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Abstract. Timely diagnosis of invasive fungal diseases (IFDs) 
is important, as delays in treatment initiation are associated 
with increased mortality rates. However, early diagnosis of 
IFDs in immunocompromised patients remains difficult. The 
conventional diagnostic methods currently used for IFDs are 
not sufficiently effective. Molecular tests, such as polymerase 
chain reaction (PCR)-based assays, have great potential to 
improve the early diagnosis of IFDs due to their sensitivity and 
specificity. In the present study, the diagnostic performance 
of panfungal PCR assays in IFD patients who received bone 
marrow transplantation was evaluated. The results suggested 
that panfungal PCR assay offered a quick and convenient guide 
for clinical decision-making by identifying higher numbers 
of fungal species in comparison with the conventional blood 
culture method. Furthermore, panfungal PCR assay exhibited 
a sensitivity of 93% and a specificity of 71% in the diagnosis 
of IFD patients based on the EORTC/MSG criteria. Thus, the 
present study concluded that the reported PCR-based method 
was effective and sensitive in early IFD diagnosis and should 
be integrated into clinical decision-making for the treatment 
of IFDs in the future.

Introduction

The incidence of invasive fungal diseases (IFDs) has 
increased considerably during the past two decades due to 
the increasing population of immunocompromised patients, 
including mainly hematologic malignancy patients and bone 
marrow transplantation (BMT) or hematopoietic stem cell 
transplantation recipients (1). Due to the lack of effective 

early diagnostic methods, which consequently delays the 
initiation of therapy, the overall survival rate for immuno-
compromised patients with IFDs remains poor (2). Early 
diagnosis in these patients is challenging as a result of the 
complicated clinical symptoms of IFDs, which are difficult to 
distinguish from symptoms of bacterial or viral infections (3). 
According to the recommendations issued by the European 
Organization for Research and Treatment of Cancer/Mycoses 
Study Group (EORTC/MSG), the current diagnosis of IFDs 
requires a combination of epidemiological, histopathological, 
radioclinical and microbiological diagnostic methods (4-6). 
However, as summarized in previous studies, all these conven-
tional methods for diagnosing IFDs are time consuming and 
have limited sensitivity and specificity, particularly when 
performed on blood samples (7-9). Therefore, there is an 
urgent need in clinical practice to develop faster and more 
effective diagnostic methods, in order to improve the survival 
rates of patients with IFDs.

An increasing number of noninvasive diagnostic tools, 
including molecular techniques, have been proven to improve 
fungal diagnostics in a faster, more sensitive and specific 
manner (7). The most commonly used molecular methods 
include polymerase chain reaction (PCR)-based assays, which 
have a great potential to facilitate earlier detection of fungal 
DNA in a broader range of samples, and consequently lead to a 
faster initiation of antifungal treatment (8,10). Furthermore, the 
recognition of the fungal pathogens by PCR and sequencing 
assays is highly sensitive and precise (8). Recently, a prelimi-
nary study in a European population reported that panfungal 
quantitative PCR assay had a low sensitivity (40%), but high 
specificity (96%), positive predictive value (PPV; 88%) and 
negative predictive value (NPV; 69%) in the diagnosis of IFD 
involving the Aspergillus species (11). The conclusions of this 
previous study remain to be confirmed by multi‑center experi-
mental studies. Due to economic and environmental reasons, 
the PCR-based method remains a relatively new assay in China 
and has not been widely used in fungal DNA detection or in 
the diagnosis of IFDs (12).

Our previous study reported the application of a 
PCR-based method in the detection of fungal DNA on sputum 
specimens (13). In the present study, the technical features of 
panfungal PCR assay performance for the evaluation of blood 
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specimens collected from immunocompromised patients were 
described. Based on the EORTC/MSG criteria, the current 
study demonstrated a sensitivity of 93%, a specificity of 71% 
and a PPV of 91% in the diagnosis of IFDs, with the Candida 
species being the major fungal pathogen.

