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Abstract

:

Background: The prevalence of aspergillus sensitization (AS) and allergic bronchopulmonary aspergillosis (ABPA) in asthmatic children remains unclear. Objective: To systematically review the literature to estimate the prevalence of AS and ABPA in children with bronchial asthma. Methods: We searched the PubMed and Embase databases for studies reporting the prevalence of AS or ABPA in pediatric asthma. The primary outcome was to assess the prevalence of AS, while the secondary outcome was to evaluate the prevalence of ABPA. We pooled the prevalence estimates using a random effects model. We also calculated the heterogeneity and publication bias. Results: Of the 11,695 records retrieved, 16 studies with 2468 asthmatic children met the inclusion criteria. Most studies were published from tertiary centers. The pooled prevalence of AS in asthma (15 studies; 2361 subjects) was 16.1% (95% confidence intervals [CI], 9.3–24.3). The prevalence of AS was significantly higher in prospective studies, studies from India, and those from developing countries. The pooled prevalence of ABPA in asthma (5 studies; 505 children) was 9.9% (95% CI, 0.81–27.6). There was significant heterogeneity and publication bias for both outcomes. Conclusions: We found a high prevalence of AS and ABPA in asthmatic children. There is a need for community-based studies from different ethnicities using a standard methodology to ascertain the true prevalence of AS and ABPA in pediatric asthma.
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1. Introduction


Asthma is the most common chronic respiratory ailment affecting children [1] and is among the top 20 diseases associated with years lived with disability [2]. In the International Study of Asthma and Allergies in Childhood, the prevalence of asthma in children aged 13–14 years ranged from 1.6 to 28.2% (overall, 14.1%), while the prevalence in those 6–7 years was 1.4 to 27.2% (overall, 11.7%) [3,4]. About 1–5% of children can develop severe asthma that is uncontrolled despite high doses of inhaled steroids [5,6]. Several factors are associated with severe asthma, including a family history of asthma, exposure to secondhand smoke, and mold allergy [7].



Fungal allergy in asthma (fungal asthma) is associated with increased disease severity and lung damage in adults and children [8,9]. Most fungi are either mesophilic (optimal growth occurring at 18 to 22 °C, and unable to grow at body temperature) or thermophilic (can grow at body temperature but are unable to grow below 20 °C, so are not present in the environment) and, thus, are rarely associated with human infections and allergies [10]. Thermotolerant fungi, especially Aspergillus fumigatus, grow equally well in the environment and at human body temperature and are associated with human disease, including fungal allergy. In increasing order of severity, the allergic diseases caused by A. fumigatus include fungal (aspergillus) sensitization, severe asthma with fungal sensitization (SAFS), and allergic bronchopulmonary aspergillosis (serologic, bronchiectasis, and with high-attenuation mucus) [11].



Aspergillus sensitization (AS) is considered the first step in the development of ABPA [12]. AS is currently diagnosed based on raised IgE against A. fumigatus antigens (≥0.35 kUA/L on the fluorescent enzyme immunoassay, Phadia platform) or immediate (type 1) cutaneous hyperreactivity on skin testing with A. fumigatus antigens, using either intradermal injection or prick test [11,13]. On the other hand, allergic bronchopulmonary aspergillosis (ABPA) is a complex immunological disorder caused by increased type-2 immune responses mounted against A. fumigatus colonizing the tracheobronchial tree of children with asthma or cystic fibrosis [14,15]. A related disorder is allergic bronchopulmonary mycosis (ABPM), an ABPA-like syndrome caused by fungi other than A. fumigatus [16]. Children with ABPA manifest with difficult-to-treat asthma, flitting and fleeting pulmonary opacities, expectoration of brownish-black mucus plugs, bronchiectasis, and lung collapse [17].



The Rosenberg–Patterson criteria have been the most widely used standard for diagnosing ABPA [18]. The Patterson criterion has eight major components (bronchial asthma, immediate cutaneous hypersensitivity to A. fumigatus antigen, serum total IgE levels ≥ 417 IU/mL, serum A. fumigatus specific IgG or IgE levels more than twice the mean values in patients with Aspergillus-sensitized asthma, central bronchiectasis on computed tomography [CT] of the chest, serum precipitins against A. fumigatus, fleeting or fixed pulmonary opacities on chest radiograph, and peripheral blood eosinophil count ≥ 1000 cells/mL) and three minor components (sputum cultures demonstrating the growth of A. fumigatus, expectoration of brownish-black mucus plugs, type III skin reactions to A. fumigatus antigen). There were several limitations to using the Patterson criteria. There was no consensus on the number of the components of the major and minor criteria required for the diagnosis, no agreement on the cut-off values of various immunological tests, and rendering equal weightage to all the individual components.



The International Society for Human and Animal Mycology (ISHAM) formed the “ABPA in asthmatics” working group to simplify the diagnosis and management of ABPA. The ISHAM ABPA working group has suggested more objective criteria for ABPA [19]. Based on these criteria, a diagnosis of ABPA can be made in the presence of a predisposing condition (asthma, cystic fibrosis, or others), when both the obligatory criteria (serum A. fumigatus-specific IgE levels > 0.35 kUA/L or positive type I Aspergillus skin test; and, serum total IgE levels > 1000 IU/mL) are met along with at least two of the three additional criteria (presence of precipitating or IgG antibodies against A. fumigatus in serum, thoracic imaging findings consistent with ABPA, and peripheral blood eosinophil count ≥ 500 cells/µL). The ISHAM-ABPA working group criteria were proposed in 2013. In the last decade, emerging evidence has indicated that A. fumigatus-IgE is better than skin tests [20,21], A. fumigatus-IgG estimation by enzyme immunoassays is superior to gel diffusion tests [22,23], CT performs better than chest radiographs [21], and the serum total IgE cut-off of 500 IU/mL is more sensitive than 1000 IU/mL [21]. We then suggested minor modifications to the ISHAM-ABPA working group criteria. The modified ISHAM-ABPA working group criteria include a predisposing condition (asthma, cystic fibrosis, or others), the presence of both the obligatory criteria (serum A. fumigatus-specific IgE levels > 0.35 kUA/L and serum total IgE levels > 500 IU/mL), and at least two of the three additional criteria (presence of IgG antibodies against A. fumigatus in serum, CT thorax showing bronchiectasis, and peripheral blood eosinophil count ≥ 500 cells/µL). By incorporating these changes, the group demonstrated better sensitivity to the modified (100%) than the original criteria (89%) [21]. The Japan ABPM Research Program criteria have proposed another criterion in asthmatic subjects with ABPM [24]. The criteria included ten components (asthma, peripheral blood eosinophil count ≥ 500 cells/µL, serum total IgE ≥ 417 IU/L, immediate cutaneous hypersensitivity or elevated serum fungi-specific IgE, presence of precipitins or specific IgG for filamentous fungi, filamentous fungus growth in sputum cultures or bronchial lavage fluid, presence of fungal hyphae in bronchial mucus plugs, central bronchiectasis on CT thorax, presence of mucus plugs in central bronchi based on CT or bronchoscopy or mucus plug expectoration history, and high-attenuation mucus on CT chest). Subjects fulfilling at least six of the ten components are labeled as definite ABPA/ABPM, while those meeting five are categorized as probable ABPA/ABPM. The Japanese criteria are more sensitive than the Rosenberg–Patterson and the ISHAM-working group criteria in asthmatic subjects with ABPM [24]. The limitations of the Japanese criteria include overreliance on microbiological criteria and the requirement of bronchoscopy. It is essential to note that the sputum or bronchial lavage fluid cultures have low sensitivity in the diagnosis of ABPA. Moreover, there is often a dissociation between colonizing and sensitizing fungi [25]. Notably, all the criteria mentioned above have been developed in the adult population, and there are no criteria specific to childhood ABPA [14].



