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Abstract

Invasive mold infections are life-threatening complications in patients with hematological

malignancies. Conventional microbiological methods for diagnosing invasive pulmonary

mold infections have low sensitivity, and molecular methods are being developed. Detection

of molds using PCR with a narrow spectrum has been reported, but data with broad-spectrum

PCR are lacking. In this study, the diagnostic performance and utility of a broad-spectrum

PCR (broad-spectrum PCR with subsequent electrospray ionization-mass spectrometry,

PCR/ESI-MS) for detection of molds in bronchoalveolar lavage (BAL) in 27 hematological

patients with a new pulmonary infiltrate was analyzed. Using the revised EORTC/MSG crite-

ria, PCR/ESI-MS was the only positive microbiological test in patients with proven invasive

mold infection (n = 2) and correctly identified all cases of probable invasive pulmonary asper-

gillosis (n = 5). In patients with a possible invasive mold infection (n = 5), PCR/ESI-MS was

positive in three patients. Mucorales was identified with PCR/ESI-MS in four patients that

were all culture negative. The PCR/ESI-MS results had a clinical impact on antifungal therapy

in 12 (44%) of the patients: modification of treatment in 6 (22%) patients and discontinuation

in 6 (22%) patients. This study provides proof of concept that routine use of a broad-spectrum

PCR for molds in bronchoalveolar lavage in immunocompromised patients is sensitive, fast,

and has an impact on clinical decision-making

Introduction

Invasive mold infections are life-threatening complications in patients with hematological

malignancies, and adequate early treatment has been shown to be essential for a successful
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outcome [1,2]. Identification of non-aspergillus molds, especially molds from the order Mucor-
ales causing mucormycosis, is of particular concern because of their intrinsic resistance to

antifungal agents and the often aggressive course of the infections [3,4]. Conventional microbi-

ological methods for detection of molds, i.e. microscopy and culture, are limited by low sensi-

tivity and unacceptable long turn-around time and more sensitive tests targeting biomarkers

have been developed. However, of the tests most commonly used today, galactomannan (GM)

and Aspergillus PCR can only detect Aspergillus spp. and β-D-Glucan, although having a

broader mold spectrum, cannot detect Mucorales [5]. Thus, new broad-spectrum and molecu-

lar-based, diagnostic tests are much needed. One such test is broad-spectrum PCR with subse-

quent electrospray ionization-mass spectrometry (PCR/ESI-MS) which can identify more than

200 fungal species with a turnaround time of under 7 hours [6–10]. Between February 2016

and May 2017, PCR/ESI-MS was available as a routine diagnostic method at Karolinska Uni-

versity Hospital, as one of only two hospitals worldwide. In the present study, the diagnostic

performance and clinical utility of routine use of a broad-spectrum PCR for detection of

molds in bronchoalveolar lavage (BAL) in hematological patients with a new pulmonary infil-

trate was evaluated. We hypothesized that PCR/ESI-MS would be a sensitive and fast tech-

nique that would also have an impact on clinical decision making.

Material and methods

This retrospective cohort study includes all hematological patients at Karolinska University

Hospital Huddinge Stockholm, Sweden, that had a diagnostic bronchoscopy performed

between February 2016 and May 2017 due to a new pulmonary infiltrate diagnosed by com-

puter tomography. During this period PCR/ESI-MS was included as an optional routine test

when a diagnostic BAL was performed. If a patient had more than one BAL performed, only

the results from the first BAL were included. Low volume BAL was performed using a standard

protocol of 10–20 mL of 0.9% saline solution inserted and subsequently retrieved for analysis.

