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Invasive candidiasis (IC) is a significant cause of morbidity and mortality. Diagnosis relies on culture-based
methods, which lack sensitivity and delay diagnosis. We conducted a systematic review assessing the diagnostic
accuracy of PCR-based methods to detect Candida spp. directly in blood samples. We searched electronic
databases for prospective or retrospective cohort and case-control studies. Two reviewers abstracted data
independently. Meta-analysis was performed using a hierarchical logistic regression model. Random-effects
metaregression was performed to assess the effects of study methods and infection characteristics on sensitivity
or specificity values. We included 54 studies with 4,694 patients, 963 of whom had proven/probable or possible
IC. Perfect (100%) sensitivity and specificity for PCR in whole-blood samples was observed when patients with
cases had candidemia and controls were healthy people. When PCR was performed to evaluate patients with
suspected invasive candidiasis, the pooled sensitivity for the diagnosis of candidemia was 0.95 (confidence
interval, 0.88 to 0.98) and the pooled specificity was 0.92 (0.88 to 0.95). A specificity of >90% was maintained
in several analyses considering different control groups. The use of whole-blood samples, rRNA, or P450 gene
targets and a PCR detection limit of =10 CFU/ml were associated with improved test performance. PCR
positivity rates among patients with proven or probable IC were 85% (78 to 91%), while blood cultures were
positive for 38% (29 to 46%). We conclude that direct PCR using blood samples had good sensitivity and
specificity for the diagnosis of IC and offers an attractive method for early diagnosis of specific Candida spp.
Its effects on clinical outcomes should be investigated.

Invasive candidiasis (IC) is a serious cause of morbidity and
mortality. In hospitals, Candida spp. represent 8 to 9% of all
nosocomial bloodstream infections, and the risk is higher
among patients in the intensive care unit (ICU) and cancer
patients (19, 81). As many as half of the cases are not diag-
nosed antemortem (12, 21). In North America, non-Candida
albicans spp. are currently more prevalent than C. albicans;
Candida glabrata and Candida krusei, which are less susceptible
to fluconazole, account for 28% of all candidemias (30).
Crude mortality rates are uniformly high, ranging from 40 to
54% (3, 59).

The current gold standard for the diagnosis of IC is blood
culture, which takes 24 to 48 h to become positive (16). Iden-
tification of the specific Candida sp. might take even longer,
delaying appropriate antifungal treatment. Studies consistently
show that a delay of 12 to 48 h in appropriate antifungal
therapy is associated with significantly increased all-cause mor-
tality that is independent of other risk factors for mortality;
adjusted odds ratios range from 2.17 to 4.75 (8, 24, 40, 58, 60,
72). Conversely, the use of empirical antifungal treatment for
high-risk patients is highly prevalent, leading to increased costs
and adverse ecological effects (25). Non-culture-based meth-
ods, such as DNA detection by PCR, have been developed in
order to assist in the rapid diagnosis of infections, allowing for
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the initiation of species-oriented therapy as early as 6 h after
the onset of sepsis (52). A bedside scoring system has been
developed to guide empirical antifungal therapy for patients
colonized with Candida spp. (42). In a cohort of colonized
nonneutropenic patients staying >7 days in an ICU without
antifungal treatment and with a candida score of <3, the rate
of IC was 2.3% (confidence interval [CI], 1.1 to 3.5%), making
IC highly improbable. However, a maximal candida score of 5
was associated with an incidence of 23.6% (12.4 to 34.9%),
making the candida score less accurate for the positive predic-
tion of IC (43).

We performed a systematic review of studies assessing the
diagnostic accuracy of direct PCR on blood samples for IC. We
attempted to define the sensitivity and specificity of the test
through meta-analysis and to search for modifiers affecting test
characteristics.

MATERIALS AND METHODS

Inclusion criteria. We included prospective or retrospective cohort and case-
control studies assessing the diagnostic accuracy of PCR-based methods for the
detection of Candida spp. directly in blood samples. We included studies report-
ing on true-positive (TP), false-positive (FP), true-negative (TN), and false-
negative (FN) results that had both cases (number of TP plus FN results, >0)
and controls (number of TN plus FP results, >0). We excluded PCR testing of
blood cultures after incubation or after the identification of growth. No restric-
tions on language, publication status, year of study, or participants’ ages were
imposed.