While aspergillus-related allergy disorders are fairly well characterized in adults [19,26], the prevalence of AS and ABPA in children remains unknown [14]. It will be of interest to pediatricians if the prevalence of AS and ABPA is known in asthmatic children, as it can influence the implementation of screening programs. Herein, we systematically review the literature for estimating the prevalence of AS and ABPA in children with bronchial asthma.




2. Methods


We performed a systematic review of the literature to evaluate the prevalence of AS and ABPA among asthmatic children. The review protocol was registered at the PROSPERO database (crd.york.ac.uk; CRD42022352448). An Institute ethics committee approval was not necessary as this was a meta-analysis of published studies. The results are presented per the Meta-analysis of Observational Studies in Epidemiology (MOOSE) guidelines [27].



Search strategy: We (RA, VM) systematically queried the PubMed and Embase databases from inception, without language restrictions, to identify the relevant studies. We used the following search strategy: “allergic bronchopulmonary aspergillosis” OR “abpa” OR “allergic bronchopulmonary mycosis” OR “fungal sensitization” OR “fungal sensitisation” OR “fungal allerg*” OR “mould allerg*” OR “mold allerg*” OR “fungal asthma” OR “aspergillus sensitization” OR “aspergillus sensitisation” OR “aspergillus hypersensitivity” OR “mould sensitisation” OR “mould sensitization” OR “mold sensitisation” OR “mold sensitization” OR “mold sensitivity” OR “mould sensitivity” OR Aspergillosis, Allergic Bronchopulmonary [Mesh]. We further supplemented the search by reviewing our files and the references of the articles included.



Initial review of studies: We transferred the search results to a citation manager (Endnote X9.3.3, Clarivate Analytics, Philadelphia, PA, USA). Three authors (R.A., V.M., I.S.S.) screened the articles by title and abstract, retrieved the full text of each relevant citation, and assessed the articles for inclusion. Any disagreement was resolved by discussion between the authors.



Study selection: We included studies enrolling pediatric asthma (<18 years) irrespective of the study setting and reporting the prevalence of AS or ABPA in asthma. We defined aspergillus sensitization as either immediate cutaneous hyperreactivity to A. fumigatus antigens (either commercial or in-house) or raised A. fumigatus-specific IgE or both. For ABPA, we recorded the criteria used by the different authors. We excluded the following: (1) abstracts, editorials, review articles, and case reports; (2) studies describing the occurrence of AS or ABPA in subjects with cystic fibrosis; (3) studies conducted in the adult population; and (4) studies not providing the number of asthmatics screened.



Data extraction: We retrieved the following information from the included articles on a predefined data extraction form: (1) citation details, including the country where the research was conducted; (2) study type (prospective or retrospective); (3) age and sex of children with asthma and ABPA; (4) duration and severity of asthma; (5) procedure for detecting AS (intradermal injection, skin prick test, or A. fumigatus-specific IgE), if the studies provided data using both skin test and IgE estimation, we used the higher prevalence reported by either of the methods; (6) commercial or in-house A. fumigatus antigens used for diagnosing AS; (7) details of the criteria used for diagnosing ABPA; and (8) radiological subtype of ABPA (serologic [no bronchiectasis], bronchiectasis, or high-attenuation mucus).



Quality assessment of the studies: We used the Newcastle–Ottawa Scale (NOS) to assess the quality (modified for cross-sectional studies) of the included studies [28,29]. The scale has three components, namely, study selection (score 0 to 5), comparability (score 0 to 2), and outcome (0 to 3). The overall NOS score can range from 0 to 10. We rated the study as fair and good when the score was <8 or ≥8, respectively.



Outcomes: The primary outcome was to analyze the prevalence of AS in asthmatic children. The secondary outcome was to evaluate the prevalence of ABPA in children with bronchial asthma.



Pooled effect: We computed the prevalence of AS and ABPA in each study by calculating the proportion (number of subjects with AS or ABPA divided by the total number of asthmatics) with 95% confidence interval(s) (CI) [30]. The proportions were first turned into a quantity (the Freeman–Tukey variant of the arcsine square root transformed proportion) suitable for the random effects model [31,32]. The pooled proportion was calculated as the back-transform of the weighted mean of the transformed proportions, using DerSimonian–Laird weights for the random effects model, in the presence of significant heterogeneity [33]. We used StatsDirect (version 3.3.5; StatsDirect, Ltd., Cheshire, UK (http://www.statsdirect.com, accessed on 1 March 2022)) to perform the meta-analysis.



Heterogeneity: We calculated the impact of heterogeneity on the pooled estimates of the individual outcomes (prevalence of AS and ABPA) using the Higgins inconsistency index (I2) [34]. The Higgins index measures the inconsistency between the study results, interpreted as the approximate proportion of total variation in the study estimates due to heterogeneity rather than sampling error. An I2 value ≥50 percent indicates significant heterogeneity.



Publication bias: We checked the presence of publication bias by constructing a funnel plot (proportion in the horizontal axis plotted against the standard error of proportion in the vertical axis). The proportion estimates from smaller studies usually are scattered above and below the summary estimate producing a triangular or funnel shape, indicating the absence of publication bias. We also checked for publication bias using three statistical tests: (1) The Egger test evaluates the asymmetry of the funnel plot. The Egger test is for Y intercept = 0 from a linear regression of normalized effect estimate (proportion divided by its standard error) against precision (reciprocal of the standard error of the proportion); [35] (2) The Harbord test is similar to the Egger test but uses a modified linear regression method to reduce the false-positive rate; [36] and, (3) The Begg and Mazumdar test analyzes the interdependence of variance and proportion with a rank correlation method [37].



Subgroup analysis: We performed a subgroup analysis to evaluate the factors influencing heterogeneity. We included the following variables: (1) study design (prospective versus retrospective); (2) the country from where the study was published (India vs. the rest of the world); and (3) the type of economy of the country (developed vs. developing) [38].




3. Results


Search results: We searched the databases and obtained 11,695 records. After discarding duplicates, we screened 9031 records and excluded 8942 articles and 62 abstracts. Finally, we reviewed the full text of 27 articles and included 16 for the current review (Figure 1) [9,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53].



Study characteristics: The 16 studies included 2468 asthmatic children (Table 1). All studies were conducted at tertiary care centers except one that was population-based (and reported only AS) [45]. Ten studies were prospective, while six were retrospective. Most studies included a mixed asthma population, while five were conducted on moderate-to-severe asthmatic children [9,40,46,47,53]. Four studies each were published from India [40,47,51,53] and the United States [39,43,45,46], and two from Finland [41,42]. One study each was published from Iran [44], Saudi Arabia [48], South Korea [49], Germany [50], Egypt [52], and the United Kingdom [9].



