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Abstract

:

Objective: Many studies have shown that severe (hospitalized) bronchiolitis during infancy is a risk factor for developing childhood asthma. However, the population subgroups at the highest risk remain unclear. Using large nationwide pediatric cohort data, namely the NIH Environmental influences on Child Health Outcomes (ECHO) Program, we aimed to quantify the longitudinal relationship of bronchiolitis hospitalization during infancy with asthma in a generalizable dataset and to examine potential heterogeneity in terms of major demographics and clinical factors. Methods: We analyzed data from infants (age <12 months) enrolled in one of the 53 prospective cohort studies in the ECHO Program during 2001–2021. The exposure was bronchiolitis hospitalization during infancy. The outcome was a diagnosis of asthma by a physician by age 12 years. We examined their longitudinal association and determined the potential effect modifications of major demographic factors. Results: The analytic cohort consisted of 11,762 infants, 10% of whom had bronchiolitis hospitalization. Overall, 15% subsequently developed asthma. In the Cox proportional hazards model adjusting for 10 patient-level factors, compared with the no-bronchiolitis hospitalization group, the bronchiolitis hospitalization group had a significantly higher rate of asthma (14% vs. 24%, HR = 2.77, 95%CI = 2.24–3.43, p < 0.001). There was significant heterogeneity by race and ethnicity (Pinteraction = 0.02). The magnitude of the association was greater in non-Hispanic White (HR = 3.77, 95%CI = 2.74–5.18, p < 0.001) and non-Hispanic Black (HR = 2.39, 95%CI = 1.60–3.56; p < 0.001) infants, compared with Hispanic infants (HR = 1.51, 95%CI = 0.77–2.95, p = 0.23). Conclusions: According to the nationwide cohort data, infants hospitalized with bronchiolitis are at a higher risk for asthma, with quantitative heterogeneity in different racial and ethnic groups.
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1. Introduction


Childhood asthma is a major public health problem in the U.S. Asthma affects approximately 8% of children (6 million), with racial and ethnic disparities, e.g., a higher prevalence in African-Americans [1,2,3] and children of Puerto Rican ethnicity [4]. These racial and ethnic disparities are widely recognized, with active research being carried out on the possible mechanisms. The literature has also demonstrated many risk factors for incident asthma, including genetic factors [5,6,7,8], a personal and family history of atopy [2,9,10], environmental exposures (e.g., acute respiratory infection, socioeconomic status) [11,12,13,14,15,16,17], and lifestyle (e.g., breastfeeding, prenatal smoking) [18,19,20,21,22].



Of these risk factors, acute lower respiratory tract infection (e.g., bronchiolitis) during infancy is the risk factor with the largest attributable fraction of the population in asthma. [23] Indeed, epidemiological studies have suggested that 20–40% of infants hospitalized for bronchiolitis (“severe bronchiolitis”) will subsequently develop childhood asthma [11,12,17,24,25,26,27,28]. However, these reports have potentially limited generalizability due to their assessment of populations with restricted demographic and geographical characteristics. Furthermore, little is known about the heterogeneity of the bronchiolitis–asthma relationship across different demographic and clinical subgroups.



To address this knowledge gap, we analyzed the data of 11,762 children from 53 cohort studies across the nation to (1) investigate the longitudinal relationship of severe bronchiolitis during infancy with the subsequent development of childhood asthma, and (2) determine the potential effect modifications by major demographic and clinical factors. The identification of infant subgroups at higher risk could lead to the development of more tailored prevention strategies for childhood asthma.




2. Materials and Methods


2.1. Study Design, Setting, and Participants


This is an analysis of data from the National Institutes of Health (NIH) Environmental influences on Child Health Outcomes (ECHO) program. ECHO is a nationwide consortium of 67 pediatric cohorts that aims to leverage its demographic and geographic heterogeneity and large sample size to address important research questions. [29] We excluded 14 cohorts because of the lack of exposure and outcome data. Data submitted by 53 cohorts funded through ECHO as of 31 August 2021 were used in the current analysis. Data analyses were conducted by the central ECHO Data Analysis Center (DAC), located at the Johns Hopkins Bloomberg School of Public Health (Baltimore, MD, USA). All participating cohorts had institutional review board (IRB) approval either through ECHO’s central IRB or from their local institutions; the work of the DAC was approved by the Johns Hopkins Bloomberg School of Public Health IRB.



The inclusion criteria for the current analysis were being aged  ≥ 5 years at the last follow-up visit seen with information on hospitalizations in infancy (age <1 year) and data on asthma diagnosis, symptoms, and medication use. We excluded children with a diagnosis of asthma before the age of 1 year. In total, 53 cohorts contributed data to this analysis (Table S1 and Figure S1). Of these, one prospective cohort specifically enrolled 921 infants hospitalized with bronchiolitis [11] and followed those children prospectively. Additionally, other cohorts specifically enrolled 6296 children with a parental history of asthma and/or atopy. The remainder of the cohorts were general population cohorts or had enrollment criteria unrelated to bronchiolitis or asthma.




2.2. Exposure


The exposure of interest was a parent/caregiver report of hospitalization for bronchiolitis or bronchitis during infancy (<12 months of age). Age at hospitalization, if not collected directly, was imputed on the basis of the age at the study visit. If a study visit occurred after 12 months of age but collected data specifically regarding the infancy period, the age at hospitalization was imputed to be 6.0 months (the halfway point of the infancy age range).




2.3. Outcome Measure


The outcome of interest was a parent/caregiver report of provider-diagnosed asthma up to the age of 12 years. If the exact age of diagnosis was unavailable, age was estimated using the midpoint of the age between the first indication of having asthma and the visit prior to that. For children diagnosed before 5 years of age, inclusion as an outcome required an indication of ongoing asthma symptoms or medication use (e.g., bronchodilators, inhaled corticosteroids) at age 5 years or later [30]. Accordingly, all asthma cases in this analysis diagnosed between ages of 1 and 4 years represent children with ongoing asthma at age 5 years or later to avoid the inclusion of early “transient wheezers” misdiagnosed as having asthma [31].




