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Abstract: Background: Treatment for invasive candidiasis (IC) is time-critical, and culture-based
tests can limit clinical utility. Nonculture-based methods such as Candida PCR represent a promising
approach to improving patient management but require further evaluation to understand their
optimal role and incorporation into clinical algorithms. This study determined the performance
of the commercially available OLM CandID real-time PCR when testing serum and developed a
diagnostic algorithm for IC. Methods: The study comprised a retrospective performance evaluation
of the CandID real-time PCR assay when testing surplus serum (n = 83 patients, 38 with IC), followed
by a prospective consecutive cohort evaluation (n = 103 patients, 24 with IC) post incorporation
into routine service. A combined diagnostic algorithm, also including (1-3)-β-D-Glucan testing,
was generated. Results: Prospective CandID testing generated a sensitivity/specificity of 88%/82%,
respectively. Specificity was improved (>95%) when both PCR replicates were positive and/or the
patient had multiple positive samples. When combining CandID with (1-3)-β-D-Glucan testing, the
probability of IC when both were positive or negative was >69% or <1%, respectively. Conclusions:
The CandID provides excellent performance and a rapid time-to-result using methods widely available
in generic molecular diagnostic laboratories. By combining nonculture diagnostics, it may be possible
to accurately confirm or exclude IC.
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1. Introduction

Treatment for invasive candidiasis (IC) is time-critical, with delayed treatment as-
sociated with higher hospital mortality [1]. Culture-based tests lack sensitivity and may
have a prolonged time to positivity, which may contribute to missed or delayed diagnoses,
respectively [2]. Advances in the diagnosis of IC currently lag behind other invasive fungal
diseases (IFDs, e.g., invasive aspergillosis or Pneumocystosis), in which biomarker testing
has significantly improved diagnosis [3,4]. Given the prevalence of IC, it is critical that
its diagnosis is optimized to include nonculture methods. In this context, nonculture-
based methods for the identification of Candida, such as DNA detection by PCR, represent
a promising approach, with clinical performance sufficient to allow rapid species-level
diagnosis, prompting the initiation of species-oriented therapy soon after the onset of
sepsis [5,6]. The combination of mycological tests to provide an optimal diagnosis of IC
remains to be confirmed, with the A-STOP clinical trial (ISRCTN43895480) attempting to
identify a preferred strategy. While a meta-analysis has generated excellent performance
for Candida PCR for the diagnosis of candidemia, data are over a decade old, and PCR
performance for the detection of other IC manifestations, particularly in the absence of
candidemia (e.g., intra-abdominal candidiasis or Candida peritonitis) is less robust [6]. This
is hindered by the lack of a preferred sample type for molecular detection of IC when the
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organism is absent from the circulation [2,7]. The availability of commercially manufac-
tured Candida PCR platforms helps standardize the process and improves accessibility to
such testing. While performance data for automated systems (e.g., T2Candida) is gener-
ally encouraging, it remains variable, particularly for sensitivity [8,9]. This could reflect
the limitations of targeting an intact organism when it is absent from blood in certain IC
manifestations or the influence of antifungal therapy that hypothetically increases the avail-
ability of free DNA (DNAemia) [6,7]. Testing cell-free blood fractions (e.g., serum/plasma)
targeting circulating DNAemia only (due to prior blood fractionation) may be preferential
and improves accessibility to Candida PCR testing by employing generic nucleic acid extrac-
tion platforms/methods that do not require upstream mycology-specific manipulations
(e.g., blood cell lysis and mechanical disruption of the fungal cell), but clinical validation of
commercial assays is lacking [7,10].

As part of routine local testing, patients considered at high risk of IC (e.g., abdomi-
nal surgery/perforation, intensive care patients (including those admitted with COVID-
19), patients with interventions/risks increasing the possibility of IC (venous catheters,
broad-spectrum antibacterial agents, total parenteral nutrition, Candida colonization)) were
prospectively screened for IC by Bruker Fungiplex Candida PCR and Fungitell (1-3)-β-D-
Glucan (BDG). As CandID (OLM Diagnostics, Newcastle-upon-Tyne, UK) has the capacity
to increase the level of identification, it was decided to perform a retrospective performance
evaluation to determine whether the routine clinical service could be enhanced through the
implementation of CandID. This manuscript documents the process of validating a fungal
diagnostic test and its subsequent implementation in a busy routine testing laboratory. It
describes the retrospective evaluation of the assay when testing serum, the issues encoun-
tered in the transfer to routine diagnostic use, the steps taken to overcome these issues, and
the subsequent prospective evaluation and integration into a diagnostic pathway.

2. Materials and Methods
2.1. Study Design

The study comprised two evaluations. A retrospective, anonymous performance
evaluation of the CandID real-time PCR assay when testing surplus serum, previously tested
by Bruker Fungiplex Candida PCR and BDG as a part of routine diagnostic investigations
in patients at risk of IC. Initially, serum samples were selected based on a previous positive
Fungiplex result, with additional CandID testing performed on randomly selected samples.
This retrospective case/control study was followed by a prospective consecutive cohort
evaluation of CandID real-time PCR assay post incorporation into routine service in place
of the Bruker Fungiplex Candida PCR.

