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Abstract

Data on biomarker-assisted diagnosis of invasive aspergillosis (IA) in pediatric patients is scarce. Therefore, we conducted a cohort study over two years including 404 serum specimens of 26 pediatric patients after allogeneic haematopoietic stem cell transplantation (alloSCT). Sera were tested twice weekly for Aspergillus-specific DNA, galactomannan (GM) and (1(3)-β-D-glucan (BDG). Three probable IA and two possible invasive fungal disease (IFD) cases were identified using the EORTC/MSGERC 2019 consensus definitions. Sensitivity and specificity for diagnosis of probable IA and possible IFD was 80% and 55% for BDG, 60% and 100% for GM and 80% and 95% for Aspergillus-specific real-time PCR. Interestingly, the low specificity of BDG was largely caused by false-positive BDG results that clustered around the date of alloSCT. The following strategies were able to increase BDG specificity: two consecutive positive BDG tests for diagnosis (specificity 80%, sensitivity 40%); using an optimized cutoff value of 304 pg/ml (specificity 80%, sensitivity 60%) and testing BDG only after the acute posttransplant phase. In summary, BDG can help to diagnose IA in pediatric alloSCT recipients. However, due to the poor specificity either an increased cutoff value should be utilized or BDG results should be confirmed by an alternative Aspergillus assay.
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1. Introduction

(1(3)-beta-D-Glucan (BDG) is a fungal cell wall component released into patients’ blood during invasive fungal disease (IFD). BDG is not specific for Aspergillus infection, and could therefore be used as a broad spectrum fungal biomarker keeping in mind that it is not detectable in IFD caused by mucormycetes, Cryptococcus or Blastomyces dermatitidis 
 ADDIN EN.CITE 
(1, 2)
. Confounding factors leading to false positivity include bacteremia and various intravenous medications 
 ADDIN EN.CITE 
(3, 4)
. 
BDG was included as microbiological criterion in the revised consensus definitions of IFD from the European Organization for Research and Treatment of Cancer and the Mycoses Study Group (EORTC/MSG) 2008 
 ADDIN EN.CITE 
(5)
, but excluded in the latest version 2019 as BDG was not considered to provide mycological evidence of any IFD 
 ADDIN EN.CITE 
(6)
. Additionally, BDG is not specific for a particular IFD and consequently should not be used for classification within clinical studies. Amongst the different IFDs, invasive aspergillosis (IA) is the most significant opportunistic fungal infection in neutropenic adult and pediatric patients following allogeneic haematopoietic stem cell transplantation (alloSCT) 
 ADDIN EN.CITE 
(7)
. Diagnosis of IA is challenging as clinical symptoms are often non-specific and classical diagnosis is poor 8()
. Methods such as high resolution computed tomography (HRCT) scans only show typical signs once the infection is established, and even then specific signs can be transient or occur only at a very late stage of disease 
 ADDIN EN.CITE 
(8, 9)
. Serological tests detecting galactomannan (GM) and BDG have low positive predictive values and are better used for exclusion rather than diagnosis of IA 
 ADDIN EN.CITE 
(8-10)
. Especially for BDG testing guidelines are missing 11()
. These limitations have led to the development of PCR-based test systems to detect fungal DNA in patient specimens. However, such assays operate at the very limit of detection due to the small amounts of fungal DNA which can be recovered from blood samples. This problem is even aggravated in pediatrics where only small volumes of blood can be drawn. This bottleneck is circumvented by the Fungitell® assay, which requires only five microliters of serum for a single BDG measurement. Besides being used as a single biomarker, the combination with other assays may prove beneficial for an accurate and timely diagnosis of IA 
 ADDIN EN.CITE 
(12-15)
. However, little data exists for these biomarkers (especially for BDG) in pediatric patients and even less for combined strategies. Here, we report on a highly standardized diagnostic schedule, involving systematic screening of children with a high risk of IA by BDG, GM and Aspergillus real-time PCR assay. 