2.4. Statistical Analyses


Descriptive statistics were used to describe and compare the major demographic and clinical characteristics between infants with and without bronchiolitis hospitalization. Time to incident asthma diagnosis was compared between the two groups using a Kaplan–Meier curve. Follow-up ended at the first visit at which the child was determined to have an incident diagnosis of asthma, at loss to follow-up (the last visit with an assessment of asthma status), or at censoring at the age of 12.9 years, whichever occurred first. Multiple imputations were used to impute missing data by fully conditional specification with a discriminant function method [32]. All variables were included in the imputation model to impute the following variables for 25 imputations: child’s race and ethnicity (<1%; non-Hispanic White, non-Hispanic Black, non-Hispanic Asian, non-Hispanic other race, and Hispanic), gestation age (13%; <37 weeks or ≥37 weeks), breastfeeding (44%; ever breastfed and never breastfed), child atopy history (52%; any history of provider-diagnosed food allergy, allergic rhinitis, and/or eczema), parental history of asthma (19%; any reported history of asthma in the biological mother, father, or both vs. no parental history of asthma), prenatal smoking (18%; ever having used tobacco any time during pregnancy), maternal age at childbirth (9%; <25 y, 25–40 y, and >40 y), and maternal education (10%; <high school, high school graduate or equivalent, and some college or above). Cohort ID was also included in the imputation model as a classification variable.



To estimate the association of bronchiolitis hospitalization in infancy with the rate of developing childhood asthma, multivariable Cox proportional hazard models were fitted using a random cohort effect, adjusting for the 10 potential confounders (sex, race and ethnicity, calendar year of childbirth, gestational age, breastfeeding, child’s atopy, parental asthma, prenatal smoking, maternal age, and maternal education), accounting for potential patient clustering within cohorts. We confirmed the validity of the assumption of proportional hazards by examining the log–log survival curve. These covariates were selected on the basis of clinical plausibility and a priori knowledge [2,11,33]. Additionally, we repeated the models without multiple imputation (complete case analysis).



To examine the potential effect modification on the bronchiolitis–asthma association, we tested for the interactions by a likelihood ratio test and repeated the multivariable Cox proportional hazard models, stratifying by nine major demographic and clinical factors, i.e., child’s sex, race and ethnicity, gestational age, breastfeeding, child’s atopy, parental asthma, prenatal smoking, maternal age at childbirth, and maternal education.



In the sensitivity analysis, we computed E-values to determine the robustness of causal inference against potential unmeasured confounding [34]. The E-value represents the minimum magnitude of association that a set of unmeasured confounders would need to have in order to fully explain the association of interest, conditional on the covariates. For example, an E-value of 2.0 means that the hazard ratio (HR) for the association of unmeasured confounders with both the exposure and outcome would have to be  ≥ 2.0 to explain away the observed exposure–outcome association. A p-value of <0.05 was considered to be statistically significant. All analyses were conducted in SAS 9.4 (SAS Institute Inc., Cary, NC, USA) and R version 3.6.2.





3. Results


3.1. Patients’ Characteristics


Of 57,982 infants in the ECHO program, 11,762 were eligible for the current analysis (Figure S2). Overall, the median age at bronchiolitis hospitalization was 9 months (IQR = 7–11 months); 53% were male; and 53% were non-Hispanic White, 18% were non-Hispanic Black, and 18% were Hispanic. Of the infants in the analytic cohort, 1130 (10%) were hospitalized for bronchiolitis, i.e., severe bronchiolitis (Table 1). The number of missing data is displayed in Table S2.




3.2. Associations of Severe Bronchiolitis with the Rate of Developing Childhood Asthma


Overall, 15% subsequently developed asthma by the age of 12 years (the mean follow-up time in this time-to-incident analysis was 7.5 years). Among the children without bronchiolitis hospitalization during infancy, 14% developed asthma. In contrast, among those with hospitalization, 24% subsequently developed asthma. The Kaplan–Meier curves demonstrated a significant between-group difference in the rate of asthma (Plog-rank < 0.001; Figure 1). In the multivariable Cox proportional hazards model adjusting for 10 patient-level factors and patient clustering, compared with the no hospitalization group, the hospitalized group had a significantly higher rate of developing asthma (HR = 2.77, 95%CI = 2.24–3.43, p < 0.001, E-value = 3.43; Figure 2). In the complete case analysis, the findings did not materially change. For example, the hospitalized group had a significantly higher rate of asthma (HR = 2.11, 95%CI = 1.43–3.13, p < 0.001, E-value = 2.73; Figure S3).



The Kaplan–Meier curves in the overall analytic cohort (n = 11,762) showed that compared with the no bronchiolitis hospitalization group, the rate of developing asthma by the age of 12 years was significantly higher in the bronchiolitis hospitalization group (Plog-rank < 0.001). The corresponding hazard ratio estimates are presented in Figure 2.




3.3. Examination of Potential Effect Modification


For the major demographic factors (Table S3), there was a significant interaction between bronchiolitis hospitalization and race and ethnicity on the rate of developing asthma (Pinteraction = 0.02; Figure 3 and Figure S4B). The magnitude of the bronchiolitis–asthma association was greater in non-Hispanic White (HR = 3.77, 95%CI = 2.74–5.18, p < 0.001, E-value = 4.36) and non-Hispanic Black (HR = 2.39, 95%CI = 1.60–3.56; p < 0.001, E-value = 3.04) children compared with Hispanic children (HR = 1.51, 95%CI = 0.77–2.95, p = 0.23). There was no significant interaction for non-Hispanic Asian or non-Hispanic other races.



