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Abstract: As conventional microbiological documentation of invasive aspergillosis (IA) is diffi-
cult to obtain, serum fungal biomarkers are important adjunctive diagnostic tools. Positivity rates
and the kinetic profiles of galactomannan (GM), 1,3-β-D-glucan (BDG) and Aspergillus DNA (PCR)
were studied in high-risk patients with hematologic malignancies. GM, BDG and PCR data from
serial serum specimens (n = 240) from 93 adult hematology patients with probable (n = 8), pos-
sible (n = 25) and no (n = 60) IA were retrospectively analyzed. Positivity rates and sensitiv-
ity/specificity/positive/negative predictive values (NPV) of each fungal biomarker alone and in
combination were estimated. The three markers were compared head-to-head and correlated with
various biochemical, demographic and patient characteristics. The positivity rates for patients with
probable/possible/no IA were 88%/8%/0% for GM (X2 = 55, p < 0.001), 62%/46%/35% for BDG
(X2 = 2.5, p = 0.29), 62%/33%/27% for PCR (X2 = 3.9, p = 0.15), 50%/4%/0% for GM + BDG and GM
+ PCR (X2 = 31, p < 0.001), 50%/8%/22% for BDG + PCR (X2 = 6.5, p = 0.038) and 38%/4%/0% for
GM + BDG + PCR (X2 = 21, p < 0.001). Higher agreement (76%) and negative correlation (rs = −0.47,
p = 0.0017) was found between GM index and PCR Ct values. The sensitivity and NPV was 45–55%
and 90–92% when biomarkers assessed alone and increased to 75–90% and 93–97%, respectively
when combined. Weak significant correlations were found between GM, PCR and BDG results with
renal/liver function markers (r = 0.11–0.57) with most GM+ and PCR+ samples found in the first and
second week of clinical assessment, respectively and BDG later on. Different positivity rates, time
profiles and performances were found for the three biomarkers advocating the combination of GM
with PCR for the early diagnosis of IA, whereas the high NPV of combined biomarkerscould help
excluding IA.

Keywords: invasive aspergillosis; hematology patients; diagnosis; biomarkers; kinetic profile

1. Introduction

Invasive aspergillosis (IA) continues to pose a challenge in the management of hema-
tology patients. Delayed initiation of targeted therapy increases mortality, making early
and accurate diagnosis vital for a successful clinical outcome [1]. Although conventional
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microbiological and radiological techniques are considered the cornerstone of IA diagnosis,
they are not sufficiently sensitive and highly specific, respectively [2], and their perfor-
mance are confounded by several factors [3–5]. Aspergillus galactomannan (GM) antigen is
the biomarker that is most often used in current practice to diagnose IA, guide the early
administration of antifungal therapy and monitor response to treatment. 1,3-β-D glucan
(BDG) antigenemia has been incorporated in the definition of a probable invasive fungal
disease [6], although BDG is a pan-fungal marker and is not specific for Aspergillus spp.
Recently, for the first time, polymerase chain reaction (PCR)-based assays were included as
mycological evidence to help define episodes of probable IA [6].

To date, multiple studies have highlighted the utility of serial testing of different
serum IA biomarkers in predicting clinical response outcome and survival in hematology
patients [7,8]. Nevertheless, the kinetics of each of these biomarkers and the impact of vari-
ous patients’ characteristics on them and on the diagnosis of IA has not been investigated
thoroughly [9]. Preclinical studies demonstrated different kinetics of these biomarkers
in vitro and in vivo in animal models [10,11]. As these biomarkers are eliminated via the
kidney, liver or neutrophils, the diagnostic performance of these assays may be influenced
by renal and hepatic function and other patients’ characteristics as described in liver trans-
plant recipients [12]. Given the complex clinical picture of IA, a more dynamic approach for
the evaluation of diagnostic biomarkers is warranted in order to understand the kinetics
of each biomarker, confounding factors and diagnostic performance. Therefore, the aim
of the present retrospective study was to evaluate the performance of the detection of
circulating serum fungal biomarkers of IA, GM, BDG and Aspergillus DNA, in serum sam-
ples of high-risk patients with hematologic malignancies with a focus on describing their
kinetic profile, identifying significant correlates and combining them in order to increase
diagnostic performance.

2. Materials and Methods
2.1. Study Design and Population

A total of 93 adult patients with hematologic malignancies at risk for IA [13–15]
according to the attending clinicians (patients with anticipated prolonged and profound
neutropenia) were screened for the detection of GM, BDG and Aspergillus DNA in serum
samples collected during a 6-month period in each of four tertiary care hospitals in the area
of Athens, Greece, namely “Attikon” University General Hospital (n = 21), “Evangelismos”
General Hospital (n = 39), “Hippokration” General Hospital (n = 12) and “Laiko” General
Hospital (n = 21). Patient episodes (proven, probable, possible or no evidence of IA) were
stratified according to the 2020 definitions of the European Organization for Research and
Treatment of Cancer-Invasive Fungal Infections Cooperative Group/National Institute of
Allergy and Infectious Diseases Mycosis Study Group Education and Research Consortium
(EORTC/MSGERC) Consensus Group [6]. Patients’ demographic (gender, age, underlying
disease) and clinical characteristics during the survey period (duration and degree of
neutropenia (absolute neutrophil count (ANC) <500/mm3), hepatic and renal function,
antifungal treatment and severity scores (Child-Pugh, SAPSII, APACHEIII and Glasgow
Comma scores) were obtained from computerized databases of each center.

The study protocol was approved by the local institutional Review Board and Bioethics
Committee of each participating hospital and written informed consent was obtained from
each patient or relative.