Microscopy, bacterial and fungal cultures, and GM were performed in all patients while other

diagnostic tests were ordered per the discretion of the referring physician. All microbiological

analyses presented were conducted at the Department of Clinical Microbiology, Karolinska

University Laboratory, Karolinska University Hospital, Stockholm. GM testing was performed

using the Bio-Rad Platelia kit per manufacturers´ instructions. A positive cut-off level of 0.5

for serum and 1.0 for BAL fluid was used per the manufacturers’ recommendation. Aspergillus

PCR was performed using a method compliant with the European Aspergillus PCR initiative

guidelines [11,12]. The method is a qualitative DNA detection by amplification of a 483–505

bp fragment (depending on the pathogen) of the 18S rRNA gene of Candida and Aspergillus
spp. with singleplex real-time PCR. Hybridization probes labeled with LC670 and LC640,

respectively, allow PCR product detection and subsequent melting curve analyses.

Broad-spectrum PCR was performed using a PCR/ESI-MS assay (IRIDICA Fungal Assay,

Ibis Biosciences, Abbott, Des Plaines, USA) according to the manufacturer’s instructions.

From each sample, an aliquot of 5 ml BAL was analyzed. Samples were processed according to

the manufacturer’s recommendation, including mechanical and chemical lysis; extraction of

DNA followed by PCR; desalting and purification of the amplicons; and analysis by ESI-MS.

Species identification was achieved by bioinformatical analysis with integrated software and

database. Quantitation of detected genomes was based on internal calibrant molecules in each

reaction and was reported as a semi-quantitative “level” for each detection.

All microbiology findings of yeast were regarded as clinically insignificant and not included in

the analyses. Similarly, molds found in cultures and/or broad-spectrum PCR that were regarded

to be contaminants or colonizers according to local guidelines were not included in the analyses.

Broad-spectrum PCR for detection of molds
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The revised 2008 EORTC/MSG criteria for the definition of invasive fungal disease were

used when evaluating the diagnostic performance of PCR/ESI-MS compared to other diagnos-

tic tests [13]. Following the 2008 EORTC/MSG criteria, Aspergillus PCR was not included as

mycological criteria. Clinical data were collected retrospectively from medical records.

Ethical permit was obtained by The Regional Ethics Committee in Stockholm (approval

number, EPN 2016-2253-31-1). The ethics committee waived the requirement for informed

consent to retrieve data from the patients’ medical records. After retrieval, all data were fully

anonymized.

Results

In total, 36 patients had at least one BAL performed during the study period. The most common

underlying hematological diseases were acute myeloid leukemia (n = 15) and myelodysplastic

syndrome (n = 8) (Fig 1). The median age was 61 years (range 21–77). During the week preced-

ing the bronchoscopy, 22 patients (61%) an absolute neutrophil count of<0.5 x 109/L at least

once, of which 13 patients (36% of all patients) had<0.1 x 109. Seventeen patients (47%)

received mold-active prophylaxis or empiric treatment at the time of BAL (Fig 1). Microscopy,

fungal culture, and GM were performed on all BAL samples (n = 36), PCR/ESI-MS PCR was

performed on 75% (n = 27), and Aspergillus PCR on 47% (n = 17) of the BAL samples. Serum

GM was performed in 47% (n = 17) of the cases (Fig 1). There was no significant difference in

proven or probable invasive mold infections between patients in whom PCR/ESI-MS was per-

formed (7/27; 26%) and not performed (1/9;11%; p = 0.65, Fischer´s exact test).

The diagnostic yield and clinical impact of PCR/ESI-MS (n = 27) are presented in (Fig 2).

In two patients with proven invasive mold infections, PCR/ESI-MS was the only positive

Fig 1. Patients characteristics and results.

https://doi.org/10.1371/journal.pone.0212812.g001
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microbiological test in BAL. One patient developed an infiltrate with a crescent sign while

receiving posaconazole prophylaxis. PCR/ESI-MS was positive for Aspergillus ustus and treat-

ment was switched to voriconazole. Due to treatment failure, a lung biopsy was performed

after one month of treatment with findings of hyphae but the culture was negative. An echino-

candin was added to the ongoing voriconazole treatment resulting in a slight regression of the

infiltrate after one month. The patient died later due to the underlying hematological disease

while receiving posaconazole. The other patient had a relapse of AML after allogeneic stem cell

transplantation and developed a large, dense, infiltrate with necrosis while receiving posacona-

zole. PCR/ESI-MS was positive for Lichtheimia spp. and liposomal amphotericin B (LAmB)

was started leading to regression of the infiltrate. Due to the size of the infection, a lobectomy

had to be performed, and microscopy showed findings suspicious of Mucorales.

