated by a
positive culture of fungi from catheter tips (Tald® The proportion of catheter-
related infections was significantly higher amomwglés (54% [78 of 145]) compared
to children (17% [2 of 12]; p = 0.016).

An overview of concomitant conditions and risk fastis shown in Table 6.

Table 6. Selected concomitant conditions, risk factors awehptoms for 172 episodes of
candidemia, Iceland, 1980-1999.

n/N (%) of episodes

Variable

Children 16y) Adults (>16y) p value
Underlying condition
Solid organ malignancy 0 53/150 (35) 0.009
Gastrointestinal diseases 3/12 (25) 26/150 (17) 504
Renal failure 2/12 (17) 21/150 (14) 1.0
Hematological malignancy 0 20/150 (13) 0.36
Prematurity 5/12 (42 ...
Diabetes mellitus 0 11/150 (7) 1.0
Risk factor
Preceding infectiofis 8/12 (67) 131/149 (88) 0.06
Other bloodstream infections 5/12 (42) 54/149 (36) 0.76
Line infections 1/12 (8) 25/149 (17) 0.69
Abdominal surgery/ 0 80/149 (54) 0.001
Antimicrobial agents 11/12 (92) 131/149 (88) 1.0
Corticosteroid$ 7/11 (64) 33/147 (22) 0.006
Hyperalimentation 9/12 (75) 118/150 (79) 1.0
Neutropeni& 0 17/150 (11) 0.62
Vascular catheters, any 12/12 (100) 135/148 (91) 60 0.
Central venous cathefer 12/12 (100) 130/148 (88) 0.36
Arterial catheter 6/12 (50) 46/148 (31) 0.21
Other catheters 2112 (17) 13/148 (9) 0.31
Symptom$
Fever_338,5°C 6/12 (50) 144/148 (97) <0.001
Septic shock 2/12 (17) 23/148 (16) 1.0
Dyspnoea 5/12 (42) 3/148 (2) <0.001

NOTE. n, number of patients with a given characteridtictotal number of patients evaluated.

awithin 2 weeks before positive blood culture sanwis obtained.
®Within 1 month of candidemia.

“Within 24 hrs of blood culture.

4 Absolute neutrophil count af500 cells/mm

€ All umbilical catheters in pediatric patients atassified as CVCs.
fWithin 12 hrs from positive blood culture for fungi
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None of the patients had HIV infection. Common timeant-related risk factors

included indwelling vascular catheters (92%), amdiobial agents (88%),

hyperalimentation (78%) and prior surgery (68%).efEh were no significant

differences between adults and children with respedntravascular catheters in
place, preceding infections, and previous recei@ntibiotics or hyperalimentation.

The clinical presentation of candidemia differedwsen age groups as shown in
Table 6.

Therapy

Data on antifungal therapy were available for 1pB@les among adults (Table 7).
In total, systemic antifungal therapy was admimedlein 70% of cases; the
proportion increased from 61% in 1980-1989 to 7404990-1999 (p = 0.013). In

the subset of adults who received treatment, angpicot B (monotherapy or

Table 7. Treatment approaches in adult patients with camdid.

No (%) within each period

Variable
1980-1984  1985-1989  1990-1994  1995-1999
Number of patients 17 38 45 60
Number of patients with CVCs 16 (94) 30 (91) 37)(90 47 (83)
CVC management
Promptly removed 6 (38) 25 (83) 22 (60) 39 (83)
Retained 10 (63) 5(17) 15 (41) 8 (17)
Antifungal therapy 5 (29) 25 (78) 30 (71) 43 (75)
Amphotericin B alone - 12 (38) 12 (29) 6 (11)
Fluconazole alone - - 7(17) 25 (44)
Ampbhotericin B and fluconazdle - - 6 (14) 11 (19)
Amphotericin B and 5-flucytosifie 2 (12) 9 (28) 3(7) 1(2)
5-flucytosine monotherapy 2 (12) 2 (6) 1(2) -
Othef 1(6) 2 (6) 1(2) -
None 12 (71) 7(22) 12 (29) 14 (25)
Combined prompt CVC-removal and
antifungal therapy: 3(19) 21 (70) 18 (49) 32 (68)

NOTE. Discrepancies between Table 7 and Table 3 in gdpesult from re-analysis of the data with ude o
more stringent classification of antifungal theralNyA, not applicable.
2Information was available for 148 episodes.

® In combination or in any sequence.
¢ Treatment with amphotericin B, fluconazole and Ugftosine in combination or any sequence or

ketoconazole monotherapy.
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combination therapy) was administered in 80% oésaturing 1980-1989, compared
with 55% during 1990-1999 (p = 0.03). During 19989, 68% of treated adults
received fluconazole alone or in combination.

All children and 88% of adults had a CVC in plackew blood sample was
obtained for culture and the CVC was promptly resw\i.e., <2 days from
diagnosis of candidemia) in 71% and 57% of infewtion adults and children
respectively. A significant shift towards more aggpive treatment among adult

patients was observed during the study period@®2, Table 7).

Patient outcomes

Survival analyses were performed for adult patieoriy (1980-1999, 160 cases;
2000-2006, 96 cases). A statistically significamiprovement in patient survival
among adult patients with candidemia was notednduii980-1999 (p = 0.02, log-
rank test; paper Il, Figure 2). The survival rateinly 1980-1984 was 41.2% with a
steady improvement noted during the ensuing 15syedth 73.3% survival during

1995-1999. However, during 2000-2006, the 30-dayvigal rate among adults

decreased to 60.4% (Figure 8).
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Figure 8. Kaplan-Meier survival analysis for adult patientgéh candidemia in Iceland,
1980-2006. As shown, the 30-day case fatality Bomdedemic patients decreased steadily
during 1980-1999, but increased in 2000-2006 (p04®, log-rank test).
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Table 8. Univariate analysis for 30-day case fatality amadglt patients with candidemia.
Variables significantly associated with outcome.

n/N (%)
Lived Died
Variable (n=103) (n=57) p value OR (95% CI)
Clinical characteristics
Recent or ongoing pneumonia 19/97 (20) 24/52 (46) .00D 3.52 (1.68-7.38)
Fever>38.5C 97/97 (100) 47/51 (92) 0.013 1.09 (1.00-1.18)
Hypotension/shock 7197 (7) 16/51 (31) <0.001 53823%-15.51)
Change of mental status 9/97 (9) 12/51 (24) 0.035 .01@8L.17-7.72)
Use of corticosteroids 13/97 (13) 20/50 (40) 0.001 4.31 (1.91-9.72)
Serum-sodium (N3 (mmol/l,
mean + SD) 136 £5.7 141 £9.7 0.004 1.09 (1.03-1.15)
Duration of symptoms preceding
diagnosis (days, mean * SD) 2713 34+24 3.0 1.24 (1.02-1.5f)
Treatment-related factors
CVC promptly removed 70/85 (82) 22/45 (49) <0.001 .210(0.09-0.46)
Any antifungal therapy 75197 (77) 29/52 (56) 0.011 0.37 (0.18-0.76)

NOTE. n, number of patients with a given characteridiic;total number of evaluable patients with a given
characteristic. N/A, not applicable; OR, odds rafit; confidence interval.

% Increase in OR for each 1mmol/l increase (rangelZBmmol/l).
® Increase in OR for each 1 day increase in durati@ymptoms.