Study quality: The median (interquartile range) NOS score was 9 (8 to 10). We classified all the studies as good (Supplementary Materials Table S1). The only issues were related to a small sample in most studies, the lack of inclusion of children with intermittent asthma, and lower numbers of mild asthmatic children.



Primary outcome (prevalence of AS in asthma): A total of 15 studies (2361 subjects) reported the prevalence of AS in asthmatic children. Five studies used skin prick tests, four used intradermal testing, five used A. fumigatus-specific IgE estimation, and one used both SPT and A. fumigatus-specific IgE (Table 1). Twelve studies used commercial A. fumigatus antigens, two used in-house antigens, while data for the antigen were unavailable from one study. The prevalence of AS in asthma (Figure 2) ranged from 0 to 61.3%, with a pooled prevalence of 16.1% (95% CI, 9.3 to 24.3).



Heterogeneity and publication bias: There was significant heterogeneity for the primary outcome, with an I2 value of 95.9%. The funnel plots showed evidence of publication bias (Figure 3). The statistical tests also indicated publication bias by two methods (Begg–Mazumdar: Kendall’s tau = 0.524, p = 0.006; Egger: bias = 6.24, p = 0.002; Harbord–Egger: bias = 4.22, p = 0.32).



Subgroup analysis: We performed univariate analysis to explore the causes of heterogeneity (Table 2). The prevalence of AS was significantly higher in the following study groups: prospective studies (rather than retrospective), studies published from India (compared to the rest of the world), and studies published from developing countries (vs. developed countries). However, there was significant statistical heterogeneity in all the subgroups also.



Secondary outcome: A total of 5 studies that included 505 asthmatic children provided data to calculate the prevalence of ABPA [9,40,46,47,53]. Three studies used the Patterson criteria (or its modification) [18], while two used the ISHAM-ABPA working group criteria [19]. The diagnosis of ABPA with the Patterson criteria was made variably using five to eight components. The prevalence of ABPA in asthma varied from 0 to 32.7% (Figure 4), with a pooled prevalence of 9.9% (95% CI, 0.81 to 27.6). Four studies provided data for calculating the prevalence of ABPA in aspergillus-sensitized asthma [9,46,47,53]. The pooled prevalence of ABPA in aspergillus-sensitized asthma was 20.5% (95% CI, 0 to 65.7).



Heterogeneity and publication bias: There was significant heterogeneity for the secondary outcome, with an I2 value of 96.8%. The funnel plot (Supplementary Materials Figure S1) suggested publication bias. The statistical tests, however, did not reveal evidence of publication bias (Begg–Mazumdar: Kendall’s tau = 1, p = 0.08; Egger: bias = 22.01, p = 0.14; Harbord–Egger: bias = 1.47, p = 0.93).




4. Discussion


We found a high prevalence of AS (16%) and ABPA (10%) in children with bronchial asthma. Further, there was a high prevalence of ABPA in asthmatic children with AS (21% in the current study). The prevalence of AS was significantly higher in prospective studies, studies from India or developing countries. The current study is the first to systematically review the global prevalence of AS and ABPA in asthmatic children.



Despite being the most common respiratory disorder in children, pediatric asthma remains poorly understood. The differential diagnosis of asthma, particularly severe asthma, is broader in children than adults and includes congenital structural abnormalities (tracheomalacia, webs, and others), foreign body aspiration, primary ciliary dyskinesia, immunodeficiency diseases, cystic fibrosis, recurrent aspiration, and others. The evaluation of severe asthma is further hampered by difficulty establishing a diagnosis, excluding comorbidities and alternate diagnosis, and non-adherence to inhaled medications (especially in adolescents) [54]. Identifying distinct phenotypes and using various biomarkers usually guides the management of severe pediatric asthma [5]. While the phenotypes may suggest the pattern of ongoing airway inflammation and influence the choice of various therapies (including biologicals for asthma), identifying the triggers for the underlying inflammation is also essential [5,55].



Of the various triggers, thermotolerant molds assume greater significance as the mold is actively growing the airways and thus is amenable to treatment with antifungal agents. In children, antifungal agents are safer than prednisolone and less expensive than biological agents. Indeed, home environment assessment is considered an essential component of evaluating children with severe asthma, and molds are common indoor allergens [56]. While fungal sensitization has been recognized as an important contributor to the severity of asthma in children [9], their true burden remains unknown since routine evaluation is not performed [57].



The high prevalence of AS in the current study suggests that fungal allergy, particularly to A. fumigatus, should be actively sought, at least in children with persistent asthma. We found the prevalence of AS to range from 0 to 61%. We can speculate several causes for the wide range in prevalence. The prevalence of AS was higher in prospective than retrospective studies, understandably due to the limitations of retrospective analysis. The prevalence of AS was higher in studies published in India (and developing countries), possibly due to environmental and genetic factors [58]. There is a high environmental burden of A. fumigatus spores in rural and urban areas in India [59]. Ethnic (genetic) differences also play an important role in determining allergic sensitization [60]. The other important reason for the wide prevalence is the varying time points for screening asthmatic children for AS in the studies. Notably, many asthmatic children can develop AS later despite being unsensitized at an earlier point in time. In two different studies, it was shown that in asthmatic patients without AS, de novo sensitization could develop later, over the next one to two decades [61,62].



We noted that the prevalence of ABPA also varied widely (0–33%) in the present study. Of the five studies included in the meta-analysis, two (one each from the United Kingdom and the United States) did not report any case of ABPA [9,46]. The other three studies were from India and reported a high prevalence of ABPA, ranging from 11 to 33 percent [40,47,53]. Our data suggest a high burden of AS and ABPA, particularly in India. India has approximately 444 million children, and an estimated 7.9% have asthma, i.e., 35 million [63]. From our study, the estimated burden of AS and ABPA among asthmatic children in India alone would be 11 million and eight million, respectively. The variation in prevalence between India and other countries can be attributed to environmental and genetic factors. However, another important possibility must be considered, particularly in countries where cystic fibrosis is uncommon [64,65]. A recent study from adult asthmatics found a higher frequency of single nucleotide polymorphisms (SNPs) in the CFTR gene among ABPA, complicating asthma compared to asthmatics and healthy controls [66]. ABPA is also regarded as a cystic fibrosis transmembrane conductance regulator (CFTR)-related disease [67,68], and the latter may be more relevant in children than adults. In a non-Caucasian population with a low CF prevalence and lack of sweat chloride testing (or genetic analysis), some CF variants with ABPA may be classified as ABPA, complicating asthma. Additionally, the lack of uniform criteria for diagnosing pediatric ABPA could also explain the differences in prevalence [14].



ABPA is considered rare in children with asthma [6]. However, the rarity of ABPA in children seems implausible given the high prevalence of AS in children (16% in the current analysis). A significant contributor could be the lack of routine screening of all asthmatic children for ABPA. ABPA is generally considered to complicate the course of difficult-to-treat or uncontrolled asthma. Interestingly, in a series consisting of 155 cases of adult ABPA, almost 19% of the patients had well-controlled asthma [69]. The occurrence of ABPA in controlled asthma underscores the need for investigating all asthmatic children for ABPA, irrespective of asthma control, especially in tertiary care settings. The other cause for the lower prevalence of ABPA in children could be the overlapping criteria for diagnosing SAFS and serological ABPA [17]. For instance, raised serum total IgE or raised A. fumigatus-specific IgG are considered components of SAFS [6], while they are dominant components of ABPA in adults. Several children classified as AS in pediatric studies are likely ABPA. Moreover, a chest radiograph is insensitive in identifying bronchiectasis [70], and the less frequent performance of CT scans in children than in adults with severe asthma could also result in the misclassification of ABPA as SAFS.