Case definition was performed blinded to the CandID result, with proven IC docu-
mented by the recovery of Candida sp. from blood or sterile sites. Probable IC was defined
in patients with a clinical risk factor for developing IC supported by evidence of Candida
colonization at ≥2 noncontiguous anatomical sites and a positive serum BDG (with the
exclusion of other fungal infections) or recovery of Candida from a central venous catheter
or deep wound and a positive serum BDG (with the exclusion of other fungal infections).
Possible IC was defined in patients with a clinical risk factor for developing IC supported
by evidence of Candida colonization at ≥2 noncontiguous anatomical sites or a positive
serum BDG (with the exclusion of other fungal infections) or recovery of Candida from
a central venous catheter or deep wound. Justification for the nonproven classifications
was based on the potential prevalence of IC associated with various clinical conditions
and the subsequently increased probability of IC associated with supporting mycological
evidence [11]. For example, in a patient with small bowel perforation and a positive serum
BDG, the probability of IC is 39%, which would be increased further by the presence of
Candida colonization, particularly of central venous catheters or deep wounds [11].

Data obtained to aid in the clinical interpretation of the routine diagnostic PCR results
were retrospectively collated as an anonymous performance evaluation with no impact
on patient management. Following prior discussions with the local research board, this
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type of study is not considered research under UK National Health Service guidance and
subsequently does not require ethical approval.

2.2. Nucleic Acid Extraction

For the retrospective evaluation, total nucleic acid was extracted from 500 µL of
serum on the BioMerieux eMAG extraction platform version 1.0.2, using the Generic_3.0.4
extraction protocol with the nucleic acid eluted in 75 µL. Initially, this platform was also
utilized for the prospective evaluation, but concerns over contamination (detailed below)
resulted in further extractions being performed on the Roche MagNA Pure 96 Extraction
Platform. Again, 500 µL of serum was extracted using the MagNA Pure 96 DNA and Viral
NA Large Volume extraction procedure, with the nucleic acid eluted in 100 µL. For all
extractions, a positive extraction control containing each of the Candida species targeted by
the CandID assay (Figure 1) was included together with a negative control.
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Figure 1. A typical OLM CandID and CandID plus multiplex real-time PCR tests on the Qiagen
Rotorgene 6000 HRM instrument for the detection of (a) C. albicans/C. tropialis, (b) C. dubliniensis/C.
parapsilosis, (c) C. glabrata/C. krusei, and (d) internal control, in which the horizontal axis reflects the
number of cycles (n = 45), and the vertical axis is the absolute fluorescence for each channel.

2.3. CandID Real-Time PCR Amplification

Real-time PCR amplification was performed in duplicate following the manufacturer’s
instructions using 6 µL of DNA extract in a final volume of 20 µL. For every sample, both
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the CandID (targeting C. albicans, C. glabrata, C. parapsilosis, and an internal control) and
CandID PLUS (targeting C. tropicalis, C. krusei, C. dubliniensis, and an internal control) assays
were performed as separate reactions within the same run (Figure 1). PCR amplification
was performed using the Qiagen Roto-Gene 6000 HRM with the following amplification
protocol: Enzyme activation for 2 minutes at 95 ◦C, followed by 45 cycles of 95 ◦C for 5 s
and 60 ◦C for 20 s with data acquisition across four channels (green, C. albicans/C. tropicalis;
yellow, C. glabrata/C. krusei; red, C. parapsilosis/C. dubliniensis; and orange, internal control).
The internal control target was added to the master mix to identify PCR inhibition only
and did not provide evidence on individual sample extraction efficiency. Along with the
independent positive and negative extraction controls, a manufacturer-supplied positive
PCR control and a no-template PCR control were included in every PCR run. The limit of
detection for each target was eight femtograms per PCR reaction (personal communication:
Gemma Johnson). When designing the oligonucleotides, a minimum of 40 strains of each
target species were aligned to identify sequences with 100% homology, and 2–3 strains
of each target species were then physically tested using the optimized assay (personal
communication: Gemma Johnson).

2.4. (1-3)-β-D-Glucan Testing

BDG testing was performed using the Fungitell Assay (Associates of Cape Cod), testing
5 µL of serum in duplicate according to the manufacturer’s instructions, with a positivity
threshold of 80 pg/mL. Samples with a BDG concentration of between 60 and 79 pg/mL
were considered indeterminate, and samples below 60 pg/mL were considered negative.