Materials and methods

Patients and clinical materials. In the current study, immuno-
compromised hematologic patients reporting and/or depicting 
respiratory signs or symptoms were considered at risk for 
IFDs. A total of 46 patients were consecutively enrolled 
from the Department of Clinical Laboratory of the Shanghai 
Minhang District Central Hospital (Shanghai, China) during 
the period between March 2009 and July 2011. The patients 
included 32 males and 14 females with ages ranging between 
15 and 58 years (average age, 34.1 years). The majority of 
the patients suffered from hematologic malignancy diseases, 
including 13 cases of acute lymphoblastic leukemia, 18 cases 
of acute myelogenous leukemia, 5 cases of chronic myelog-
enous leukemia, 2 cases of chronic myelomonocytic leukemia,  
1 case of mixed leukemia, 4 cases of myelodysplastic syndrome, 
1 case of Hodgkin's disease, 1 case of acute promyelocytic 
leukemia and 1 case of lung cancer.

A total of 118 blood specimens (1 ml per sample; 2‑3 
samples per patient) were prospectively collected. The 
clinical information and radiologic reports of patients were 
collected and reviewed, and laboratory examinations were 
performed according to the IFD diagnostic criteria of the 
EORTC/MSG (14). Based on the diagnostic certainty, each 
patient was classified as having proven, probable, possible or 
no IFD.

Approval for the study was obtained from the Study 
Research Ethics Committee of Shanghai Minhang District 
Central Hospital. Full informed consent was obtained from 
patients or legal guardians of the patients.

DNA extraction. Genomic DNA was extracted from the blood 
samples using a method described previously (12). Briefly, 
cell lysates from the blood samples were generated following 
treatment with Tris-lysis buffer, lysozyme (R&D Systems, 
Inc., Minneapolis, MN, USA) and proteinase K (Solarbio 
Life Sciences, Beijing, China). Subsequent to overnight 
incubation at 56˚C, the genomic DNA was isolated using the 
phenol‑chloroform method and then purified through a silica 
gel column, lywallzyme solution (20 mg/ml in 0.6 M mannitol; 
Guangdong Institute of Microbiology, Guangzhou, China) and 
cetyltrimethylammonium bromide (CTAB; Nanjing Aocheng 
Chemical Co., Ltd., Nanjing, China). The resultant DNA pellet 
was washed with 70% ethanol and dissolved in deionized H2O.

PCR and sequencing analysis. A PCR assay was developed 
for the detection and identification of a broad‑range of fungi. 
The PCR reactions were set up in a total volume of 50 µl, 
containing 5 µl buffer solution (10X), 4 µl dNTPs (2.5 mmol/l), 
4 µl Mg2+ (25 mmol/l), 1 µl each of the upstream and down-
stream primers (10 µmol/l), 2 µl DNA template, 0.5 µl Taq 
DNA polymerase (5 U/µl; Takara Bio, Inc., Otsu, Japan; 
DRR001AM) and autoclaved double distilled water (ddH2O). 
The primers targeted a consensus sequence for the internal 

transcribed spacer (ITS) of a variety of fungal pathogens, 
as reported in other studies (15,16). The primers used were 
as follows: ITS3 forward, 5'-GCA TCG ATG AAG AAC GCA 
GC‑3'; ITS4 reverse, 5'‑TCC TCC GCT TAT TGA TATGC‑3'. 
GAPDH forward, 5'‑CCA GGT GGT CTC CTC TGA CTT‑3'; 
GAPDH reverse, 5'-GTT GCT GTA GCC AAA TTC GTT GT-3'. 
Amplification was performed on a TaqMan 7900 instrument 
(Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) using the following standard protocol: 3 min at 55˚C, 
10 min at 95˚C, followed by 35 cycles of 15 sec at 95˚C, 60 sec 
at 55˚C and 40 sec at 72˚C. Next, the mixture was subjected 
to a further extension at 72˚C for 7 min. A Candida albicans 
fungal DNA sample (ATCC 90028; American Type Culture 
Collection, Manassas, VA, USA) was included as a posi-
tive control, while a pair of GAPDH primers was used as a 
control to exclude inhibitor contamination and the risk of 
false-negative results from the panfungal PCR assay.