Parameters that were significantly associated Wl@kday mortality by univariate
analysis are shown in Table 8, including septicckhat the time of blood culture,
prior pneumonia and corticosteroid use. In addjteonhange in mental state at the
time of blood culture was associated with poor posis. When patient outcome was
studied according to therapeutic interventions,ifamgal therapy and prompt
removal of potentially infected CVCs were both ¢igantly associated with
improved outcome. Kaplan-Meier survival analysistiar revealed that the
mortality of patients who had their CVCs retainedsvsignificantly higher than for
patients who had their catheters removed (p <0.0@irank test; paper Il, Figure 3).
Multivariable logistic regression analysis was parfed to study the
association of these parameters with outcome, altigage and sex of the patient.
In the final model (paper I, Table 1V), 3 paranmstavere independently associated
with outcome 30 days from the time of blood cultt?eompt removal of CVCs was
significantly associated with improved outcome (QR22; 95% CI, 0.08-0.61;
p=0.004), whereas septic shock (OR, 8.01; 95% (5-28.55; p=0.001), and
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increasing levels of serum-sodium (IN&OR, 1.15; 95% CI, 1.05-1.25; p = 0.002)
were associated with increased mortality. Elevetieptss (7%) died before the
diagnosis of candidemia was made. Consequently diceyot have their vascular
catheters removed nor did they receive antifungatment. We, therefore, repeated
the analysis after excluding the patients who dvetlin 72 h of the infection (paper
II, Table IV, right column), but this did neithethange the hierarchy nor the

significance of the individual parameters.

Molecular epidemiology of candidemia (llI)

Epidemiology

In order to estimate the proportion of clustersarididemic episodes we studied the
genetic relatedness of all obtainable fungal B8l&keland during a 15-year period,
1991-2006. A description of the study cohort isluded in paper Ill, Table 1. The
mean incidence of candidemia in Iceland from 19912006 was 4.8 cases per
100,000 population per year; there was an incréasa 3.7 cases per 100,000
population per year during 1991-1994 to 5.8 cas#slp0,000 population per year
during 2003-2006. The number of episodes variedtlyr&luring the study period,
ranging from 4 in 1991 to 19 in 2006.

Microbiology

We obtained 219 BSIs which were cultured from 188gmts with candidemia and
represent isolates from 94.4% of all episodes disgd during 1991-2006. The
isolates were most commonly cultured from patiantdCUs (35.2%) and adult
surgery wards (28.7%) (paper lll, Table 1). Thinesolates (6.0%) were cultured
from children in the NICU.C. albicans represented 61.6% of the isolates (135
isolates),C. glabrata 13.7% (30)C. tropicalis 9.1% (20),C. parapsilosis 8.7% (19),

C. dubliniensis 4.6% (10), and otheZandida species 2.3% (5) (paper lllI, Figure 1).

PCR fingerprinting

PCR with primers M13 and (GACA)dentified the greatest number of genotypes
(paper lll, Table 2): M13 had the greatest disanaory power for identifyingC.
albicans and C. parapsilosis, (GACA), had the greatest power for identifyiiy
glabrata andC. tropicalis, and both primers identified an equal number ofoggpes

of C. dubliniensis.
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Molecular epidemiology

A summary of the molecular epidemiology of bloodatn infections attributable to
C. albicans is given in paper lll, Table 3. PCR fingerprintiagth the M13 primer
revealed 35 different genotypes (GTs). The 2 mostglent genotypes (GT-2 and
GT-4) caused 24% of all infections and were endataring almost the entire study
period. GT-32 caused 8% of all infections and was/alent during 1994-2001 but
was not identified after that. During 2005-2006n&v genotypes emerged (GT-1
and GT-22) that caused almost one-half (11 of 23)lanfections during the 2-year
period. A dendrogram showing 18 of the most comr@oalbicans genotypes and
their corresponding PCR profiles is depicted ingrdf, Figure 2.

The molecular epidemiology of bloodstream infectiocaused by no@-
albicans species is summarized in Table 9. Two endemic geestofC. glabrata
(GT-39 and GT-45), and 1 &@. parapsilosis (GT-54) were identified. Oher ndd-

albicans GTs were sporadically encountered.

Table 9. Molecular epidemiology ofandida non-albicans bloodstream infections in Iceland, 1991-2006.

Genotype
C. glabrata C. tropicalis C. parapsilosis C. dubliniensis

No. of
Year isolates 39 43 45 Othef 46 47 49 52 Other 53 54 Other 57 60 Other

1991 1 1
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006

[EN
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N WPk W

[ S Sy
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O O ® O O WUl U 0O WO NP
[ S S =

~
©
©
N

Total 12 7 5 4 6 2 3 2 15 2 3 4 3

NOTE. Results for each species are based on PCR fingéngrintith the primer with the greatest
discriminatory power for that particular fungal sjgs: (GACA), for C. glabrata andC. tropicalis, and M13 for
C. parapsilosis andC. dubliniensis. Strains with a similarity coefficient &f 90% were classified within the same
genotype. Genotypes are arbitrarily numbered.

& Other genotypes comprised 1 isolate each.
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Table 10.Clustered episodes of candidemia.

No. of infections caused by cluster@dndida spp. No. (%) of
episodes
Candida Candida Candida Candida Candida caused by
Criteria for albicans glabrata  tropicalis parapsilosis dublinienss clustered
clonality (n=128) (n=22) (n=16) (n=16) (n=7) isolates
Same hospital
100% 27 0 4 5 0 36 (18.7)
>90% 29 0 4 5 0 38 (19.7)
Same hospital ward
100% 12 0 2 0 14 (7.3)
>90% 12 0 14 (7.3)

NOTE. Clusters comprisedlonal isolates that were cultured fror patients at the same hospital within a
period of 90 days. Results for each species aredbasePCR fingerprinting with the primer with the gest
discriminatory power for that particular fungal sigs: M13 forC. albicans, C. parapsilosis andC. dubliniensis,
and (GACA), for C. glabrata and C. tropicalis. Two clusters involved 3 cases, the remainderlimeh 2 cases.
Patients with polymicrobial candidemia (n=12) axeleded.

Nosocomial clusters.

The proportion of infections caused by clusteradates is summarized in Table 10.
When 100% similarity for the primer with the gresitdiscriminatory power was set
as the definition of clonality, the proportion wd8.7% (36 cases). 1£90%
similarity was used as the cutoff, the proportidncandidemia cases caused by
strains within the same genotype clusters was 19386cases). For comparison,
when data was analyzed by ward, with use of bo@¥d.&nd>90% as the cutoff, the
proportion was 7.3% (14 cases) for both criteriaeSe clusters occurred in ICUs (6
cases), the NICU (6 cases) and in a surgical waohges).

When the PCR results from all 4 primers were comtbiand used for analysis,
the proportion of infection clusters at the samepital was 39.9% (n = 77) 3 90%
similarity was required.

With use of 19.7% as a reference, the averageofatieister-associated cases of
candidemia was 11.3 per 100,000 hospital admispenyear. Clusters were small;
>80% involved 2 cases, and the remainder involverhses. The time and species
distribution of infection clusters is shown in Figu9. The majority of clustered
isolates (22 isolates, 58%) were cultured from damfsom patients in ICUs and the
NICU, followed by surgery wards (26%), medicine dsr(11%) and other wards
(5%). The proportion of clustered isolates with isnity coefficient >90% was

significantly higher in wards providing intensivare (i.e., ICUs and the NICU) than
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in other wards (27% [22 of 82] and 15% [16 of 10@spectively; OR, 2.11; 95%
Cl, 1.03-4.34; p = 0.045). Clusters were partidylgrevalent in the NICU, where
53.8% of isolates (7 of 13), dll. albicans, were part of cluster€. albicans was the
pathogen in 85% of all candidemias in the NICU. Tgreportion of clustered
isolates was significantly higher among pediatatignts than among adults (45% [9
of 20] vs. 17% [29 of 170]; p = 0.007).