2.2. Clinical Samples and Biomarker Testing

Serial serum specimens from all patients were collected. The number of evaluable
serum samples for the detection of fungal biomarkers was 240. For most patients there
were several samples (3–15) during neutropenia. The obtained sera were stored at −70 ◦C
until testing. A commercially available sandwich enzyme-linked immunoassay (Platelia
Aspergillus EIA; Bio-Rad Laboratories, Athens, Greece) was used to quantify GM antigen
in accordance with the manufacturer’s instructions. A result was considered positive
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when index value was ≥0.5 [16]. For IA classification based on 2020 EORTC/MSGERC
criteria a GM index ≥1 was used [6]. BDG was detected with the Fungitell® test kit
(Associates of Cape Cod, Inc., Falmouth, MA, USA), as recommended by the manufacturer.
BDG levels of ≥80, 79–60 and <60 pg/mL were considered positive, indeterminate and
negative, respectively. Serum assays were performed in duplicate [17]. A real-time PCR was
developed in line with the published European Aspergillus PCR Initiative recommendations
for serum [18]. Aspergillus DNA was extracted from 1 mL serum after enzymatic (incubation
with protease K at 56 ◦C for 10 min) and mechanical (15 min vortex with glass beads) pre-
treatment using the High Pure Viral Nucleic Acid Large Volume Kit (Roche, Athens,
Greece) according to the manufacturer’s instructions. Real-time PCR was performed
with a previously validated assay (2Asp assay) using Aspergillus-specific primers (ASF1
and ADR1) targeting the 28S rRNA gene and an Aspergillus-specific hydrolysis probe
(ASP28P) [19,20]. All PCR runs included a positive control and a negative control (water in
place of DNA extract). When no amplification was observed after 43 PCR cycles (Ct), the
sample was considered negative by PCR [20]. The mean ± SD Cts of spiked human sera
with 10, 100 and 1000 CFUs were 27.8 ± 1.1, 33.5 ± 1.1 and 39.2 ± 0.7, respectively from
different runs which are in agreement with previous studies [19,20].

2.3. Data Analysis

(i) Descriptive statistics. Median and interquartile ranges (IQR) were calculated for
continuous variables, while numbers and percentages were calculated for categorical pa-
rameters. (ii) Analytical evaluation. GM indices, BDG concentrations and PCR Ct values
were correlated with each other and with patient demographics, biochemical parameters
and white blood cells (WBCs) using Spearman correlation, ANOVA analysis and linear
regression. Categorical variables like GM, BDG and PCR positivity were compared with
qualitative categories (antifungal prophylaxis, acute myelogenous leukemia (AML), au-
tologous hematopoietic stem cell transplantation (HSCT), neutropenia) using chi-square
and Fisher’s exact test. (iii) Diagnostic evaluation. The three fungal biomarkers were
compared head-to-head and conclusions about their performance were made. Indetermi-
nate BDG values were considered as negative for comparison with the other biomarkers.
Sensitivity/specificity rates and positive/negative predictive values (PPV/NPV) of BDG
and PCR alone and in combination were assessed using two-by-two tables and the 95%
confidence interval (CI) was estimated. The area and the p value of receiver-operating
characteristics (ROC) curves were calculated for PCR and BDG for patients with probable
vs. no IA, probable + possible IA vs. no IA and probable vs. possible + no IA. (iv) Time-to-
positivity. The median (range and IQR) days after clinical assessment that samples were
positive for each of three biomarkers were calculated and the relative time compared to
the time-to-positivity of each biomarker were determined for patients with probable IA.
The cumulative probability distributions of each biomarker for patients with probable IA
over time was constructed and compared. A two-tailed p-value of <0.05 was considered
to reveal a statistically significant difference. All data were analyzed using the statistics
software package GraphPad Prism, version 7.0, for Windows (GraphPad Software, San
Diego, CA, USA) and JMP7 software (SAS Institute, Cary, NC, USA).

3. Results
3.1. Patients’ Characteristics and IA Episodes

Of 93 patients enrolled in the study, 48/93 (52%) were men with median (range, IQR)
age 51 (18–83, 27) years, weight 69 (48–115, 17) kg, height 168 (145–183, 11) cm, body
mass index (BMI) 24 (14–37, 5) kg/m2, WBCs 0.46 (0–37.14, 1.11) × 109/mL (91% with
neutropenia, 76% with grade IV), SAPSII score 31 (16–78, 7), APACHEIII score 13 (6–35,
5), Glasgow Comma score 15 (3–15, 0), Child-Pugh 6 (5–10, 1), creatinine 0.6 (0.24–3.2,
0.4) mg/dL, eGFR 118 (16–386, 86) mL/min/1.73 m2, urea 28 (0.5–132, 20) mg/dL, SGOT
18 (5–306, 15) U/L, SGPT 25 (2–221, 30) U/L, γ-GT 48 (0.66–1098, 59) U/L, bilirubin
0.63 (0.14–5.6, 0.44) mg/dL and ALP 75 (11–562, 56) U/L. The most common underlying
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hematological disorder was AML (62/93; 67%), followed by acute lymphoblastic leukemia
(12/93; 13%), myelodysplastic syndrome (5/93; 5%), non-Hodgkin’s lymphoma (2/93; 2%)
and various other conditions, such as myeloma, chronic lymphocytic leukemia, chronic
myeloid leukemia, Burkitt lymphoma and Hodgkin disease (12/93; 13%). Among patients,
22/93 (24%) had undergone autologous HSCT.

There were 8 (9%) patients with probable IA, 25 (27%) cases classified as possible
IA and 60 (64%) with no IA, while no proven IA was documented. Most of the patients
(76/93; 82%) had received ≥2 defined daily doses of antifungal drugs, with 40% being
on mold-active prophylaxis/treatment (19 voriconazole, 5 posaconazole, 3 itraconazole,
3 liposomal amphotericin B) at the time serum samples were collected.

3.2. Correlation between Fungal Biomarkers and Various Parameters

Quantitative correlation of the levels of the three fungal biomarkers with different bio-
chemical parameters indicates a significant correlation only between BDG concentrations
and urea (rs = 0.18, p = 0.02) and γ-GT (rs = 0.18, p = 0.02). When only samples positive of
each biomarker were analyzed separately with linear regression, significant correlation was
found between PCR Ct and γ-GT (r = 0.12, p = 0.039), bilirubin (r = 0.28, p = 0.011), ALP
(r = 0.17, p = 0.014), creatinine (r = 0.15, p = 0.023) and borderline significant correlation
between GM index and γ-GT (r = 0.47, p = 0.08), SGOT (r = 0.48, p = 0.08), bilirubin (r = 0.57,
p = 0.049) and between BDG concentrations and WBCs (r = 0.11, p = 0.014) (Figure 1).
BDG positivity was higher for patients not on antifungal treatment vs. those on antifungal
treatment (68% vs. 33%, p = 0.0007) with the mean ± SEM 354 ± 62 vs. 143 ± 22 pg/mL
(p = 0.0016).
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Figure 1. Correlation between fungal biomarkers [galactomannan (GM), 1,3-β-D glucan (BDG) and Aspergillus DNA (PCR]
and markers of hepatic (γ-GT, bilirubin, SGOT/AST, ALP) and renal function (serum creatinine, urea) and white blood cell
counts for positive (blue lines) and negative (red lines) samples.