What are the clinical implications of the current study? Do all asthmatic children require evaluation for AS? The answer is not known. Wheezing is a common problem in children, and the prevalence of wheezing varies across countries and even within the country [71]. Variation of asthma symptoms with age also poses difficulty in assigning severity to childhood asthma. Hence, periodic assessment is required, and subjects with persisting wheeze may be considered for further evaluation, including routine assessment for AS. More data and systematic evaluation are required before definite recommendations for screening all asthmatic children for AS. Nevertheless, screening for AS should be strongly considered in tertiary care settings, and in children with persistent asthma because the presence of AS in asthmatic children, even without ABPA, is associated with poor lung function and recurrent hospital admissions [9,46,51]. Itraconazole improved the quality of life in adult patients with SAFS [72]. Similar studies are required in pediatric SAFS. In pediatric practice, performing specific IgE against allergens is usually guided by environmental history and assessment [55]. However, a detailed indoor (home, school, and other places) and outdoor environment assessment may not be practical. Hence, evaluation for allergen sensitization that is common and of greater significance should be considered for screening among asthmatic children. Further, the lack of a consensus definition for SAFS makes comparing studies difficult [6]. In the present review, most studies using the Patterson criteria for diagnosing ABPA used components varying from five to eight that can affect the diagnostic performance [20]. We suggest that future studies follow a uniform method and use A. fumigatus-specific IgE and skin test (rather than skin test alone) for detecting AS and the recently proposed modified ISHAM-ABPA working group criteria for diagnosing ABPA [21,73]. Not all asthmatic children residing in the same environment develop AS. Thus, the genetic predisposition for AS needs to be explored in future studies. There is also a need to develop criteria specific to pediatric ABPA. Notably, ABPA is considered a treatable trait in bronchiectasis [74,75]. Early recognition and treatment of ABPA are essential to prevent progressive lung damage. Our study results suggest that AS and ABPA meet the requirement for implementing a screening program in tertiary care clinics for early detection [76].



Our study has a few limitations. The major limitation is the small number of studies reporting the prevalence of AS and ABPA. The other limitation is the methodological (varying immunological tests and diagnostic criteria) and statistical heterogeneity. We used the random effects model to partially offset the statistical heterogeneity and performed subgroup analysis to explore the causes of heterogeneity. The variation in the prevalence of AS across the included studies could also be due to the differences in antigen and the method used for testing, apart from the severity of the asthmatic children enrolled. The duration of asthma is another crucial factor in determining the development of AS. Unfortunately, we did not have sufficient data to assess the relationship between the duration of asthma and the prevalence of AS or ABPA. Longitudinal cohorts performing serial monitoring for AS among asthmatic children may improve our understanding and guide us on the optimal timing for screening. While we have reported data on the prevalence of AS, we do not know what proportion of AS subjects have severe asthma. Most studies included in our review did not provide AS data separately for severe and non-severe asthmatics. Similar to adult data [77], most studies included in our meta-analysis were from referral centers, and the prevalence of ABPA does not represent the population prevalence. The strengths of our study include an exhaustive literature search and predefined criteria for study assessment and statistical analysis.



In conclusion, we found a high prevalence of Aspergillus sensitization and ABPA in children with bronchial asthma. Due to the paucity of studies in children, more data are required from different ethnic groups using a uniform methodology to ascertain the true prevalence of AS and ABPA in asthmatic children.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/diagnostics13050922/s1. Table S1: Newcastle Ottawa score to assess the quality of the studies included in the systematic review of literature and meta-analysis. Figure S1: Funnel plot for the outcome of allergic bronchopulmonary aspergillosis in asthmatic children.





Author Contributions


Conceptualization: R.A.; Data curation: R.A., V.M. and I.S.S.; Formal Analysis: RA, ANA; Methodology: R.A., V.M., I.S.S., S.D., K.T.P., K.S., S.M.R., A.N.A. and A.C.; Validation: R.A., V.M., I.S.S., S.D., K.T.P., K.S., S.M.R., A.N.A. and A.C.; Writing Original draft: R.A.; Writing review and editing: R.A., V.M., I.S.S., S.D., K.T.P., K.S., S.M.R., A.N.A. and A.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


An institute ethics committee approval was not required as the current manuscript was a systematic review of published data.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data are presented in the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Serebrisky, D.; Wiznia, A. Pediatric Asthma: A Global Epidemic. Ann. Glob. Health 2019, 85, 6. [Google Scholar] [CrossRef] [PubMed]

	



Vos, T.; Flaxman, A.D.; Naghavi, M.; Lozano, R.; Michaud, C.; Ezzati, M.; Shibuya, K.; Salomon, J.A.; Abdalla, S.; Aboyans, V.; et al. Years lived with disability (YLDs) for 1160 sequelae of 289 diseases and injuries 1990–2010: A systematic analysis for the Global Burden of Disease Study 2010. Lancet 2012, 380, 2163–2196. [Google Scholar] [CrossRef] [PubMed]

	



Asher, M.I.; Weiland, S.K. The International Study of Asthma and Allergies in Childhood (ISAAC). ISAAC Steering Committee. Clin. Exp. Allergy 1998, 28 (Suppl. 5), 52–66, discussion 90–1. [Google Scholar] [CrossRef]

	



Mallol, J.; Crane, J.; von Mutius, E.; Odhiambo, J.; Keil, U.; Stewart, A. The International Study of Asthma and Allergies in Childhood (ISAAC) Phase Three: A global synthesis. Allergol. Immunopathol. 2013, 41, 73–85. [Google Scholar] [CrossRef]

	



Fleming, L.; Murray, C.; Bansal, A.T.; Hashimoto, S.; Bisgaard, H.; Bush, A.; Frey, U.; Hedlin, G.; Singer, F.; van Aalderen, W.M.; et al. The burden of severe asthma in childhood and adolescence: Results from the paediatric U-BIOPRED cohorts. Eur. Respir. J. 2015, 46, 1322–1333. [Google Scholar] [CrossRef]

	



Bush, A. Kids, Difficult Asthma and Fungus. J. Fungi 2020, 6, 55. [Google Scholar] [CrossRef]

	



Lötvall, J.; Akdis, C.A.; Bacharier, L.B.; Bjermer, L.; Casale, T.B.; Custovic, A.; Lemanske, R.F., Jr.; Wardlaw, A.J.; Wenzel, S.E.; Greenberger, P.A. Asthma endotypes: A new approach to classification of disease entities within the asthma syndrome. J. Allergy Clin. Immunol. 2011, 127, 355–360. [Google Scholar] [CrossRef]

	



Woolnough, K.F.; Richardson, M.; Newby, C.; Craner, M.; Bourne, M.; Monteiro, W.; Siddiqui, S.; Bradding, P.; Pashley, C.H.; Wardlaw, A.J. The relationship between biomarkers of fungal allergy and lung damage in asthma. Clin. Exp. Allergy 2017, 47, 48–56. [Google Scholar] [CrossRef]