40 -

Figure 9.
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When differentCandida species were compared, the proportion of clustered
isolates was highest f&. parapsilosis (31%), which was significantly higher than
among other noi@. albicans species (8%; p = 0.034). The clustet@dharapsilosis
isolates all belonged to the prevalent GT-54. @hest episodes of. tropicalis
infections were caused by GT-46 (in 2006) and GTH2005), respectively. F@.
albicans, 29 isolates (23%) were part of clusters, with ehaypes (33 [24% of
isolates]) causing 8 (53%) of 15 clusters. GT-2seau4 clusters in the study period,
and 50% of strains of that genotype were implicateanhfection clusters. GT-32
caused 2 clusters during 1994-1995. GT-22 emerg2006 and caused 2 clusters of
candidemia, 1 in the NICU and 1 in an ICU/surgergrav All 4 strains of that

genotype were part of clusters.
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Case fatality

Survival data were available for 197 patients. Bbgrihe 16 years of the study, 32
(16%) patients died within 7 days and 63 (32%)quas died within 30 days after
blood samples were obtained for culture. The 7atay 30-day case-fatality rates for
cluster-associated cases did not differ statisyicalgnificantly from those of

sporadic nosocomial infections.

C. albicansand C. dubliniensis comparison of virulence and histopathological
changes (IV)

Candida isolates

The virulence ofC. albicans and C. dubliniensis was compared using a murine
model of bloodstream infection. A description okt C. albicans and 9 C.
dubliniensis isolates used is given in paper IV, Table 1. Therce patients had a
wide variety of underlying conditions, most commporiiematological and solid
organ malignancies with or without neutropenia.

All Candida isolates were susceptible to fluconazole (M¥C8 pug/ml) and
itraconazole (MIC< 0.125ug/ml). One IrishC. dubliniensis isolate was resistant to
amphotericin B (MIC, >1.g/ml); all others were susceptible.

All isolates were identified to the species levathwuse of ITS sequence
analysis and the&. dubliniensis isolates were genotyped by PCR with genotype-
specific primer pairs (99) (paper IV, Figure 2)x $67%) of the 9C. dubliniensis
strains, including 4 of the 5 Icelandic strainslobged to genotype 1. Two strains
belonged to genotype 2 and 1 Icelandic strain @&)Yielded amplimers with both
genotype 1- and genotype 2-specific primer paegspectively. By PCR, all isolates
had distinct PCR fingerprinting profiles withouti@ence of clonality (paper 1V,
Figure 2).

Survival of animals

After 7 days of observation, a total of 21.0% (&3/17 experiments) of mice
infected withC. dubliniensis strains had died, compared with 23.2% (23/99)Gor
albicans (p = 0.65). Marked variation in survival was obhssl depending on the
strains used (Figure 10). This applied to bGHndida species, with most fatalities

occurring on days 4 and 5. The 2 most virulendubliniensis strains (IS-30 and IS-
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Figure 10. Survival of mice infected b{. albicans (3 isolatesh = 99) compared t&.
dubliniensis (9 isolates,n = 157). Survival was monitored 3 times per day doe week.
OtherC. dubliniensis strains: 1S-124; IS-176; CD-541; 1329; 1862 and5@G500.

38a) showed virulence comparable to the most \vitule albicans strain (I1S-7), but
6 of the 9 C. dubliniensis strains tested wereassbciated with any deaths.

Load of organisms in internal organs

A detailed overview of the results from colony ctaum internal organs of infected
animals is given in Table 11. For both speciesgaiicantly greater load of yeasts
was noted in kidneys (median, 2.7 ¥ GFU/ml, range, 0 - 3.5 x Ipcompared with
livers (median 7.3 x ¥Qrange, 0 - 2.5 x £0p = 0.001). Colony counts in both
organs did not differ significantly between funggkcies for animals given the same
infective dose (1-2 x florganisms; p > 0.4). A wide variation in tissuedan was
noted, with as high as 1000-fold difference betwst&ains belonging to the same

Candida species.

Histopathological analysis in kidneys

The results from the blinded histopathological gsial are summarized in paper 1V,

Table 3. Kidneys from 235 animals were examinedy88e seeded wit8. albicans
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strains and 146 witlC. dubliniensis strains (89% and 93% of infected animals
respectively).

The fungal load observed by histopathological asialgdid not differ between
the two species (p = 0.078). When all kidneys wanalyzed, the yeasts were
predominantly in the yeast form in 77.9% of sediomhereas the hyphal form
prevailed in 20.4%C. albicans strains formed pseudohyphae and true hyphae to a
significantly greater degree th&h dubliniensis strains (p < 0.001), in most part due
to the intense formation seen in animals infectdd the highly virulent 1IS-7 (paper
IV, Table 3). Similar results were obtained whea thghly virulent strains of both
species were analyzed independently; the hyphat flsminated in 16 (80%) of 20
kidneys infected with 1S-7, compared with 20 (3686p6 kidneys infected with the
highly virulent C. dubliniensis strains, 1S-30 and 1S-38a (p = 0.001). Yeasts and
inflammatory cells were equally distributed throaghdifferent parts of the kidneys
and their location was not associated with fungalcges or mortality. In 4 sections
(1.7%), no yeasts were visible.

The type of inflammatory infiltrate was not sigodintly different between
fungal species. Mixed infiltrate of neutrophil antbnonuclear cells, representing
acute and chronic inflammation, was observed inoatmhalf of kidney sections
(115/235), with neutrophils predominating in 76 .@) specimens and
mononuclear cells in 44 (18.7%). Significantly dezanflammation was noted in the
kidneys after infection withC. albicans compared tdC. dubliniensis (p < 0.001),
although marked variation was again observed fffergint strains of each species.
This difference remained significant when highlyulent strains of both species
were independently analyzed (IS-7 vs. IS-30 and888&:p < 0.001)C. albicans was
also more commonly associated with preponderantonitir granulomatous

inflammation (p = 0.003) and greater amount of nmuadear cells (p < 0.001).

Correlates of outcome

The association between histopathological variabteds outcome by univariate and
multivariate analysis is summarized in paper IVhl€ad. Higher fatality ratios at day
7 were significantly associated with greater furigad in kidneys (p < 0.001), level
of neutrophil infiltration (p < 0.001) and increagidegree of formation of hyphae/
pseudohyphae relative to the budding yeast fornm<(p.001). High levels of
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mononuclear cell infiltration were, however, asat®il with reduced mortality
(p<0.001).

When multivariable stepwise logistic regression lgsia was performed to
study the association of these parameters with oowg¢ 3 parameters were
independently associated with outcomes (paper 1&hld 4B). Higher levels of
mononuclear cell infiltration observed in infectésbue were significantly associated
with lower mortality (OR, 0.02; 95% CI, 0.00-0.15;< 0.001), whereas increasing
tissue burden of both hyphal forms (OR, 2.27; 95001(7-4.80; p = 0.032) and
budding yeasts (OR, 2.06; 95% CI, 1.14-3.72; p 616) were independently
associated with death.
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DISCUSSION

In this population-based study we have shown that ibcidence of diagnosed
candidemia in Iceland has almost quadrupled inptet 27 years, with the greatest
increase in incidence occurring among patientbeatektremes of the age spectrum.
The study highlights the significant morbidity andortality associated with
candidemia as well as the importance of aggressdament. Our results show, that
in an unselected hospital population, as many astlind of all cases of candidemia
may be attributable to nosocomial clusters, anditkeis highest in wards providing
intensive care. We have also revealed that strafndifferent Candida species
exhibit wide variation in virulence and that choioé strains is of paramount

importance in performing virulence comparisons.

Increasing incidence of candidemia (I and unpublised)

Invasive fungal infections, caused by yeasts ofQamdida genus, have emerged as a
serious threat to hospitalized patients worldwiderecent decades (27, 31, 262).
Despite the widespread use of antifungals for pytaplis and treatment of invasive
fungal infections, candidemia remains the most desn life-threatening fungal
disease and is associated with a prolonged hoségland a resulting rise in cost
(24, 25). Our study further reflects on that obagon by revealing that the average
annual incidence of candidemia in Iceland increaseddily and significantly during
a 27-year study period, from 1.4 cases per 100p@@@lation during 1980-1984 to
5.3 cases per 100,000 population during 2000-2006.