Following amplification, the PCR products were analyzed 
by electrophoresis (1.5% agarose gel). The target band, if 
visible, was collected and purified from the agarose gel and 
sent to Invitrogen (Thermo Fisher Scientific, Inc., Shanghai, 
China) for sequence analysis. The results were compared 
with the Basic Local Alignment Search Tool database 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Microbiological culture. The Fungi-Fluor staining solution 
(Polysciences, Inc., Warrington, PA, USA) was used to analyze 
clinical specimens by fungal culture (13). Briefly, blood 
samples were placed in a sterile 0.9% sodium chloride solu-
tion following retrieval and incubated on CHROMagar plates 
at 35˚C (CHROMagar Co., Paris, France). The agar plates 
were examined for growth in the following 7 days. Cultures 
were considered negative if no fungal growth was visible after 
14 days of incubation.

Statistical analysis. Following electrophoresis, the gels of 
PCR products of all specimens were photographed, and the 
images were processed using a Gel Logic 200 imager and 
Kodak molecular imaging software (Kodak Scientific Imaging 
Systems, Rochester, NY, USA). The intensity of each target 
band was calculated and expressed as the optical density (OD), 
and then the receiver operating characteristic (ROC) curve was 
plotted. The cut-off OD value for the diagnosis of IFD, as well 
as the corresponding sensitivity and specificity of the method, 
was determined. Statistical analyses were performed using 
GraphPad Prism software, version 5 (GraphPad Software, Inc., 
La Jolla, CA, USA). Data were analysed by one-way analysis 
of variance followed by Tukey's post hoc test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Comparison of panfungal PCR analysis and conventional 
culture. As shown in Fig. 1, the fungal ITS region was success-
fully amplified in blood specimens representing a single PCR 
product of ~400 base pairs. Sterile water and a fungus DNA 
sample were used as a negative and positive control, respec-
tively (Fig. 1). In addition, GAPDH was included as an internal 
control, and no evident amplification inhibition was detected 
during the PCR reactions (Fig. 2).
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The study prospectively assessed the broad-range PCR 
analysis results as compared with the findings of conventional 
blood culture (Table I). Using conventional methods of blood 
culture, 19.6% (9/46) samples were found to be positive, 
with Candida albicans accounting for >50% (5/9) of posi-
tive cases. In contrast to the blood culture results, a much 
higher percentage (71.7%; 33/46; P<0.05) of enrolled patients 
tested positive in broad-range PCR analysis, which indicated 
an enhanced sensitivity of panfungal PCR compared with 
conventional culture in the diagnosis of IFDs in immunocom-
promised patients.

Fungal species identification by broad‑range PCR and 
sequencing. The broad-range sequencing technique enabled the 
detection of 8 different fungal species in the 33 PCR-positive 
samples, including the 9 samples that were identified as posi-
tive by the culture method (Table II). Over half (54.5%; 18/33) 
of the samples from the PCR‑positive group were identified as 
an unknown fungus. Consistent with the fungal species assign-
ments by conventional culture, the most frequently observed 
species in the remaining samples included Candida albi‑
cans (12.1%; 4/33), Acremonium strictum (12.1%; 4/33) and 

Aspergillus fumigatus (6.1%; 2/33). Furthermore, a variety 
of rare species, including Cladosporium oxysporum (3.0%; 
1/33), Hypocrea (3.0%; 1/33) and Trichosporon/Oidiodendron 
(3.0%; 1/33), or other unknown bacteria (3.0%; 1/33) and unde-
termined sources (9.1%; 3/33) were observed in the remaining 
21.1% of the total samples.

Characteristics of patients according to the EORTC/MSG 
criteria. According to the EORTC/MSG definitions, 30.4% 
(14/46) of the included patients were classified as negative IFD 
cases, 21.7% (10/46) were classified as probable IFD cases and 
47.8% (22/46) were classified as possible cases (Table III). 
Notably, if the patients were divided into PCR-negative and 
PCR‑positive groups, the distribution patterns were signifi-
cantly different in these two groups. The PCR-negative group 
consisted of 76.9% (21.7% in total) negative IFD classifica-
tions, 23.1% (6.5% in total) possible IFD classifications and 
0% (0% in total) probable IFD classifications (Table III and 
Fig. 3). By contrast, there was a much lower level of negative 
IFD classifications (12.1% within the group; 8.7% in total), a 
higher level of possible IFD classifications (21.2% within the 
group; 12.1% in total) and significantly increased amount of 
probable IFD classifications (66.7% within the group; 47.8% 
in total) in the PCR-positive group, as compared with the 
PCR-negative patients (Table III and Fig. 3). These findings 
highlighted the diagnostic value of panfungal PCR tests 
in distinguishing potential IFDs in immunocompromised 
patients.