	



Welsh, K.G.; Holden, K.A.; Wardlaw, A.J.; Satchwell, J.; Monteiro, W.; Pashley, C.H.; Gaillard, E.A. Fungal sensitization and positive fungal culture from sputum in children with asthma are associated with reduced lung function and acute asthma attacks respectively. Clin. Exp. Allergy 2021, 51, 790–800. [Google Scholar] [CrossRef]

	



Woolnough, K.; Fairs, A.; Pashley, C.H.; Wardlaw, A.J. Allergic fungal airway disease: Pathophysiologic and diagnostic considerations. Curr. Opin. Pulm. Med. 2015, 21, 39–47. [Google Scholar] [CrossRef]

	



Agarwal, R. Severe asthma with fungal sensitization. Curr. Allergy Asthma Rep. 2011, 11, 403–413. [Google Scholar] [CrossRef] [PubMed]

	



Bateman, E.D. A new look at the natural history of Aspergillus hypersensitivity in asthmatics. Respir. Med. 1994, 88, 325–327. [Google Scholar] [CrossRef] [PubMed]

	



Agarwal, R.; Gupta, D. Severe asthma and fungi: Current evidence. Med. Mycol. 2011, 49 (Suppl. 1), S150–S157. [Google Scholar] [CrossRef] [PubMed]

	



Jat, K.R.; Vaidya, P.C.; Mathew, J.L.; Jondhale, S.; Singh, M. Childhood allergic bronchopulmonary aspergillosis. Lung India 2018, 35, 499–507. [Google Scholar] [CrossRef] [PubMed]

	



Sunman, B.; Ademhan Tural, D.; Ozsezen, B.; Emiralioglu, N.; Yalcin, E.; Özçelik, U. Current Approach in the Diagnosis and Management of Allergic Bronchopulmonary Aspergillosis in Children with Cystic Fibrosis. Front. Pediatr. 2020, 8, 582964. [Google Scholar] [CrossRef]

	



Chowdhary, A.; Agarwal, K.; Kathuria, S.; Gaur, S.N.; Randhawa, H.S.; Meis, J.F. Allergic bronchopulmonary mycosis due to fungi other than Aspergillus: A global overview. Crit. Rev. Microbiol. 2014, 40, 30–48. [Google Scholar] [CrossRef]

	



Agarwal, R.; Muthu, V.; Sehgal, I.S.; Dhooria, S.; Prasad, K.T.; Aggarwal, A.N. Allergic Bronchopulmonary Aspergillosis. Clin. Chest Med. 2022, 43, 99–125. [Google Scholar] [CrossRef]

	



Rosenberg, M.; Patterson, R.; Mintzer, R.; Cooper, B.J.; Roberts, M.; Harris, K.E. Clinical and immunologic criteria for the diagnosis of allergic bronchopulmonary aspergillosis. Ann. Intern. Med. 1977, 86, 405–414. [Google Scholar] [CrossRef] [PubMed]

	



Agarwal, R.; Chakrabarti, A.; Shah, A.; Gupta, D.; Meis, J.F.; Guleria, R.; Moss, R.; Denning, D.W.; ABPA Complicating Asthma ISHAM Working Group. Allergic bronchopulmonary aspergillosis: Review of literature and proposal of new diagnostic and classification criteria. Clin. Exp. Allergy 2013, 43, 850–873. [Google Scholar] [CrossRef]

	



Agarwal, R.; Maskey, D.; Aggarwal, A.N.; Saikia, B.; Garg, M.; Gupta, D.; Chakrabarti, A. Diagnostic performance of various tests and criteria employed in allergic bronchopulmonary aspergillosis: A latent class analysis. PLoS ONE 2013, 8, e61105. [Google Scholar] [CrossRef]

	



Saxena, P.; Choudhary, H.; Muthu, V.; Sehgal, I.S.; Dhooria, S.; Prasad, K.T.; Garg, M.; Saikia, B.; Aggarwal, A.N.; Chakrabarti, A.; et al. Which Are the Optimal Criteria for the Diagnosis of Allergic Bronchopulmonary Aspergillosis? A Latent Class Analysis. J. Allergy Clin. Immunol. Pract. 2021, 9, 328–335. [Google Scholar] [CrossRef]

	



Agarwal, R.; Dua, D.; Choudhary, H.; Aggarwal, A.N.; Sehgal, I.S.; Dhooria, S.; Garg, M.; Behera, D.; Chakrabarti, A. Role of Aspergillus fumigatus-specific IgG in diagnosis and monitoring treatment response in allergic bronchopulmonary aspergillosis. Mycoses 2017, 60, 33–39. [Google Scholar] [CrossRef]

	



Sehgal, I.S.; Dhooria, S.; Prasad, K.T.; Muthu, V.; Aggarwal, A.N.; Agarwal, R. Comparative diagnostic accuracy of immunoprecipitation versus immunoassay methods for detecting Aspergillus fumigatus-specific IgG in allergic bronchopulmonary aspergillosis: A systematic review and meta-analysis. Mycoses 2022, 65, 866–876. [Google Scholar] [CrossRef]

	



Asano, K.; Hebisawa, A.; Ishiguro, T.; Takayanagi, N.; Nakamura, Y.; Suzuki, J.; Okada, N.; Tanaka, J.; Fukutomi, Y.; Ueki, S.; et al. New clinical diagnostic criteria for allergic bronchopulmonary aspergillosis/mycosis and its validation. J. Allergy Clin. Immunol. 2021, 147, 1261–1268. [Google Scholar] [CrossRef]

	



Matsuse, H.; Tsuchida, T.; Fukahori, S.; Kawano, T.; Nishino, T.; Fukushima, C.; Kohno, S. Dissociation between sensitizing and colonizing fungi in patients with allergic bronchopulmonary aspergillosis. Ann. Allergy Asthma Immunol. 2013, 111, 190–193. [Google Scholar] [CrossRef]

	



Agarwal, R.; Chakrabarti, A. Allergic bronchopulmonary aspergillosis in asthma: Epidemiological, clinical and therapeutic issues. Future Microbiol. 2013, 8, 1463–1474. [Google Scholar] [CrossRef]

	



Stroup, D.F.; Berlin, J.A.; Morton, S.C.; Olkin, I.; Williamson, G.D.; Rennie, D.; Moher, D.; Becker, B.J.; Sipe, T.A.; Thacker, S.B. Meta-analysis of observational studies in epidemiology: A proposal for reporting. Meta-analysis Of Observational Studies in Epidemiology (MOOSE) group. JAMA 2000, 283, 2008–2012. [Google Scholar] [CrossRef]

	



Wells, G.; Shea, B.; O’Connell, D.; Peterson, J.W.; Welch, V.; Losos, M.; Tugwell, P. The Newcastle-Ottawa Scale (NOS) for Assessing the Quality of Nonrandomized Studies in Meta-Analyses. 2020. Available online: http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp (accessed on 30 September 2020).