2.5. Statistical Analysis

To determine the clinical accuracy of the CandID assay, the positivity rate in samples
originating from cases was compared with the false positivity rate in control samples. To
determine clinical performance (sensitivity, specificity, positive and negative likelihood ra-
tios, and diagnostic odds ratio), 2 × 2 tables were constructed using both proven/probable
IC and proven/probable/possible IC as true cases and patients with no evidence of fungal
disease used as the control population. Performance of the CandID assay was further as-
sessed by requiring both PCR replicates to be positive or a patient to have multiple positive
samples compared with absolute positivity, in which a nonreproducible or a single positive
sample were considered significant. Given the case–control study design, predictive values
were not calculated for the retrospective study but were generated for the prospective
cohort evaluation. For each proportionate value, ninety-five percent confidence intervals
and, when required, p values (Fisher’s exact test; p ≤ 0.05 considered significant) were
generated to determine the significance of the difference between rates. To determine
an optimal quantification cycle (Cq) threshold for defining CandID positivity for each of
the six Candida species targeted by the assay, receiver operator characteristic (ROC) curve
analysis was performed. Classification and regression tree (CART) analysis was performed
to develop a combined predictive algorithm for IC involving BDG and CandID testing.
Statistical analyses were performed using Graphpad Prism 5 (Graphpad Software, La Jolla,
CA, USA) and Microsoft Excel 2016.

3. Results
3.1. Retrospective Performance Evaluation

A total of 97 serum samples from 83 patients were retrospectively tested by the CandID
assay. Median age of the patient was 58 years (range <1 to 93) with a male/female ratio
of 1.96/1, including 19 patients with gastrointestinal/abdominal issues, 18 hematology
patients, 10 patients with COVID-19 infection, and 8 patients requiring critical care man-
agement for trauma, and a range of patients with other underlying clinical risks (renal
(n = 5), solid cancer (n = 4), surgery (n = 4), diabetes (n = 3), respiratory (n = 3), and other
conditions (n = 9)). A total of 14 samples originated from 12 cases of proven IC (10 cases
of candidemia, 2 cases of Candida peritonitis), 16 samples from 12 cases of probable IC,
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20 samples from 14 cases of possible IC, and 47 samples from 45 control patients. Positivity
rates for samples originating from proven, probable, possible, and no IC were 64% (95%
CI: 39–84), 75% (95% CI: 51–90), 55% (95% CI: 34–74), and 6% (95% CI: 2–17), respectively,
with false positivity rates in patients with no IC significantly lower than true positivity
rates associated with cases of IC, irrespective of the certainty of diagnosis (p < 0.0001). The
retrospective performance of the CandID assay when testing serum is shown in Table 1.

Table 1. Retrospective performance of the OLM CandID real-time PCR when testing serum in
comparison to routine prospective testing using the Bruker Fungiplex Candida Assay.

Population (n = 83)

Parameter

Se (%, 95% CI) Sp (%, 95% CI) LR +tive LR -tive DOR

CID BFC CID BFC CID BFC CID BFC CID BFC

Candidemia (10)
vs. no IC (45) 80 (49–94) 70 (40–89) 93 (82–98) 62 (48–75) 11.4 1.8 0.2 0.5 53.1 3.8

Probable IC (12)
vs. no IC (45) 92 (65–99) 75 (47–91) 93 (82–98) 62 (48–75) 13.1 2.0 0.1 0.4 152.8 4.9

Candida peritonitis
(2) vs. no IC (45) 0 (0–66) 50 (10–91) 93 (82–98) 62 (48–75) 0 1.3 1.1 0.8 0 1.6

Combined
proven/prob IC (24)
vs. no IC (45)

79 (60–91) 71 (51–95) 93 (82–98) 62 (48–75) 11.3 1.9 0.2 0.5 50.0 4.0

Possible IC (14)
vs. no IC (45) 43 (21–67) 64 (39–84) 93 (82–98) 62 (48–75) 6.1 1.7 0.6 0.6 10.0 2.9

All IC (38)
vs. no IC (45) 66 (50–79) 68 (53–81) 93 (82–98) 62 (48–75) 9.4 1.8 0.4 0.5 25.8 3.5

Key: Se, sensitivity; Sp, specificity; LR +tive, positive likelihood ratio; LR -tive, negative likelihood ratio; DOR,
diagnostic odds ratio; CID, OLM CandID; BFC, Bruker Fungiplex Candida; IC, invasive candidiasis.

Assay specificity appeared optimal, and there were only three false positive cases
associated with two C. krusei and one C. parapsilosis erroneous result. All three false positive
results were only positive in one of two replicates, and retrospective specificity could be
increased to 100% by requiring both replicates to be positive, but this reduced the sensitivity
for detecting proven/probable IC from 79% to 58% and from 66% to 42% for detecting
proven/probable/possible IC. ROC analysis identified a threshold of <37 cycles for elimi-
nating false positivity caused by C. parapsilosis and C. krusei, without significantly impacting
sensitivity, albeit IC cases definitely caused by these species were limited. For cases of
proven IC with Candida isolated from a sterile site that were also positive by the CandID
assay (n = 8), concordance between culture identification and molecular identification was
100% (C. albicans (n = 5), C. glabrata, C. tropicalis, and C. glabrata/krusei (all n = 1)).