Fig 2. Microbiology findings in BAL where PCR/ESI-MS was performed. BAL: bronchoalveolar lavage; GM: galactomannan.
aMicroscopic findings of hyphae in lung biopsy in both patients. bAspergillus fumigatus: 3, Aspergillus flavus: 1. cAspergillus fumigatus: 2,

Aspergillus fumigatus+Rhizopus spp: 1, Aspergillus flavus: 2. dAspergillus fumigatus. eGrowth of Aspergillus fumigatus in one patient and GM

positive in another patient, but the pulmonary infiltrates did not meet clinical criteria in either patient. Both were treated as invasive

pulmonary aspergillosis.

https://doi.org/10.1371/journal.pone.0212812.g002
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PCR/ESI-MS was able to detect Aspergillus in all patients (n = 5) with probable invasive

aspergillosis (IA), diagnosed by positive culture (n = 4) and/or positive GM test (n = 3). In one

patient with growth of Aspergillus fumigatus, but negative GM, PCR/ESI-MS was positive for

both A. fumigatus and Rhizopus spp. CT showed a dense infiltrate with necrosis but with nei-

ther a halo nor reversed halo sign. A polymicrobial infection could not be ruled out and led to

the initiation of treatment with LAmB. The invasive mold infection in combination with the

patient´s age and underlying condition led to transition to palliative care making it impossible

to evaluate the treatment effect of LAmB.

Excluding the two patients with proven infection but of unknown etiologies, the sensitivity

and specificity of PCR/ESI-MS for probable invasive lung aspergillosis was 100% (5/5) and

95% (19/20) respectively. This corresponds to a positive predictive value of 83% and a negative

predictive value of 100%.

In patients with possible invasive mold infection (n = 5), PCR/ESI-MS was positive in three

patients with findings of A. fumigatus, Rhizopus spp., and Rhizomucor spp. These were all con-

sidered to be significant and treated accordingly. Three of the five patients with possible mold

infection had received mold-active prophylaxis or treatment before BAL which might have

contributed to the negative cultures and GM tests. The patient positive for A. fumigatus had

been neutropenic for 30 days without mold-active prophylaxis and had a fever and an elevated

CRP-level despite broad-spectrum antibiotics. CT showed multiple dense lesions with necro-

sis, the largest over 3 cm in diameter. Voriconazole was started leading to clinical improve-

ment and regress of infiltrates on CT. The patient with Rhizopus spp. had been neutropenic for

three months when CT showed a dense infiltrate with necrosis. The initial BAL was culture

negative and GM negative (PCR/ESI-MS not performed) and LAmB was started. A new BAL

was performed after 14 days of treatment with the finding of Rhizopus spp. in PCR/ESI-MS.

The patient had persistent neutropenia and died after three months of treatment due to a pro-

gression of the mold infection. The third patient was receiving prophylaxis with posaconazole

because of neutropenia while waiting for allogeneic stem cell transplantation. CT showed an

infiltrate with inversed halo sign and PCR/ESI-MS was positive for Rhizomucor spp. LAmB

was started but transplantation had to be canceled leading to a transition to palliative care.

In total, PCR/ESI-MS results had an influence on the antifungal therapy in 12 of 27 patients

(44%) (Fig 2). In six patients the negative results influenced the decision to discontinue treat-

ment. Four of these patients survived with no clinical diagnose of invasive mold infection,

while two patients died due to the underlying hematological disease in combination with infec-

tious complications where mold infections could neither be ruled in or out (Fig 1). In six

patients the PCR/ESI-MS results led to either initiation of antifungal treatment or changes in

the ongoing therapy. In the four patients with PCR/ESI-MS positive for molds belonging to

Mucorales, the results led to a change in treatment from an azole to LAmB (Fig 1 and Fig 2).