	



Modesti, P.A.; Reboldi, G.; Cappuccio, F.P.; Agyemang, C.; Remuzzi, G.; Rapi, S.; Perruolo, E.; Parati, G. Panethnic Differences in Blood Pressure in Europe: A Systematic Review and Meta-Analysis. PLoS ONE 2016, 11, e0147601. [Google Scholar] [CrossRef]

	



Newcombe, R. Two-sided confidence intervals for the single proportion: A comparative evaluation of seven methods. Stat. Med. 1998, 17, 857–872. [Google Scholar] [CrossRef]

	



Freeman, M.F.; Tukey, J.W. Transformations Related to the Angular and the Square Root. Ann. Math. Stat. 1950, 21, 607–611. [Google Scholar] [CrossRef]

	



Miller, J.J. The Inverse of the Freeman-Tukey Double Arcsine Transformation. Am. Stat. 1978, 32, 138. [Google Scholar]

	



DerSimonian, R.; Laird, N. Meta-analysis in clinical trials. Control Clin. Trials 1986, 7, 177–188. [Google Scholar] [CrossRef]

	



Deeks, J.J.; Higgins, J.P.T.; Altman, D.G. Analysing and presenting results. In Cochrane Reviewers’ Handbook 4.2.2; Updated March 2004; Alderson, P., Green, S., Higgins, J.P.T., Eds.; John Wiley & Sons, Ltd.: Chichester, UK, 2004; pp. 68–139. [Google Scholar]

	



Egger, M.; Smith, G.D.; Schneider, M.; Minder, C. Bias in meta-analysis detected by a simple, graphical test. BMJ 1997, 315, 629–634. [Google Scholar] [CrossRef]

	



Harbord, R.M.; Egger, M.; Sterne, J.A. A modified test for small-study effects in meta-analyses of controlled trials with binary endpoints. Stat. Med. 2006, 25, 3443–3457. [Google Scholar] [CrossRef]

	



Begg, C.B.; Mazumdar, M. Operating characteristics of a rank correlation test for publication bias. Biometrics 1994, 50, 1088–1101. [Google Scholar] [CrossRef]

	



Developing Countries. Available online: https://www.worlddata.info/developing-countries.php (accessed on 28 December 2022).

	



Hoehne, J.H.; Reed, C.E.; Dickie, H.A. Allergic bronchopulmonary aspergillosis is not rare. With a note on preparation of antigen for immunologic tests. Chest 1973, 63, 177–181. [Google Scholar] [CrossRef]

	



Chetty, A.; Bhargava, S.; Jain, R.K. Allergic bronchopulmonary aspergillosis in Indian children with bronchial asthma. Ann. Allergy 1985, 54, 46–49. [Google Scholar]

	



Koivikko, A.; Viander, M.; Lanner, A. Use of the extended Phadebas RAST panel in the diagnosis of mould allergy in asthmatic children. Allergy 1991, 46, 85–91. [Google Scholar] [CrossRef]

	



Korhonen, K.; Mahonen, S.; Hyvarinen, A.; Nevalainen, A.; Husman, T.; Pekkanen, J.; Korppi, M. Skin test reactivity to molds in pre-school children with newly diagnosed asthma. Pediatr. Int. 2006, 48, 577–581. [Google Scholar] [CrossRef]

	



Knutsen, A.P.; Vijay, H.M.; Kumar, V.; Kariuki, B.; Santiago, L.A.; Graff, R.; Wofford, J.D.; Shah, M.R. Mold-sensitivity in children with moderate-severe asthma is associated with HLA-DR and HLA-DQ. Allergy 2010, 65, 1367–1375. [Google Scholar] [CrossRef]

	



Nabavi, M.; Ghorbani, R.; Farzam, V. Prevalence of mold allergy in asthmatic patients of less than 18 years old in Semnan. J. Kerman Univ. Med. Sci. 2010, 17, 328–336. [Google Scholar]

	



Arroyave, W.D.; Rabito, F.A.; Carlson, J.C. The relationship between a specific IgE level and asthma outcomes: Results from the 2005-2006 National Health and Nutrition Examination Survey. J. Allergy Clin. Immunol. Pract. 2013, 1, 501–508. [Google Scholar] [CrossRef]

	



Vicencio, A.G.; Santiago, M.T.; Tsirilakis, K.; Stone, A.; Worgall, S.; Foley, E.A.; Bush, D.; Goldman, D.L. Fungal sensitization in childhood persistent asthma is associated with disease severity. Pediatr. Pulmonol. 2014, 49, 8–14. [Google Scholar] [CrossRef]

	



Singh, M.; Das, S.; Chauhan, A.; Paul, N.; Sodhi, K.S.; Mathew, J.; Chakrabarti, A. The diagnostic criteria for allergic bronchopulmonary aspergillosis in children with poorly controlled asthma need to be re-evaluated. Acta Paediatr. 2015, 104, e206–e209. [Google Scholar] [CrossRef]

	



AlKhater, S.A. Sensitization to Common Aeroallergens in Asthmatic Children in the Eastern Region of Saudi Arabia. Saudi J. Med. Med. Sci. 2017, 5, 136–141. [Google Scholar] [CrossRef]

	



Byeon, J.H.; Ri, S.; Amarsaikhan, O.; Kim, E.; Ahn, S.H.; Choi, I.S.; Kim, H.J.; Seo, S.; Yoon, W.; Yoo, Y. Association Between Sensitization to Mold and Impaired Pulmonary Function in Children with Asthma. Allergy Asthma Immunol. Res. 2017, 9, 509–516. [Google Scholar] [CrossRef]

	



Lehmann, S.; Sprünken, A.; Wagner, N.; Tenbrock, K.; Ott, H. Clinical relevance of IgE-mediated sensitization against the mould Alternaria alternata in children with asthma. Ther. Adv. Respir. Dis. 2017, 11, 30–39. [Google Scholar] [CrossRef]

	



Gupta, A.; Singh, M.; Chakrabarti, A.; Mathew, J.L.; Rawat, A. Correlation between fungal sensitisation in childhood persistent asthma and disease severity. Mycoses 2018, 61, 195–200. [Google Scholar] [CrossRef]

	



Ishak, S.R.; Abd El Sayed, S.T.K.; Wahba, N.S. Prevalence of common sensitizing aeroallergens in Egyptian asthmatic patients. World Allergy Organ J. 2020, 13, 100115. [Google Scholar] [CrossRef]

	



Kumari, J.; Jat, K.R.; Lodha, R.; Jana, M.; Xess, I.; Kabra, S.K. Prevalence and Risk Factors of Allergic Bronchopulmonary Aspergillosis and Aspergillus Sensitization in Children with Poorly Controlled Asthma. J. Trop. Pediatr. 2020, 66, 275–283. [Google Scholar] [CrossRef]

	



Guilbert, T.W.; Bacharier, L.B.; Fitzpatrick, A.M. Severe asthma in children. J. Allergy Clin. Immunol. Pract. 2014, 2, 489–500. [Google Scholar] [CrossRef]

	



Barsky, E.E.; Giancola, L.M.; Baxi, S.N.; Gaffin, J.M. A Practical Approach to Severe Asthma in Children. Ann. Am. Thorac. Soc. 2018, 15, 399–408. [Google Scholar] [CrossRef]

	



Haktanir Abul, M.; Phipatanakul, W. Severe asthma in children: Evaluation and management. Allergol. Int. 2019, 68, 150–157. [Google Scholar] [CrossRef]