3.2. Prospective Performance Evaluation Using Nucleic acid Extracted Using the BioMerieux
eMag Extractor

On the basis of retrospective clinical performance (Table 1), it was decided to incor-
porate the CandID assay into routine service. In total, 120 serum samples from eight cases
of proven IC (14 samples), five cases of probable IC (9 samples), five cases of possible
IC (9 samples), one case of chronic IC (2 samples), and seventy-six patients (86 samples)
with no evidence of IC were tested. Sensitivity for the detection of proven/probable and
proven/probable/possible IC was similar to retrospective testing at 77% (95% CI: 50–92)
and 72% (95% CI: 49–88), respectively. However, the specificity was significantly reduced
(75%, 95% CI: 64–83, difference with retrospective specificity: 18%, 95% CI: 4–30, p = 0.0139).
Environmental monitoring and investigation of extraction and amplification negative con-
trols indicated the source of false positivity was associated with the nucleic acid extraction
platform, where negative extraction controls and swabs from the eMAG platform were
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consistently positive for C. parapsilosis, which accounted for 74% (95% CI: 51–88) of clinical
false positivity.

3.3. Prospective Performance Evaluation Using Nucleic acid Extracted Using the Roche MagNA
Pure 96 Extractor

To maintain service, a rapid technical evaluation of the Roche MagNA Pure 96 extractor
was performed to exclude contamination with Candida. After confirming satisfactory per-
formance, the MagNA Pure 96 extractor was incorporated into routine service for Candida
PCR, and a prospective consecutive performance evaluation was conducted. Prospective
testing using the MagNA Pure 96 extractor involved 175 serum samples from 103 patients
comprising 4 cases of proven IC (10 samples), 1 case of probable IC (2 samples), 18 cases of
possible IC (48 samples), 1 case of chronic IC (4 samples), and 79 control patients (111 sam-
ples). The median age of the patient was 59 years (range <1 to 92), with a male/female ratio
of 1.48/1. Underlying conditions included hematological malignancy (n = 31), gastroin-
testinal/abdominal conditions (n = 21), COVID-19 infection (n = 12), renal issues (n = 9),
and a range of other conditions (including cardiac, respiratory, solid cancer, and surgery).

Positivity rates for samples originating from proven, probable, possible, chronic, and
no IC were 50% (95% CI: 24–76), 50% (95% CI: 9–90), 54% (95% CI: 40–67), 50% (95%
C: 15–85), and 13% (95% CI: 8–20), respectively, with false positivity rates in control
patients significantly lower than true positivity rates associated with cases of combined IC
(p < 0.0001).Prospective testing generated an overall sensitivity and specificity of 88% (95
CI: 65–94) and 82% (95% CI: 72–89), respectively (Table 2).

Table 2. Prospective performance of the OLM CandID real-time PCR when testing serum with DNA
extracted using the Roche MagNA Pure 96.

Population (n = 103)
Parameter

Se
(%, 95% CI)

Sp
(%, 95% CI)

PPV
(%, 95% CI)

NPV
(%, 95% CI)

LR
+tive

LR
-tive DOR

Candidemia (4) vs. no IC (79) 100 (51–100) 82 (72–89) 22 (9–45) 100 (94–100) 5.6 <0.001 >4571

Probable/chronic IC (2)
vs. no IC (79) 100 (34–100) 82 (72–89) 13 (4–36) 100 (94–100) 5.6 <0.001 >4571

Combined candidemia/prob/
chronic IC (6) vs. no IC (79) 100 (61–100) 82 (72–89) 30 (15–52) 100 (94–100) 5.6 <0.001 >4571

Possible IC (18) vs. no IC (79) 83 (61–94) 82 (72–89) 52 (34–69) 96 (88–98) 4.7 0.20 22.9

All IC (24) vs. no IC (79) 88 (69–96) 82 (72–89) 60 (44–74) 96 (88–98) 4.9 0.15 32.5

Only one case of candidemia was PCR positive in duplicate and/or PCR positive on multiple samples. Only one
case of probable/chronic IC was PCR positive in duplicate and/or PCR positive on multiple samples. Thirteen
cases of possible IC were PCR positive in duplicate and/or PCR positive on multiple samples. Only four control
patients were PCR positive in duplicate. Key: Se, sensitivity; Sp, specificity; PPV, positive predictive value; NPV,
negative predictive value; LR + tive, positive likelihood ratio; LR-tive, negative likelihood ratio; DOR, diagnostic
odds ratio.

