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Background. Invasive Candida infection among nonneutropenic, critically ill adults is a clinical problem that
has received increasing attention in recent years. Poor performance of extant diagnostic modalities has promoted
risk-based, preemptive prescribing in view of the poor outcomes associated with inadequate or delayed antifungal
therapy; this risks unnecessary overtreatment. A rapid, reliable diagnostic test could have a substantial impact on
therapeutic practice in this patient population.

Methods. Three TagMan-based real-time polymerase chain reaction assays were developed that are capable of
detecting the main medically important Candida species, categorized according to the likelihood of fluconazole
susceptibility. Assay 1 detected Candida albicans, Candida parapsilosis, Candida tropicalis, and Candida dubliniensis.
Assays 2 and 3 detected Candida glabrata and Candida krusei, respectively. The clinical performance of these assays,
applied to serum, was evaluated in a prospective trial of nonneutropenic adults in a single intensive care unit.

Results. In all, 527 specimens were obtained from 157 participants. All 3 assays were run in parallel for each
specimen; they could be completed within 1 working day. Of these, 23 specimens were obtained from 23 participants
categorized as having proven Candida infection at the time of sampling. If a single episode of Candida famata
candidemia was excluded, the estimated clinical sensitivity, specificity, and positive and negative predictive values
of the assays in this trial were 90.9%, 100%, 100% and 99.8%, respectively.

Conclusions. These data suggest that the described assays perform well in this population for enhancing the
diagnosis of candidemia. The extent to which they may affect clinical outcomes, prescribing practice, and cost-
effectiveness of care remains to be ascertained.

Failure to adequately treat invasive Candida infection—
or, indeed, failure to initiate therapy in a timely man-
ner—has been associated with poor outcomes, includ-
ing increased mortality [1-3]. This, combined with low
physician confidence in routine diagnostic tests with
lengthy turnaround time, has promoted the practice of
risk-based prescribing [4-7]. Such preemptive drug
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prescription, based on extensive anatomic colonization
in high-risk patients, reduces the likelihood of inade-
quate antifungal therapy, but it comes at the cost of
probable overtreatment, with its attendant risks of un-
necessary toxicity, resource consumption, and selection
in favor of resistant organisms. Consequently, the de-
velopment of a high-performance diagnostic tool, in
which physicians could have confidence, may facilitate
a more targeted approach to antifungal prescribing.
Although advances in blood culture systems have
increased detection sensitivity to ~70% for invasive
candidiasis, not all laboratories have adopted all avail-
able optimization measures; culture and subsequent
identification may require 48-96 h, and 5-7 days must
pass before a blood culture may yield negative results
[4, 8, 9]. Nonculture techniques with shorter time to
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result, such as antigen, antibody, and metabolite detection, have
been investigated. None has achieved acceptance as an ideal
diagnostic tool, and only a few have been produced commer-
cially [10-19]. Some reported nucleic acid detection systems
have produced promising initial results in preliminary clinical
trials; several have limitations such as cumbersome method-
ology and lack of robust clinical verification [20-31].

The purpose of this trial was to thoroughly evaluate the
performance of 3 real-time PCR assays for detecting common
Candida species directly from clinical specimens. The critically
ill, nonneutropenic population targeted is one in which the
burden of disease is substantial, and molecular assay perfor-
mance data have thus far been lacking.

METHODS

Oligonucleotide Design and PCR Assays

Primer design. Primers used in assay 1 to amplify 4 Candida
species (Candida albicans, Candida tropicalis, Candida parap-
silosis, and Candida dubliniensis) and a probe for amplicon
detection have been published previously [20, 32]. Primers for
Candida glabrata and Candida krusei were designed in-house
using the Lasergene software program, version 5 (DNAstar),
for assays 2 and 3, respectively (table 1); probes for these assays
were previously published [32]. The assays were based on a set
of single-round TagMan-based assays reported previously by
our group [33]; these were modified into a nested format for
improved sensitivity in this trial. The 3 assays were developed
such that assay 1 detected the characteristically fluconazole-

Table 1. Oligonucleotide structure of primers used.

susceptible group of species (C. albicans, C. tropicalis, C. par-
apsilosis, and C. dubliniensis), whereas assays 2 and 3 detected
C. glabrata and C. krusei, respectively.