When work on this thesis began, the epidemiologgamididemia had primarily
been studied in selected hospitals (9, 36, 42, 296) and/or among specific patient
populations (39, 40, 43), but few studies had fedusn this problem on a
nationwide basis. Since then, a number of repoos fpopulation-based studies of
candidemia in the US, Canada, Europe and Austhaige been published, either
based on a geographical region (44-48) or a whalatcy (49-52). However, to our
knowledge, none of them have looked at seculadsr@mincidence rates during such
a long observation period. Population-based stuldée® several advantages. They
provide information on disease incidence and tremolh in the population as a

whole and specific risk groups. In addition, thexlude both nosocomial and
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community-acquired infections and enable reseasctoecalculate absolute numbers
for age-specific incidence rates. Population-baseliection of isolates can also
provide a more representative estimate of spedsshdition and the incidence of
antifungal resistance within the population. Stilhas been pointed out, that these
studies have the potential to both overestimate larmterestimate the incidence of
candidemia (297). Positive cultures may reflecton@ation or environmental
contamination and, conversely, low sensitivity difltere (239) can lead to
underestimation of incidence. However, according t@cent report, the sensitivity
of currently used automated blood culture systeassrharkedly improved (244).

Population-based studies from the US all reporigadr incidence oCandida
bloodstream infections compared to Iceland. Theramee annual incidence of
candidemia in the San Francisco and Atlanta melitapoareas from 1992 to 1993
was 8 infections per 100,000 population (44), antbiva and Connecticut in 1998-
2001 the mean annual incidence was 6.0 and 7.5 p&s€l00,000, respectively (45,
46). The population-based incidence in Baltimorerirdy 1998-2000 was
substantially higher (24.0 cases per 100,000) (48)e annual incidence of
candidemia in Iceland is, however, slightly highttan that observed in other
population-based European studies, when the incedér analogous time intervals
is compared. The incidence in Iceland was substntiigher than in Finland (1.9
cases/100,000 population in 1995 to 1999) (49) Hodvay (2.4 cases/100,000
population in 1991 to 2003) (51) but similar tottheported from Barcelona, Spain,
during 2002-2003 (4.3 cases/100,000) (48) and &adtlin 2005-2006 (4.8
cases/100,000) (52). The only exception is a setonal surveillance of fungemia
in Denmark conducted during 2004-2006, reportingaanual average incidence of
10.4 cases of candidemia per 100,000 populatioid)(IBhat is almost double the
incidence rate we found in Iceland at the same .tifiveo other population-based
studies conducted during 1999-2004, one in Canadalee other in Australia, also
reported a lower annual incidence of 2.9 caseslahdases per 100,000 population,
respectively (47, 50). Importantly, all these sasdidocumented an increase in
incidence over the course of the study.

For comparison with hospital-based surveillancedist) the incidence of
candidemia at the 2 university hospitals in Icelamitrored the increase in
population-based incidence, reaching 0.64 case4,p80 admissions during 2000-

2006. This was considerably less than the estimatedence rates in the US during
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1996-2006, based on data from the National Hospistharge Survey (range, 1.9 to
2.3 cases per 1,000 hospital discharges) (26)siular to previously reported rates
from other European tertiary care hospitals (3%, 187, 296, 298). Interestingly,
less than 5% of candidemic episodes in Icelandndud980-1999 were non-
nosocomial in origin, which is similar to that refeal from Finland (1.2%) (49), but
less than reported from the US (28%) and Spain {12% 48).

Differences in incidence rates between countriesy m&so result from
demographic variations and clinical practice déferes, such as CVC use and
patterns of health-care delivery. Differences ifitaotic use patterns and antifungal
prophylaxis might also be important, and restricasdibiotic use policy has been
suggested to have contributed to the low inciderfceandidemia in Norway and
Finland (49, 51). The frequency of blood culture urs diagnostics could also have
an effect. Although the use of blood cultures iasex at the university hospitals, the
proportion of cultures that turned out positive y@asts remained stable during the
1990s, as reported in paper I. However, the praporincreased significantly
thereafter. The observed increase in incidenceanflidemia may be due, in part, to
improved detection and identification of yeastg, dither factors could be important,
such as greater use of invasive devices, broadrspecantibacterial agents and
cytotoxic chemotherapies, more extensive surgicacgrures and advanced life
support (15, 299). The increasing number of sugdept hosts with
immunocompromise due to mucosal or cutaneous badigruption, defects in
mucosal and cell-mediated immunity, neutropeniatatdic dysfunction, and
extremes of age, are also important (26, 300). ilbeeased rate of candidemia in
Iceland during 2000-2006 can, in fact, be largekplained by the increase in
incidence observed among infants <1 years of age.

The high incidence o€andida bloodstream infections among patients at the
extremes of the age spectrum is consistent withique studies (30, 44, 45, 47, 50,
51, 137). The annual incidence among infants <X géage during 2000-2006 is,
surprisingly, two to three times higher than theyparted from the other Northern
European countries (30.5 vs. 9.4-16.3 cases [@0Q0 population) (49, 51, 137),
but lower than the rates reported from Spain in22@Hhd 2003 (38.8/100,000
population) (48) and among white neonates in 2 [abjon-based US studies (37 and
41/100,000 population) (44, 45). Our study, theref@onfirms and emphasizes the
risk of candidemia in this vulnerable populationod¥l of these children were
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premature infants, less than 3 months of age, aratdd in the NICU at the time of
diagnosis. Low birth weight, complications assaaawith prematurity and fungal
colonization following vaginal deliveries are allo@imented risk factors for
candidemia in neonates as well as aggressive ugdrafascular catheters in the
NICU setting (161, 228, 301). We have also showat tiosocomial clustering of
candidemia is particularly prevalent in this sejtifpaper Ill). Accordingly,
preventive measures could, therefore, be partigutdfective to reduce the rate of
candidemia in NICUs.

Our results underline the fact that candidemia @ longer associated
predominantly with critical care but affects patgewith a wide variety of underlying
diseases throughout the hospital, as only 36% téta were located in an ICU and
5% in an NICU at the time of diagnosis. Similafige proportion of candidemias
arising in the ICU setting has been less than 40%most other population-based
studies (37, 45, 46, 48, 50). Although the annoeidience of candidemia decreased
significantly among ICU patients in the US in th@90@s (32), we did not observe a
similar trend in Iceland during the 27-year stueyipd.

Candidaspecies distribution (I and unpublished)

Knowledge of the distribution ofandida speciesin each country is essential for
establishing efficient management strategi€s. albicans remained the most
frequently isolated species from blood throughdg study (overall, 62% of all
Candida spp.), and the species distribution remainedivelgtstable during the first
2 decades. However, from 2000 to 2006, there veasltfor decreased isolation ©f
albicans andC. parapsilosis from blood and a significant increase in isolatadrC.
tropicalis, which emerged as the third most commonly isolapesties during 2000-
2006. A similar trend was noted in a global antifahsurveillance study of IC
during 1997-2005 (60), and in 2 population-basepean studies in the 1990s (37,
136).