With regard to clinical factors, there was a non-significant interactive effect between bronchiolitis hospitalization and breastfeeding on the rate of developing asthma (Pinteraction = 0.07). The magnitude of the association was greater in the breastfeeding group (HR = 2.95, 95%CI = 2.32–3.76, p < 0.001, E-value = 3.61) compared with the non-breastfeeding group (HR = 2.12, 95%CI = 1.16–3.89, p = 0.02; Figure 3 and Figure S4D). While there was no significant effect modification by other clinical factors, the severe bronchiolitis–asthma association remained significant in most strata (e.g., children with parental asthma, HR = 3.06, 95%CI = 2.32–4.04, p < 0.001, E-value = 3.72 vs. children without parental asthma, HR = 2.68, 95%CI = 2.10–3.42, p < 0.001, E-value = 3.02 (Figure 3). Furthermore, in most strata, the magnitude of the association was stronger in bronchiolitis hospitalization than in the other demographic and clinical factors (Figure S4A–H).





4. Discussion


In this analysis of nationwide pediatric cohort data of 11,762 infants, we found that infants hospitalized for bronchiolitis had a significantly higher rate of developing asthma by the age of 12 years compared with those without. Additionally, we also observed that the magnitude of the association was stronger for bronchiolitis hospitalization than for the other demographic and clinical factors in most strata. Furthermore, there was a quantitative effect modification by race and ethnicity and possibly breastfeeding on the rate of asthma development. To the best of our knowledge, this is the first nationwide investigation that has demonstrated the longitudinal relationship of severe bronchiolitis during infancy with incident asthma and its heterogeneity by subpopulations.



Acute respiratory infection in early childhood (e.g., infant bronchiolitis) has been considered a major risk factor for incident asthma for decades [35,36,37,38,39]. In agreement with our findings, previous epidemiological data have found that 20–40% of infants hospitalized for bronchiolitis subsequently develop asthma in childhood [12,17,26,27,28]. Recently, several studies have suggested that the asthma risk may be lower than was suggested in early studies, but the risk still remains significantly higher than expected in the general pediatric population. For example, a birth cohort study in Boston reported that 27% of infants with severe bronchiolitis later developed asthma, compared with 12% in the general population [11]. Additionally, a multicenter study has shown that children hospitalized for RSV bronchiolitis in the first 2 years of life had a 22% prevalence of asthma at 6 years [24]. The apparent discrepancies between these reports may be attributable to the differences in the study design, setting, sample, outcome definition, or any combination of these factors. The current large-scale study built on these earlier reports and extended them by demonstrating the longitudinal relationship of severe bronchiolitis with the asthma risk in a demographically and geographically diverse nationwide sample.



The literature has attributed the mechanisms underlying the associations between bronchiolitis and the development of asthma to severe virus (e.g., RSV, rhinovirus) infection [17,40,41,42], host genetics [24,43,44,45], Type 2 airway inflammation [40,46,47,48,49], the airway microbiome [50,51,52], and a complex interplay of these factors [53,54,55,56,57] in infancy, which is a critical period of lung and immune development. However, the observed heterogeneity by clinical factors (e.g., race and ethnicity) warrants further investigation. First, previous studies demonstrated that the incidence and prevalence of asthma are high in non-Hispanic Black and Puerto Rican children [1,2,3,4,58]. In contrast, the current analysis found that the magnitude of the bronchiolitis–asthma association was significantly greater in non-Hispanic White and non-Hispanic Black children than in Hispanic children. This discrepancy suggests that risk factors other than severe bronchiolitis (e.g., genetic factors, socioeconomic status, and/or environmental factors [5,18,59]) may have contributed to the observed effect modification by race and ethnicity. Second, the current study also found non-significant (Pinteraction = 0.07) heterogeneity in the bronchiolitis–asthma link by breastfeeding status. To date, the literature on the role of breastfeeding in the development of asthma has been conflicting, with breastfeeding having protective [19,60,61,62] or null [63,64] effects. Breast milk provides early passive immunity through the biological activity of immunoglobulins such as IgG, IgM, and secretory IgA [65,66,67,68]. However, breast milk also contains factors that actively regulate the infant’s immune system (e.g., Type 2 cytokines (IL-4, IL-5, and IL-13) and chemokines) [19,65,67,69]. Little remains known about the exact interplay among early-life virus infection, breastfeeding, infant immune function, and the subsequent development of childhood asthma. Notwithstanding this complexity, the heterogeneity of the bronchiolitis–asthma relationship across different demographical and clinical subpopulations is important. These results will facilitate further investigations to identify the subgroups at highest risk and their underlying mechanisms, and thereby advance the development of targeted prevention strategies for childhood asthma.




5. Limitations


Our study has several potential limitations. First, some of the longitudinal cohorts were not eligible for the current analysis because of the exclusion criteria, e.g., a lack of exposure and outcome data. Second, our study did not include detailed viral testing data during hospitalization for bronchiolitis. However, bronchiolitis is a clinical entity, and RSV (50–80%) and rhinovirus (20–30%) are two major viral causes of bronchiolitis in the first year of life [70,71]. While we did not have data on the viral etiology of bronchiolitis, infant bronchiolitis is a clinical diagnosis and was considered as such in our analyses. Third, a detailed classification of Hispanic ethnicity (e.g., Puerto Rican versus Mexican) was not ascertained in the present study, which is potentially important, since Puerto Rican children have a much higher rate of asthma compared with Mexican and other Hispanic children [1,4,58]. Fourth, severe bronchiolitis during infancy could contribute to the development of specific phenotype(s) of childhood asthma, but asthma phenotypes were not evaluated in this study. Fifth, as with any observational study, our causal inference may have been confounded by unmeasured factors, such as host genetics. Regardless, the estimated E-values support the robustness of the reported inferences. Lastly, some of the cohort children are at a high risk for asthma (e.g., those with a parental history of asthma and/or allergy). Therefore, our inferences should be carefully generalized to the general pediatric population.