The index tests included any PCR-based method used for the identification of
Candida spp. to the genus or species level, including standard, nested, real-time,
or reverse transcriptase PCR, using single or multiplex assays. All target genes
and primers were accepted. The reference standard was based on established
criteria for the definition of IC in neutropenic patients (EORTC criteria) (4, 16)
and definitions used in recent clinical trials for nonneutropenic patients (39, 64).
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We defined three levels for TP and two for TN results. TP level I corresponds to
candidemia. TP level II corresponds to proven or probable IC, defined for
neutropenic patients by host, clinical, and microbiological criteria (16) and for
nonneutropenic patients as the isolation of Candida species from blood or from
other normally sterile sites in the presence of at least one indicator of infection
within 4 days prior to treatment initiation. Acceptable indicators included in-
flammation at the site of infection, an elevated or subnormal temperature
(=38.6°C or =35.5°C on one occasion or =37.8°C on two occasions at least 4 h
apart), and systolic blood pressure of =100 or =30 mm Hg below baseline (39,
64). TP level III corresponds to proven, probable, or possible IC, as indicated by
host and clinical criteria without microbiological documentation for neutropenic
patients (defined preferably according the revised EORTC criteria [16]) and, for
nonneutropenic patients, by sepsis responsive to antifungal treatment with
one or more of the recognized risk factors for IC, without microbiological
documentation. “TN at risk” refers to patients at risk for IC who do not fulfill
the criteria for TP level III; “TN healthy” refers to healthy people. Studies
were included if they used these or similar criteria or if these definitions could
be applied to the data provided. We expected sensitivity to decrease and
specificity to increase from TP level I to TP level III when these individuals
were compared to control patients left at risk given the case definition. The
comparison of TP level I individuals with healthy people should result in the
highest (probably perfect) sensitivity and specificity. For the TP level IT and
IIT groups, we expected the sensitivity of PCR to be higher than that of blood
culture.

Search strategy. We searched the PubMed, LILACS, NLM Gateway, and
KoreaMed databases up to July 2009 and conference proceedings (European
Congress of Clinical Microbiology and Infectious Diseases [ECCMID], Inter-
science Conference on Antimicrobial Agents and Chemotherapy [ICAAC]) be-
tween 2000 and 2009, using the search phrase (blood OR serum OR plasma OR
buffy-coat OR bloodstream OR candidemia OR candidaemia OR fungemia)
AND (PCR OR real-time OR RT-PCR OR reverse-transcription OR nested-
PCR OR polymerase chain reaction) AND (candidemia OR candida OR can-
didaemia). In addition, we scanned the references of all studies included and
reviews identified by the search.

Data extraction and assessment of the risk of bias. Two reviewers indepen-
dently applied inclusion criteria and extracted the data from the studies included.
Disagreements were resolved by discussion and in consultation with a third
reviewer. When more than one index test (e.g., different PCR primers) or
reference standard was assessed, we extracted data separately for each test and
reference standard. TP and FN rates were computed by considering only Can-
dida spp. that could be detected by the assay. We extracted data on potential
covariates affecting test accuracy or the study’s results, including the study year;
participants’ ages, colonization rates among TP and TN cases, and prior anti-
fungal therapy; type of PCR (real time, nested, or conventional) and methods
used (DNA extraction protocol, number of cycles, target gene, and in vitro
detection limit); and the blood specimen used for PCR (whole blood, serum, or
plasma), whether it was used fresh or frozen, its volume, and the sampling
frequency. The risk of bias was assessed independently by two reviewers using the
QUADAS tool (41, 80), adapted for our review (see Table S1 in the supplemen-
tal material). In addition, we recorded the study design (case-control versus
cohort design and whether prospective or retrospective). Authors were contacted
to complement missing data. The impact of each item on the results was exam-
ined individually.

Statistical analysis. Analyses were performed using Stata/IC, version 10.1
(70). We constructed tables of TP, TN, FP, and FN results per study and
reference standard, from which sensitivity and specificity with 95% confidence
intervals were calculated. Meta-analysis was performed using a hierarchical lo-
gistic regression model (metandi). This method generates a hierarchical sum-
mary receiver operating characteristic (HSROC) curve from an individual study’s
sensitivity and specificity. We report the model’s summary sensitivity and spec-
ificity values, diagnostic odds ratios (DORs), and likelihood ratios (LRs) with
95% confidence intervals (26, 27). A 95% prediction region is shown on the
HSROC curves, defining the sensitivity and specificity values within which we
may expect the results of a future study to lie. Random-effects metaregression
(metareg) was performed to assess the effects of the moderators listed above on
sensitivity or specificity values (and their standard errors) separately (29). Asso-
ciations with an observed significance (P) of <0.1 are reported. Subgroup anal-
ysis was based on the results of the metaregression. In addition, we conducted a
prespecified-subgroup analysis of studies performed after the year 2000 in order
to address recent technology.
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RESULTS

The search strategy identified 1,209 citations, of which 71
potentially relevant citations were selected for further evalua-
tion (see Fig. S1 in the supplemental material). Fifty-four stud-
ies published between 1993 and 2009 met the inclusion criteria,
providing a total of 101 different comparisons of individual
index tests and reference standards (1, 2, 5-7, 9-11, 13-15,
17, 18, 20, 22, 23, 28, 31-38, 44-52, 54-57, 61-63, 65-69, 71,
73-179).