3.3. Biomarkers per Sample

Out of 240 serum samples tested for GM, 11 (5%) were positive with a median (range,
IQR) GM index value of 1.05 (0.51–3.02, 0.76). Concerning the BDG testing, 81 (34%)
samples were positive with a median (range, IQR) BDG concentration of 309 (84–1719, 430)
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pg/mL, 7 (3%) were indeterminate and 152 were negative. For Aspergillus real-time PCR
there was sufficient volume for testing 156/240 (65%) samples, whereof 39 (25%) were
positive with a median (range, IQR) Ct 37.7 (17.1–41.6, 2.6). Thus, taking into account
only the 156 samples tested for all three biomarkers, 88 (56%) were positive in at least one
biomarker, whereas only 4 (3%) were positive in all three (Table 1). The four samples were
from four patients (two AML, all on antifungal treatment, three with antimold therapy),
three with probable IA and one with possible IA and had GM index/PCR Ct/BDG pg/mL
1.41/34/119, 0.63/40.1/320, 3.02/28.47/309, 1.53/20.45/84, respectively. The sample
positivity rate of BDG was higher in patients with probable (55%) and possible IA (46%)
than in patients with no evidence for IA (40%), whereas the positivity rate of PCR was
higher in patients with probable IA (55%) than in patients with possible IA (19%) and no
evidence for IA (22%). When samples positive to one of the biomarkers were analyzed,
significant correlation was found between PCR Ct and GM indices (rs = −0.47, p = 0.0017)
(Figure 2).
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Figure 2. Significant correlation between PCR Ct values and GM indices for PCR+ samples.

3.4. Biomarkers per Patient

Biomarkers per patient were analyzed for the 156 serum samples from 83/93 (89%)
patients where data for all three biomarkers were available (Table 1). Of 83 patients, 45
(54%) were positive in at least one biomarker. In particular, 9 (11%), 35 (42%) and 27 (33%)
were GM, BDG and PCR positive, respectively, in at least one sample, while 2 (2%), 22 (26%)
and 9 (11%) were GM, BDG and PCR positive, respectively, in at least two samples. No
patients had more than two, four and three consecutive samples positive for GM, BDG and
Aspergillus DNA, respectively. Only 4/83 (5%) patients were positive in all three assays,
although 38% of patients with probable IA were positive in all three biomarkers. Differences
in positivity rates between patients with probable (62%) or possible IA (46%) and patients
with no IA (35%) for BDG and between patients with probable IA (62%) and patients with
possible IA (33%) and no IA (27%) for PCR was greater when analysis was performed
per patient (i.e., any sample from the same patient being positive). Significant association
between 2020 IA classification was found only for GM (p < 0.0001) and PCR (p = 0.0013)
but not for BDG (p = 0.83). The positivity rates for patients with probable/possible/no IA
were 88%/8%/0 % for GM (X2 = 55, p < 0.001), 62%/46%/35% for BDG (X2 = 2.5, p = 0.29),
62%/33%/27% for PCR (X2 = 3.9, p = 0.15), 50%/4%/0% for GM + BDG and GM + PCR
(X2 = 31, p < 0.001), 50%/8%/22% for BDG + PCR (X2 = 6.5, p = 0.038) and 38%/4%/0% for
GM + BDG + PCR (X2 = 21, p < 0.001).
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Table 1. Positivity rates of galactomannan (GM), 1,3-β-D glucan (BDG) and Aspergillus polymerase chain reaction (PCR) assays in patients with probable, possible and no invasive
aspergillosis (IA) with respective to the European Organization for Research and Treatment of Cancer-Invasive Fungal Infections Cooperative Group/National Institute of Allergy and
Infectious Diseases Mycosis Study Group Education and Research Consortium (EORTC/MSGERC) 2020 classification of patients [6].

Patient Classification
(No of

Samples/Patients)
No of Samples/Patients Positive for Indicated Assay

GM BDG PCR GM + BDG GM + PCR BDG + PCR GM + BDG + PCR

Probable IA Samples (n = 20) 9 (45%) 11 (55%) 11 (55%) 5 (25%) 5 (25%) 7 (35%) 3 (15%)
Patients (n = 8) 7 (88%) 5 (62%) 5 (62%) 4 (50%) 4 (50%) 4 (50%) 3 (38%)

Possible IA Samples (n = 43) 2 (5%) 20 (46%) 8 (19%) 1 (2%) 1 (2%) 2 (5%) 1 (2%)
Patients (n = 24) 2 (8%) 11 (46%) 8 (33%) 1 (4%) 1 (4%) 2 (8%) 1 (4%)

No evidence for IA Samples (n = 93) 0 (0%) 37 (40%) 20 (22%) 0 (0%) 0 (0%) 13 (14%) 0 (0%)
Patients (n = 51) 0 (0%) 18 (35%) 14 (27%) 0 (0%) 0 (0%) 11 (22%) 0 (0%)

Total Samples (n = 156) 11 (7%) 68 (44%) 39 (25%) 6 (4%) 6 (4%) 22 (14%) 4 (3%)
Patients (n = 83) 9 (11%) 34 (41%) 27 (32%) 5 (6%) 5 (6%) 17 (20%) 4 (5%)
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ROC curve analysis found statistically significant results for PCR when patients with
probable IA were compared with patients with no IA (area = 0.65, p = 0.028) and possible
IA (area = 0.66, p = 0.019) with the best specificity of 97% (93–99%) found at Ct 40 and the
best sensitivity of 57% (37–76%) at Ct 18–24 (Figure 3).
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test discriminate patients to different classifications of IA.