2. MATERIALS AND METHODS

Patients. From April 2016 to March 2018 (24 month), 41 pediatric patients treated at the University Children’s Hospital Würzburg were screened twice weekly by GM and PCR-based diagnostic assays. All available patients with more than two serum samples and existence of frozen backup samples (n=26) were selected for retrospective BDG analysis. Patients (12 males, median age of 11.5 years [range, 2 to 19 years]; 14 females, median age of 8.5 years [range, 2 to 18 years]) were all eligible and in preparation for alloSCT. Patients suffered from the following diseases: acute lymphoblastic leukemia (n=18; 69%), acute myeloid leukemia (n=3; 12%), and other diseases, including neuroblastoma (n=2), lymphoma, sarcoma, and immunodeficiency (n=1 each). In total, 404 blood samples (mean, 15.5 samples per patient; range, 3 to 71 samples) were analysed. 
Clinical signs and microbiological data were recorded for each individual patient with IA defined according to the revised consensus definitions of the European Organization for the Research and Treatment of Cancer/Mycoses Study Group Education and Research Consortium (EORTC/MSGERC criteria 2019; 
 ADDIN EN.CITE 
(6)
). This latest definition for IA includes PCR and GM testing as microbiological criteria, but not BDG. For analysis of clinical test performance probable IA cases and “not classified” patients (serving as negative controls) were used including PCR and GM as microbiological criteria. Not classified patients comprise all patients except those with proven, probable and possible IFD. In a second approach also cases of possible IFD were included as true IA cases. The reason to do so was that the entity of probable IA and possible IFD cases is defined by a host factor and a clinical feature without the requirement for mycological evidence. This enabled us to compare the diagnostic performance of BDG with GM and Aspergillus real-time PCR without the risk of incorporation bias.
One not classified patient (K207; 18 samples) was excluded from further analysis due to a missing HRCT scan (only X-ray radiography was available showing infiltrates highly suggestive for microbial infection). Data of this patient, especially in the context of BDG detection, were analysed separately. 
Diagnostic molecular assays. Patients were tested within a routine diagnostic surveillance program using GM ELISA (PlateliaTM Aspergillus Ag assay; Bio-Rad, Munich, Germany) and in-house fungal PCR testing. BDG measurement was performed retrospectively from serum samples that were frozen at -20 °C until testing. No additional freeze-thaw cycles occurred between GM and BDG testing. 

The PlateliaTM assay was performed according to the manufacturer´s recommendation using an index of >=1 to define a positive GM test. A single positive test was required to define a positive GM result for EORTC/MSGERC classification. 
For the Aspergillus PCR, DNA was extracted from a 1-ml cell-free blood fraction using the QIAamp UltraSens virus kit (Qiagen, Hilden, Germany) 
 ADDIN EN.CITE 
(16)
. The protocol used was compliant with the European Aspergillus PCR Initiative (EAPCRI) recommendations for serum to guarantee the highest diagnostic standards 
 ADDIN EN.CITE 
(17)
. Real-time PCR, involving an internal control, was performed as previously described 
 ADDIN EN.CITE 
(18)
. Two positive results (non-reproducible or reproducible positive duplicates) from two independent samples within 15 days were defined as positive PCR assay for EORTC/MSGERC classification.
For BDG measurement the Fungitell® assay (Associates of Cape Cod, USA) was used according to the manufacturer´s instructions. Briefly, 5 µl of serum were added to 20 µl of pretreatment reagent in a glucan-free 96-well plate. After 10 min of incubation at 37 °C, 100 µl of Fungitell® reagent were added to the pretreated sample. The Limulus amebocyte lysate reaction was then monitored at 37 °C for 40 min in an ELx808™ microplate reader (BioTek Instruments, Winooski, USA). The mean optical density change over time was calculated and compared to a standard curve to determine the BDG concentration. Samples with indeterminate (60-79 pg/ml) or positive results (>= 80 pg/ml) were retested to confirm the elevated BDG value where possible. BDG levels below 31 pg/ml (lower validation limit) were calculated by extrapolation.
Statistics. The clinical performance, sensitivity, specificity, positive and negative predictive value (PPV and NPV, respectively), and odds ratio of the different assays were calculated using Prism 5 (Graph-Pad Software). The receiver operating characteristic (ROC) curve analysis was used to assess the diagnostic value of BDG for the diagnosis of IA. Since GM and PCR were not evaluable for the same purpose, as these assays had been employed for setting the EORTC/MSGERC state, the correlations of BDG to GM and PCR were investigated as the relations between GM and PCR. For the search of the best cutoff value, the following methods were used: maximization of the sum sensitivity + specificity, maximization of the product sensitivity x specificity, and minimization of absolute difference sensitivity – specificity.