There were 16 case-control studies, 36 prospective cohort
studies, and 2 retrospective cohort studies, which included
4,694 patients (963 with proven/probable or possible IC) (see
Table S2 in the supplemental material). PCR sampling was
always performed prospectively. Seventeen studies assessed
adults alone; eight assessed children alone; seven assessed both
adults and children; and the others did not state a specific age
group. Standard PCR was used in 23 studies, nested PCR in 16,
and real-time PCR in 16 (1 study used both nested and real-
time PCR [36]). Thirteen studies used serum, while all the
others used whole-blood samples. Nineteen studies performed
PCR on fresh blood samples, while all the others used frozen,
stored blood samples. Antifungal therapy prior to sampling
was reported in 11 studies and colonization rates among pa-
tients without IC in 15. The genes used as targets for PCR were
rRNA genes in 42 studies (18S rRNA in 32, 5.8S and 28S
rRNA in 8, and other rRNA genes in 2) and cytochrome P450
L1A1 genes in 6 studies. Other, single studies used the SAP,
EO3,HSP, ERG11, CHSI, or ACTI gene. Twenty-four stud-
ies in our review referred to the PCR sample-processing
time, which ranged from 4 to 12 h, allowing for the reporting
of results within 1 working day in all studies.

The study design and QUADAS methodological assessment
are shown in Fig. S2 in the supplemental material and are
detailed in Tables S3 and S4 in the supplemental material.
Methodological variability was noted between the studies with
regard to the recruitment of consecutive participants, the tim-
ing of PCR in relation to blood cultures, the testing of all
participants with reference tests, and the description of the
clinical information available at the time PCR was conducted.

TP I individuals (with candidemia) versus TN healthy peo-
ple. Fifteen studies assessed a group of patients with proven
candidemia versus a group of healthy people using a case-
control design. All studies showed a specificity of 1. Sensitivity
was 1 in 12 studies and ranged from 0.77 to 0.93 in 3 studies (2,
18, 34). Given these results, summary receiving operator char-
acteristic (SROC) analysis was not done, and the number of
studies was too small for formal regression analysis. A notice-
able difference was that all studies with sensitivities lower than
100% used serum samples, while all but two of the studies with
perfect sensitivity used whole-blood samples (Table 1); thus,
sensitivity and specificity were 100% in all studies using whole-
blood samples. The study with the lowest sensitivity (34) used
the CA1/CA2 Candida actin gene as the target gene, while all
others used rRNA or P450 genes.

TP I individuals (with candidemia) versus TN at-risk pa-
tients. Forty-nine studies contributed data for the comparison
between TP I and TN at-risk patients; of these, 14 were case-
control studies and the rest were cohort studies. The summary
sensitivity and specificity values for all studies were 0.95 (CI,
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TABLE 1. Results of the diagnostic meta-analyses (hierarchical summary receiver operating characteristic curves)”

Comparison with TN at-risk patients Likelihood ratio

. Illustration Sensitivit Specifici DOR
(no. of studies) Y P v Positive Negative
TP I individuals (with candidemia)
All® (49) Fig. 1A; Fig. S3 in the supplemental 0.95 (0.88-0.98) 0.92 (0.88-0.95) 229.1 (85-617.3) 12.3 (7.9-19.3) 0.05 (0.02-0.14)
material
Yr, =20007¢ (27) Fig. S4A in the supplemental material 0.93 (0.91-0.97) 0.94 (0.89-0.97) 195.7 (70.9-540.4) 15.4 (9-26.4) 0.08 (0.03-0.21)
Subgroup analysis: whole blood; Fig. S5 in the supplemental material 0.98 (0.85-1) 0.90 (0.82-0.85) 394.9 (56.4-2,765.4) 10.2 (5.5-18.9) 0.03 (0.004-0.18)
rRNA or p450 gene target;
detection limit, =10 CFU/ml;
SeptiFast excluded (23)
TP II individuals (with proven/
probable IC)
AllP (17) Fig. 1B 0.93 (0.82-0.98) 0.95 (0.87-0.98) 251.9 (57.4-1,106) 18.2 (7-47.2) 0.07 (0.03-0.2)
Yr, =2000 (8) Fig. S4B in the supplemental material 0.87 (0.70-0.95) 0.96 (0.92-0.98) 178.9 (51.1-626.8) 24.3 (11.3-52.4) 0.14 (0.05-0.33)
TP III individuals (with proven/
probable/possible IC)
All (20) Fig. 1C 0.73 (0.58-0.83) 0.91 (0.82-0.96) 26.9 (10.5-69.2) 8.1 (4-16.5) 0.3 (0.9-0.48)
Yr, =2000 (11) Fig. S4C in the supplemental material 0.71 (0.52-0.85) 0.95 (0.92-0.97) 47.3 (16.9-132.9) 14.4 (8-25.2) 0.3 (0.17-0.55)