Molds considered to be contaminants or colonizers according to local guidelines were

found in 4/27 (15%) patients with broad-spectrum PCR (Penicillium spp. n = 4, Trichoderma
spp. n = 1, Cladosporium spp. n = 1) and in 3/36 (8%) patients with culture (Penicillium spp.

n = 3). In two patients, PCR/ESI-MS and culture were concordant.

Discussion

In this retrospective cohort study, the routine use of PCR/ESI-MS on BAL in hematological

patients was found to have an impact on antifungal treatment in 44% of patients. Because of

the low sensitivity of conventional microbiological tests focus has shifted to PCR-based tech-

niques for identifications of non-Aspergillus molds. Several studies reporting successful devel-

opment of non-Aspergillus PCR have been published, but the tests have suffered the
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disadvantage of being in-house analyses and/or having a narrow diagnostic spectrum [14]. In

the present study, use of a standardized broad-spectrum PCR was able to accurately identify all

five cases of probable IA, as well as four otherwise undetected cases of non-Aspergillus molds

belonging to the order Mucorales. An important advantage of PCR-based methods compared

to culture-based methods is the potential to identify molds after empirical antifungal therapy

has been initiated, a situation which is common in clinical practice. Interestingly, PCR/

ESI-MS could identify clinically important molds in three of the five patients that were already

receiving mold-active treatment and had lung filtrates compatible with an invasive mold

infection.

Besides detecting invasive mold infections, it is also important to identify true negative

results, allowing for discontinuation of antifungal treatment. In this study a negative PCR/

ESI-MS result was an important factor in the decision to discontinue antifungal treatment in

six (22%) of the patients, thus avoiding both potential side effects and high costs. Another

advantage was a fast turnaround time with a result reached the same or following day after

sampling.

There were some potential limitations in the diagnostic strategy for IA used during the

study period. The diagnostic approach to pulmonary infiltrates in hematological patients con-

sisted of performing BAL for culture, GM, and Aspergillus PCR. Since both GM and Aspergil-

lus PCR have been shown to have higher sensitivity in BAL than in blood for diagnosing

invasive pulmonary aspergillosis, Aspergillus PCR analyses in blood were not performed at all.

The diagnostic approach to pulmonary infiltrates in hematological patients consisted of per-

forming BAL for culture, GM and Aspergillus PCR. Since both GM and Aspergillus PCR have

been shown to have higher sensitivity in BAL than in blood for diagnosing invasive pulmonary

aspergillosis, Aspergillus PCR in blood was not performed while GM in blood was performed

according to the discretion of the treating physician [15–19]. β-D-Glucan was not used

because the test was not available as a routine analysis during the study period. Combining

non-culture based diagnostic tests in BAL such as GM and Aspergillus PCR in BAL has been

shown to increase the sensitivity for IA [20,21]. Unfortunately, Aspergillus PCR was per-

formed in only half of the patients during the study period, probably because PCR/ESI-MS

was considered to be a replacement for Aspergillus PCR instead of being a compliment. In

patients that Aspergillus PCR was performed, the test was negative in four patients with proba-

ble IA. The in-house PCR method that was used in this study has been in clinical routine since

2002. Clinical results using the method have been published and the results in that study and

in current clinical routine show that the false negative results by our in-house PCR are low

[22]. It is thus difficult to understand the reason for these four false negative results. It cannot

be ruled out that that more cases of IA would have been identified if another Aspergillus PCR

method had been used and if Aspergillus PCR had been analysed in all BAL samples, but that

would not change the classification of cases as PCR is not a part of the EORTC/MSG criteria.

Routine use of β-D-Glucan might have had an impact on the five possible cases, changing the

classification to probable infection, but likely in favor of PCR/ESI-MS as one patient was posi-

tive for A. fumigatus in PCR/ESI-MS and was clinically considered to be a true infection.