6. Conclusions


Based on data from nationwide pediatric cohorts of 11,762 infants, we found that bronchiolitis hospitalization during infancy is associated with a significantly higher risk of developing childhood asthma. Our data extend prior research by offering greater generalizability and demonstrating quantitative heterogeneity by individual characteristics, such as race and ethnicity and possibly breastfeeding status. We also note that the severe bronchiolitis–asthma association was present in many population subgroups. For researchers, our data should facilitate further investigations into the mechanisms underlying the links among infant bronchiolitis, demographic and clinical factors, and the development of asthma. For clinicians, our findings not only provide an evidence base for early identification of the children at high risk for asthma but also offer opportunities for early preventive interventions in this large high-morbidity population.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/biomedicines11010023/s1. Table S1: Principal investigators (PIs) of the 53 participating cohorts in the ECHO program; Table S2: The number of missing data for each of major variables; Table S3: Test for interactions between bronchiolitis hospitalization during infancy and major demographic factors on the risk of asthma development; Figure S1: Locations of enrollment cohorts for children included in the analyses; Figure S2: Study flow; Figure S3: Associations of bronchiolitis hospitalization in infancy with the subsequent development of asthma (complete case analysis); Figure S4: Stratified analysis for the multivariable associations of bronchiolitis hospitalization during infancy with the development of asthma by major demographic and clinical factors.





Author Contributions


M.N. drafted the initial manuscript, revised the initial manuscript, and approved the final manuscript as submitted. A.C. and X.L. carried out the main statistical analysis, created figures, reviewed and revised the initial manuscript, and approved the final manuscript as submitted. J.B.S., A.N.A., J.L.A., D.D., A.L.D., A.J.E., J.E.G., T.H., J.H., G.K.K.H., A.E.H., M.R.K., C.J.K., L.D.L., A.A.L., C.T.M., R.L.M., E.O., T.M.O., N.P., S.T.W., R.O.W., R.J.W., K.N.C., X.Z., Q.Z. and E.Z. obtained funding, measured the data, reviewed and revised the initial manuscript, and approved the final manuscript as submitted. C.A.C.J. and K.H. conceptualized the study, obtained funding, supervised the statistical analysis, reviewed and revised the initial manuscript, and approved the final manuscript as submitted. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from the National Institutes of Health (UG3/UH3 OD023244, UG3/UH3 OD023248, UG3/UH3 OD023253, UG3/UH3 OD023268, UG/UH3 OD023271, UG3/UH3 OD023275, UG3/UH3 OD023279, UG3/UH3 OD023282, UH3/UH3 OD023286, UG3/UH3 OD023288, UG3/UH3 OD023290, UG3/UH3 OD023318, UG3/UH3 OD023337, UG3/UH3 OD023348, and UG3/UH3 OD023389). The content of this manuscript is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health. The funding organizations were not involved in the collection, management, or analysis of the data; the preparation or approval of the manuscript; or the decision to submit the manuscript for publication.




Institutional Review Board Statement


All participating cohorts had institutional review board (IRB) approvals either through the ECHO central IRB or from their local institutions; the work of the DAC was approved through the Johns Hopkins Bloomberg School of Public Health IRB.




Informed Consent Statement


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




Data Availability Statement


Not applicable.




Acknowledgments


We thank the ECHO study sites and research personnel for their ongoing dedication to bronchiolitis and asthma research (see Table S1). We also thank Clancy Blair, Sean Deoni, Cristiane Duarte, Assiamira Ferrara, Barry Lester, Craig Newschaffer, Irva Picciotto, Leonardo Trasande, Christine Johnson, Leonard Bacharier, and Kate Keenan for their helpful contributions.




Conflicts of Interest


Hasegawa has received grants for asthma-related research from Novartis and Teva. Camargo has participated in asthma-related scientific advisory boards for AstraZeneca and Sanofi. Gern received consulting fees from Meissa Vaccines Inc. and AstraZeneca. Hartert received consulting fees from Sanofi and participated in an advisory board for Pfizer. Litonjua received royalties from UpToDate. Weiss received royalties from UpToDate and is on the board of Histolix, a digital pathology company. The other authors have no conflicts of interest relevant to this article to disclose.




Abbreviations




	CI
	confidence interval



	DAC
	Data Analysis Center



	ECHO
	Environmental influences on Child Health Outcomes



	HR
	hazard ratio



	IgA
	immunoglobulin A



	IgG
	immunoglobulin G



	IgM
	immunoglobulin M



	IL
	interleukin



	IQR
	interquartile range



	IRB
	institutional review board



	NIH
	National Institutes of Health



	RSV
	respiratory syncytial virus







References


	



Pate, C.A.; Zahran, H.S.; Qin, X.; Johnson, C.; Hummelman, E.; Malilay, J. Asthma surveillance—United States, 2006–2018. MMWR Surveill. Summ. 2021, 70, 1–32. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, C.C.; Chandran, A.; Havstad, S.; Li, X.; McEvoy, C.T.; Ownby, D.R.; Litonjua, A.A.; Karagas, M.R.; Camargo, C.A., Jr.; Gern, J.E.; et al. US childhood asthma incidence rate patterns from the ECHO consortium to identify high-risk groups for primary prevention. JAMA Pediatr. 2021, 175, 919–927. [Google Scholar] [CrossRef] [PubMed]

	



Keet, C.A.; Matsui, E.C.; McCormack, M.C.; Peng, R.D. Urban residence, neighborhood poverty, race/ethnicity, and asthma morbidity among children on Medicaid. J. Allergy Clin. Immunol. 2017, 140, 822–827. [Google Scholar] [CrossRef] [PubMed]

	



Rosser, F.J.; Forno, E.; Cooper, P.J.; Celedón, J.C. Asthma in Hispanics. An 8-year update. Am. J. Respir. Crit. Care Med. 2014, 189, 1316–1327. [Google Scholar] [CrossRef]

	



Beasley, R.; Semprini, A.; Mitchell, E.A. Risk factors for asthma: Is prevention possible? Lancet 2015, 386, 1075–1085. [Google Scholar] [CrossRef]