Diagnostic performance of panfungal PCR in IFDs. The 
diagnostic performance of panfungal PCR according to the 
EORTC/MSG criteria of IFDs is presented in Table IV. In 
addition, ROC curve analysis was performed for panfungal 
PCR in IFD diagnosis (Fig. 4). Since no patients were clas-
sified as proven IFD cases according to the EORTC/MSG 
criteria in the present study, the diagnostic values of panfungal 
PCR was calculated under two different considerations, 
namely considering only probable or both probable and 
possible cases as positive IFD cases. Firstly, if only probable 
IFD was considered as positive IFD, panfungal PCR provided 
100% sensitivity, 54.0% specificity, 67% PPV, 100% NPV, 

Figure 1. Agarose gel electrophoresis of internal transcribed spacer-poly-
merase chain reaction products demonstrating representative samples of 
positive species isolated from different samples of blood specimens. Lane 1, 
positive control (Candida DNA); lane 2, negative control (sterile water); lane 
3, molecular size marker; lanes 4‑6, positive species.

Table I. Panfungal PCR compared with conventional culture 
for the detection of IFDs.

Analysis Result No. of patients Percentage (%)

PCR + 33 71.7
 - 13 28.3
 Total 46 100.0
Culture + 9 19.6
 - 37 80.4
 Total 46 100.0

PCR, polymerase chain reaction; IFD, invasive fungal disease.

Table II. Type of fungus identified by broad‑range sequencing 
in PCR-positive specimens.

Species No. of patients Percentage (%)a

Unknown fungus 18 54.5
Candida albicans 4 12.1
Acremonium strictum 4 12.1
Aspergillus fumigatus 2 6.1
Cladosporium oxysporum 1 3.0
Hypocrea 1 3.0
Trichosporon/Oidiodendron 1 3.0
Unknown bacteria 1 3.0
Undetermined source 3 9.1

aOut of 33 PCR positive specimens. PCR, polymerase chain reaction.
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2.18 positive likelihood ratio (PLR) and 0 negative likelihood 
ratio (NLR). Secondly, when both probable and possible IFD 
were considered as positive IFD (Table V), the corresponding 
values were 93%, 71%, 91%, 77%, 3.25 and 0.10 for sensitivity, 
specificity, PPV, NPV PLR and NLR. Furthermore, the areas 
under the ROC curves were 0.832 [95% confidence interval 
(CI), 0.710‑0.954; P<0.001] for the diagnosis of probable IFD 
(Fig. 4A) and 0.853 (95% CI, 0.739‑0.966; P<0.001) for the 
diagnosis of probable and possible IFD (Fig. 4B). In general, 
a larger OD value indicated a higher possibility of IFD 
diagnosis (Table V). The ROC curve analyses were used to 
determine the optional cut-off points (OD values), which were 
271.5 (sensitivity, 82.8%; specificity, 79.8%; Fig. 4A) and 47.0 
(sensitivity, 87.5%; specificity, 71.4%; Fig. 4B). Taken together, 
the presented evidence suggests that panfungal PCR assay 
may serve as a valuable adjunct to the EORTC/MSG criteria 
for IFD diagnosis.