Real-time PCR amplification of Candida DNA. First-
round amplification was performed on 5 uL of extract added
to 20 pL of the first-round master mix, containing 1X Taq
polymerase buffer (Promega), 3 mmol/L MgCl,, 0.2 mmol/L
each deoxynucleoside triphosphate (dATP, dCTP, dGTP, dTTP;
Promega), 0.2 pmol/L each primer, and 0.5 U/mL of Taq DNA
polymerase (Promega). Amplification was performed as fol-
lows: 1 cycle of 94°C for 3 min; 30 cycles of 94°C for 10 s,
58°C for 10 s, and 72°C for 30 s; followed by 1 cycle of 72°C
for 5 min.

An aliquot (1 pL) of first-round products was added to 19
gL of second-round master mix and was handled as previously
described [33] in a second round of amplification to achieve
nested real-time PCR amplification of Candida DNA. Speci-
mens that were positive in only 1 aliquot were repeated and,
if reactive, were considered to be PCR positive.

Specimen Processing and Analysis

Serum specimens were stored at —20°C until the assays were
performed. Next, 3 aliquots (400 uL each) of each serum sample
were extracted with the QIAamp DNA mini kit (Qiagen) with
2 modifications. First, carrier RNA (10 pg/pL; Sigma-Aldrich)
was added to lysis buffer at a concentration of 5.6 ug of carrier
RNA/sample immediately prior to extraction. Second, after

Assay, primer

Sequence 53

Product size, bp Target gene

Four-species assay

Can 1A F1, GAGGGCAAGTCTGGTG 210 18S
Can 1B R1, CCTGCTTTGAACACTCTAA
Can 1C F2, CTCGTAGTTGAACCTTGG 140 18S
Can 1D R2, GCCTGCTTTGAACACTCT
Can P1 B6FAM-TTTTGATGCGTACTGGACCC-BHQ1
Candida glabrata assay
Gla 1A F1, CGTAGGTGAACCTGCGGAAGGATC 853 ITS1, 5.8S, ITS2
Gla 1B R1, GTTCAGCGGGTAATCCTACCTG
Gla 1C F2, CCTGTTTGAGCGTCATTTCC 229 ITS1, 5.8S, ITS2
Gla 1D R2, AGCACGCACAAAACACTCACTTAT
Gla P1 B6FAM-TAGGTTTTACCAACTCGGTGTTGAT-TAMRA
Candida krusei assay®
Kru 1A F1, CGTAGGTGAACCTGCGGAAGGATC 488 ITS1, 5.8S, ITS2
Kru 1B R1, CTTAAGTTCAGCGGGTATTC
Kru 1C F2, CCTGTTTGAGCGTCATTTCC 219 ITS1, 5.8S, ITS2
Kru 1D R2, CTTAAGTTCAGCGGGTATTC
Kru P1 6FAM-AGCTGGCCGAGCGAACTAGACTTTT-TAMRA

NOTE. F forward primer, R, reverse primer.
@ The C. krusei assay was seminested.
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DNA elution, YM-100 micro concentrators (Millipore) were
used to increase the DNA concentration.

Clinical Trial Design and Setting

Design. A prospective observational diagnostic trial was con-
ducted to verify these assays in the Northern Ireland Regional
Intensive Care Unit. This is a 24-bed adult intensive care and
high-dependency unit (ICU) that receives ~700 patients per
year. This trial received prospective approval from both the
local research ethics committee and the hospital research gov-
ernance committee.

The trial was conducted in 2 stages. Stage 1 was intended to
evaluate the specificity, positive predictive value (PPV), and
negative predictive value (NPV) of the assays in this critically
ill group by testing all disease-negative and disease-positive
persons meeting the entry criteria. Stage 2 was designed to add
only disease-positive persons to the cohort by selecting patients
with proven candidemia; this was intended to make the clinical
sensitivity estimate more robust.

Stage 1 participant recruitment and specimen cate-
gorization. Consecutive patients admitted to the ICU who
remained there for >72 h were eligible for inclusion in this trial
until ~500 specimens had been collected. Consent was sought
from either the patient or their legal representative. Occurrence
of any of the following was considered to be a valid reason to
exclude potential participants from recruitment: anticipated
discharge from ICU or withdrawal of active treatment within
24 h of recruitment, neutropenia, or receipt of systemic anti-
fungal drugs at the time of recruitment or within the preceding
14 days.

During stage 1, serum samples were collected prospectively
from all recruited participants twice weekly. Each specimen was
categorized according to the likelihood of invasive Candida
infection in the participant from whom it was obtained, as
evaluated on the day of specimen collection. Retrospective re-
classification based on microbiological culture results was per-
mitted only for contemporaneously obtained specimens. The
categories were based on clinical and laboratory parameters
using adapted definitions published by the European Organi-
zation for Research and Treatment of Cancer’s (EORTC) in-
vasive fungal infection group [34], modified such that they
could be applied with greater relevance to nonneutropenic
adults (table 2). Allocation to these categories was agreed by
both a microbiologist and intensivist responsible for routine
clinical care of the participants on each day of specimen col-
lection. Clinical teams were encouraged to highlight any “bor-
derline” participants, defined as those for whom the most suit-
able category of infection was unclear.