Another limitation of the study is that not all BAL performed during the study period were

subjected to PCR/ESI-MS testing. However, the proportion of proven or probable infections

was comparable among the two groups, indicating that the absence of PCR/ESI-MS testing

was a random event.

Low volume BAL was used to minimize respiratory distress, and the results may not be

applicable for regular BAL. One strength of the study is that it was conducted during a short

period and in a single center setting, without changes in treatment protocols or prophylaxis

during the study period.
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In summary, PCR/ESI-MS on low volume BAL in hematological patients with a new pul-

monary infiltrate yielded valuable microbiological information and had a substantial impact

on antifungal therapy. Unfortunately, PCR/ESI-MS was discontinued for commercial use by

Abbot Laboratories in April 2017 [23]. The present encouraging data brings new insight into

the importance of broad panel molecular-based methods in the detection of molds and will

hopefully inspire manufacturers to pursue similar methods with high sensitivity and

specificity.
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Martin Jädersten, Kristoffer Strålin, Ola Blennow.

References
1. Upton A, Kirby KA, Carpenter P, Boeckh M, Marr KA. Invasive aspergillosis following hematopoietic cell

transplantation: outcomes and prognostic factors associated with mortality. Clin Infect Dis. 2007; 44:

531–540. https://doi.org/10.1086/510592 PMID: 17243056

2. Chamilos G, Lewis RE, Kontoyiannis DP. Delaying Amphotericin B–Based Frontline Therapy Signifi-

cantly Increases Mortality among Patients with Hematologic Malignancy Who Have Zygomycosis. Clin

Infect Dis. 2008; https://doi.org/10.1086/590004 PMID: 18611163

3. Roden MM, Zaoutis TE, Buchanan WL, Knudsen TA, Sarkisova TA, Schaufele RL, et al. Epidemiology

and Outcome of Zygomycosis: A Review of 929 Reported Cases. Clin Infect Dis. 2005; 41: 634–653.

https://doi.org/10.1086/432579 PMID: 16080086

4. Farmakiotis D, Kontoyiannis DP. Mucormycoses. Infectious Disease Clinics of North America. 2016.

https://doi.org/10.1016/j.idc.2015.10.011 PMID: 26897065

5. Patterson TF, Thompson GR, Denning DW, Fishman JA, Hadley S, Herbrecht R, et al. Practice guide-

lines for the diagnosis and management of aspergillosis: 2016 update by the infectious diseases society

Broad-spectrum PCR for detection of molds

PLOS ONE | https://doi.org/10.1371/journal.pone.0212812 February 22, 2019 7 / 9

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212812.s001
https://doi.org/10.1086/510592
http://www.ncbi.nlm.nih.gov/pubmed/17243056
https://doi.org/10.1086/590004
http://www.ncbi.nlm.nih.gov/pubmed/18611163
https://doi.org/10.1086/432579
http://www.ncbi.nlm.nih.gov/pubmed/16080086
https://doi.org/10.1016/j.idc.2015.10.011
http://www.ncbi.nlm.nih.gov/pubmed/26897065
https://doi.org/10.1371/journal.pone.0212812


of America. Clinical Infectious Diseases. 2016. pp. e1–e60. https://doi.org/10.1093/cid/ciw326 PMID:

27365388

6. Endimiani A, Hujer KM, Hujer AM, Kurz S, Jacobs MR, Perlin DS, et al. Are we ready for novel detection

methods to treat respiratory pathogens in hospital-acquired pneumonia? Clin Infect Dis. 2011; 52.

https://doi.org/10.1093/cid/cir054 PMID: 21460299

7. Lung M, Codina G. Molecular diagnosis in HAP/VAP. Current Opinion in Critical Care. 2012. pp. 487–

494. https://doi.org/10.1097/MCC.0b013e3283577d37 PMID: 22889869

8. Desmet S, Maertens J, Bueselinck K, Lagrou K. Broad-range PCR coupled with electrospray ionization

time of flight mass spectrometry for detection of bacteremia and fungemia in patients with neutropenic

fever. J Clin Microbiol. 2016; 54: 2513–2520. https://doi.org/10.1128/JCM.01066-16 PMID: 27440820

9. Strålin K, Ehn F, Giske CG, Ullberg M, Hedlund J, Petersson J, et al. The IRIDICA PCR/Electrospray

Ionization-Mass Spectrometry Assay on Bronchoalveolar Lavage for Bacterial Etiology in Mechanically

Ventilated Patients with Suspected Pneumonia. PLoS One. 2016; 11: e0159694. https://doi.org/10.