Discussion

The aim of the present study was to assess the potential 
clinical benefit of molecular screening by PCR-based 
molecular diagnostic test in immunocompromised patients. 
A broad-range panfungal PCR assay was performed on blood 
specimens from immunocompromised patients, and the diag-
nostic performance of this technique for IFD was evaluated. 
In the current study, PCR test displayed an evidently higher 
sensitivity and similar diagnostic accuracy as compared with 
the conventional culture method. The PCR test demonstrated 
a sensitivity of 82.8% and a specificity of 79.8% for probable 
IFDs, or a sensitivity of 87.5% and a specificity of 71.4% for a 
combination of probable and possible IFDs, according to the 
EORTC/MSG criteria. By identifying the best cut-off points 
(OD values obtained from PCR analysis), the current study 
provided evidence that the PCR-based assay may serve as a 
quick and effective routine test for early diagnosis of IFDs in 
clinical laboratories.

Unlike other clinical samples, such as sputum, the blood 
samples from a healthy population are considered sterile (17). 
Thus, PCR-based analysis is more useful in detecting fungal 

DNA from a blood sample due to its high sensitivity (18). 
However, blood specimens frequently contain a very small 
number of fungal cells; thus, the extraction methods used in 
the present study involved the lysis of a maximum number of 
fungal cells in order to yield a sufficiently large amount of 
DNA (19). Furthermore, modified purification techniques were 
also employed to remove contamination molecules that would 
interfere with the PCR reaction. The type of blood sample may 
also affect the sensitivity of the PCR assay (20). For instance, 
neutrophils from the whole blood samples are considered to 
contain greater amounts of Candida DNA, compared with 
serum assays (21). In order to achieve a maximum fungal DNA 
isolation, broad-range fungal PCR was used in the present 
study, and the DNA isolation and purification steps were 
optimized. In addition, the genomic DNA was extracted using 
the silica gel column method with lywallzyme solution and 
CTAB. The silica gel column method was designed to extract 
free fungal DNA, while the lywallzyme plus CTAB protocol 
was used to collect fungal DNA in the form of intact bodies. 
As a result, fungal DNA in the two formats was collected and 
amplified in the subsequent PCR assay.

According to the EORTC/MSG criteria, no proven IFD 
can be identified unless there is microbiological evidence 
from fluid samples (5). Besides, the blood culture method has 
various limitations, including low sensitivity, low specificity 
and lack of rapidity (4). In addition, numerous possible and 
probable IFD diagnoses are known to result from non-fungal 
causes (22,23). In clinical practice, the severity of IFDs is 
not always correlated with the amount of fungal pathogen 
detected in the specimens (24). Considering the aforemen-
tioned reasons, developing a faster and more effective test is 
essential as an alternative method in the routine diagnosis of 
IFDs.

The current study calculated the diagnostic performance 
of panfungal PCR assay, including the sensitivity, specificity, 
PPV, NPV, PLR and NLR for probable and for probable plus 
possible patient populations. It was observed that panfungal 
PCR testing had an evidently higher sensitivity and similar 
accuracy in comparison with the conventional culture method. 
For instance, out of the 46 BMT recipient patients enrolled in 

Figure 2. Sequencing analysis of GAPDH in the panfungal polymerase chain reaction. GAPDH was included as an internal control and no evident amplifica-
tion inhibition was detected.
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the present study, there were no cases of proven IFD (according 
to EORTC/MSG criteria), however, 22 cases (47.8%) of probable 
and 10 cases (21.7%) of possible infection were identified. These 
findings strongly indicate the current difficulty in obtaining 
an early diagnosis of IFDs in this patient population and the 
requirement for novel methods for early diagnosis. Following 
PCR analysis, the ratio of probable cases in the PCR-positive 
group and the negative cases in the PCR-negative group were 
greatly increased to 66.7 and 76.9%, respectively. These results 
provide clear evidence that PCR assay has great diagnostic 
performance by sorting out people into two different groups, 
namely considering only probable or both probable and possible 
cases as positive IFD cases. PCR-positive patients appeared 
to have a higher potential of being confirmed with IFDs. 
Therefore, the use of panfungal PCR assay may also help to 
reduce the possibilities of misdiagnosis or missed diagnosis, and 
thus directly benefit other clinical decisions.