“ Values in parentheses are 95% confidence intervals.
> Model fit using Stata’s gllamm (generalized linear latent and mixed models) option.
¢ Study end year. If the year when the study ended was not reported in the article, we used the publication year minus 2.
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resulted in similar results with a higher positive LR (15.4 [9 to
26.4]) (see Fig. S4A in the supplemental material).

The only variables associated with higher sensitivity on metar-
egression (P, <0.1) were an in vitro detection limit of =10
CFU/ml and the use of a PCR procedure other than the com-
mercial SeptiFast kit (multiplex real-time PCR). A subgroup
analysis based on these variables in addition to those observed
in the previous analysis (use of whole-blood samples and rRNA
or P450 target genes) resulted in higher pooled sensitivity (0.98
[CI, 0.85 to 1]) and slightly narrower prediction regions for
sensitivity (23 studies) (see Fig. S5 in the supplemental mate-
rial). Specificity values in individual studies were associated
with methodological variables representing the variability in
the definition of patients at risk: prospective cohort studies
were associated with lower specificity than retrospective cohort
studies and case-control studies, and blinding of the reference
standard was associated with higher specificity (P, <0.1 for all).

TP 1I individuals (with proven/probable IC) versus TN at-
risk patients. Seventeen studies contributed to the comparison
between TP II and TN at-risk patients; of these, 6 were case-
control studies and the rest were cohort studies. The summary
sensitivity and specificity values were 0.93 (CI, 0.82 to 0.98) and
0.95 (0.87 to 0.98), respectively (Fig. 1B). Studies conducted
after the year 2000 showed higher positive LRs (24.3 [11.3 to
52.4]) and a narrower prediction region for specificity (see Fig.
S4B in the supplemental material). Sensitivity was associated
with the sample type: it was higher with whole-blood samples
than with serum. No other significant associations were ob-
served.

TP III individuals (proven/probable/possible IC) versus TN
at-risk patients. Twenty studies were included. As expected,
the summary sensitivity value for this analysis was lower than
those for the analyses described previously (0.73 [CI, 0.58 to
0.83]). Specificity was maintained at a good level, especially
among studies conducted after 2000 (0.95 [0.92 to 0.97]), with
narrow prediction CIs (Fig. 1C; see also Fig. S4C in the sup-
plemental material).

Studies that performed more than one PCR test per patient
were associated with higher specificity than studies where one
sample was taken per patient. DNA extraction with commer-
cial QIAamp (Qiagen) kits resulted in higher specificity than
methods based on mechanical lysis. The rates of colonization
by Candida spp. among control patients in this analysis, where
controls were highly unlikely to have invasive candidiasis, were
reported only in 6 studies. There was a trend toward lower
specificity with higher colonization, but this did not reach sta-
tistical significance (see Fig. S6 in the supplemental material).

Sensitivity of blood cultures for IC. Among TP level II
(proven/probable) patients, the pooled blood culture positivity
rate was 0.38 (CI, 0.29 to 0.46) (10 studies). Among patients
with proven/probable or possible IC, the pooled rate was 0.29
(0.24 to 0.39) (16 studies). The respective PCR positivity rates
in the same sets of studies were 0.85 (0.78 to 0.91) and 0.67
(0.62 to 0.72).

Comment. Studies assessing patients with candidemia versus
healthy controls showed that PCR of whole-blood samples
targeting panfungal genes has 100% sensitivity and specificity.
When patients with candidemia constituted the case definition
and patients with sepsis at risk for IC without candidemia
constituted the control group, the sensitivity was 100% in 31/49
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studies and the pooled (HSROC) sensitivity was 0.95 (95%
confidence interval, 0.88 to 0.98). As expected, sensitivity de-
creased as the reference standard became less stringent, from
proven through probable to possible IC. In the analysis where
patients with cases had proven/probable or possible IC and
other patients at risk for IC were controls, the pooled
(HSROC) sensitivity was 0.73 (0.58 to 0.83). The pooled spec-
ificity was above 90% in all analyses. In studies conducted after
2000, positive likelihood ratios were higher than those in older
studies, ranging from 14 to 24 in the different analyses, and the
negative likelihood ratio for candidemia was 0.05 (0.02 to
0.14). Among patients clinically suspected of probable or pos-
sible IC, the positivity rate of PCR in blood was much higher
than that of blood culture (85% versus 38% and 67% versus
29%, respectively). These results are compatible with the con-
clusion that PCR provides higher sensitivity than blood culture
for the diagnosis of IC, with a specificity higher than 90%.