3.5. Agreement between Biomarkers and Diagnostic Performance

The agreement between the GM-PCR, GM-BDG and PCR-BDG assays was 76%, 57%
and 60%, respectively. The test characteristics for differentiating patients with probable IA,
possible IA and no evidence for IA are shown in Table 2. Overall, higher NPV was found
when patients with possible IA and no IA were combined and higher PPV when patients
with probable and possible IA were combined. Moderate sensitivity (45–55%) and high
NPV (90–92%) in differentiating patients with probable IA vs possible+no IA was found for
GM, BDG and PCR alone whereas higher specificity (98%) and PPV (82%) was found for
GM compared to PCR (79% and 28%, respectively) and BDG (58% and 16%, respectively).
When biomarkers were combined (positive test to either one) sensitivity (75–90%) and NPV
(93–97%) increased whereas specificity (48–79%) and PPV (18–36%) decreased.
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Table 2. Test characteristics (sensitivity/specificity/positive predictive value/negative predictive
value), of each fungal biomarker alone and in combination for differentiating patients with probable
IA, possible IA and no evidence for IA.

Fungal Biomarkers Probable IA
vs. no IA

Probable+Possible
IA

vs. no IA

Probable IA
vs. Possible+no IA

GM 45%/100%/100%/64% 17%/100%/100%/64% 45%/98%/82%/92%
PCR 55%/78%/35%/89% 30%/78%/49%/62% 55%/79%/28%/92%
BDG 55%/60%/23%/86% 49%/60%/46%/64% 55%/58%/16%/90%
PCR/BDG 75%/53%/25%/91% 65%/53%/48%/69% 75%/48%/18%/93%
PCR/GM 80%/78%/44%/95% 40%/78%/56%/66% 80%/79%/36%/96%
BDG/GM 80%/60%/30%/93% 59%/60%/50%/68% 80%/57%/22%/95%
PCR/BDG/GM 90%/53%/29%/96% 71%/53%/51%/73% 90%/48%/20%/97%

GM: galactomannan, BDG: 1,3-β-D glucan, PCR: polymerase chain reaction.

3.6. Time-To-Positivity

The median (range, IQR) time of positive results among patients with probable IA
was 0 (0–61, 18), 7 (0–56, 10) and 18 (0–71, 45) days of testing when samples were collected
based on clinical assessment for GM, PCR and BDG (Figure 4). As detailed in Table 1,
GM was positive in 7/8 patients with probable IA (the eighth patient had PCR+ and GM-
with GM indices 0.09–0.25), while BDG and PCR in 5/8. Of eight patients with probable
IA, only one had two GM+ samples and none in consecutive samples, whereas 3/5 PCR+
patients had consecutive PCR+ samples and 2/5 BDG+ patients had consecutive BDG+
samples. Comparing the time-to-positive result for each assay, for the four GM+/PCR+
patients with probable IA, GM and PCR were positive at the same day for two patients,
whereas for the other two patients GM precedes PCR by 4 days in the first patient and PCR
precede GM by 38 days for the second patient. For the four GM+/BDG+ patients with
probable IA, GM and BDG were positive at the same day for two patients whereas for the
other two patients GM precedes BDG by 18 days for the first patient and BDG precedes
GM by 10 days for the second patient. Finally, for the four PCR+/BDG+ patients with
probable IA, PCR and BDG were positive at the same day for one patient, whereas PCR
precedes BDG by 18 and 28 days in two patients and BDG precedes PCR by 4 days in one
patient. Analysis of cumulative probabilities indicates that more samples were relatively
tested GM+ compared to PCR and BDG in the first week of testing whereas in the second
week more samples were tested PCR+ compared to GM and BDG (Figure 4). After 6 weeks
BDG+ samples were relatively more than GM+ approaching the number of PCR+ samples
after 10 weeks. Most (80%) positive samples were found within first 2, 4 and 8 weeks with
PCR, GM and BDG, respectively.
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4. Discussion

Comparison between fungal biomarkers and understanding their kinetics may have a
significant impact on their diagnostic performance. In the present retrospective multicenter
study, among the three biomarkers, the highest agreement (76%) was found between
GM and PCR which is supported by the significant negative correlation between GM
indices and PCR Ct values (samples with high GM indices had more fungal DNA). BDG
and PCR positivity rates were higher in patients with probable IA than in patients with
possible IA or no IA. The sensitivity and NPV was 45–55% and 90–92% when biomarkers
assessed alone and increased to 75–90% and 93–97%, respectively when combined. ROC
curve analysis for PCR showed that the highest sensitivity (57%) and specificity (97%) for
probable IA was found for Ct 18–24 and 40, respectively. A total of 54% of patients were
positive in at least one biomarker whereas, based on all three assays, the positivity rate
among high-risk patients was only 5%. Biomarkers were positive until 2 months after
clinical suspicion of IA with more GM+ and PCR+ samples found in the first and second
week, respectively, whereas most BDG+ samples become positive in later ones. Thus, the
combination of GM and PCR would capture most patients with probable IA the first 2
weeks after clinical suspicion of IA, whereas the higher NPV of BDG and/or PCR could
be used to exclude IA. Significant but weak correlation was found between GM, PCR and
BDG results with renal/hepatic function markers whereas BDG results were also associated
with antifungal treatment.

The limitations of the traditional diagnostic techniques for IA have led to the develop-
ment of non-culture tests based mainly on the detection of antigens or nucleic acids of the
genus Aspergillus. GM is a major component of the Aspergillus cell wall and the determina-
tion of its antigen in serum and bronchoalveolar lavage specimens has been endorsed as
a standard non-invasive tool for the diagnosis of probable IA [20]. In a meta-analysis of
27 studies, the mean (95% CI) sensitivity and specificity of GM assay in serum of patients
with proven or probable IA was 69% (59–79%) and 89% (84–94%), respectively. However,
remarkable variability was observed when subgroup analysis of proven cases was stratified
by the underlying disease. In particular, the mean (95% CI) sensitivity/specificity of the test
for hematology patients, bone marrow transplant recipients and recipients of solid-organ
transplants were 70% (62–77%)/92% (90–93%), 82% (70–90%)/86% (83–88%) and 22% (3–
60%)/84% (78–88%), respectively [21]. In addition, the administration of antifungal therapy
reduces the sensitivity of the test to 20%. A low sensitivity was also found in present study
(45%) in differentiating patients with probable IA vs possible+no IA because of extended
use of antifungal therapy. Nevertheless, its greatest value lies in the serial screening of
patients with hematologic malignancies at high risk for IA, like AML undergoing intensive
chemotherapy, demonstrating 92% sensitivity and 98% specificity when two consecutive
serum samples are positive [22]. High specificity (98%) of GM in differentiating patients
with probable IA vs possible+no IA was also found in the present study.