The relations among BDG, GM, and PCR were evaluated. Grouping continuous variables by binary variables, descriptive distribution indexes were calculated. For all evaluable patients the maximum value of BDG, GM, and PCR was calculated. The following variables were created: maxbdg (continuous), maxbdgpos (binary), maxgm (binary), maxgmindex (continuous), maxgmpos2019 (binary), maxpcrpos2019 (binary). The Kruskal-Wallis test was performed on “maxbdg” (continuous) vs “maxgmpos2019” (binary), on “maxbdg” vs “maxpcrpos2019” (binary), and on “maxgmindex” (continuous) vs “maxpcrpos2019”. Maxgmpos2019 = 0 is low level (normal), maxgm = 1 is high (outside the norm). Maxpcrpos2019 = 0 is no target detection, maxpcrpos2019 = 1 is the opposite. 
3. Results

A set of 404 serum samples from 26 pediatric patients with high-risk for IFD were collected shortly before, during and after alloSCT. These specimens were screened for the presence of fungi by using three diagnostic assays, namely Aspergillus-specific real-time PCR (n=404), GM (n=403) and BDG assay (n=348; mean, 13.4 samples per patient; range, 3 to 27 samples). EORTC/MSGERC classification resulted in 3 cases of probable IA (11.5%), 2 cases of possible IFD (7.7%) and 21 not classified patients without specific high-resolution CT (HRCT) scan signs of IFD (80.8%). Due to a missing HRCT scan and bacterial infections one not classified patient (K207) was excluded and his BDG kinetics was analysed separately.
Clinical performance of biomarkers

As shown in Table 1, all three probable IA cases were detected by PCR and BDG generating 100% sensitivity. The GM assay detected only two cases resulting in 67% sensitivity, but reached best specificity and PPV (100% each). All three assays reached very good NPV (95 to 100%). As BDG performed not satisfactory in specificity (55%), a second consecutive positive test was used to determine BDG positivity. As expected, this reduced sensitivity (67%) and increased specificity (80%; Table 1). 
Table 1. Clinical performance in probable IA cases. PPV and NPV, positive and negative predictive value, respectively; OR, odds ratio; CI, confidential interval; 2x BDG, 2 consecutive tests were considered as positive. Values showing best performance are in boldface.

	
	% (95% CI)

	
	qPCR
	GM
	BDG
	2x BDG

	Sensitivity
	100 (29-100)
	67 (9-99)
	100 (29-100)
	67 (9-99)

	Specificity
	95 (75-100)
	100 (83-100)
	55 (32-77)
	80 (56-94)

	PPV
	75 (19-99)
	100 (16-100)
	25 (5-57)
	33 (4-78)

	NPV
	100 (81-100)
	95 (76-100)
	100 (72-100)
	94 (71-100)

	OR
	91 (3-2720)
	68 (2-2175)
	8 (0-186)
	8 (1-112)


Notably, combining all three assays did not improve the results. Best performance was calculated for the combination PCR/GM (Table 2). However, as mentioned in the methods section, PCR and GM were used for EORTC/MSGERC classification. Therefore, their diagnostic performance must not be compared directly with that of BDG in order to avoid incorporation bias.
Table 2. Clinical performance of assay combinations in probable IA cases. PPV and NPV, positive and negative predictive value, respectively; OR, odds ratio; CI, confidential interval. Values showing best performance are in boldface.
	
	% (95% CI)

	
	qPCR/GM
	PCR/BDG
	GM/BDG
	PCR/GM/BDG

	Sensitivity
	100 (29-100)
	100 (29-100)
	100 (29-100)
	100 (29-100)

	Specificity
	95 (75-100)
	50 (27-73)
	55 (32-77)
	50 (27-73)

	PPV
	75 (19-99)
	23 (5-54)
	25 (5-57)
	23 (5-54)

	NPV
	100 (82-100)
	100 (69-100)
	100 (72-100)
	100 (69-100)

	OR
	91 (3-2720)
	7 (0-153)
	8 (0-186)
	7 (0-153)


Interestingly, 8 of 9 (89%) not classified patients with positive BDG showed condensed positivity around the date of SCT (range: 12 days before (d -12) to 49 days after SCT (d 49); Table 3). 
Table 3. Features of not classified patients with positive BDG testing. a: d, days in correlation to SCT; negative numbers indicate time before SCT. SC(T), stem cell (transplantation).

	patient
	pos. BDG (d) a
	no. of pos. BDG
	possible source
	disease
	depleted SC
	age