We attempted to identify variables affecting diagnostic ac-
curacy other than the case definition and reference standard
used. Higher sensitivity was observed with whole-blood (rather
than serum) samples, the use of the QIAamp kit for DNA
extraction, the use of panfungal rRNA or P450 genes as the
target for PCR, fungus/Candida-specific PCR (rather than a
multiplex assay), and an in vitro detection limit of =10 CFU/ml
(P, <0.1 for all). Specificity was not reduced when serial sam-
ples for PCR were obtained every few days or weekly; rather,
studies using serial sampling showed higher specificity. We
observed a trend showing that colonization by a Candida sp.
(without IC) might reduce specificity, but too few studies were
available to address this point (see Fig. S6 in the supplemental
material). Since nearly all studies used stored frozen blood
samples, we could not assess whether fresh samples improve
sensitivity. Similarly, due to poor reporting, we could not ex-
amine the effect of antifungal treatment or prophylaxis. Studies
conducted after 2000 showed higher specificity and less heter-
ogeneity, as reflected in the narrower prediction region around
the summary specificity points.

Other advantages of PCR included earlier diagnosis and the
possibility of monitoring the persistence or resolution of infec-
tion. PCR results were reported to precede candidemia or
clinical signs of IC in seven studies, with a range of 1 day to 4
weeks. Five studies reported that persistent positive PCR re-
sults on blood were associated with mortality. Badiee et al.
noted that PCR remained positive for 14 days among patients
who were cured, when weekly PCR sampling was performed,
and that PCR positivity persisted longer and until death among
patients who died (5, 6). The net clinical benefit afforded by
PCR testing for IC could not be assessed. Although PCR
results were available to clinicians attending the patient in the
several studies performing PCR in real time, only one study
directed patients’ treatment by PCR results, showing that
PCR-directed treatment was initiated 3 days (median; range, 0
to 8 days) before the diagnosis of candidemia by blood culture
(44). None of the studies reported the effects of PCR on
clinical outcomes. Thus, the studies currently available do not
allow assessment of the clinical effects of the higher sensitivity
and earlier diagnosis achieved with direct PCR for Candida
spp. on blood samples.

The main problem confronting the original studies and this
meta-analysis was how to assess a test’s accuracy when no gold
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standard for diagnosis exists. Ultimately, the assessment of
PCR on blood for the diagnosis of IC will have to rely on an
interventional study, preferably a randomized controlled trial,
asking whether management directed by PCR testing improves
patients’ outcomes. The population should consist of patients
at high risk for IC. Serial monitoring and diagnostic PCR
samples should be analyzed in real time to guide treatment,
while control patients should be managed using conventional
culture-based diagnosis. If the primary outcome is all-cause
mortality, the sample size needed for such a trial would be
about 513 patients per arm («, 0.05; power, 0.8), assuming a
15% rate of IC among patients at risk, 45% mortality with
inappropriate empirical treatment, and a relative risk of 0.5 for
death with early antifungal treatment (8, 24, 40, 58, 60, 72).
This should be a multicenter effort and will be costly. The
current data justify such an interventional study.

Based on the evidence compiled in this review, we believe
that PCR in blood might play an important role in improving
the outcome of patients with IC through earlier and more-
sensitive diagnosis. Given the analysis presented, testing of
patients with suspected IC by PCR should accompany, but not
replace, blood cultures, and serial sampling might be consid-
ered for patients at high risk for IC. PCR targeting panfungal
DNA elements, with subsequent species identification, should
be applied to whole-blood samples. The assay should have an
in vitro sensitivity of at least 10 CFU/ml. Since many assays
start with panfungal PCR (a ribosomal DNA sequence be-
tween 18S and 5.8S), the same assay can be used for early
diagnosis of invasive aspergillosis (53) and IC in hematology
patients.

In summary, this diagnostic-accuracy review demonstrated
that direct PCR in blood samples may have higher sensitivity
for the diagnosis of IC than conventional blood cultures, with
a specificity of 90%, which is acceptable for clinical practice.
Future studies should assess the clinical effects of this test.
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