	



Gustafsson, D.; Sjöberg, O.; Foucard, T. Development of allergies and asthma in infants and young children with atopic dermatitis—A prospective follow-up to 7 years of age. Allergy 2000, 55, 240–245. [Google Scholar] [CrossRef]

	



Guerra, S.; Martinez, F.D. Asthma genetics: From linear to multifactorial approaches. Annu. Rev. Med. 2008, 59, 327–341. [Google Scholar] [CrossRef]

	



Ono, J.G.; Worgall, T.S.; Worgall, S. 17q21 locus and ORMDL3: An increased risk for childhood asthma. Pediatr. Res. 2014, 75, 165–170. [Google Scholar] [CrossRef]

	



Saunes, M.; Øien, T.; Dotterud, C.K.; Romundstad, P.R.; Storrø, O.; Holmen, T.L.; Johnsen, R. Early eczema and the risk of childhood asthma: A prospective, population-based study. BMC Pediatr. 2012, 12, 168. [Google Scholar] [CrossRef]

	



Arshad, S.H.; Karmaus, W.; Raza, A.; Kurukulaaratchy, R.J.; Matthews, S.M.; Holloway, J.W.; Sadeghnejad, A.; Zhang, H.; Roberts, G.; Ewart, S.L. The effect of parental allergy on childhood allergic diseases depends on the sex of the child. J. Allergy Clin. Immunol. 2012, 130, 427–434.e6. [Google Scholar] [CrossRef]

	



Balekian, D.S.; Linnemann, R.W.; Hasegawa, K.; Thadhani, R.; Camargo, C.A., Jr. Cohort study of severe bronchiolitis during infancy and risk of asthma by age 5 years. J. Allergy Clin. Immunol. Pract. 2017, 5, 92–96. [Google Scholar] [CrossRef] [PubMed]

	



Hasegawa, K.; Mansbach, J.M.; Camargo, C.A., Jr. Infectious pathogens and bronchiolitis outcomes. Expert Rev. Anti-infective Ther. 2014, 12, 817–828. [Google Scholar] [CrossRef] [PubMed]

	



Makrinioti, H.; Hasegawa, K.; Lakoumentas, J.; Xepapadaki, P.; Tsolia, M.; Castro-Rodriguez, J.A.; Feleszko, W.; Jartti, T.; Johnston, S.L.; Bush, A.; et al. The role of respiratory syncytial virus- and rhinovirus-induced bronchiolitis in recurrent wheeze and asthma—A systematic review and meta-analysis. Pediatr. Allergy Immunol. 2022, 33, e13741. [Google Scholar] [CrossRef] [PubMed]

	



Yang-Huang, J.; van Grieken, A.; You, Y.; Jaddoe, V.W.V.; Steegers, E.A.; Duijts, L.; Boelens, M.; Jansen, W.; Raat, H. Changes in family poverty status and child health. Pediatrics 2021, 147, e2020016717. [Google Scholar] [CrossRef] [PubMed]

	



Lewis, K.M.; Ruiz, M.; Goldblatt, P.; Morrison, J.; Porta, D.; Forastiere, F.; Hryhorczuk, D.; Zvinchuk, O.; Saurel-Cubizolles, M.J.; Lioret, S.; et al. Mother’s education and offspring asthma risk in 10 European cohort studies. Eur. J. Epidemiol. 2017, 32, 797–805. [Google Scholar] [CrossRef] [PubMed]

	



Carroll, K.N.; Wu, P.; Gebretsadik, T.; Griffin, M.R.; Dupont, W.D.; Mitchel, E.F.; Hartert, T.V. Season of infant bronchiolitis and estimates of subsequent risk and burden of early childhood asthma. J Allergy Clin Immunol. 2009, 123, 964–966. [Google Scholar] [CrossRef]

	



Carroll, K.N.; Wu, P.; Gebretsadik, T.; Griffin, M.R.; Dupont, W.D.; Mitchel, E.F.; Hartert, T.V. The severity-dependent relationship of infant bronchiolitis on the risk and morbidity of early childhood asthma. J. Allergy Clin. Immunol. 2009, 123, 1055–1061.e1. [Google Scholar] [CrossRef]

	



Castro-Rodriguez, J.A.; Forno, E.; Rodriguez-Martinez, C.E.; Celedón, J.C. Risk and protective factors for childhood asthma: What Is the evidence? J. Allergy Clin. Immunol. Pract. 2016, 4, 1111–1122. [Google Scholar] [CrossRef]

	



Lodge, C.J.; Tan, D.J.; Lau, M.X.; Dai, X.; Tham, R.; Lowe, A.J.; Bowatte, G.; Allen, K.J.; Dharmage, S.C. Breastfeeding and asthma and allergies: A systematic review and meta-analysis. Acta Paediatr. 2015, 104, 38–53. [Google Scholar] [CrossRef]

	



den Dekker, H.T.; van der Voort, A.M.S.; Jaddoe, V.W.; Reiss, I.K.; de Jongste, J.C.; Duijts, L. Breastfeeding and asthma outcomes at the age of 6 years: The Generation R Study. Pediatr. Allergy Immunol. 2016, 27, 486–492. [Google Scholar] [CrossRef]

	



Mitchell, E.A.; Beasley, R.; Keil, U.; Montefort, S.; Odhiambo, J.; the ISAAC Phase Three Study Group. The association between tobacco and the risk of asthma, rhinoconjunctivitis and eczema in children and adolescents: Analyses from Phase Three of the ISAAC programme. Thorax 2012, 67, 941–949. [Google Scholar] [CrossRef] [PubMed]

	



Sunde, R.B.; Thorsen, J.; Pedersen, C.-E.T.; Stokholm, J.; Bønnelykke, K.; Chawes, B.; Bisgaard, H. Prenatal tobacco exposure and risk of asthma and allergy outcomes in childhood. Eur. Respir. J. 2022, 59, 2100453. [Google Scholar] [CrossRef]