	



Hedlin, G.; Bush, A.; Lødrup Carlsen, K.; Wennergren, G.; De Benedictis, F.M.; Melén, E.; Paton, J.; Wilson, N.; Carlsen, K.H. Problematic severe asthma in children, not one problem but many: A GA2LEN initiative. Eur. Respir. J. 2010, 36, 196–201. [Google Scholar] [CrossRef]

	



Agarwal, R. Burden and distinctive character of allergic bronchopulmonary aspergillosis in India. Mycopathologia 2014, 178, 447–456. [Google Scholar] [CrossRef]

	



Nayak, B.K. Prevalence of fungal spores in rural and urban environments of Pondicherry region during 2013. Adv. Appl. Sci. Res. 2014, 5, 232–236. [Google Scholar]

	



Wegienka, G.; Johnson, C.C.; Zoratti, E.; Havstad, S. Racial differences in allergic sensitization: Recent findings and future directions. Curr. Allergy Asthma Rep. 2013, 13, 255–261. [Google Scholar] [CrossRef]

	



Watai, K.; Fukutomi, Y.; Hayashi, H.; Nakamura, Y.; Hamada, Y.; Tomita, Y.; Mitsui, C.; Kamide, Y.; Sekiya, K.; Asano, K.; et al. De novo sensitization to Aspergillus fumigatus in adult asthma over a 10-year observation period. Allergy 2018, 73, 2385–2388. [Google Scholar] [CrossRef]

	



Forkel, S.; Beutner, C.; Schröder, S.S.; Bader, O.; Gupta, S.; Fuchs, T.; Schön, M.P.; Geier, J.; Buhl, T. Sensitization against Fungi in Patients with Airway Allergies over 20 Years in Germany. Int. Arch. Allergy Immunol. 2021, 182, 515–523. [Google Scholar] [CrossRef]

	



Daniel, R.A.; Aggarwal, P.; Kalaivani, M.; Gupta, S.K. Prevalence of asthma among children in India: A systematic review and meta-analysis. Lung India 2022, 39, 357–367. [Google Scholar] [CrossRef]

	



Sharma, V.K.; Raj, D.; Xess, I.; Lodha, R.; Kabra, S.K. Prevalence and risk factors for allergic bronchopulmonary aspergillosis in Indian children with cystic fibrosis. Indian Pediatr. 2014, 51, 295–297. [Google Scholar] [CrossRef] [PubMed]

	



da Silva Filho, L.; Zampoli, M.; Cohen-Cymberknoh, M.; Kabra, S.K. Cystic fibrosis in low and middle-income countries (LMIC): A view from four different regions of the world. Paediatr. Respir. Rev. 2021, 38, 37–44. [Google Scholar] [CrossRef] [PubMed]

	



Kanaujia, R.; Arora, A.; Chakrabarti, A.; Rudramurthy, S.M.; Agarwal, R. Occurrence of Cystic Fibrosis Transmembrane Conductance Regulator Gene Mutations in Patients with Allergic Bronchopulmonary Aspergillosis Complicating Asthma. Mycopathologia 2022, 187, 147–155. [Google Scholar] [CrossRef] [PubMed]

	



Boyle, M.P. The spectrum of CFTR-related disease. Intern. Med. 2001, 40, 522–525. [Google Scholar] [CrossRef]

	



Agarwal, R.; Khan, A.; Aggarwal, A.N.; Gupta, D. Link between CFTR mutations and ABPA: A systematic review and meta-analysis. Mycoses 2012, 55, 357–365. [Google Scholar] [CrossRef]

	



Agarwal, R.; Gupta, D.; Aggarwal, A.N.; Saxena, A.K.; Chakrabarti, A.; Jindal, S.K. Clinical significance of hyperattenuating mucoid impaction in allergic bronchopulmonary aspergillosis: An analysis of 155 patients. Chest 2007, 132, 1183–1190. [Google Scholar] [CrossRef]

	



Agarwal, R.; Khan, A.; Garg, M.; Aggarwal, A.N.; Gupta, D. Pictorial essay: Allergic bronchopulmonary aspergillosis. Indian J. Radiol. Imaging 2011, 21, 242–252. [Google Scholar] [CrossRef]

	



Lai, C.K.; Beasley, R.; Crane, J.; Foliaki, S.; Shah, J.; Weiland, S. Global variation in the prevalence and severity of asthma symptoms: Phase three of the International Study of Asthma and Allergies in Childhood (ISAAC). Thorax 2009, 64, 476–483. [Google Scholar] [CrossRef]

	



Denning, D.W.; O’Driscoll, B.R.; Powell, G.; Chew, F.; Atherton, G.T.; Vyas, A.; Miles, J.; Morris, J.; Niven, R.M. Randomized controlled trial of oral antifungal treatment for severe asthma with fungal sensitization: The Fungal Asthma Sensitization Trial (FAST) study. Am. J. Respir. Crit. Care Med. 2009, 179, 11–18. [Google Scholar] [CrossRef]

	



Sehgal, I.S.; Agarwal, R. Specific IgE is better than skin testing for detecting Aspergillus sensitization and allergic bronchopulmonary aspergillosis in asthma. Chest 2015, 147, e194. [Google Scholar] [CrossRef]

	



Boaventura, R.; Sibila, O.; Agusti, A.; Chalmers, J.D. Treatable traits in bronchiectasis. Eur. Respir. J. 2018, 52, 1801269. [Google Scholar] [CrossRef] [PubMed]

	



Bush, A.; Floto, R.A. Pathophysiology, causes and genetics of paediatric and adult bronchiectasis. Respirology 2019, 24, 1053–1062. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, J.M.G.; Junger, G. Principles and Practice of Screening for Disease; World Health Organization: Geneva, Switzerland, 1968; pp. 1–168. [Google Scholar]

	



Agarwal, R.; Aggarwal, A.N.; Gupta, D.; Jindal, S.K. Aspergillus hypersensitivity and allergic bronchopulmonary aspergillosis in patients with bronchial asthma: Systematic review and meta-analysis. Int. J. Tuberc. Lung Dis. 2009, 13, 936–944. [Google Scholar] [PubMed]








[image: Diagnostics 13 00922 g001 550] 





Figure 1. Study selection process for the systematic review. 
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Figure 2. Forest plot for the pooled prevalence of aspergillus sensitization in asthmatic children. The prevalence reported in the individual studies is represented by the black square with horizontal bars indicating the 95% confidence interval. The diamond at the bottom refers to the pooled prevalence with a 95% confidence interval [9,39,41,42,43,44,45,46,47,48,49,50,51,52,53]. 
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Figure 3. Funnel plot showing significant publication bias for the outcome of aspergillus sensitization in children with bronchial asthma. The proportion and standard error are displayed along the horizontal and vertical axes, respectively. 
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Figure 4. Forest plot showing the pooled prevalence of allergic bronchopulmonary aspergillosis in pediatric asthma. The prevalence in individual studies is shown by the black square with horizontal bars indicating the 95% confidence interval. The diamond denotes the pooled prevalence with a 95% confidence interval [9,40,46,47,53]. 
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Table 1. Studies describing the prevalence of Aspergillus sensitization (AS) or allergic bronchopulmonary aspergillosis (ABPA) in children with bronchial asthma.
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	Study
	State
	Type of Study
	No. of Children with Bronchial Asthma
	Asthma Severity
	Age, Years
	Sex M/F
	Type of Skin Test
	Type of Antigen
	Criteria Used for Diagnosis of ABPA
	ABPA S/B/HAM, n
	Prevalence of AS in Asthma (n/N)
	Prevalence of ABPA in Asthma (n/N)
	Prevalence of ABPA in AS (n/N)