C. parapsilosis accounted for 50% of false positivity, with only 1/7 false positive C.
parapsilosis results positive in duplicate. Only 4/14 false positive results were positive in
both replicates, so applying a positivity threshold requiring both replicates to be positive
increased specificity to 95% (95% CI: 88–98; PPV: 76% (95% CI: 53–90); LR +tive: 10.7) with
a sensitivity of 54% (95% CI: 35–72; NPV: 87% (95% CI: 79–93); LR -tive: 0.48). No control
patients had multiple (≥2) false positive samples generating a specificity/PPV of 100%
(LR +tive > 360), but sensitivity/NPV was reduced to 38% and 83%, respectively. Using
a threshold requiring multiple serum samples or both PCR replicates to be positive by
CandID before considering a patient to be Candida PCR positive generated a sensitivity of
63% (95% CI: 43–79) and specificity of ≥95%.

The median Cq values associated with false positive and true positive results were
35 (range: 32–41) and 34 (range: 26–37) cycles, respectively, limiting the potential of ROC
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analysis for identifying an optimal Cq threshold, but Cq values of <32 were only associated
with cases of IC and Cq values of >37 cycles were only associated with false positive
results. Molecular identification confirmed the mycological culture result in 4/5 cases of
proven/probable IC.

4. Discussion

This two-phase study presents a retrospective case/control evaluation but also a more
clinically relevant prospective cohort evaluation of the OLM CandID assay when testing
easily obtainable serum samples that can be conveniently processed using automated
nucleic acid extraction platforms, widely available in generic molecular diagnostic labo-
ratories. While the CandID assay demonstrated comparable performance when testing
DNA extracted on both the Roche MagNA Pure 96 and the BioMerieux eMag platforms,
the Candida contamination experienced on the latter highlights the need for maintaining
quality practices through the use of negative controls during every extraction. While the
eMag was identified as the source of contamination, it was unclear how this developed,
but the design of the instrument employing large reservoirs of buffers to be dispensed
through permanent tubing does lend itself to potential fungal contamination. Fungal DNA
contamination of the molecular process is well documented; indeed, the predecessor to the
eMag (the easyMag) and other commercially available nucleic acid extraction kits have also
been associated with fungal DNA contamination [12–15]. The use of extraction platforms
with dispensable or interchangeable reagents individual to each run limits the opportunity
for fungal contamination.

The prospective CandID evaluation utilizing the MagNA Pure 96 for nucleic acid ex-
traction detected all cases of proven/probable IC, and while three cases of possible IC were
negative, the certainty of diagnosis is obviously less, and all patients were on antifungal
therapy prior to CandID testing. Interestingly, there was a trend for the overall prospective
sensitivity (88%) to be greater than the retrospective (66%) (difference: 22%, p = 0.0765), in-
dicating the potential detrimental impact of storage on DNA, despite freezing. It could also
explain the numerical difference in prospective (82%) and retrospective (93%) specificity, in
which degradation removed much of the low-grade false positivity prior to retrospective
CandID testing. Indeed, the main reason for incorporating the CandID over the previous
Bruker assay was its improved specificity (93%, 95% CI: 82–98) on retrospective evaluation
compared with a Bruker specificity of 62% (95% CI: 48–75) generated during routine service.
However, the reduced Bruker specificity could reflect previously unidentified low-grade
eMag Candida contamination, and the prospective CandID specificity (75%) when using the
eMag extractor was not significantly superior to the Bruker assay (p = 0.1539).

Disease manifestation can also impact Candida PCR performance when testing whole
blood, in which the absence of the organism in the circulation limits the potential for molec-
ular processes targeting the intact yeast [16]. While studies have demonstrated the benefit
of testing plasma/serum (targeting DNAemia) over whole blood (targeting the Candida
blastospore) for the molecular diagnosis of deep-seated IC in the absence of circulating
organism, the reverse is potentially true for the diagnosis of candidemia [6,7,17,18]. In the
prospective arm of this study, all cases of candidemia were successfully detected by the
CandID assay testing serum, and in the retrospective arm, 80% of candidemias were de-
tected despite the potential for sample degradation of the already low burden (<1 CFU/mL
blood) of yeast associated with blood culture positivity [19,20]. However, the two missed
candidemia cases were also falsely negative during prospective testing by the original
Bruker PCR and BDG, with one patient only having Candida recovered in 1/3 blood culture
bottles and the other receiving prior antifungal therapy. It is not possible to confidently de-
termine the performance of the CandID assay for the diagnosis of deep-seated IC, with only
three cases of Candida peritonitis included, two of which retrospectively tested negative by
CandID, with the final case testing positive during the initial prospective evaluation with
high rates of false positivity.
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In relation to initiating appropriate antifungal therapy, it is important that, when
available, the molecular identification is concordant with that of culture. Across the
retrospective and both prospective studies, concordance with culture identification was
95% (18/19, 95% CI: 75–99) for cases of proven IC when CandID was positive. The one
discordant result was associated with a case of candidemia caused by C. albicans and C.
guilliermondii, but a molecular identification of C. parapsilosis, interestingly at the time of
testing the patient also had a significant burden of an unidentified yeast cultured from
a central venous catheter. For the four cases of candidemia in the prospective MagNA
Pure study, the authorized positive CandID result was available, on average, 2.25 days
earlier than the blood culture result (range: 0–5 days), highlighting the potential to initiate
earlier therapy.