	



Abreo, A.; Gebretsadik, T.; Stone, C.A.; Hartert, T.V. The impact of modifiable risk factor reduction on childhood asthma development. Clin. Transl. Med. 2018, 7, 15. [Google Scholar] [CrossRef] [PubMed]

	



Lu, S.; Hartert, T.V.; Everard, M.L.; Giezek, H.; Nelsen, L.; Mehta, A.; Patel, H.; Knorr, B.; Reiss, T.F. Predictors of asthma following severe respiratory syncytial virus (RSV) bronchiolitis in early childhood. Pediatr. Pulmonol. 2016, 51, 1382–1392. [Google Scholar] [CrossRef] [PubMed]

	



Bergroth, E.; Aakula, M.; Elenius, V.; Remes, S.; Piippo-Savolainen, E.; Korppi, M.; Piedra, P.A.; Bochkov, Y.A.; Gern, J.E.; Camargo, C.A., Jr.; et al. Rhinovirus type in severe bronchiolitis and the development of asthma. J. Allergy Clin. Immunol. Pract. 2020, 8, 588–595.e4. [Google Scholar] [CrossRef]

	



Singh, A.M.; Moore, P.E.; Gern, J.E.; Lemanske, R.F., Jr.; Hartert, T.V. Bronchiolitis to asthma: A review and call for studies of gene-virus interactions in asthma causation. Am. J. Respir. Crit. Care Med. 2007, 175, 108–119. [Google Scholar] [CrossRef]

	



Sigurs, N.; Aljassim, F.; Kjellman, B.; Robinson, P.D.; Sigurbergsson, F.; Bjarnason, R.; Gustafsson, P.M. Asthma and allergy patterns over 18 years after severe RSV bronchiolitis in the first year of life. Thorax 2010, 65, 1045–1052. [Google Scholar] [CrossRef] [PubMed]

	



Bacharier, L.B.; Cohen, R.; Schweiger, T.; Yin-Declue, H.; Christie, C.; Zheng, J.; Schechtman, K.B.; Strunk, R.C.; Castro, M. Determinants of asthma after severe respiratory syncytial virus bronchiolitis. J. Allergy Clin. Immunol. 2012, 130, 91–100.e3. [Google Scholar] [CrossRef]

	



Gillman, M.W.; Blaisdell, C.J. Environmental influences on Child Health Outcomes, a Research Program of the National Institutes of Health. Curr. Opin. Pediatr. 2018, 30, 260–262. [Google Scholar] [CrossRef] [PubMed]

	



Camargo, C.A., Jr.; Ingham, T.; Wickens, K.; Thadhani, R.; Silvers, K.M.; Epton, M.J.; Town, G.I.; Pattemore, P.K.; Espinola, J.A.; Crane, J. Cord-blood 25-hydroxyvitamin D levels and risk of respiratory infection, wheezing, and asthma. Pediatrics 2011, 127, e180–e187. [Google Scholar] [CrossRef]

	



Guilbert, T.W.; Mauger, D.T.; Lemanske, R.F., Jr. Childhood asthma-predictive phenotype. J. Allergy Clin. Immunol. Pract. 2014, 2, 664–670. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; De, A. Multiple imputation by fully conditional specification for dealing with missing data in a large epidemiologic study. Int. J. Stat. Med. Res. 2015, 4, 287–295. [Google Scholar] [CrossRef] [PubMed]

	



Zanobetti, A.; Ryan, P.H.; Coull, B.; Brokamp, C.; Datta, S.; Blossom, J.; Lothrop, N.; Miller, R.L.; Beamer, P.I.; Visness, C.M.; et al. Childhood asthma incidence, early and persistent wheeze, and neighborhood socioeconomic factors in the ECHO/CREW consortium. JAMA Pediatr. 2022, 176, 759–767. [Google Scholar] [CrossRef] [PubMed]

	



E-Value Calculator. Available online: https://www.evalue-calculator.com/evalue/ (accessed on 19 October 2022).

	



Sigurs, N.; Bjarnason, R.; Sigurbergsson, F.; Kjellman, B.; Björkstén, B. Asthma and immunoglobulin E antibodies after respiratory syncytial virus bronchiolitis: A prospective cohort study with matched controls. Pediatrics 1995, 95, 500–505. [Google Scholar] [CrossRef]

	



Ellis, E.F. Asthma in childhood. J. Allergy Clin. Immunol. 1983, 72, 526–539. [Google Scholar] [CrossRef]

	



Kotaniemi-Syrjänen, A.; Reijonen, T.M.; Korhonen, K.; Korppi, M. Wheezing requiring hospitalization in early childhood: Predictive factors for asthma in a six-year follow-up. Pediatr. Allergy Immunol. 2002, 13, 418–425. [Google Scholar] [CrossRef]

	



Martinez, F.D. Respiratory syncytial virus bronchiolitis and the pathogenesis of childhood asthma. Pediatr. Infect. Dis. J. 2003, 22, S76–S82. [Google Scholar] [CrossRef]

	



Openshaw, P.J.; Dean, G.S.; Culley, F.J. Links between respiratory syncytial virus bronchiolitis and childhood asthma: Clinical and research approaches. Pediatr. Infect. Dis. J. 2003, 22, S58–S64; discussion S64–S65. [Google Scholar] [CrossRef]

	



Hasegawa, K.; Mansbach, J.M.; Bochkov, Y.A.; Gern, J.E.; Piedra, P.A.; Bauer, C.S.; Teach, S.J.; Wu, S.; Sullivan, A.F.; Camargo, C.A., Jr. Association of rhinovirus C bronchiolitis and immunoglobulin E sensitization during infancy with development of recurrent wheeze. JAMA Pediatr. 2019, 173, 544–552. [Google Scholar] [CrossRef]

	