	K094
	-9, 6 to 39, 49
	12
	mucositis, albumin
	ALL
	yes
	11

	K229
	9, 14
	2
	mucositis
	ALL
	no
	16

	K231
	7 to 18
	4
	unknown
	ALL
	yes
	9

	K237
	-1
	1
	unknown
	ALL
	yes
	6

	K246
	-2
	1
	immunoglobulins
	ALL
	yes
	2

	K250
	-11, -4, 5 to 19
	7
	mucositis
	ALL
	yes
	13

	K256
	-1, 17
	2
	mucositis, immunoglobulins
	ALL
	yes
	17

	K260
	-2, 5, 14, 17, 21, 28
	6
	unknown
	ALL
	yes
	11


All these patients were affected by ALL, whereas 7 out of 8 (88%) received a T cell depleted stem cell graft. Median age was 11 years (range: 2-17). In contrast, in a control cohort (not classified patients without BDG positivity around date of SCT, n=6) only three patients were affected by ALL (50%) and only two received a T cell depleted graft (33%). Median age was 4.5 years (range: 2-18). In order to investigate depleted stem cells as source for BDG positivity, they were tested for the presence of BDG. The supernatant of the depleted stem cells contained 134 pg/ml BDG. However, only a very small amount is administered during SCT and consequently this cannot be responsible for systemically elevated BDG levels. Additionally, patients’ records were screened for known confounding factors of BDG positivity. Treatment with albumin or immunoglobulins and mucositis as possible sources were found in five of eight patients. Due to prophylaxis most of the patients received at least one antimicrobial drug described to be contaminated with traces of BDG 
 ADDIN EN.CITE 
(4)
. Nevertheless, a clear temporal correlation between BDG positivity and the administration of these possible confounding factors could not be established.
Adaptations of BDG cutoff values were discussed in various other publications 19-23


( ADDIN EN.CITE )
. Therefore, we performed a ROC analysis to determine the optimal threshold in our dataset. Including probable IA cases and not classified patients as controls resulted in an optimal cutoff value at 306 pg/ml (Fig. 1). At this cutoff value, BDG sensitivity was 100%, specificity was 90%, and the fraction of the correctly classified patients was 91%. The area under the curve was 0.9667 (95% CI: 0.8874, 1). Inclusion of the two possible IFD patients as true IA cases did not change the optimal cutoff value. The area under the ROC curve was decreased to 0.735 (95% CI: 0.4095, 1). The sensitivity was 60%, the specificity was 90%, and the fraction of the correctly classified patients was 84% (Fig. S2).
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Figure 1. ROC curve analysis of BDG testing showing the optimal cutoff value of 306 pg/ml including probable IA cases and not classified patients as controls. Sensitivity was 100%, specificity was 90%, and the fraction of the correctly classified patients was 91%. The area under the ROC curve was 0.9667 (95% CI: 0.8874, 1).
The latest EORTC/MSGERC classification of probable IA cases includes Aspergillus PCR and GM as microbiological criteria 
 ADDIN EN.CITE 
(6)
. To calculate their diagnostic performance on probable versus not classified IA patients would introduce a strong incorporation bias. However, comparison of probable plus possible IFD patients with not classified patients is free of incorporation bias, because probable plus possible IFD patients need only a host factor and a clinical feature and no microbiological criterion (i.e. GM or Aspergillus PCR). Therefore, possible IFD cases were included in a second analysis (Table 4) and calculations using the Kruskal-Wallis test were performed. Inclusion of possible IFD patients together with probable IA patients as true IA cases reduced the sensitivity and odd ratio (OR) of all three biomarkers in general. Best sensitivity was shown for BDG (80%), as one possible IFD patient was detected by BDG only, followed by PCR (60%) and GM (40%; Table 4). Specificity was not improved for any biomarker. GM still showed best specificity (100%) and PPV (100%), whereas GM and PCR performed best in OR (29 each). When combining assays, best sensitivity was seen by any combination including BDG, best specificity, PPV and OR by the combination GM/PCR (Table 5). PPV of BDG was always below 33% (Table 1, 2, 4 and 5).
Table 4. Clinical performance in probable IA and possible IFD cases. PPV and NPV, positive and negative predictive value, respectively; OR, odds ratio; CI, confidential interval; 2x BDG, 2 consecutive tests were considered as positive. Values showing best performance are in boldface.
	