A shift in the epidemiology of hematogenous carath towards greater
isolation of non€. albicans species has been a global concern in the pas610-1
years. This was first reported from the US in n@pginic recipients of bone marrow
transplants in 1989 and 1990 (302). Since then,ynmdiner series have confirmed
these observations (100, 107, 157, 303) and althQu@lbicans has remained the
most common species causing IC worldwide, it culyeonly causes approximately
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50% of cases of hematogenous candidiasis (87,118, Widespread use of azole
antifungals, especially fluconazole, for treatmant prophylaxis of IC, may have
played a role in this observed shift, since it lzaigely been manifested in a rise in
infections caused by species with reduced susckiptito azole antifungal agents,
such asC. glabrata (32, 43, 304). Fluconazole prophylaxis is usedeqyently in
Iceland, which may explain the stable proportion f glabrata bloodstream
infections during the long study period. The insexh frequency ofC. glabrata
bloodstream infections among older patients isgreement with previous studies
(50, 228, 305) and others have noted that eldeatiepts (age, >60 years) may also
be at increased risk of dying fro@. glabrata bloodstream infections (306). The
elderly have higher rates of oropharyngeal coldiomawith C. glabrata (307), but
the relationship to candidemia is not clear.

Our results confirm that bloodstream infections thu€. parapsilosis are more
commonly encountered in pediatric patients in campa with adults (137, 305,
308-310). Surprisingly, this species was not a majathogen among infants,
however. Given the known propensity Gf parapsilosis to adhere to foreign
material (311, 312) and the low proportion @f parapsilosis infections diagnosed
during the last 7 years of the study, these resnitht suggest improved catheter
care and infection control procedures in the couintrecent years,

At the same time the proportion of infections calubg C. tropicalis increased
significantly from 6% of infections during 1995-1®% 14% in 2000-2006. It is an
important pathogen in patients with neutropenia/@nfiematologic malignancies
(43, 313) and, in fact, one-third of patients withtropicalis bloodstream infections
from 1980 to 1999 in Iceland suffered from thesaditions. A relatively large
proportion of C. tropicalis infections from 2000-2006 was outpatient-acquired

(15%), but a more detailed analysis of clinicabdabm that period is pending.

Antifungal drug susceptibility and relation to antifungal use (I and

unpublished)

This shift in species distribution is particulariynportant in relation to the

predictable susceptibility patterns associated Wisindida species. Overall, 97.7%
of the Icelandic BSIs cultured from 1991 to 2006eveusceptible to fluconazole and
there was no significant change in distributionfloconazole MICs, despite an
approximately 5.5-fold increase in use of that agduring the same period. Our
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findings confirm the reports of infrequent fluconézresistance amor@. albicans,

C. parapsilosis andC. tropicalis worldwide in the past decade (51, 60, 105, 120, 14
142) but the proportion ofC. glabrata isolates with reduced susceptibility to
fluconazole (MIC, >16 pg/ml) was considerably lower than that recentlyorégd
from a global antifungal surveillance program (188631%) (120).

Several other studies in the US and Europe hawatezpa substantial increase
in fluconazole use in the past 15 years (33, 36,138, 137). Our data are directly
comparable to national data on fluconazole usagerted from 2 Scandinavian
studies. In 2003, the combined use of fluconazald #raconazole was 36.5
DDD/1,000 inhabitants/year in Norway (51), 64.9 DIDO0 inhabitants/year in
Iceland, and 146 DDD/1,000 inhabitants/year in Darkm(137). Similarly,
fluconazole consumption increased by 152% in Dehkndaring 2001-2006 (137),
which is considerably greater than a 50% incredsemwed in Iceland at the same
time. This could explain why decreased azole sugunbfy in Candida species that
are normally susceptible to fluconazole (e.albicans) occurs more frequently in
Denmark than in Norway and Iceland.

Amphotericin B susceptibility profiles were consist with previous reports.
The MICys for itraconazole were <fig/ml for all Candida species, excepC.
glabrata. Resistance to itraconazole was found in 30%.ajflabrata isolates, which
is a proportion compatible with previously publidn@ports from large multicenter
surveys in the US and Europe (58, 314).

In summary, this study has shown that, on a natitenveel, the incidence of
candidemia in Iceland has increased almost fouriolthe past 27 years, with the
highest incidences of infection occurring in theuggest and older age groups.
Although C. albicans remained the most common cause of candidemia ghoou
the study period, no@- albicans species have been increasingly identified in recen
years. Fluconazole use has increase approximatelfolsl during the last 17 years,

but the vast majority of strains are still susdaptio this agent.

Concomitant conditions and risk factors (11)

We performed a population-based analysis of riskofa and predictors of mortality
among the subset of patients diagnosed with camdad€luring 1980-1999 (paper
II). When work on this thesis began, risk factoos €andidemia and prognostic
factors had mainly been studied in selected hdsp(t&, 16, 315) or among several
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selected patient groups, including patients witmélogic or solid organ
malignancies (261, 272, 316, 317), recipients afébmarrow transplants (304, 318,
319), preterm neonates (161), and burn victims ,(32Q@). Since then, several other
population-based studies have been published, deaimy risk factors for
candidemia and IC (45, 47, 49) and their associatith mortality (48, 50).

Important risk factors for candidemia and IC in l&sl{14, 15, 228, 260, 272)
and children (30, 225, 227) have been well estaddis In general, the comorbid
conditions and risk factors identified in this sfuglere in concordance with previous
reports (44, 45, 48, 50, 268, 298). However, infe in patients with solid tumors
(45%) and post-surgical patients (68%) were pddrty common (10%-28% and
48%-56%, respectively, elsewhere) (49, 50, 268) 298 diabetes and renal failure
were rare (29% and 35% in the US) (45). Among labildren and adults the most
prominent risk factors were central intravasculatheters and prior bacterial
infections/use of antibacterial agents, both of chhiare well documented
independent risk factors for candidemia (14, 15, @&r findings also highlight the
difference between children and adults as risk ggoidults were more likely to
have malignancy and to have undergone abdomingkesyrwhereas the children
more commonly received corticosteroids, primariged for respiratory distress or
bronchopulmonary dysplasia in premature neonate®)(&imilarly, a large study of
candidemia in the US revealed different underlyoanditions and risk factors
among children and adults, with significantly highgurvival rates among adult
patients (76% vs. 54%) (228). Because of the smathber of pediatric cases we
were unable to analyze independent risk factorsrfortality among children and a
comparison of survival between children and adwias not performed, due to the

low number of children with candidemia.

Long-term trends in patient outcomes and treatmentll)

Candidemia is associated with high crude mortalitypart reflecting the severe
underlying illnesses of the infected patients. daldnd, 37% of adult patients with
candidemia during 1980-2006 died within 30 daysnfrblood culture. This is in
concordance with case-fatality rates reported fieanopean tertiary-care centers,
ranging from 26% to 44% (48, 49, 87, 268), but Ipw®n those reported from the
US, ranging from 39% to 75% (9, 27, 303, 323).
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Furthermore, our study reflects on the progresmmamagement of these life-
threatening infections over a 20-year period, 19899. We have shown that the
prognosis of patients with candidemia improved i§icgmtly during the 1980s and
1990s. A similar observation was noted in anotlerospective European study,
reporting a decrease in the crude mortality rat@ramcandidemic patients in a
tertiary care hospital from 49% during 1992-199438% in 1995-1997 (259), but
the number of patients with rapidly fatal undertyidiseases was low. An inverse
trend was observed in 2 matched cohort studiesumed at a tertiary care hospital
in lowa, US, where the attributable mortality iresed from 38% (crude mortality,
57%) during 1983-1986 to 49% (crude mortality, 61%)ing 1997-2001 (19, 21).

In the early 1980s therapeutic options were lim@ed the clinical relevance of
positive blood cultures witlCandida spp. was commonly disputed. Removal of
potentially infected catheters was considered tlenstay of treatment, whereas
antifungal therapy was often reserved for the fewemts who remained fungemic
and yet stable enough to tolerate potentially taieg therapy (324). A shift towards
a more aggressive approach is well illustrated he turrent study. Consensus
recommendations by experts in infectious diseadescate antifungal treatment for
all patients who have&Candida spp. cultured from peripheral blood, as well as
removal of vascular catheters (133). According to esults, this shift towards a
more uniformly aggressive approach to candidemiacaombination with other
advances in the management of critically ill paserseems to be associated with
improved outcomes.