Stage 2 participant recruitment and specimen cate-
gorization. Consecutive adult patients with laboratory-
proven candidemia after completion of stage 1 of the trial were

Table 2. Definitions of invasive Candida infection categories.

Definition

Proven disease: any 1 of the following

Histologic evidence of yeast cells or hyphae or pseudohyphae
from normally sterile site

Blood culture positive for Candida species; positive culture of
blood obtained via a central venous catheter were not ac-
cepted if specimens contemporaneously taken either via an
arterial catheter or from a peripheral vein yielded negative
results

Positive culture result for sample from any other normally sterile
site (excludes urine, sputum, bronchoalveolar lavage, mucous
membrane swabs, and specimens from skin sites)

Probable disease
1 of the following

Fever (temperature, >38°C) persisting despite receipt of
broad-spectrum antibacterial therapy for >96 h

Temperature <36°C or >38°C, plus

Receipt of immunosuppressive therapy for =7 of the pre-
ceding 30 days (excluding corticosteroids)

Symptomatic AIDS
Receipt of corticosteroid therapy for =21 days in past 60
days
Plus 1 of the following

Cultures positive for the same Candida species from at least
2 noncontiguous (including nonsterile) sites

Bulls-eye lesions in liver and/or spleen on ultrasound or CT
imaging accompanied by an elevation in serum alkaline
phosphatase level

Unlikely disease: neither of the above categories met

eligible for inclusion in stage 2. Again, consent was sought from
either the patient or their legal representative. All specimens
were categorized as proven infection.

Data analysis. Performance of the group of Candida assays
was evaluated on a per-specimen basis with respect to the ref-
erence standard applied; parameters assessed were clinical sen-
sitivity, specificity, PPV, and NPV. The clinical sensitivity was
also evaluated on a per-patient basis. Statistical analysis was
performed using the Stata statistical software package, release
8.0 (Stata). PPV and NPV were evaluated based on stage 1 data
only; clinical sensitivity and specificity were evaluated based on
pooled data from both stages.

On the basis of achievement of assay clinical sensitivity of
=80%, accepting confidence limits about this sensitivity of
=<10% and confidence limits about the specificity of <5%, it
was estimated that collection of 500 specimens from disease-
negative participants and 60 specimens from disease-positive
participants would be required. Consequently, it was decided
that when the number of specimens from disease-negative par-
ticipants reached ~500 (designated stage 1 of the trial) only
specimens from disease-positive participants would be col-
lected; this period was designated stage 2 and ran from the end
of stage 1 until the end of month 20.
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RESULTS

PCR Assays

The probe for assay 1 hybridized appropriately with C. albicans,
C. tropicalis, C. parapsilosis, and C. dubliniensis, but not with
Candida famata, Candida kefyr, Candida guillermondii, Candida
sphaerica, Candida lusitaniae, C. krusei, and C. glabrata, nor
with other bacteria or fungi tested. The C. krusei probe hy-
bridized only with C. krusei and the C. glabrata probe only
with C. glabrata.

The analytical sensitivity of the real-time PCR assays were
determined as previously described [33]. The detection end
point was 107" for the fluconazole-susceptible Candida assay
and 107" for the C. glabrata and C. krusei assays. The end
point copy number for each of the 3 assays was as follows:
assay 1 (fluconazole-susceptible Candida assay), ~2.3 copies/
mL; assay 2 (C. glabrata assay), ~0.56 copies/mL; and assay 3
(C. krusei assay), ~0.22 copies/mL.

Clinical Trial Results

During the first stage, 145 participants were recruited, resulting
in collection of 515 specimens. During the second stage, 12
participants were recruited, resulting in collection of 12 spec-
imens. No participants were categorized as “borderline.”

Demographic and outcome data for stage 1 participants.
Of the 145 participants recruited, 97 (67%) were male. Of the
Intensive Care National Audit and Research Centre diagnostic
categories for underlying illness on admission to the ICU, the
3 most frequently encountered categories were trauma (37%),
respiratory disease (23%), and gastrointestinal disease (14%).
The median APACHE II score at admission was 22 (range, 7—
37). Participants during stage 1 accounted for a total of 2473
ICU bed-days. The median duration of ICU stay was 11 days
(range, 2-230 days). One hundred nineteen participants (82%)
survived ICU admission.