	% (95% CI)

	
	qPCR
	GM
	BDG
	2x BDG

	Sensitivity
	60 (15-95)
	40 (5-85)
	80 (28-99)
	40 (5-86)

	Specificity
	95 (75-100)
	100 (83-100)
	55 (32-77)
	80 (56-94)

	PPV
	75 (19-99)
	100 (16-100)
	31 (9-61)
	33 (4-78)

	NPV
	90 (70-99)
	87 (66-97)
	92 (62-100)
	84 (60-97)

	OR
	29 (2-421)
	29 (1-749)
	5 (0-52)
	3 (0-22)


Table 5. Clinical performance of different assay combinations in probable IA and possible IFD cases. PPV and NPV, positive and negative predictive value, respectively; OR, odds ratio; CI, confidential interval. Values showing best performance are in boldface.
	
	% (95% CI)

	
	qPCR/GM
	PCR/BDG
	GM/BDG
	PCR/GM/BDG

	Sensitivity
	60 (15-95)
	80 (28-99)
	80 (28-99)
	80 (28-99)

	Specificity
	95 (75-100)
	50 (27-73)
	55 (32-77)
	50 (27-73)

	PPV
	75 (19-99)
	29 (8-58)
	31 (9-61)
	29 (8-58)

	NPV
	90 (70-99)
	91 (59-100)
	92 (62-100)
	91 (59-100)

	OR
	29 (2-421)
	4 (0-42)
	5 (0-52)
	4 (0-42)


The Kruskal-Wallis analyses showed that higher mean BDG values were associated with higher GM and PCR values, and that higher mean GM values were associated with positive PCR (Table S1-S3 and Fig. S1). However, the significance was demonstrated only for the pair BDG/GM (Kruskal-Wallis chi-squared = 5.3118, degree of freedom (df) = 1, p-value = 0.0212). The calculated values for PCR/BDG were close to significance (Kruskal-Wallis chi-squared = 3. 5756, df = 1, p-value = 0.0586), but not for PCR/GM (Kruskal-Wallis chi-squared = 2.2131, df = 1, p-value = 0.1368). The lack of statistical significance was likely attributable to the limited number of patients under investigation. In conclusion, all three diagnostic tests showed a trend towards higher values in cases of probable IA.
Temporal correlation of biomarkers

Biomarker positivity in probable IA and possible IFD cases was correlated to the time span of positive HRCT scans and for BDG also in correlation to the day of SCT (Table 6). For two probable IA cases PCR and BDG showed overlapping positivity (K216 and K233, Table 6, bold characters) and therefore good correlation to each other. For the third IA case (K210) an overlap was only achieved if borderline BDG results at day 17 were included (d [17]; testing of one serum sample in duplicate with 80 and 71 pg/ml resulting in an indeterminate (borderline) BDG result; mean 76 pg/ml; manufacturer’s cutoff at >=80 pg/ml). Other positive BDG samples of this patient showed no temporal correlation to HRCT scans (day -181 and 353). 

Table 6 also illustrates the relation of BDG positivity to the date of SCT (last column). BDG positivity occurred frequently around SCT, as well as 200 and 500 days post SCT. For patient K216 BDG positivity around SCT was confirmed by positive PCR and GM results. Also one possible IFD case (K235) showed BDG positivity around SCT.
Table 6. Temporal correlation of positive biomarkers. The numbers represent days in correlation to positive HRCT scan; numbers in square brackets indicate a serum with an indeterminate BDG result: 60-79 pg/ml; negative numbers indicate time before HRCT/SCT. (X,Y): time point of two requested positive PCR results; if second PCR result is not stated, time to second positive PCR result is 3-4 days. a: no sample in between available; b: both PCR amplicons reveal DNA of A. flavus; bold numbers indicate positive samples of at least two biomarkers. SCT: positive BDG result in correlation to the date of stem cell transplantation.
	