By multivariate analysis, prompt removal of CVCs swandependently
associated with lower death rates. The exclusiopatients who died within 3 days
after the diagnosis did not significantly modifyetlesults. The importance of
catheter removal in the setting of candidemia hesnbextensively reviewed and
debated (271, 276, 325). Available data, which exdrifor severity of underlying
illness and other confounding variables, suggest ghrvival of candidemic patients
is significantly improved if catheters are remoyé8, 259, 265, 266). Several other
studies suggest that catheter exchange may beitiahdfoth in terms of reduction
in duration of candidemia and lower mortality ratesong pediatric and adult
patients (225, 267, 298). However, a recent stuabeth on data from a population-
based surveillance did not demonstrate that eamgowal (<2 days of incident

candidemia) of CVCs in candidemic patients was beak in terms of outcome
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(293). Similarly, a retrospective study of CVC mgement in cancer patients with
candidemia showed that early (<72 h) CVC-removat waly beneficial in patients
with probable or confirmed catheter-related canaideand not in patients with a
definite non-catheter source or evidence of dissaetidn (274). Although
prospective controlled trials on this topic areklag, recent treatment guidelines
recommend removal of vascular catheters, if feagibB3).

One limitation of the study is the lack of infornmat on severity of illness, a
well-known predictor of outcomes in candidemia 228). The infections were
diagnosed in different locations around the couatrgt the quality of registration and
patient charts differed greatly. As a result, asdor severity of illness could not be
calculated. The second limitation is the lack otamtrol group which makes it
impossible to estimate the attributable mortalityhiis cohort of patients.

In summary, this long-term nationwide study of adechia included patients
with wide variety of underlying diseases, in costréo many other studies which
have focused on selected patient groups. Our sesuliphasize the difference in
clinical presentation between children and adultd #hey underline the strong
association between prompt removal of CVCs andueatde outcome. In addition,
we demonstrated a steady improvement in prognosmng patients with
candidemia during 1980s and 1990s, an era of isergly aggressive antifungal
management. However, despite increasing efforteanagement of these infections
in recent years, we did not observe a continuingravement in prognosis during
2000-2006, which suggests that prevention shoutceotly be the highest priority.
Promising prevention strategies include those thgirove adherence to current
recommendations for placement and care of CVCs, (328), control of antibiotic
use, and the implementation of risk stratificatrokes to identify patients that may

benefit from early diagnostic and therapeutic meations (222, 230, 231).

Molecular epidemiology of candidemia: evidence of lasters of smoldering

nosocomial infections (I11)

In this part of the thesis we used PCR fingerpmioptio study the genetic relatedness
of clinical Candida BSls, responsible for 94.4% of all cases of cagiic in Iceland
during a 16-year period. To our knowledge, thighis first long-term, nationwide

study of the molecular epidemiology of candidemia.
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Our results indicate that in an unselected hosptgdulation 18.7-39.9% of
candidemic episodes are caused by nosocomial dusfeinfection, defined as
isolation of closely related straing90% similarity of fingerprinting profiles) from
>2 patients at the same hospital within a perio@®tlays. The risk of nosocomial
clustering was dependent on both @andida species and location of the patients
within the hospital. The average population-basede rof cluster-associated
candidemia was at least 11.3 cases per 100,000tdospmissions per year during
the 16-year study period. Literature review did paivide comparable information.
However, a recent study of all invasive group A&gtococcal infections diagnosed in
Ontario, Canada, during 1992-2000, reported that dlierage rate of outbreak-
assocated disease was 0.5 per 100,000 hospitassidis per year (328).

Several other molecular epidemiological studiescahdidemia have been
performed to investigate or confirm suspected @atks in single departments or
hospitals, but none of them were population-baked.example, Marco et al. (168)
analyzed 11CC. albicans isolates by this method; the isolates were cakdtom
candidemic patients in surgical and neonatal ICU4 bospitals in the US. They
observed a higher degree of clustering of isolate® of the 4 hospitals, compared
with unrelated control isolates (168). Other stadmave demonstrated that single
strains have been responsible for a number of teslipoassociated outbreaks of
candidemia in the same hospital or ICU, which hetweldered over a long period of
time, even years (84, 85, 163, 169, 170, 275). dhi&ervation is in strong contrast
to common outbreaks of bacterial infections whiditionally have a more abrupt
onset and shorter duration (328-331).

Random amplification of polymorphic DNA and PCRdarprinting with the 4
single primers provided an effective method foreassg both interspecies and
intraspecies genetic variability of the large numbikeisolates belonging to different
yeast species. The M13 core sequence and the siagdat sequences (GACA)ad
the highest discriminatory power for the 5 most omm fungal specie<;. albicans,

C. glabrata, C. tropicalis, C. parapsilosis and C. dubliniensis. PCR fingerprinting
with the M13 primer revealed 35 different genotypé€. albicans, 2 of which (GT-
2 and GT-4) were endemic throughout most of thdysperiod and caused 5 of 15
clusters. Other common genotypes (GT-32 and GTa#8¥ infrequently identified

among clustered isolates. In 2006, a new distieciotype, GT-22, was identified
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that caused 2 clusters in separate hospitals. Tiessdts may, therefore, indicate
variable density in the environment, transmisgipiir invasive potential.

The proportion of clustered isolates was signifitahigher forC. parapsilosis
than for other noi€. albicans species. An environmental source is more commonly
implicated in infections caused b§. parapsilosis, when compared with other
Candida species, which could partly explain this differend64, 332). Since it is
usually exogenously acquired, detectiorCoparapsilosis bloodstream infection can
be an indication of breaks in catheter care orctide control procedures (333). It is
noteworthy, however, that during the study periad clusters or outbreaks of
candidemia were identified by the hospital suraeidle team, underlining the
smoldering nature of these infections. Thus, whendharacteristics of nosocomial
candidemia are taken into account, prospective itadspurveillance with use of
molecular typing might be particularly effective identifying nosocomial clusters.

In the current study, the majority of BSIs wereedétd in culture samples from
patients in ICUs (41%), including the NICU, but fm@portion of clustered isolates
in ICUs was higher than expected (58%). The frequesf clusters was highest in
the NICU, and 54% of isolates cultured from NICUigats, allC. albicans, were
implicated in infection clusters. Furthermore, witeta was analyzed by ward, 86%
of clustered isolates were cultured from patiemtdGUs and the NICU. Several
reports have revealed evidence of outbreaks ofidanda in ICUs and NICUs,
highlighting the risk of nosocomial transmissioniwfiecting strains in these wards
(170, 275, 334). Possible explanations include spdead use of broad spectrum
antibiotics, total parenteral nutrition and intragalar devices in the ICU setting.
Frequent contact with patients by hospital persbrires also previously been
suggested to facilitate cross-contamination inl@e environment (165, 168, 334,
335).

No consensus threshold values have been establisheduster analysis by
PCR forCandida. The definition of cluster in the current studkea into account
DNA fingerprinting data from the isolates, as was temporal-spatial relationships
between the patients, but it is still somewhat teaby. In comparison, by
fingerprinting C. albicans isolates with the complex probe Ca3, a similarity
coefficient (Sg) of 0.80 has been found to be a reasonable the$bo defining
clusters (73). By limiting the definition of clusgeto + 90 days, we may be

underestimating the extent of the problem, becaasegreviously discussed, it has
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been shown that nosocomial outbreak€anmdida infections can persist over a long
period of time.

To summarize, we have revealed that as many ashodeof all cases of
candidemia in an unselected patient population eaeised by clusters of
epidemiologically and genetically related strasisggesting that many of the strains
have the ability to persist over long periods. Bfare, clusters of candidemia lack
the general characteristics of nosocomial outbretdtsd to be unnoticed and can
only be identified by prospective nosocomial sutaece using molecular typing.
Nosocomial candidemia may, therefore, pose neweriggs for infection control in
hospitals. Prospective clinical epidemiology stsdere warranted to identify a

source of these infections.