Fungal infection data for stage 1 participants. Of the 145
participants, 11 (7.6%) developed proven invasive Candida in-
fection, and 6 (4.1%) developed probable infection prior to
withdrawal from the study; the other 128 participants (88.3%)
remained in the category of unlikely infection throughout. The
11 participants with proven infection resulted in allocation of
11 specimens to this category, and the participants with prob-
able infection resulted in allocation of 13 specimens to this
category; the remaining 491 specimens collected were allocated
to the unlikely infection category. All participants who devel-
oped proven invasive Candida infection in stage 1 of the trial
had documented candidemia: 9 with C. albicans, 1 with C.
glabrata, and 1 with C. famata.

PCR assay results from stage 1. None of the 491 specimens
allocated to the unlikely category were PCR positive. Three
(23%) of the 13 specimens allocated to the probable category
were PCR positive; all 3 were obtained from 1 participant who

subsequently developed documented candidemia. All 11 spec-
imens allocated to the proven group were from participants
with contemporaneous laboratory-proven candidemia. Nine
(82%) were PCR positive; 1 PCR-negative specimen had been
obtained from a participant with C. albicans candidemia, and
1 had been obtained from a patient with C. famata candidemia.
The timing of the PCR sampling with reference to the blood
sampling that resulted in positive culture results in the proven
group ranged from —1 day to +5 days. The 2 negative PCR
specimens were both taken at +1 day.

Fungal infection data for stage 2 participants. All 12 spec-
imens collected were from 12 participants who had docu-
mented candidemia. Of these, 9 had candidemia due to C.
albicans, 2 had candidemia due to C. glabrata, and 1 had mixed
candidemia with both C. albicans and C. glabrata.

PCR assay results from stage 2. Eleven (91.7%) of the 12
specimens were PCR positive; however, the participant with
mixed candidemia was positive only with assay 1 (the C. al-
bicans group assay) but not the C. glabrata assay. The specimen
that tested PCR negative was for a participant with C. albicans
candidemia. The timing of the PCR sampling with reference
to the blood sampling that resulted in positive culture results
ranged from 0 days to +7 days. The negative PCR specimen
was obtained on the same day as the positive blood culture
specimen.

Assay Performance
On the basis of a per-specimen analysis of proven and unlikely
infection episodes only, the clinical sensitivity of the group of
PCR assays was 87% (90.9% if the C. famata episode was ex-
cluded); 20 of 23 specimens from participants in the proven
infection category tested positive (table 3). On the basis of per-
patient analysis, the clinical sensitivity estimate was identical.
The clinical specificity was 100%; no specimens from partici-
pants in the unlikely infection category tested positive. The
PPV, based on stage 1 data, was 100%. The NPV was 99.6%;
if the C. famata infection is excluded, this increases to 99.8%.
If participants in the probable infection category were as-
sumed to be truly disease positive and incorporated in the per-
specimen analysis, the sensitivity and NPV of the assays would
decrease to 64% and 98%, respectively, although the specificity
and PPV would be unaffected. Including these 6 participants
in the per-patient analysis would reduce the assay sensitivity
estimate to 72%.

DISCUSSION

The assays developed in this study for direct detection of can-
didemia performed well, with observed clinical sensitivity and
specificity of 87% and 100%, respectively. However, if the 1
episode of candidemia attributed to C. famata is excluded, the
clinical sensitivity increases to 91%. This was identical in both
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Table 3. Summary of assay performance analyses.

Overall performance

Excluding participant with
Candida famata infection

Performance measure Proportion (%) 95% Cl, %  Proportion (%) 95% ClI, %
Sensitivity 20/23 (87) 66.4-97.2 20/22 (90.9) 70.8-98.9
Specificity 491/491 (100) 99.3-100 491/491 (100) 99.3-100
Positive predictive value 20/20 (100) 83.2-100 20/20 (100) 83.2-100
Negative predictive value  491/493 (99.6) 98.5-100 491/492 (99.8)  98.9-100

NOTE. Analysis excludes the specimens from the 6 participants in the probable category.

the per-specimen and per-patient analyses, because each dis-
ease-positive patient produced only 1 specimen allocated to the
proven category. C. famata is an exceptionally rare fungal path-
ogen, and its exclusion from the analysis is logical.

The time required to produce a result using the assays is <6
h, and, conveniently, this result categorizes species according
to risk of fluconazole resistance, which is of immense thera-
peutic value. Such rapid methods offer the opportunity to allow
infection diagnosis to have a real-time impact on empirical
antifungal therapy.