The quantification of BDG, a cell wall polysaccharide found in almost all pathogenic
fungi, can be used as a pan-fungal marker. A meta-analysis showed that the sensitivity of
BDG testing for patients with proven/probable IA ranged from 60 to 100% [23]. In general,
BDG detection helps to exclude Aspergillus infections (NPV > 90%), but BDG is not an
IA-specific marker and false positive results have been related to several factors [24,25].
Given the low sensitivity (55%) and PPV (16%) in differentiating patients with probable IA
vs possible+no IA, the assay’s contribution in the diagnosis of IA in our population was
modest, which is in agreement with previous findings suggesting BDG’s limited usefulness
as a screening method for invasive fungal infections in hematology patients [26]. In the
present study, although the positivity rate was higher in patients with IA than in patients
without IA and improved when multiple samples per patient were analyzed, the positivity
rate was the same between patients with probable and possible IA. However, BDG was not
correlated with 2020 classification criteria supporting the exclusion of this biomarker for
the diagnosis of IA [6]. Nevertheless, its excellent NPV (90%) could probably indicate a
potential role in excluding invasive fungal infections including IA.
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On the other hand, molecular diagnosis of IA encounters obstacles in its broad accep-
tance due to lack of standardization with regard to the most appropriate sample, DNA
extraction and PCR reaction. This has led to variable performances of individual Aspergillus
PCR protocols, with sensitivities and specificities ranging from 36 to 100% and from 80
to 96%, respectively [22], while a recent meta-analysis showed that the pooled diagnostic
performance of whole-blood and serum PCR assays was moderate, with mean (95% CI)
sensitivity and specificity of 84% (75–91%) and 76% (65–84%), respectively [27], which
is in line with the specificity found in the present study (9%) in differentiating patients
with probable IA vs possible+no IA. The sensitivity was slightly lower in the present
study (55%) probably because a dense sampling schedule (strictly twice a week) was not
followed. However, the positivity rate of PCR in patients with probable IA (62%) was
higher than in patients with possible (33%) or no IA (27%). ROC curves indicate that
samples with Ct > 40 were found more frequently in patients without IA which is line with
the Ct of 43 proposed for PCR negative samples [20]. The relatively hig Ct among patietns
with probable IA indicate low circulating serum fungal DNA. Given this heterogeneity,
Aspergillus PCR has been proposed as a screening test in conjunction with other diagnostic
markers to ensure maximum sensitivity and NPV [28,29]. As with BDG, its excellent NPV
(92%) demonstrated in our study as well as in previous reports [30] may suggest its benefit
for excluding IA.

Given the challenges in the diagnostic process of IA, many studies have recommended
the application of combined biomarker screening in high-risk hematology patients [31,32].
Only 5% of patients (38% of probable IA cases) were positive for all three serum biomarkers
tested at the same time point. It is well known that pathogens possess a rich metabolism
and a variety of secondary metabolites, many unique to their species. In fact, each metabo-
lite is detected in different stages of IA and with a different duration, as evidenced by the
moderate levels of agreement (57–76%) and time-to-positivity profiles of the three biomark-
ers tested in this study. When fungal biomarkers were combined, the sensitivity and NPV
increased reaching 90% and 97%, respectively when all three biomarkers were combined
whereas specificity and PPV decreased compared to GM alone. Therefore, combination of
diagnostic tests may increase the NPV whereas GM alone results in high PPV.

Several factors may affect the levels of the three fungal biomarkers in serum and
thereby their diagnostic performance. Although weak, significant correlations with con-
sistent pattern was found for each of the three biomarkers with several markers of renal
and hepatic function, patient group and antifungal treatment. Polysaccharides [33] and
microbial DNA [34,35] are metabolized in liver and therefore any changes in liver function
may affect their levels. GM is excreted in urine [36,37] accounting for 35% of the radio-
labeled GM injected in rabbits after 24 h [33]. Similarly BDG has been detected in urine
from patients with IA [38]. Hence, renal and hepatic dysfunction can alter elimination
of those biomarkers and probably increase their detection which is in line with the posi-
tive correlation found between GM indices and liver enzymes. Correlation between GM
index and renal function markers was non-significant which may indicate a minor role
of GM renal elimination or low power in detecting such a correlation. Regarding BDG,
a positive correlation was found with renal and hepatic function markers. Whether the
correlation between BDG with urea is related with previous observations of protective role
of BG against nephropathy in animals due to antioxidant and immunomodulatory [39]
or urinary excretion of (1,3)b-D-glucans [40] needs to be explored further. Finally, PCR Ct
values were negatively correlated with renal and hepatic function markers (i.e., more DNA
copies were detected in patients with renal and hepatic dysfunction) which may be due to
significant quantitative relation found with severity scores. Unfortunately, the diagnostic
impact of these confounding variables could not be addressed in the present study because
larger number of positive samples and wider distribution of confounding variables will be
required. In addition, the small samples size and particularly for patients with probable
IA, the absence of proven IA and the differences among centers and patients may have an
impact on observed findings in the present study.
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In conclusion, diagnosis of IA remains challenging. GM can help in the diagnosis of
IA, whereas serial sampling improves significantly the positivity rate of PCR in patients
with probable IA. Combination of BDG with GM or PCR did not increase significantly the
diagnostic performance. The absence of highly sensitive and specific diagnostic indicators
impedes the successful clinical outcome of IA, while none of the current assays (serological
or molecular) alone are able to confirm the infection and their results should always be
evaluated in conjunction with other clinical, radiological and microbiological findings.
However, the high NPV of those assays particularly when serial sampling is employed can
help to exclude IA with major implications in prophylactic and de-escalation strategies.
Renal/hepatic function and other factors (neutropenia, patient group, treatment) that may
influence fungal biomarkers levels should be considered. Understanding the kinetics of
each biomarker and influencing variables can help to optimize diagnostic performance of
serological and molecular diagnostic tools of IA.