The importance of strain variation in the comparatie virulence of C. albicans
and C. dubliniensis(1V)

Screening of all available BSIs cultured in Icelathating 1991-2006, with use of
phenotypic methods and PCR fingerprinting, revedkddubliniensis in 4% of
episodes in 1995-1999 and 6% in 2000-2006. At #maestime,C. dubliniensis
“emerged” as an increasingly important bloodstrgethogen, both in the US and
Europe, in patients with a wide variety of comorbahditions (59, 87-91, 268). It is
closely related t&. albicans, and shares many of its characteristic phenotypits,
but has distinct phylogenic and genotypic charasties. We, therefore, asked
whether its virulence properties and pathogeneiiasfection were comparable to
that ofC. albicans.

To our knowledge, this is the first study to congpdhe virulence ofC.
dubliniensis and C. albicans in a murine model of bloodstream infection, usang
wide array ofC. dubliniensis isolates from comparable infections. In additiorg
evaluated the accompanying histopathological cresgstemically and in a blinded
manner. We did not observe a significant differemmcénhe virulence ofC. albicans
and C. dubliniensis, when results from all isolates of each specieszveembined.
Indeed, a greater variation in virulence was nastwng different strains of each
species than between the fungal species thems@&wds.species comprised strains
of high and low virulence, and 6 of the@ dubliniensis strains were virtually

avirulent.
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A murine model of bloodstream infection is an elsshled animal model for
effective comparison of the pathogenicity of diffiet Candida species (201, 213).
Although studies using isolates from comparabldept& and clinical sites are
lacking, 2 other studies have used this model topare the virulence properties of
C. albicans and C. dubliniensis. Gilfillan et al. (197) compared the virulence 4f
mucosal isolates df. dubliniensis with 1 systemic isolate df. albicans. The mice
infected withC. dubliniensis survived longer, although the difference was nrali
(197). Vilela et al. (214) compared 7 isolatesGfalbicans from other sites than
blood with 7C. dubliniensis isolates of unspecified origin. In general, thenposite
survival rate was significantly lower 0. albicans infected mice in comparison with
C. dubliniensis. A major limitation of these studies was an appafack of criteria
for selection of the fungal strains used, whichldaxplain the discrepancy between
our results and these reports. Previous work stgdghat virulence properties of
strains (i.e., production of SAPs and biofilm fotroa) may be different, in part
based on the source (systemic vs. mucosal infeQti(#il8, 219, 336). In addition,
significant association has been found betweentgenkades ofC. albicans and
anatomical source of isolates, reflecting possiiféerences in putative virulence
properties (221). We, therefore, believe that edreklection of isolates is of
paramount importance in performing virulence congoaus.

All Candida BSIs tested in the current experiments had dist@cPCR
fingerprinting profiles, representing 12 differestrains. AmongC. dubliniensis
isolates, genotype 1 isolates predominated (6/9%)6%vhich is consistent with
results from the study of Gee et al. (99), wher& 4Z1/98) of isolates, recovered
from 15 different countries, belonged to genotypeWe did not observe an
association between genotype and virulence in tinéne model.

Although the composite suvival rate of animals whd differ significantly when
analyzed by species, a marked variation in viridewas noted between strains of
each species. The most virulghtdubliniensis strains were 1S-30 and 1S-38a, with
43% and 46% 7-day survival rates, respectively. el@wy, 6 of the €. dubliniensis
strains were not associated with any deaths. An@rajbicans strains, IS-7 was by
far the most virulent, with only 15% survival atyd@. The slope of the survival
curve for mice infected with the 3 most virulentagts was comparable, with most
animals succumbing to the infection on day 4-5.c8imonsistent results were

generally obtained between experiments for thosenst associated with death, we
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found it reasonable to pool the results in the datlysis. Our results are not directly
comparable to the observations reported by Gilfiga al. and Vilela et al., but both
papers reported a great variation in survival aimats infected with differenC.
dubliniensis isolates, ranging from virtually avirulent to higtvirulent isolates (197,
214). However, this variation was not describedi@tail. We did not observe an
association between the virulence of the straingh& murine model and the
mortality of the patients from whom these strairesavcultured (paper 1V, Table 1),
emphasizing the importance of host factors foratiegrogression.

In order to explain the observed variations in keinge among the different
strains, we evaluated the accompanying histopagicdbchanges in kidneys of the
infected animals in a blinded, systematic mannégheét levels of mononuclear cells
in kidney sections were independently associatdt lewer death rates at day 7,
reflecting a successful immunoresponse. A sigmfiga greater inflammatory
infiltration was noted in kidneys seeded I&; albicans, compared withC.
dubliniensis. Granulomatous inflammation and greater mononudi&dtrate were
also more commonly noted witll. albicans. The inflammatory responses to
systemic infections witle. albicans andC. dubliniensis have not been systematically
recorded previously, but contrary to our resultdel and co-workers (214) reported
a generally stronger inflammatory reaction in Ipstivological analysis of kidneys
seeded witlC. dubliniensis compared wittC. albicans. However, the type or amount
of inflammatory infiltrates was not specified intdi and observations were not
specified in detail. Virulence differences on theis level may in part be attributed
to the amount and type of systemic and local immigsponses, both innate and
adaptive response, evoked by the different str@as, 338).

One of the most extensively studied virulence graif C. albicans and C.
dubliniensis is their ability to form true hyphae and pseuddiagin order to invade
host tissues and cause deep seated infectionsyiasved in the Introduction section
of this thesis. Our results show, that thealbicans, especially the highly virulent
strain 1S-7, formed hyphae and pseudohyphae tgrafisantly greater degree than
C. dubliniensis. However, when all strains were analysed, hypbahétion was not
an independent predictor of mortality. Similarlyepious studies have shown, that
hyphal production ofC. albicans exceedsC. dubliniensis both in vivo (214) and
under most conditions that promote this morpholaigicansitionin vitro, including

growth in serum and shifts in pH and temperatufis)2A recent survey comparing
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the genome of. dubliniensis andC. albicans with use of DNA microarrays revealed
that several hyphae-specific virulence-associatteg ofC. albicans were absent
(SAP5 and SAP6) or divergent (HWP1) @ dubliniensis, which could in part
explain this difference (339). Differences in geegpression have also been
described, relating to differential control of tNRG1 regulator gene, a well known
repressor of filamentation i@. albicans (340-342).

Although the importance of hyphal production fGandida pathogenicity is
undisputed, the yeast form can also disseminaterauitiply in internal organs. The
ability of C. dubliniensis to traverse the mucosal barrier of the gastroimaistract
may be attenuated compared wiEh albicans (215), but nevertheless, our results
show that once inside the bloodstream it can caeseus deep seated infections
with mortality comparable tdC. albicans. The fact that filamentation remained
significantly more common among animals seeded withlbicans in comparison
with C. dubliniensis, when highly virulent strains of both species wiedependently
analysed, suggests that other virulence factors beymore important for the
pathogenesis of invasiv@& dubliniensis infections.

The most important limitation of our study was te&tively low number o€.
albicans isolates tested. However, to our knowledge, ne@rogtudies have used a
commensurable number of systen@ic albicans isolates to compare its virulence
with C. dubliniensis. TheC. albicans isolates tested also had an acceptable virulence
range, comprising strains of high and low virulen€arthermore, it can be argued
that by using BSIs we are selecting strains that iatrinsically more virulent,
surpassing the natural barrier of infection. Therieg of the accompanying
histopathological changes in internal organs ofrats can be viewed as a second
limitation. As we are unaware of any previously lmled guidelines in this field, we
propose a scoring method for systemic evaluatiohe@de changes using blinding to
reduce bias. Finally, we used non-immunocomproméenhals, but the correlation
between virulence in animal models and humans loisbeen formally studied.
Given the lack of a better alternative, we believewever, that it provides more
realistic information tham vitro studies.