Although these data are encouraging, they must be inter-
preted cautiously, because the relevance of such performance
parameters depends on the context of testing. In this trial, the
assays were adopted as a screening tool on a cohort of partic-
ipants, which was skewed toward disease-negative persons;
therefore, PPVs and NPVs are useful only when applied in a
similar screening model. Moreover, it is unlikely that the assays
would be used in this way in clinical practice; therefore, al-
though this approach is useful for assay validation, their per-
formance may be different if adopted into diagnostic
algorithms.

The present trial was designed to overcome some of the
deficiencies of previous reported work; nonetheless, the results
should be interpreted with care. For example, fewer specimens
in the proven category were collected than had been expected;
this reduced the precision of the estimates of sensitivity and
PPV. Second, the work was based in a single center, although
the APACHE II scores and survival rates in the cohort were
similar to those reported from a United Kingdom-wide audit
(http://www.icnarc.org).

Disease definitions were based on consensus definitions en-
dorsed by the EORTC for use in clinical trials, with adaptations
to make these more applicable to nonneutropenic adults (table
2). The lack of available disease definitions previously validated
for nonneutropenic adults somewhat limits these data; however,
reproducible definitions were used that varied only modestly
from the EORTC definitions. Although the definition of proven
infection is not disputed, the definition of probable infection
in this population presents difficulty. It is almost impossible to
judge whether participants assigned to this category should be

regarded as truly disease positive, because the definitions were
based on commonly used therapeutic decision models, which
are biased toward overtreatment. For this reason, and because
only 6 participants were allocated to this category, the analysis
was conducted both with and without this group. Moreover,
because candidemia in effect became the reference standard,
interpretation of data from the probable infection group be-
comes even more uncertain.

In view of the size of the disease-positive sample recruited
in this trial, the spectrum of species of Candida implicated in
observed disease was limited. Also, only 1 episode of mixed
candidemia occurred in this trial; this involved C. glabrata and
C. albicans. Only C. albicans was detected by the assays in this
specimen. The explanation for this is unclear; it is possible that
the C. glabrata load was lower than the detection threshold of
the assay and that the C. albicans load was higher, but an
alternative explanation may exist.

During the past decade, several trials have reported direct
detection of fungal DNA from clinical specimens. Moreira-
Oliveira et al. [24] evaluated a PCR assay in a heterogeneous
group of 225 high-risk hospitalized patients. When blood cul-
ture was used as the reference standard, the performance was
disappointing, with sensitivity of 72%, specificity of 91%, PPV
of 66%, and NPV of 93%; of note, our main analysis effectively
used blood cultures as the reference standard.

A further C. albicans—specific real-time assay that adopted
TagMan technology was described by Maaroufi et al. [29]. Un-
fortunately, the clinical specificity of the assay could not be
determined. Furthermore, this assay could not detect species
of Candida other than C. albicans. The study of Klingspor and
Jalal [23] included a large patient sample, but, again, the data
analysis was grossly compromised by the paucity of clinical
information and lack of a clear reference standard.

The trial described herein is unique in many respects and,
therefore, reliable data comparisons are difficult; however, when
compared with available published data in which laboratory-
proven candidemia was used as the reference standard, these
assays have demonstrated very good performance.

Nonetheless, the precision with which the performance mea-
sures were estimated in this trial would be improved by eval-
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uation with larger sample size of disease-positive persons.
Moreover, evidence of multicenter applicability would add
weight to the clinical utility of the assays. Furthermore, given
that all patients with proven infection in this data set had
candidemia, these data do not assess assay performance in non-
candidemic invasive Candida infection. The exclusion criteria
adopted may explain the underrepresentation of the latter; these
patients are likely to have received preemptive antifungal ther-
apy and were thus excluded from the trial prior to meeting the
case definition of proven infection.

Some major health economic questions also remain to be
addressed before widespread adoption of such molecular tools
in routine diagnosis. The cost-effectiveness of this and similar
techniques has not been adequately estimated. It will be in-
creasingly difficult to justify adding sequential tests to the rou-
tine diagnostic pathway if molecular diagnostic methods do
not replace conventional techniques. Moreover, the applica-
bility of molecular testing to a given laboratory without “batch-
ing” specimens may affect its incorporation into routine use.

In summary, these data suggest that the described assays may
perform well for the rapid diagnosis of candidemia in non-
neutropenic adults. The assays show high sensitivity, excellent
specificity, and results potentially available on the same day.
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