	
	Correlation with positive HRCT
	Correlation with SCT

	
	code
	BDG (d)
	GM (d)
	PCR (d)
	BDG (d)

	PROBABLE IA
	K210
	-181, [17], 353
	-3
	(17, 32) a
	316, 514, 850

	
	K216
	-35 to 45
	-6 to 24
	-6 to -1
	-14 to 66

	
	K233
	33 to 47, 66, 79
	neg
	(66, 77) b
	155 to 169, 188, 201

	possible IFD
	K235
	[6], 39, 48
	neg
	neg
	[-12], 21, 30

	
	K243
	neg
	neg
	neg
	


K207 – a patient with several suspected infections
Patient K207 (Fig. 2) was a 12-year-old boy with immunodeficiency in MHC class I complex and a confirmed mutation in the TAP1 gene. His pretransplant medical history was characterized by chronic broncho-pulmonary infections, resulting in a CF-like picture with bronchiectasis and beginning fibrosis. Besides supportive care, regularly immunoglobulins and antibiotics, he was considered eligible for an allogeneic HSCT. After myeloablative conditioning (busulfan/fludarabine/Campath) he received a matched (10/10) unrelated donor transplant with rapid neutrophil engraftment on day 13 and an uneventful course in the early post-transplantation phase. During aplasia standard prophylaxis consisted of voriconazole, later itraconazole. Two months after alloSCT, he developed fever, cough, tachycardia, elevated C-reactive protein (CRP) level and oxygen demand. Thorax radiography revealed progressive infiltrates in the upper lobes compatible with microbial infection. A preexisting Stenotrophomonas maltophilia was repeatedly detected in sputum and blood, together with other microorganisms like Candida species (in sputum and BAL) and viruses such as CMV and adenovirus in 

blood, sputum and BAL. Although the patient partially stabilized under intensified antimicrobial treatment, the further course was characterized by an on-off situation with respiratory deterioration and partial stabilization on an intermediate care unit (IMC). On day 115 he developed an acute septicemia which necessitated mechanical ventilation and circulatory support on an ICU and treatment with voriconazole, meropenem, cefepime and piperacillin/tazobactam (amongst other antibiotics). Pseudomonas aeruginosa was cultured from tracheal secretion. Under intensified regimen, the patient recovered partially, but could not be weaned entirely from mechanical ventilation support. On day 219, he died from refractory respiratory distress and multiorgan failure. Interestingly, GM was constantly negative, whereas PCR detected A. fumigatus at later stages of the disease between day 114 and 196 post SCT (unfortunately, no samples were available during the phase on the IMC unit). A. fumigatus was repeatedly cultured in tracheal secretion from day 194 onwards. HRCT scans were stopped after day 134 as they continued to show severe pulmonary alterations; however, chest X-rays repeatedly documented infectious infiltrates. Due to the lack of HRCT scans in the later phase, the patient was probably wrongly classified as “not classified”, and excluded from overall patient analysis. BDG showed positive results from the first available sample at day 65 post SCT onwards and was intermittently positive until day 114 and positive again at day 196 (next available sample). Multiple infections with Stenotrophomonas maltophilia and Pseudomonas aeruginosa as pathogens and additionally A. fumigatus in the terminal phase are very likely. BDG cross-reactivity with Stenotrophomonas maltophilia and Pseudomonas aeruginosa 
 ADDIN EN.CITE 
(24-26)
 could explain the positivity detected two months after SCT. Also the regular treatment with immunoglobulins is definitely a possible source of elevated BDG levels 27()
. For the final and fatal pulmonary infection, Aspergillus fumigatus can be regarded as the responsible agent, as this fungus was repeatedly cultured directly from tracheal secretion after day 194 until the death of the patient.
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Figure 2. Medical history of a patient with several suspected pulmonary infections. Graph displays the course of C-reactive protein (CrP, red) and neutrophils counts (blue) over time, together with the results of the GM, PCR and BDG assays (bars above the graph). For GM, PCR and BDG assays, “red” indicates a positive test result, “green” a negative test result, "light red" an indeterminate result (only for BDG). Antifungal prophylaxis/treatment is outlined in yellow bars below the graph.
4. Discussion