In summary, we compared the virulenceGofalbicans andC. dubliniensis in a
murine model using an unprecedingly large numbe€.oflubliniensis BSIs. We
observed greater strain to strain variation witkpecies than between the two

species, with both species comprising highly vintilstrains. Our results also show



67

that factors other than fungal morphology in tissagay account for the observed
variation in the mortality of the animals, in padiar the balance between the
infiltration of acute and chronic inflammatory elThe origin of the strains may be
a neglected confounding factor in virulence studiédeally, for meaningful

comparisons, many representative strains from spebies should be used.
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GENERAL SUMMARY AND CONCLUSIONS

Incident to increased prevalence of susceptibldshis recent years, fungi have
emerged as major causes of human disease amondahpsg@ and critically ill
patients worldwide. The purpose of this project wastudy secular trends in the
epidemiology and clinical mycology dfandida bloodstream infections during a
long observation period, in a population-basedjonatide setting, with special
reference to trends in incidence rates, speciedritdison and antifungal

susceptibility patterns.

* We have shown that the incidence of candidemiac@lahd has increased
almost 4-fold in the past 27 years, with the gr&atecrease in incidence
occurring among patients at the extremes of thespgetrum. Our results
demonstrate that the incidence of candidemia itamhckis similar og slightly
higher than reported from population-based studiesother European
countries but lower than in the US. Surveillancaegded to track trends of
this serious infection and provide guidelines foeatment and infection

control strategies.

* Although C. albicans remains the most common cause of candidemia in
Iceland, there has been a trend towards greatitiso of non€. albicans
species from blood samples in recent years. Flummleause has increased
approximately 5.5-fold in the past 2 decades, lmutimange in susceptibility
to this agent was observed during the study pelitmivever, prospective
surveys are warranted to detect possible emergeiaatifungal resistance
among Candida BSIs, in the context of constantly increasing use

antifungals in clinical practice.

* Our results highlight the significant morbidity antbrtality associated with
candidemia and invasive candidiasis as well asnip@rtance of aggressive
treatment, especially the strong association betweempt removal of CVCs
and favourable outcome, supporting current treatrgeitelines. Our results

underline the important fact that candidemia is lomger associated
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predominantly with ICUs, but affects patients with wide variety of
underlying diseases throughout the hospital. Desgitady improvement in
prognosis noted among patients with candidemiaefahd during the first 2
decades of this study and intense efforts in thenagement of these
infections in recent years, prognosis has not onaetl to improve. This
emphasizes the need for continuous surveillandejcal vigilance and

judicious use of antifungal agents.

Previous molecular epidemiological studies of cdediia had been performed to
investigate or confirm suspected outbreaks in sihglspital departments or selected
hospitals, but the overall prevalence of nosocowlizdtering in candidemic patients
remained unknown.

* We have shown that, in an unselected patient ptpnjaup to one-third of
all cases of candidemia are caused by strainsatieaépidemiologically and
genetically related. The risk of nosocomial clusigris dependent on both
the species of the pathogen and the location op#tients, being highest in
ICUs and the NICU. These clusters lack the genelaracteristics of
nosocomial outbreaks, tend to be unnoticed, andbeardentified only by
prospective nosocomial surveillance with use ofeuolar typing — posing

new challenges for infection control in hospitals.

The aforementioned parts of the study revealedrprisingly high and increasing
proportion of infections to be caused Gydubliniensis. Its virulence was compared
to C. albicans in an established murine model of bloodstreamciida, using a
unprecedingly wide array ofC. dubliniensis isolates. The associated
histopathological changes in kidney sections weduated and in the absence of
previously published guidelines in this field, weopose a scoring method for

systemic evaluation of these changes using blingingduce bias.

* We did not observe a significant difference in thlence ofC. albicans
and C. dubliniensis, when results from all isolates of each speciesewe
combined. Importantly, a greater variation in vemte was noted among
different strains of each species than betweeriuhgal species themselves.
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Both species comprised strains of high and lowleirce, and 6 of the @.

dubliniensis strains were virtually avirulent. The origin ofetlstrains may be
a neglected confounding factor in virulence studied we conclude that, for
meaningful comparisons in future studies, manyeasgntative strains from

each species should be used.

In histopathological analysis both yeast and hypbrahs were independently
associated with mortality, suggesting similar \@nde for both. Factors other
than fungal morphology in tissues may account fog bbserved strain
variation in virulence, which could include diffaies in cell-mediated,
humoral or innate immune responses evoked by tfiereht yeast strains,
supported by the protective effect of increasedtiafion of mononuclear

cells demonstrated in this study.
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FUTURE DIRECTIONS

While these studies shed some light on the magaitconsequences and molecular
epidemiology of seriou€andida infections as well as the virulence of selected
causative species, much work remains to be domeder to understand more fully
the transmission and virulence mechanisms of thasegens.

The results presented in this thesis suggest theibatantial proportion of
candidemic episodes in the hospital is caused bgtgmlly and temporally related
strains. These results may provide the frameworlkafstrategy for more definitive
testing of the origins ofCandida strains responsible for nosocomial infections.
Prospective surveillance studies are needed thighadress the relationship between
commensal organisms and subsequent infecting stréia impact of transfer from
health-care workers to patients, and the microdimiwf endemic strains in hospital
settings. The observation that nosocomial clustesgroportionally affect patients in
ICUs and NICUs suggests that such studies woulohtst effectively conducted in
these settings. PCR fingerprinting proved to baghlj discriminating method for
detecting inter- and intraspecies genetic varigbidmong Candida isolates.
Although still costly and not fully developed foll he commonCandida species,
MLST may be better reproducible, with the addedaatizge that data are portable
and can, therefore, be easily compared. Both metivodld be used to genotype
isolates if an outbreak is suspected.

When we compared the virulence @f dubliniensis with that ofC. albicans, a
greater variation in virulence was noted amonged#ift strains of each species than
between the fungal species themselves, an obsamviitat may have implications
for the choice of strains in future virulence stgdof these species.

The observed variation in virulence of the stramght potentially be explained
by strain-related differences in the expressioarngigens in the fungal cell wall. An
attractive candidate is fungal heat-shock proteih @sp-90), and effective
serological responses to this antigen in patieat® libeen shown to correlate closely
with a good prognosis (343). It is present in laggeounts in the hyphal tips of
Candida yeasts (183), which indicates that it may be irtgodrfor the pathogenesis
of invasive Candida infections. Another fertile area of research edatto

antimicrobial peptides (i.e., cathelicidin), impant effector molecules of innate
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immunity and key factors in mucosal defenses aghiasteria (344, 345). However,
their role in fungal infections has been incompletefined (346). Studies of strain-
related differences in hsp-90 expression and stibdép to the effects of the
cathelicidin peptide LL-37 are pending at our ingion. Studies of differences in
cytokine profiles and T-cell responses among candid patients are also needed for
better understanding of the balance between pre¢ecinmune responses and
immunopathology and their relation to outcome ia ¢hnical setting.

The increasing incidence of candidemia and IC dbagethe permanently high
attributable in-hospital morbidity and mortalityespite advances in the field of
antifungal therapy, suggest that prevention shauldently be the highest priority.
Promising prevention strategies include programsntprove use, placement and
care of CVCs, prudent use of antimicrobial ageats] the implementation of risk
stratification rules to identify patients that mbagnefit from early diagnostic and
therapeutic interventions. Further investigatioristiee virulence mechanisms of
different Candida species and modes of transmission in the hospitaionment are
essential for improving our understanding of thdigethreatening — but often

preventable — complications of a hospital stay.
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