In a recent randomized controlled trial, the use of BDG alone to direct antifungal
therapy in patients at risk of IC was not associated with improved survival, highlighting
the difficulty in interpreting results and accurately diagnosing IC [21]. Previously, Clancy
and Nguyen have demonstrated the impact of incidence/prevalence on predictive values
of various diagnostic tests as a useful guide to aid in the interpretation of results in various
clinical cohorts [11]. In an attempt to take this further, CART analysis was undertaken
to permit the incorporation of both Candida PCR and BDG testing into a single algorithm
(Figure 2).
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Figure 2. A classification and regression tree (CART) algorithm incorporating Fungitell (1-3)-β-D-
Glucan (BDG) and OLM CandID real-time PCR testing for predicting invasive candidiasis (IC) in
patients at increased risk of IC (incidence 10%), based on clinical prediction models for candidemia
or patients post emergency surgery for intra-abdominal infection or with colonic perforation, as
defined by Clancy and Nguyen [9]. The probability of IC is provided together with the 95% interval in
parentheses. Sensitivity and specificity values for BDG testing for the diagnosis of IC are comparable
with those generated by systematic review and meta-analysis of BDG testing and are in line with
those used in previous predictive studies for IC [11,22,23]. Sensitivity and specificity values for
CandID are those generated in the prospective arm of this current study when testing serum.
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Using BDG as a primary test of 1000 patients with an incidence of IC of 10%, the prob-
ability of IC associated with a positive and negative BDG result is 31% and 3%, respectively.
While an increasing BDG concentration can increase the likelihood of IFD, false positivity
can be associated with high BDG levels (e.g., IVIG), and, obviously, BDG true positivity in-
dicates IFD, not just IC [24]. BDG specificity can be improved through sequential positivity,
but this involves additional sampling, potentially delaying diagnosis [25]. Incorporating
CandID testing on the same serum sample potentially improves diagnostic understanding
while providing species identification and minimizing delay. In patients already positive
by BDG, the probability of IC in a patient who is also CandID positive in 1/2 replicates
on a single occasion is 69%, whereas the probability of IC when the CandID is negative
in a patient who was initially BDG negative is <1%. If a more stringent PCR positivity
threshold requiring both PCR replicates to be positive is applied, then the probability of IC
in a BDG-positive patient is increased to 85% (Figure 2).

A range of alternative commercially available Candida PCR assays is currently avail-
able, although other than the T2Candida assay, clinical validation is limited [5,8]. The
performance of CandID is comparable with that of other assays but does provide an in-
creased range of species identification, particularly over the Bruker Fungiplex Candida,
which has been noted as a limitation of this test [26]. The T2Candida assay has undergone
significant clinical evaluation, and while meta-analytical performance is excellent, both
sensitivity and specificity can vary, and testing is limited to whole blood, which may not be
optimal in the absence of candidemia [8]. While the fully automated T2 approach minimizes
interassay variability, it dictates the use of bespoke equipment dedicated to this process
and is associated with considerable expense, both of which limit its introduction into
already equipped generic molecular diagnostic laboratories. The potential to incorporate
novel commercial assays such as the Fungiplex or CandID onto existing multiuse platforms
is beneficial.

5. Conclusions

In conclusion, CandID provides excellent performance and a rapid time-to-result
with nucleic acid extraction through PCR amplification, and result interpretation was
completed in less than 4 h. Species identification is concordant with culture and may prove
beneficial in cases of suspected IC when culture is lacking by avoiding treatment delay
or inappropriate therapy choices for IC caused by non-albicans species. The use of prior
antifungal therapy compromises CandID sensitivity, but a combined PCR/BDG strategy
limits missing cases. Specificity can be improved by requiring multiple positive samples,
both PCR replicates to be positive, or by combining the positive CandID result with BDG
positivity. In patients at high risk of IC, combining BDG testing with CandID PCR provides
a strategy to both exclude and—even more so—confirm IC in the absence of culture, but
larger-scale confirmatory studies are needed.

Author Contributions: Conceptualization: P.L.W. and M.B.; methodology, P.L.W.; validation, P.L.W.;
formal analysis, J.S.P., M.F. and P.L.W.; investigation, J.S.P., M.F. and R.P.; resources, P.L.W.; data
curation, J.S.P. and M.F.; writing—original draft preparation, P.L.W.; writing—review and editing, all
authors; supervision, P.L.W.; project administration, J.S.P. All authors have read and agreed to the
published version of the manuscript.

Funding: For the retrospective study arm, all CandID kits were provided without cost by OLM
Diagnostics. For the prospective arm, all kits were purchased by Public Health Wales as part of
routine service provision.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to acknowledge the support of OLM Diagnostics.