1371/journal.pone.0159694 PMID: 27463099

10. Vincent J-L, Brealey D, Libert N, Abidi NE, O’Dwyer M, Zacharowski K, et al. Rapid diagnosis of infec-

tion in the critically ill, a multicenter study of molecular detection in bloodstream infections, pneumonia,

and sterile site infections*. Crit Care Med. 2015; 43: 2283–2291. https://doi.org/10.1097/CCM.

0000000000001249 PMID: 26327198

11. White PL, Bretagne S, Klingspor L, Melchers WJG, McCulloch E, Schulz B, et al. Aspergillus PCR: One

step closer to standardization. J Clin Microbiol. 2010; 48: 1231–1240. https://doi.org/10.1128/JCM.

01767-09 PMID: 20147637

12. Loeffler J, Mengoli C, Springer J, Bretagne S, Cuenca-Estrella M, Klingspor L, et al. Analytical compari-

son of in vitro-spiked human serum and plasma for PCR-based detection of Aspergillus fumigatus DNA:

A study by the European Aspergillus PCR initiative. J Clin Microbiol. 2015; https://doi.org/10.1128/JCM.

00906-15 PMID: 26085614

13. Pauw B De, Thomas J. Walsha, Donnellya JP, Stevens D a., Edwards JE, Calandra T, et al. Revised

Definitions of Invasive Fungal Disease from the European Organization for Research and Treatment of

Cancer/Invasive. Clin Infect Dis. 2008; 46: 1813–1821. https://doi.org/10.1086/588660 PMID:

18462102

14. Bellanger AP, Berceanu A, Rocchi S, Valot B, Fontan J, Chauchet A, et al. Development of a quantita-

tive PCR detecting Cunninghamella bertholletiae to help in diagnosing this rare and aggressive mucor-

mycosis. Bone Marrow Transplantation. 2018. https://doi.org/10.1038/s41409-018-0194-5 PMID:

29712993

15. Eigl S, Hoenigl M, Spiess B, Heldt S, Prattes J, Neumeister P, et al. Galactomannan testing and Asper-

gillus PCR in same-day bronchoalveolar lavage and blood samples for diagnosis of invasive aspergillo-

sis. Med Mycol. 2017; https://doi.org/10.1093/mmy/myw102 PMID: 27744310

16. Zou M, Tang L, Zhao S, Zhao Z, Chen L, Chen P, et al. Systematic review and meta-analysis of detect-

ing Galactomannan in bronchoalveolar lavage fluid for diagnosing invasive Aspergillosis. PLoS One.

2012; https://doi.org/10.1371/journal.pone.0043347 PMID: 22905261

17. Lahmer T, Neuenhahn M, Held J, Rasch S, Schmid RM, Huber W. Comparison of 1,3-β-D-glucan with

galactomannan in serum and bronchoalveolar fluid for the detection of Aspergillus species in immuno-

suppressed mechanical ventilated critically ill patients. J Crit Care. 2016; https://doi.org/10.1016/j.jcrc.

2016.06.026 PMID: 27475024

18. Boch T, Buchheidt D, Spiess B, Miethke T, Hofmann WK, Reinwald M. Direct comparison of galacto-

mannan performance in concurrent serum and bronchoalveolar lavage samples in immunocompro-

mised patients at risk for invasive pulmonary aspergillosis. Mycoses. 2016; https://doi.org/10.1111/

myc.12434 PMID: 26627577

19. Heldt S, Prattes J, Eigl S, Spiess B, Flick H, Rabensteiner J, et al. Diagnosis of invasive aspergillosis in

hematological malignancy patients: Performance of cytokines, Asp LFD, and Aspergillus PCR in same

day blood and bronchoalveolar lavage samples. J Infect. 2018; https://doi.org/10.1016/j.jinf.2018.05.