Author Contributions: Conceptualization, study design, interpretation, data analysis, supervision,
writing—review and editing, J.M.; methodology, experiments, data analysis, writing—original draft
preparation, M.S.; provision of clinical samples, writing—review, S.K., C.R., K.K., E.E., H.S., N.V.S.,
P.T. and M.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee)
of “Attikon” University General Hospital (358, 08/11/2012), “Evangelismos” General Hospital (96,
27/02/2013), “Hippokration” General Hospital (42, 06/06/2013), and “Laiko” General Hospital
(4635, 17/04/2013).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data available on request.

Acknowledgments: We thank Associates of Cape Cod, Inc. (MA, USA) for kindly providing the
Fungitell® kits.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jenks, J.D.; Hoenigl, M. Treatment of aspergillosis. J. Fungi 2018, 4, 98. [CrossRef]
2. Lamoth, F.; Calandra, T. Early diagnosis of invasive mould infections and disease. J. Antimicrob. Chemother. 2017, 72, i19–i28.

[CrossRef]
3. Girmenia, C.; Guerrisi, P.; Frustaci, A.M.; Fama, A.; Finolezzi, E.; Perrone, S.; Gentile, G.; Collerone, F.; Brocchieri, S.; Guerrisi, V.

New category of probable invasive pulmonary aspergillosis in haematological patients. Clin. Microbiol. Infect. 2012, 18, 990–996.
[CrossRef] [PubMed]

4. Bergeron, A.; Porcher, R.; Sulahian, A.; De Bazelaire, C.; Chagnon, K.; Raffoux, E.; Vekhoff, A.; Cornet, M.; Isnard, F.; Brethon, B.;
et al. The strategy for the diagnosis of invasive pulmonary aspergillosis should depend on both the underlying condition and the
leukocyte count of patients with hematologic malignancies. Blood 2012, 119, 1831–1837. [CrossRef] [PubMed]

5. Milito, M.A.; Kontoyiannis, D.P.; Lewis, R.E.; Liu, P.; Mawlawi, O.R.; Truong, M.T.; Marom, E.M. Influence of host immunosup-
pression on CT findings in invasive pulmonary aspergillosis. Med. Mycol. 2010, 48, 817–823. [CrossRef] [PubMed]

6. Donnelly, J.P.; Chen, S.C.; Kauffman, C.A.; Steinbach, W.J.; Baddley, J.W.; Verweij, P.E.; Clancy, C.J.; Wingard, J.R.; Lockhart, S.R.;
Groll, A.H.; et al. Revision and Update of the Consensus Definitions of Invasive Fungal Disease from the European Organization
for Research and Treatment of Cancer and the Mycoses Study Group Education and Research Consortium. Clin. Infect. Dis. 2020,
71, 1367–1376. [CrossRef]

7. Mercier, T.; Guldentops, E.; Lagrou, K.; Maertens, J. Galactomannan, a Surrogate Marker for Outcome in Invasive Aspergillosis:
Finally Coming of Age. Front. Microbiol. 2018, 9, 661. [CrossRef]

8. Neofytos, D.; Railkar, R.; Mullane, K.M.; Fredricks, D.N.; Granwehr, B.; Marr, K.A.; Almyroudis, N.G.; Kontoyiannis, D.P.;
Maertens, J.; Fox, R.; et al. Correlation between circulating fungal biomarkers and clinical outcome in invasive aspergillosis. PLoS
ONE 2015, 10. [CrossRef]

9. Hammarström, H.; Stjärne Aspelund, A.; Christensson, B.; Heußel, C.P.; Isaksson, J.; Kondori, N.; Larsson, L.; Markowicz, P.;
Richter, J.; Wennerås, C.; et al. Prospective evaluation of a combination of fungal biomarkers for the diagnosis of invasive fungal
disease in high-risk haematology patients. Mycoses 2018, 61, 623–632. [CrossRef]

http://doi.org/10.3390/jof4030098
http://doi.org/10.1093/jac/dkx030
http://doi.org/10.1111/j.1469-0691.2011.03685.x
http://www.ncbi.nlm.nih.gov/pubmed/21999366
http://doi.org/10.1182/blood-2011-04-351601
http://www.ncbi.nlm.nih.gov/pubmed/22010103
http://doi.org/10.3109/13693780903514872
http://www.ncbi.nlm.nih.gov/pubmed/20109093
http://doi.org/10.1093/cid/ciz1008
http://doi.org/10.3389/fmicb.2018.00661
http://doi.org/10.1371/journal.pone.0129022
http://doi.org/10.1111/myc.12773


J. Fungi 2021, 7, 211 12 of 13

10. Morton, C.O.; Loeffler, J.; De Luca, A.; Frost, S.; Kenny, C.; Duval, S.; Romani, L.; Rogers, T.R. Dynamics of extracellular release
of Aspergillus fumigatus DNA and galactomannan during growth in blood and serum. J. Med. Microbiol. 2010, 59, 408–413.
[CrossRef]

11. Mennink-Kersten, M.A.; Ruegebrink, D.; Wasei, N.; Melchers, W.J.; Verweij, P.E. In vitro release by Aspergillus fumigatus of
galactofuranose antigens, 1,3-beta-D-glucan, and DNA, surrogate markers used for diagnosis of invasive aspergillosis. J. Clin.
Microbiol. 2006, 44, 1711–1718. [CrossRef] [PubMed]

12. Singh, N.; Winston, D.J.; Limaye, A.P.; Pelletier, S.; Safdar, N.; Morris, M.I.; Meneses, K.; Busuttil, R.W.; Wagener, M.M.; Wheat,
L.J. Performance characteristics of galactomannan and β-d-glucan in high-risk liver transplant recipients. Transplantation 2015, 99,
2543–2550. [CrossRef]

13. Stanzani, M.; Lewis, R.E.; Fiacchini, M.; Ricci, P.; Tumietto, F.; Viale, P.; Ambretti, S.; Baccarani, M.; Cavo, M.; Vianelli, N. A Risk
Prediction Score for Invasive Mold Disease in Patients with Hematological Malignancies. PLoS ONE 2013, 8, e75531. [CrossRef]
[PubMed]