	Hoehne JH, et al. (1973) [39]
	United States
	Retrospective
	20
	Varying
	-
	-
	Intradermal
	In-house
	-
	-
	0/20
	-
	-



	Chetty A, et al. (1985) [40]
	India
	Retrospective
	107
	Varying but perennial asthma
	Children
	ABPA: 24/11
	Intradermal
	Commercial (Curewell lab, India)
	Major: A/R/T/E/P/I/Minor: S
	-
	-
	35/107
	-



	Koivikko A, et al. (1991) [41]
	Finland
	Retrospective
	121
	Varying
	Asthma: 1–15
	-
	A. fumigatus-IgE
	Commercial (Phadebas-RAST)
	-
	-
	17/121
	-
	-



	Korhonen K, et al. (2006) [42]
	Finland
	Prospective
	122
	Varying
	Asthma: 1–6
	-
	SPT
	Commercial (ALK)
	-
	-
	3/115
	-
	-



	Knutsen AP, et al. (2010) [43]
	United States
	Prospective
	186
	Varying
	Asthma: 10.5 ± 4.0 y
	Asthma: 103/83
	SPT
	Commercial (Multi-test II, Lincoln diagnostics, USA)
	-
	-
	45/186
	-
	-



	Nabavi M, et al. (2010) [44]
	Iran
	Prospective
	220
	Varying
	<18 years
	-
	SPT
	-
	-
	-
	25/220
	-
	-



	Arroyave WD, et al. (2013) [45]
	United States
	Prospective
	351
	Varying
	Asthma: 1–17
	Asthma: 197/154
	A. fumigatus-IgE
	Commercial (Pharmacia Diagnostics, ImmunoCAP 1000, USA)
	-
	-
	82/269
	-
	-



	Vicencio AG, et al. (2014) [46]
	United States
	Prospective
	64
	Moderate-severe persistent asthma
	Asthma: mean (range), 9 (6–12)
	-
	A. fumigatus-IgE
	RAST panel
	Major: A/R/T/E/P/
	-
	21/64
	0/64
	0/21



	Singh M, et al. (2015) [47]
	India
	Prospective
	100
	Poorly controlled
	Asthma: 9.6 ± 2.2
	Asthma: 75/25
	Intradermal
	In-house
	Major: A/R/T/E/P/I/C/SMinor: C/S/B [number not mentioned]
	5/21/0
	29/100
	26/100
	26/29



	AlKhater SA, et al. (2017) [48]
	Saudi Arabia
	Retrospective
	100
	Varying
	Asthma: 9.0 ± 2.9
	Asthma: 68/32
	SPT
	Commercial (Stallergenes, France)
	-
	-
	21/100
	-
	



	Byeon JH, et al. (2017) [49]
	South Korea
	Retrospective
	551
	Varying
	Asthma: 9.1 ± 2.5 y
	Asthma: 345/206
	SPT
	Commercial
	-
	-
	19/551
	-
	-



	Lehmann S, et al. (2017) [50]
	Germany
	Retrospective
	207
	Varying
	Asthma: 8.6 ± 3.5
	Asthma: 136/71
	A. fumigatus-IgE
	Commercial (UniCAP, Phadia, Thermo Fisher, Sweden)
	-
	-
	23/203
	-
	-



	Gupta A, et al. (2018) [51]
	India
	Prospective
	100
	Varying
	Asthma: 10.3 (mean)
	Asthma: 79/21
	Intradermal
	In-house
	-
	-
	3/100
	-
	-



	Ishak SR, et al. (2020) [52]
	Egypt
	Prospective
	78
	Varying
	<18 years
	-
	A. fumigatus-IgE
	Commercial (ImmunoLINE IgE Perennial, IMMUNOLAB, Germany)
	-
	-
	4/78
	-
	-



	Kumari J, et al. (2020) [53]
	India
	Prospective
	235
	Poorly controlled
	Asthma: 10.2 ± 2.6
	Asthma: 72/34
	SPT or A. fumigatus-IgE
	Commercial (Allergopharma, Merck, Reinbeck, Germany); ImmunoCAP, Phadia
	ISHAM-AWG
	7/5/0
	65/106
	12/106
	12/65



	Welsh KG, et al. (2021) [9]
	United Kingdom
	Prospective
	128
	Varying (acute asthma [mild-moderate: 33/39; severe:6/39],chronic asthma [mild-moderate: 51/99; severe: 48/99])
	Median (range)Acute asthma: 9 (5–15); Chronic asthma: 11 (5–17)
	Acute: 24/15Chronic: 57/42
	SPT
	Commercial (Soluprick, ALK-Abello, Hørsholm, Denmark)
	ISHAM-AWG
	0/0/0
	Acute: 7/35.Chronic: 21/93Total: 28/128
	0/128
	0/28







FEIA: fluorescent enzyme immunoassay; RAST: radioallergosorbent test; SPT: skin prick test. Criteria for ABPA: Major (A—asthma, R—radiologic opacities, T—immediate positive skin test, E—eosinophilia, P—precipitins to A. fumigatus, I—IgE elevated, C—central bronchiectasis, S—specific IgG/IgE to A. fumigatus); Minor (C—sputum cultures of A. fumigatus, S—type III skin test positivity, B—brownish black mucus plugs). International society for human and animal mycology—ABPA working group (ISHAM-AWG) criteria: presence of all the following: asthma, positive type I skin reaction to A. fumigatus or A. fumigatus-specific IgE > 0.35 KUA/L, serum total IgE levels >1000 IU/mL; and ≥2 of the following: positive A. fumigatus precipitins or A. fumigatus-specific IgG >27 mgA/L, chest radiograph favoring ABPA, total eosinophil count >500 cells/µL. Modified ISHAM-AWG criteria: presence of all the following: asthma, A. fumigatus-specific IgE > 0.35 KUA/L, serum total IgE levels > 500 IU/mL; and ≥2 of the following: A. fumigatus-specific IgG > 27 mgA/L, computed tomography favoring ABPA, total eosinophil count > 500 cells/µL.
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Table 2. Prevalence of aspergillus sensitization (AS) in various subgroups of asthmatic children.
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	Number of Studies
	Number of Subjects (AS/Asthma)
	I2 Value
	p-Value





	All studies
	15
	385/2361
	95.9%
	



	SUBGROUP ANALYSIS
	
	
	
	



	Study design
	
	
	
	<0.0001



	Prospective
	10
	305/1366 (22.3%)
	95.6%
	



	Retrospective
	5
	80/995 (8.0%)
	91.2%
	



	Country of publication
	
	
	
	<0.0001



	India
	3
	97/306 (31.7%)
	98.1%
	



	Rest of the world
	12
	288/2055 (14.0%)
	94.3%
	



	Developed vs. developing countries
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