The aim of this study was to evaluate a standardized BDG screening (twice weekly) for detection of IA in high-risk pediatric patients. In total, three molecular biomarkers (BDG, GM and Aspergillus DNA) were analysed in 404 blood samples of 26 pediatric patients shortly before, during and early after alloSCT. Three cases of probable IA and 2 cases of possible IFD were classified according to EORTC/MSGERC criteria. One not classified patient was excluded and analysed separately. Sensitivity using BDG was high in our cohort (100% including the probable IA patients, 80% including probable IA and possible IFD patients as true IA cases). Our results are in line with previously published results showing a very wide sensitivity range of the Fungitell assay (27% to 100%) 
 ADDIN EN.CITE 
(28)
. On the other hand the high sensitivity of BDG measurement is hampered by moderate specificity (55%) which again falls into the previously published specificity range of 0% to 100% 
 ADDIN EN.CITE 
(28)
. Specificity could be improved by requiring a second consecutive positive BDG test or by increasing the cutoff. However, both approaches lead to reduced sensitivity. Adapting the BDG threshold for IFD was discussed for adults 
 ADDIN EN.CITE 
(10, 22)
, and very recently for pediatric patients 23()
. Calitri et al. evaluated different cutoffs in children up to 400 pg/ml. Good specificity (>90%) was reached above 200 pg/ml, whereas the best balance between sensitivity and specificity was achieved near 350 pg/ml 23()
. This is very similar to the value calculated by our ROC curve analysis (306 pg/ml), but is in clear contrast to BDG cutoffs either reviewed using the EORTC/MSG criteria as a reference standard (60 pg/ml; 22()
) or recommended by the manufacturer (80 pg/ml). A reason for the discrepancy between adult and pediatric cutoff values could be different baseline BDG levels. In fact, Smith et al. showed that pediatric patients have a one-third higher background level of BDG in comparison to adults and consequently cutoff values have to be higher in children 19()
. Interestingly, for GM a very similar sensitivity and specificity has been reported in adults and children 
 ADDIN EN.CITE 
(29)
.
The low specificity of BDG is well known and can be caused by several confounding factors including mucositis, bacterial infections or treatment with albumin, immunoglobulins or particular antimicrobial drugs 
 ADDIN EN.CITE 
(3, 4, 27)
. At least one of these factors was present in each of our patients with false-positive BDG test results but no clear temporal correlation could be established. This proved to be difficult also in other studies 10


( ADDIN EN.CITE )
. Interestingly, most of the false-positive BDG patients showed clustered positivity around the date of SCT. This is not surprising considering the various treatments the patients receive in this time period. Regular administration of intravenous immunoglobulins that cause significantly elevated BDG levels after a single dose 30()
 or the development of mucositis with potential translocation of BDG from the gut into the blood stream are just two explanations. As a consequence, careful interpretation of BDG results in this time period is mandatory. Another approach is to exclude BDG completely from screening around the day of SCT. This would increase the specificity of the whole assay tremendously. During this time, clinical signs together with other biomarkers could be used to screen for IFD. According to our data a combination of GM and Aspergillus-specific PCR is able to detect probable IA and possible IFD with high specificity (95%) and good PPV (75%). Therefore, GM and Aspergillus-specific PCR could be used during the SCT phase. BDG has its place as an additional IFD biomarker after the acute posttransplant phase. Importantly, most of the IFDs occur beyond day 30 after SCT so that the triple combination with BDG, GM and PCR providing the highest sensitivity would probably be optimal in this time.
As BDG is not specific for Aspergillus, the test can be used to detect other fungi, but cross-reacts also with some bacteria 
 ADDIN EN.CITE 
(24-26)
. Cross-reactivity with microbial antigens could also explain the detection of elevated BDG levels in one possible IFD patient and explain why the more Aspergillus–specific assays GM or PCR had not detected this patient. Another case of false-positivity is intensively described above (K207), as this patient suffered from different bacterial infections showing intermittently numerous positive BDG results.
A clear limitation of our study is the limited number of patients in our study cohort resulting in a low number of probable IA cases. As this is a single-center study and only pediatric patients were included, our data represent another brick in the wall of evidences about the applicability of BDG, especially in respect to the pediatric field where data is quite scarce. Our results are in accordance with other published data describing low PPV for BDG screening and therefore limited usefulness as screening tool 10


( ADDIN EN.CITE )
. On the other hand, BDG can be used as additional diagnostic tool, especially in the post-acute screening phase after alloSCT.
5. Conclusions
BDG can help to diagnose IA in pediatric SCT recipients when used as an adjunctive biomarker especially in the surveillance phase of alloSCT patients after mucositis has resolved and intense antimicrobial treatments are not required any more.
Supplementary Materials: The following are available online at www.mdpi.com/xxx/xy: Figure S1: Matrix of scatterplots indicating the relations between three diagnostic tests. Table S1: Grouping of patients by maxGM index reporting main summary indexes of maxbdg. Table S2. Grouping of patients by maxPCR2019 index reporting main summary indexes of maxBDG. Table S3. Grouping of patients by maxPCR2019 index reporting main summary indexes of maxGM.
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