Rubner, F.J.; Jackson, D.J.; Evans, M.D.; Gangnon, R.E.; Tisler, C.J.; Pappas, T.E.; Gern, J.E.; Lemanske, R.F., Jr. Early life rhinovirus wheezing, allergic sensitization, and asthma risk at adolescence. J. Allergy Clin. Immunol. 2017, 139, 501–507. [Google Scholar] [CrossRef]

	



James, K.M.; Gebretsadik, T.; Escobar, G.J.; Wu, P.; Carroll, K.N.; Li, S.X.; Walsh, E.M.; Mitchel, E.F.; Sloan, C.; Hartert, T.V. Risk of childhood asthma following infant bronchiolitis during the respiratory syncytial virus season. J. Allergy Clin. Immunol. 2013, 132, 227–229. [Google Scholar] [CrossRef] [PubMed]

	



Ober, C.; Yao, T.-C. The genetics of asthma and allergic disease: A 21st century perspective. Immunol. Rev. 2011, 242, 10–30. [Google Scholar] [CrossRef]

	



Thomsen, S.F.; van der Sluis, S.; Kyvik, K.O.; Skytthe, A.; Backer, V. Estimates of asthma heritability in a large twin sample. Clin. Exp. Allergy 2010, 40, 1054–1061. [Google Scholar] [CrossRef] [PubMed]

	



van Beijsterveldt, C.E.; Boomsma, D.I. Genetics of parentally reported asthma, eczema and rhinitis in 5-yr-old twins. Eur. Respir. J. 2007, 29, 516–521. [Google Scholar] [CrossRef] [PubMed]

	



Hasegawa, K.; Hoptay, C.E.; Harmon, B.; Celedón, J.C.; Mansbach, J.M.; Piedra, P.A.; Freishtat, R.J.; Camargo, C.A., Jr. Association of type 2 cytokines in severe rhinovirus bronchiolitis during infancy with risk of developing asthma: A multicenter prospective study. Allergy 2019, 74, 1374–1377. [Google Scholar] [CrossRef]

	



Custovic, A.; Belgrave, D.; Lin, L.; Bakhsoliani, E.; Telcian, A.G.; Solari, R.; Murray, C.S.; Walton, R.P.; Curtin, J.; Edwards, M.R.; et al. Cytokine responses to rhinovirus and development of asthma, allergic sensitization, and respiratory infections during childhood. Am. J. Respir. Crit. Care Med. 2018, 197, 1265–1274. [Google Scholar] [CrossRef]

	



Shibata, R.; Fujiogi, M.; Nanishi, M.; Ooka, T.; Mansbach, J.M.; Teach, S.J.; Hasegawa, K.; Camargo, C.A., Jr. Total immunoglobulin E in infant bronchiolitis and risk of developing asthma. J. Allergy Clin. Immunol. Pract. 2022, 10, 2761–2763.e2. [Google Scholar] [CrossRef]

	



Nanishi, M.; Fujiogi, M.; Freishtat, R.J.; Hoptay, C.E.; Bauer, C.S.; Stevenson, M.D.; Camargo, C.A., Jr.; Hasegawa, K. Serum periostin among infants with severe bronchiolitis and risk of developing asthma: A prospective multicenter cohort study. Allergy 2022, 77, 2121–2130. [Google Scholar] [CrossRef]

	



Thorsen, J.; Rasmussen, M.A.; Waage, J.; Mortensen, M.; Brejnrod, A.; Bønnelykke, K.; Chawes, B.L.; Brix, S.; Sørensen, S.J.; Stokholm, J.; et al. Infant airway microbiota and topical immune perturbations in the origins of childhood asthma. Nat. Commun. 2019, 10, 5001. [Google Scholar] [CrossRef]

	



Huang, Y.J.; Boushey, H.A. The microbiome in asthma. J. Allergy Clin. Immunol. 2015, 135, 25–30. [Google Scholar] [CrossRef]

	



Chung, K.F. Airway microbial dysbiosis in asthmatic patients: A target for prevention and treatment? J. Allergy Clin. Immunol. 2017, 139, 1071–1081. [Google Scholar] [CrossRef]

	



Raita, Y.; Camargo, C.A., Jr.; Bochkov, Y.A.; Celedón, J.C.; Gern, J.E.; Mansbach, J.M.; Rhee, E.P.; Freishtat, R.J.; Hasegawa, K. Integrated-omics endotyping of infants with rhinovirus bronchiolitis and risk of childhood asthma. J. Allergy Clin. Immunol. 2021, 147, 2108–2117. [Google Scholar] [CrossRef] [PubMed]

	



Raita, Y.; Pérez-Losada, M.; Freishtat, R.J.; Harmon, B.; Mansbach, J.M.; Piedra, P.A.; Zhu, Z.; Camargo, C.A.; Hasegawa, K. Integrated omics endotyping of infants with respiratory syncytial virus bronchiolitis and risk of childhood asthma. Nat. Commun. 2021, 12, 3601. [Google Scholar] [CrossRef]

	



Zhu, Z.; Camargo, C.A., Jr.; Raita, Y.; Freishtat, R.J.; Fujiogi, M.; Hahn, A.; Mansbach, J.M.; Spergel, J.M.; Pérez-Losada, M.; Hasegawa, K. Nasopharyngeal airway dual-transcriptome of infants with severe bronchiolitis and risk of childhood asthma: A multicenter prospective study. J. Allergy Clin. Immunol. 2022, 150, 806–816. [Google Scholar] [CrossRef]

	



Ooka, T.; Raita, Y.; Fujiogi, M.; Freishtat, R.J.; Gerszten, R.E.; Mansbach, J.M.; Zhu, Z.; Camargo, C.A., Jr.; Hasegawa, K. Proteomics endotyping of infants with severe bronchiolitis and risk of childhood asthma. Allergy 2022, 77, 3350–3361. [Google Scholar] [CrossRef] [PubMed]

	