In addition to the blood culture method, the galactomannan 
(GM) antigen detection test is another diagnostic method 
extensively used for IFD diagnosis (25). The early diagnosis 

and treatment of IFD relies on the GM test, as well as a few 
other serological methods and radiological imaging. Although 
the GM antigen test has an acceptable sensitivity rate, it is also 
highly likely to produce false-positive results (26). In addition, 
this method does not distinguish between different fungal genera 
or species. For instance, an GM antigen test may be designed to 

Figure 4. ROC curves for panfungal polymerase chain reaction assay results. 
The ROC curves were constructed as plots of sensitivity vs. 1‑specificity 
when (A) probable IFDs were considered as positive and (B) both probable 
and possible IFDs were considered as positive. ROC, receiver operating char-
acteristic; IFD, invasive fungal disease.

Figure 3. Distribution of negative, possible and probable invasive fungal 
disease, according to the European Organization for Research and Treatment 
of Cancer/Mycoses Study Group criteria, in the groups that presented nega-
tive or positive results in the panfungal PCR assay. PCR, polymerase chain 
reaction.

Table III. Diagnosis of panfungal PCR in association with the EORTC/MSG criteria for invasive fungal disease.

 EORTC/MSG diagnosis
 --------------------------------------------------------------------------------------------------------------------
Result Negative (%) Possible (%) Probable (%) Sum (%)

PCR positive    
  Count (% of total samples) 4 (8.7) 7 (15.2) 22 (47.8) 33 (71.7)
  % within the PCR positive group 12.1 21.2 66.7 100
PCR negative    
  Count (% of total samples) 10 (21.7) 3 (6.5) 0 (0.0) 13 (28.3)
  % within the PCR negative group 76.9 23.1 0.0 100
  Sum, count (% of total) 14 (30.4) 10 (21.7) 22 (47.8) 46 (99)

PCR, polymerase chain reaction; EORTC/MSG, European organization for research and treatment of cancer/mycoses study group.

Table IV. Diagnostic performance of panfungal polymerase 
chain reaction assay in immunocompromised patients in 
comparison with the EORTC/MSG criteria.

Parameter Probablea Probable and possiblea

Sensitivity 1.00 0.93
Specificity 0.54 0.71
PPV 0.67 0.91
NPV 1.00 0.77
PLR 2.18 3.25
NLR 0.00 0.10

aAs compared with the EORTC/MSG criteria. PCR, polymerase chain 
reaction; PPV, positive predictive value; NPV, negative predictive 
value; PLR, positive likelihood ratio; NLR, negative likelihood ratio; 
EORTC/MSG, European Organization for Research and Treatment of 
Cancer/Mycoses Study Group.
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specifically detect Aspergillus species, but also be cross-reactive 
to Penicillium chrysogenum and Paecilomyces antigens (27,28). 
In contrast to the high specificity (71%) of fungal PCR assay 
identified in the present study, the fact that the GM antigen 
detection test is not specific for IFDs is an important limita-
tion of this method (29-31). Since little is known regarding the 
mechanisms of fungal pathogenesis, the clinical implication of 
the GM antigen detection test is more limited in comparison 
with other molecular methods, such as the PCR test and 
sequencing analysis. The latter methods, as demonstrated in the 
present study, were able to accurately identify the pathogens to 
the level of species. In addition, broad-range PCR assays can be 
designed for the detection of anti-fungal drug resistance, which 
is a growing concern (32).

The current study also identified two cut-off points 
(PCR-obtained OD values) based on ROC analysis. Although 
the accuracy remains to be confirmed by further studies, it is 
suggested that an OD value of <47.0 corresponds with negative 
IFD, an OD value between 47.0 and 271.5 corresponds with 
possible IFD, and an OD value of >271.5 corresponds with prob-
able IFD. Therefore, it is proposed that, following confirmation 
from more independent experiments and clinical analyses, one 
set of PCR-determined OD values can be used as a guideline 
for assigning patients to certain risk groups in order to better 
determine their healthcare requirements.

In conclusion, the results of the present study suggested 
that the panfungal PCR method is a more sensitive and specific 
test compared with the conventional culture method. In order 
to satisfy the clinical requirement, it is suggested that the 
PCR results must be integrated in a clinical workup, including 
other validated markers, such as antigen detection, as well as 
direct examination and blood cultures. Thus, future studies 
should focus on the integration of these techniques into clinical 
decision-making.
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