001 PMID: 29972764

20. Hoenigl M, Seeber K, Koidl C, Buzina W, Wölfler A, Duettmann W, et al. Sensitivity of galactomannan

enzyme immunoassay for diagnosing breakthrough invasive aspergillosis under antifungal prophylaxis

and empirical therapy. Mycoses. 2013; 56: 471–476. https://doi.org/10.1111/myc.12060 PMID:

23432536

21. White PL, Parr C, Thornton C, Barnes RA. Evaluation of real-time PCR, galactomannan enzyme-linked

immunosorbent assay (ELISA), and a novel lateral-flow device for diagnosis of invasive aspergillosis. J

Clin Microbiol. 2013; https://doi.org/10.1128/JCM.03189-12 PMID: 23486712

Broad-spectrum PCR for detection of molds

PLOS ONE | https://doi.org/10.1371/journal.pone.0212812 February 22, 2019 8 / 9

https://doi.org/10.1093/cid/ciw326
http://www.ncbi.nlm.nih.gov/pubmed/27365388
https://doi.org/10.1093/cid/cir054
http://www.ncbi.nlm.nih.gov/pubmed/21460299
https://doi.org/10.1097/MCC.0b013e3283577d37
http://www.ncbi.nlm.nih.gov/pubmed/22889869
https://doi.org/10.1128/JCM.01066-16
http://www.ncbi.nlm.nih.gov/pubmed/27440820
https://doi.org/10.1371/journal.pone.0159694
https://doi.org/10.1371/journal.pone.0159694
http://www.ncbi.nlm.nih.gov/pubmed/27463099
https://doi.org/10.1097/CCM.0000000000001249
https://doi.org/10.1097/CCM.0000000000001249
http://www.ncbi.nlm.nih.gov/pubmed/26327198
https://doi.org/10.1128/JCM.01767-09
https://doi.org/10.1128/JCM.01767-09
http://www.ncbi.nlm.nih.gov/pubmed/20147637
https://doi.org/10.1128/JCM.00906-15
https://doi.org/10.1128/JCM.00906-15
http://www.ncbi.nlm.nih.gov/pubmed/26085614
https://doi.org/10.1086/588660
http://www.ncbi.nlm.nih.gov/pubmed/18462102
https://doi.org/10.1038/s41409-018-0194-5
http://www.ncbi.nlm.nih.gov/pubmed/29712993
https://doi.org/10.1093/mmy/myw102
http://www.ncbi.nlm.nih.gov/pubmed/27744310
https://doi.org/10.1371/journal.pone.0043347
http://www.ncbi.nlm.nih.gov/pubmed/22905261
https://doi.org/10.1016/j.jcrc.2016.06.026
https://doi.org/10.1016/j.jcrc.2016.06.026
http://www.ncbi.nlm.nih.gov/pubmed/27475024
https://doi.org/10.1111/myc.12434
https://doi.org/10.1111/myc.12434
http://www.ncbi.nlm.nih.gov/pubmed/26627577
https://doi.org/10.1016/j.jinf.2018.05.001
https://doi.org/10.1016/j.jinf.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29972764
https://doi.org/10.1111/myc.12060
http://www.ncbi.nlm.nih.gov/pubmed/23432536
https://doi.org/10.1128/JCM.03189-12
http://www.ncbi.nlm.nih.gov/pubmed/23486712
https://doi.org/10.1371/journal.pone.0212812


22. Klingspor L, Jalal S. Molecular detection and identification of Candida and Aspergillus spp. from clinical

samples using real-time PCR. Clin Microbiol Infect. England; 2006; 12: 745–753. https://doi.org/10.

1111/j.1469-0691.2006.01498.x PMID: 16842569
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