J. Fungi 2022, 8, 935 10 of 11

Conflicts of Interest: P.L.W.: performed diagnostic evaluations and received meeting sponsorship
from Associates of Cape Cod, Bruker, Dynamiker, and Launch Diagnostics; speaker’s fees, expert
advice fees, and meeting sponsorship from Gilead; and speaker and expert advice fees from Pfizer
and expert advice fees from F2G; M.B.: speaker’s fees and advisory board fees for Gilead, Glax-
oSmithKline, Insmed, and Pfizer; J.S.P.: received speaker’s fees from Pfizer; all other authors: no
conflicts declared.

References
1. Garey, K.W.; Rege, M.; Pai, M.P.; Mingo, D.E.; Suda, K.J.; Turpin, R.S.; Bearden, D. Time to initiation of fluconazole therapy

impacts mortality in patients with Candidemia: A multi-institutional study. Clin. Infect. Dis. 2006, 43, 25–31. [CrossRef] [PubMed]
2. Clancy, C.J.; Nguyen, M.H. Finding the “Missing 50%” of invasive Candidiasis: How nonculture diagnostics will improve

understanding of disease spectrum and transform patient care. Clin. Infect. Dis. 2013, 56, 1284–1292. [CrossRef] [PubMed]
3. Alanio, A.; Hauser, P.; Lagrou, K.; Melchers, W.J.G.; Helweg-Larsen, J.; Matos, O.; Cesaro, S.; Maschmeyer, G.; Einsele, H.;

Donnelly, J.P.; et al. ECIL guidelines for the diagnosis of Pneumocystis jirovecii pneumonia in patients with haematological
malignancies and stem cell transplant recipients. J. Antimicrob. Chemother. 2016, 71, 2386–2396. [CrossRef] [PubMed]

4. White, P.L.; Bretagne, S.; Caliendo, A.M.; Loeffler, J.; Patterson, T.F.; Slavin, M.; Wingard, J.R. Aspergillus polymerase chain
reaction—An update on technical recommendations, clinical applications, and justification for inclusion in the second revision of
the EORTC/MSGERC definitions of invasive fungal disease. Clin. Infect. Dis. 2021, 72 (Suppl. 2), S95–S101. [CrossRef] [PubMed]

5. White, P.L.; Price, J.S.; Cordey, A.; Backx, M. Molecular diagnosis of yeast infections. Curr. Fungal Infect. Rep. 2021, 15, 67–80.
[CrossRef]

6. Avni, T.; Leibovici, L.; Paul, M. PCR diagnosis of invasive Candidiasis: Systematic review and meta-analysis. J. Clin. Microbiol.
2011, 49, 665–670. [CrossRef]

7. Nguyen, M.H.; Wissel, M.C.; Shields, R.K.; Salomoni, M.A.; Hao, B.; Press, E.G.; Cheng, S.; Mitsani, D.; Vadnerkar, A.; Silveira,
F.P.; et al. Performance of Candida real-time polymerase chain reaction, -D-Glucan Assay, and blood cultures in the diagnosis of
invasive Candidiasis. Clin. Infect. Dis. 2012, 54, 1240–1248. [CrossRef]

8. Tang, D.-L.; Chen, X.; Zhu, C.-G.; Li, Z.-W.; Xia, Y.; Guo, X.-G. Pooled analysis of T2 Candida for rapid diagnosis of candidiasis.
BMC Infect. Dis. 2019, 19, 798. [CrossRef]

9. Muñoz, P.; Vena, A.; Machado, M.; Gioia, F.; Martínez-Jiménez, M.C.; Gómez, E.; Origüen, J.; Orellana, M.; López-Medrano, F.;
Fernández-Ruiz, M.; et al. T2Candida MR as a predictor of outcome in patients with suspected invasive candidiasis starting
empirical antifungal treatment: A prospective pilot study. J. Antimicrob. Chemother. 2018, 73, iv6–iv12. [CrossRef]

10. White, P.L.; Perry, M.D.; Loeffler, J.; Melchers, W.; Klingspor, L.; Bretagne, S.; McCulloch, E.; Cuenca-Estrella, M.; Finnstrom, N.;
Donnelly, J.P.; et al. Critical stages of extracting DNA from Aspergillus fumigatus in whole-blood specimens. J. Clin. Microbiol. 2010,
48, 3753–3755. [CrossRef]

11. Clancy, C.J.; Nguyen, M.H. Diagnosing invasive Candidiasis. J. Clin. Microbiol. 2018, 56, e01909-17. [CrossRef]
12. Loeffler, J.; Hebart, H.; Bialek, R.; Hagmeyer, L.; Schmidt, D.; Serey, F.-P.; Hartmann, M.; Eucker, J.; Einsele, H. Contaminations

occurring in fungal PCR assays. J. Clin. Microbiol. 1999, 37, 1200–1202. [CrossRef] [PubMed]
13. Rimek, D.; Garg, A.P.; Haas, W.H.; Kappe, R. Identification of Contaminating Fungal DNA Sequences in Zymolyase. J. Clin.