14. Herbrecht, R.; Bories, P.; Moulin, J.C.; Ledoux, M.P.; Letscher-Bru, V. Risk stratification for invasive aspergillosis in immunocom-
promised patients. Ann. N. Y. Acad. Sci. 2012, 1272, 23–30. [CrossRef] [PubMed]

15. Pagano, L.; Akova, M.; Dimopoulos, G.; Herbrecht, R.; Drgona, L.; Blijlevens, N. Risk assessment and prognostic factors for
mould-related diseases in immunocompromised patients. J. Antimicrob. Chemother. 2011, 66, i5–i14. [CrossRef]

16. Bio-Rad. PLATELIATM ASPERGILLUS Ag; Bio-Rad: Hercules, CA, USA, 2013.
17. Associates of Cape Cod. FUNGITELL®ASSAY Instructions for Use; Associates of Cape Cod: East Falmouth, MA, USA, 2020.
18. White, P.L.; Mengoli, C.; Bretagne, S.; Cuenca-Estrella, M.; Finnstrom, N.; Klingspor, L.; Melchers, W.J.G.; McCulloch, E.; Barnes,

R.A.; Donnelly, J.P.; et al. Evaluation of Aspergillus PCR protocols for testing serum specimens. J. Clin. Microbiol. 2011, 49,
3842–3848. [CrossRef]

19. White, P.L.; Barton, R.; Guiver, M.; Linton, C.J.; Wilson, S.; Smith, M.; Gomez, B.L.; Carr, M.J.; Kimmitt, P.T.; Seaton, S.; et al. A
consensus on fungal polymerase chain reaction diagnosis? A United Kingdom-Ireland evaluation of polymerase chain reaction
methods for detection of systemic fungal infections. J. Mol. Diagn 2006, 8, 376–384. [CrossRef]

20. De Pauw, B.; Walsh, T.J.; Donnelly, J.P.; Stevens, D.A.; Edwards, J.E.; Calandra, T.; Pappas, P.G.; Maertens, J.; Lortholary, O.;
Kauffman, C.A.; et al. Revised definitions of invasive fungal disease from the European Organization for Research and Treatment
of Cancer/Invasive Fungal Infections Cooperative Group and the National Institute of Allergy and Infectious Diseases Mycoses
Study Group (EORTC/MSG) C. Clin. Infect. Dis. 2008, 46, 1813–1821. [CrossRef]

21. Pfeiffer, C.D.; Fine, J.P.; Safdar, N. Diagnosis of invasive aspergillosis using a galactomannan assay: A meta-analysis. Clin. Infect.
Dis. 2006, 42, 1417–1427. [CrossRef]

22. Haidar, G.; Falcione, B.A.; Nguyen, M.H. Diagnostic modalities for invasive mould infections among hematopoietic stem cell
transplant and solid organ recipients: Performance characteristics and practical roles in the clinic. J. Fungi 2015, 1, 252–276.
[CrossRef] [PubMed]

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

24. Prattes, J.; Schilcher, G.; Krause, R. Reliability of serum 1,3-beta- d -glucan assay in patients undergoing renal replacement
therapy: A review of the literature. Mycoses 2015, 58, 4–9. [CrossRef]

25. Albert, O.; Toubas, D.; Strady, C.; Cousson, J.; Delmas, C.; Vernet, V.; Villena, I. Reactivity of (1→3)-β-d-glucan assay in bacterial
bloodstream infections. Eur. J. Clin. Microbiol. Infect. Dis. 2011, 30, 1453–1460. [CrossRef]

26. Racil, Z.; Kocmanova, I.; Lengerova, M.; Weinbergerova, B.; Buresova, L.; Toskova, M.; Winterova, J.; Timilsina, S.; Rodriguez,
I.; Mayer, J. Difficulties in using 1,3-β-D-glucan as the screening test for the early diagnosis of invasive fungal infections in
patients with haematological malignancies - High frequency of false-positive results and their analysis. J. Med. Microbiol. 2010, 59,
1016–1022. [CrossRef] [PubMed]

27. Arvanitis, M.; Ziakas, P.D.; Zacharioudakis, I.M.; Zervou, F.N.; Caliendo, A.M.; Mylonakis, E. PCR in Diagnosis of Invasive
Aspergillosis: A Meta-Analysis of Diagnostic Performance. J. Clin. Microbiol. 2014, 52, 3731–3742. [CrossRef] [PubMed]

28. Ullmann, A.J.J.; Aguado, J.M.M.; Arikan-Akdagli, S.; Denning, D.W.W.; Groll, A.H.H.; Lagrou, K.; Lass-Flörl, C.; Lewis,
R.E.E.; Munoz, P.; Verweij, P.E.E.; et al. Diagnosis and management of Aspergillus diseases: Executive summary of the 2017
ESCMID-ECMM-ERS guideline. Clin. Microbiol. Infect. 2018, 24, e1–e38. [CrossRef] [PubMed]

29. Patterson, T.F.; Thompson, G.R.; Denning, D.W.; Fishman, J.A.; Hadley, S.; Herbrecht, R.; Kontoyiannis, D.P.; Marr, K.A.; Morrison,
V.A.; Nguyen, M.H.; et al. Practice Guidelines for the Diagnosis and Management of Aspergillosis: 2016 Update by the Infectious
Diseases Society of America. Clin. Infect. Dis. 2016, 63, e1–e60. [CrossRef]

30. White, P.L.; Wingard, J.R.; Bretagne, S.; Löffler, J.; Patterson, T.F.; Slavin, M.A.; Barnes, R.A.; Pappas, P.G.; Donnelly, J.P. Aspergillus
Polymerase Chain Reaction: Systematic Review of Evidence for Clinical Use in Comparison with Antigen Testing. Clin. Infect.
Dis. 2015, 61, 1293–1303. [CrossRef] [PubMed]