Microbiol. 1999, 37, 830–831. [CrossRef] [PubMed]
14. Jaeger, E.E.M.; Carroll, N.M.; Choudhury, S.; Dunlop, A.A.S.; Towler, H.M.A.; Matheson, M.M.; Adamson, P.; Okhravi, N.;

Lightman, S. Rapid detection and identification of Candida, Aspergillus, and Fusarium species in ocular samples using nested PCR.
J. Clin. Microbiol. 2000, 38, 2902–2908. [CrossRef] [PubMed]

15. Perry, M.D.; White, P.L.; Barnes, R.A. Comparison of four automated nucleic acid extraction platforms for the recovery of DNA
from Aspergillus fumigatus. J. Med. Microbiol. 2014, 63, 1160–1166. [CrossRef]

16. White, P.L.; Alanio, A.; Brown, L.; Cruciani, M.; Hagen, F.; Gorton, R.; Lackner, M.; Millon, L.; Morton, C.O.; Rautemaa-Richardson,
R.; et al. An overview of using fungal DNA for the diagnosis of invasive mycoses. Expert Rev. Mol. Diagn. 2022, 22, 169–184.
[CrossRef]

17. Clancy, C.J.; Pappas, P.G.; Vazquez, J.; Judson, M.A.; Kontoyiannis, D.P.; Thompson, G.R., III; Garey, K.W.; Reboli, A.; Greenberg,
R.N.; Apewokin, S.; et al. Detecting infections rapidly and easily for Candidemia trial, Part 2 (DIRECT2): A prospective,
multicenter study of the T2Candida panel. Clin. Infect. Dis. 2018, 66, 1678–1686. [CrossRef]

18. Nieto, M.; Robles, J.C.; Causse, M.; Gutiérrez, L.; Perez, M.C.; Ferrer, R.; Xercavins, M.; Herrero, E.; Sirvent, E.; Fernández, C.;
et al. Polymerase chain reaction versus blood culture to detect Candida species in high-risk patients with suspected invasive
Candidiasis: The MICAFEM Study. Infect. Dis. Ther. 2019, 8, 429–444. [CrossRef]

19. Pfeiffer, C.D.; Samsa, G.P.; Schell, W.A.; Reller, L.B.; Perfect, J.R.; Alexander, B.D. Quantitation of Candida CFU in initial positive
blood cultures. J. Clin. Microbiol. 2011, 49, 2879–2883. [CrossRef]

20. Telenti, A.; Steckelberg, J.M.; Stockman, L.; Edson, R.S.; Roberts, G.D. Quantitative blood cultures in Candidemia. Mayo Clin. Proc.
1991, 66, 1120–1123. [CrossRef]

21. Bloos, F.; Held, J.; Kluge, S.; Simon, P.; Kogelmann, K.; de Heer, G.; Kuhn, S.-O.; Jarczak, D.; Motsch, J.; Hempel, G.; et al. (1→
3)-β-d-Glucan-guided antifungal therapy in adults with sepsis: The CandiSep randomized clinical trial. Intensive Care Med. 2022,
48, 865–875. [CrossRef] [PubMed]



J. Fungi 2022, 8, 935 11 of 11

22. Karageorgopoulos, D.; Vouloumanou, E.K.; Ntziora, F.; Michalopoulos, A.; Rafailidis, P.I.; Falagas, M.E. -D-Glucan assay for the
diagnosis of invasive fungal infections: A meta-analysis. Clin. Infect. Dis. 2011, 52, 750–770. [CrossRef] [PubMed]

23. Onishi, A.; Sugiyama, D.; Kogata, Y.; Saegusa, J.; Sugimoto, T.; Kawano, S.; Morinobu, A.; Nishimura, K.; Kumagai, S. Diagnostic
accuracy of serum 1,3-β- d -Glucan for Pneumocystis Jiroveci Pneumonia, invasive Candidiasis, and invasive Aspergillosis:
Systematic review and meta-analysis. J. Clin. Microbiol. 2012, 50, 7–15. [CrossRef] [PubMed]

24. Finkelman, M.A. Specificity influences in (1→3)-β-D-Glucan-supported diagnosis of invasive fungal disease. J. Fungi 2020, 7, 14.
[CrossRef] [PubMed]

25. Odabasi, Z.; Mattiuzzi, G.N.; Estey, E.; Kantarjian, H.M.; Saeki, F.; Ridge, R.J.; Ketchum, P.A.; Finkelman, M.A.; Rex, J.; Ostrosky-
Zeichner, L. -D-Glucan as a diagnostic adjunct for invasive fungal infections: Validation, cutoff development, and performance in
patients with acute Myelogenous Leukemia and Myelodysplastic Syndrome. Clin. Infect. Dis. 2004, 39, 199–205. [CrossRef]

26. Fuchs, S.; Lass-Flörl, C.; Posch, W. Diagnostic performance of a novel multiplex PCR assay for candidemia among ICU patients. J.
Fungi 2019, 5, 86. [CrossRef]