31. Boch, T.; Spiess, B.; Cornely, O.A.; Vehreschild, J.J.; Rath, P.M.; Steinmann, J.; Heinz, W.J.; Hahn, J.; Krause, S.W.; Kiehl, M.G.;
et al. Diagnosis of invasive fungal infections in haematological patients by combined use of galactomannan, 1,3-β-D-glucan,
Aspergillus PCR, multifungal DNA-microarray, and Aspergillus azole resistance PCRs in blood and bronchoalveolar lavage
samples: Results of a prospective multicentre study. Clin. Microbiol. Infect. 2016, 22, 862–868. [CrossRef]

http://doi.org/10.1099/jmm.0.017418-0
http://doi.org/10.1128/JCM.44.5.1711-1718.2006
http://www.ncbi.nlm.nih.gov/pubmed/16672397
http://doi.org/10.1097/TP.0000000000000763
http://doi.org/10.1371/journal.pone.0075531
http://www.ncbi.nlm.nih.gov/pubmed/24086555
http://doi.org/10.1111/j.1749-6632.2012.06829.x
http://www.ncbi.nlm.nih.gov/pubmed/23231711
http://doi.org/10.1093/jac/dkq437
http://doi.org/10.1128/JCM.05316-11
http://doi.org/10.2353/jmoldx.2006.050120
http://doi.org/10.1086/588660
http://doi.org/10.1086/503427
http://doi.org/10.3390/jof1020252
http://www.ncbi.nlm.nih.gov/pubmed/29376911
http://doi.org/10.1093/cid/ciq206
http://doi.org/10.1111/myc.12267
http://doi.org/10.1007/s10096-011-1244-8
http://doi.org/10.1099/jmm.0.019299-0
http://www.ncbi.nlm.nih.gov/pubmed/20488937
http://doi.org/10.1128/JCM.01365-14
http://www.ncbi.nlm.nih.gov/pubmed/25122854
http://doi.org/10.1016/j.cmi.2018.01.002
http://www.ncbi.nlm.nih.gov/pubmed/29544767
http://doi.org/10.1093/cid/ciw326
http://doi.org/10.1093/cid/civ507
http://www.ncbi.nlm.nih.gov/pubmed/26113653
http://doi.org/10.1016/j.cmi.2016.06.021


J. Fungi 2021, 7, 211 13 of 13

32. Aguado, J.M.; Vazquez, L.; Fernandez-Ruiz, M.; Villaescusa, T.; Ruiz-Camps, I.; Barba, P.; Silva, J.T.; Batlle, M.; Solano, C.; Gallardo,
D.; et al. Serum galactomannan versus a combination of galactomannan and polymerase chain reaction-based aspergillus DNA
detection for early therapy of invasive aspergillosis in high-risk hematological patients: A randomized controlled trial. Clin.
Infect. Dis. 2015, 60, 405–414. [CrossRef]

33. Bennett, J.E.; Friedman, M.M.; Dupont, B. Receptor-Mediated Clearance of Aspergillus Galactomannan. J. Infect. Dis. 2016, 155,
1005–1010. [CrossRef]

34. Halder, L.D.; Abdelfatah, M.A.; Jo, E.A.H.; Jacobsen, I.D.; Westermann, M.; Beyersdorf, N.; Lorkowski, S.; Zipfel, P.F.; Skerka,
C. Factor H binds to extracellular DNA traps released from human blood monocytes in response to Candida albicans. Front.
Immunol. 2017, 7, 1–14. [CrossRef] [PubMed]

35. Toth, C.A.; Thomoas, P. Special article liver endocytosis and kupffer cells. Hepatology 1992, 16, 255–266. [CrossRef] [PubMed]
36. Duettmann, W.; Koidl, C.; Troppan, K.; Seeber, K.; Buzina, W.; Wölfler, A.; Wagner, J.; Krause, R.; Hoenigl, M. Serum and urine

galactomannan testing for screening in patients with hematological malignancies. Med. Mycol. 2014, 52, 647–652. [CrossRef]
37. Dufresne, S.F.; Datta, K.; Li, X.; Dadachova, E.; Staab, J.F.; Patterson, T.F.; Feldmesser, M.; Marr, K.A. Detection of urinary excreted

fungal galactomannan-like antigens for diagnosis of invasive aspergillosis. PLoS ONE 2012, 7. [CrossRef] [PubMed]
38. Raggam, R.B.; Fischbach, L.M.L.; Prattes, J.; Duettmann, W.; Eigl, S.; Reischies, F.; Wölfler, A.; Rabensteiner, J.; Prueller, F.; Krause,

R.; et al. Detection of (1→3)-β-D-glucan in same-day urine and serum samples obtained from patients with haematological
malignancies. Mycoses 2015, 58, 394–398. [CrossRef]

39. Koc, E.; Reis, K.A.; Ebinc, F.A.; Pasaoglu, H.; Demirtas, C.; Omeroglu, S.; Derici, U.B.; Guz, G.; Erten, Y.; Bali, M.; et al. Protective
effect of beta-glucan on contrast induced-nephropathy and a comparison of beta-glucan with nebivolol and N-acetylcysteine in
rats. Clin. Exp. Nephrol. 2011, 15, 658–665. [CrossRef]

40. Rice, P.J.; Lockhart, B.E.; Barker, L.A.; Adams, E.L.; Ensley, H.E.; Williams, D.L. Pharmacokinetics of fungal (1-3)-β-D-glucans
following intravenous administration in rats. Int. Immunopharmacol. 2004, 4, 1209–1215. [CrossRef]

http://doi.org/10.1093/cid/ciu833
http://doi.org/10.1093/infdis/155.5.1005
http://doi.org/10.3389/fimmu.2016.00671
http://www.ncbi.nlm.nih.gov/pubmed/28133459
http://doi.org/10.1002/hep.1840160137
http://www.ncbi.nlm.nih.gov/pubmed/1319954
http://doi.org/10.1093/mmy/myu019
http://doi.org/10.1371/journal.pone.0042736
http://www.ncbi.nlm.nih.gov/pubmed/22900046
http://doi.org/10.1111/myc.12328
http://doi.org/10.1007/s10157-011-0451-z
http://doi.org/10.1016/j.intimp.2004.05.013

	Introduction 
	Materials and Methods 
	Study Design and Population 
	Clinical Samples and Biomarker Testing 
	Data Analysis 

	Results 
	Patients’ Characteristics and IA Episodes 
	Correlation between Fungal Biomarkers and Various Parameters 
	Biomarkers per Sample 
	Biomarkers per Patient 
	Agreement between Biomarkers and Diagnostic Performance 
	Time-To-Positivity 

	Discussion 
	References