Fujiogi, M.; Zhu, Z.; Raita, Y.; Ooka, T.; Celedon, J.C.; Freishtat, R.; Camargo, C.A.; Hasegawa, K. Nasopharyngeal lipidomic endotypes of infants with bronchiolitis and risk of childhood asthma: A multicentre prospective study. Thorax 2022, 77, 1059–1069. [Google Scholar] [CrossRef]

	



Johnson, C.C.; Havstad, S.L.; Ownby, D.R.; Joseph, C.L.M.; Sitarik, A.R.; Myers, J.B.; Gebretsadik, T.; Hartert, T.V.; Khurana Hershey, G.K.; Jackson, D.J.; et al. Pediatric asthma incidence rates in the United States from 1980 to 2017. J. Allergy Clin. Immunol. 2021, 148, 1270–1280. [Google Scholar] [CrossRef]

	



Rosas-Salazar, C.; Hartert, T.V. Prenatal exposures and the development of childhood wheezing illnesses. Curr. Opin. Allergy Clin. Immunol. 2017, 17, 110–115. [Google Scholar] [CrossRef]

	



Dogaru, C.M.; Nyffenegger, D.; Pescatore, A.M.; Spycher, B.D.; Kuehni, C.E. Breastfeeding and childhood asthma: Systematic review and meta-analysis. Am. J. Epidemiol. 2014, 179, 1153–1167. [Google Scholar] [PubMed]

	



Oddy, W.H.; Holt, P.G.; Sly, P.D.; Read, A.W.; Landau, L.I.; Stanley, F.J.; Kendall, G.E.; Burton, P.R. Association between breast feeding and asthma in 6 year old children: Findings of a prospective birth cohort study. BMJ 1999, 319, 815–819. [Google Scholar] [CrossRef]

	



Wilson, K.; Gebretsadik, T.; Adgent, M.A.; Loftus, C.; Karr, C.; Moore, P.E.; Sathyanarayana, S.; Byington, N.; Barrett, E.; Bush, N.; et al. The association between duration of breastfeeding and childhood asthma outcomes. Ann. Allergy Asthma. Immunol. 2022, 129, 205–211. [Google Scholar] [CrossRef]

	



Brew, B.K.; Allen, C.W.; Toelle, B.G.; Marks, G.B. Systematic review and meta-analysis investigating breast feeding and childhood wheezing illness. Paediatr. Perinat. Epidemiol. 2011, 25, 507–518. [Google Scholar] [CrossRef]

	



Burgess, S.W.; Dakin, C.J.; O’Callaghan, M.J. Breastfeeding does not increase the risk of asthma at 14 years. Pediatrics 2006, 117, e787–e792. [Google Scholar] [CrossRef] [PubMed]

	



Friedman, N.J.; Zeiger, R.S. The role of breast-feeding in the development of allergies and asthma. J. Allergy Clin. Immunol. 2005, 115, 1238–1248. [Google Scholar] [CrossRef] [PubMed]

	



Hoppu, U.; Kalliomäki, M.; Laiho, K.; Isolauri, E. Breast milk—Immunomodulatory signals against allergic diseases. Allergy 2001, 56, 23–26. [Google Scholar] [CrossRef] [PubMed]

	



Ballard, O.; Morrow, A.L. Human milk composition: Nutrients and bioactive factors. Pediatr. Clin. 2013, 60, 49–74. [Google Scholar]

	



van de Perre, P. Transfer of antibody via mother’s milk. Vaccine 2003, 21, 3374–3376. [Google Scholar] [CrossRef] [PubMed]

	



Hrdý, J.; Novotná, O.; Kocourková, I.; Prokešová, L. Cytokine expression in the colostral cells of healthy and allergic mothers. Folia Microbiol. 2012, 57, 215–219. [Google Scholar] [CrossRef] [PubMed]

	



Miller, E.K.; Gebretsadik, T.; Carroll, K.N.; Dupont, W.D.; Mohamed, Y.A.; Morin, L.L.; Heil, L.; Minton, P.A.; Woodward, K.; Liu, Z.; et al. Viral etiologies of infant bronchiolitis, croup and upper respiratory illness during 4 consecutive years. Pediatr. Infect. Dis. J. 2013, 32, 950–955. [Google Scholar] [CrossRef]

	



Jartti, T.; Smits, H.H.; Bønnelykke, K.; Bircan, O.; Elenius, V.; Konradsen, J.R.; Maggina, P.; Makrinioti, H.; Stokholm, J.; Hedlin, G.; et al. Bronchiolitis needs a revisit: Distinguishing between virus entities and their treatments. Allergy 2019, 74, 40–52. [Google Scholar] [CrossRef]








[image: Biomedicines 11 00023 g001 550] 





Figure 1. Kaplan–Meier curves for developing childhood asthma, according to bronchiolitis hospitalization (severe bronchiolitis). 
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Figure 2. Associations of bronchiolitis hospitalization in infancy with the subsequent development of asthma. * The Cox proportional hazard model was adjusted for 10 potential confounders (sex, race and ethnicity, calendar year of childbirth, gestational age, breastfeeding, child’s atopy, parental asthma, prenatal smoking, maternal age at delivery, and maternal education), accounting for patient clustering by cohort. † The E-value (with its lower 95% CI bound) represents how strongly unmeasured confounder(s) would have to be associated with the exposure and outcome in order for the observed association to be independent. Abbreviations: CI, confidence interval; HS, high school; NH, Non-Hispanic. 
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Figure 3. Effect of severe bronchiolitis on the development of asthma by major demographic and clinical factors. Arrows indicate that the 95% CI of the hazard ratio exceeds the lower or higher limit of the x-axis. * The Cox proportional hazard model was adjusted for 10 potential confounders (sex, race and ethnicity, calendar year of childbirth, gestational age, breastfeeding, child’s atopy, parental asthma, prenatal smoking, maternal age, and maternal education, except for the stratifying covariate), accounting for patient clustering by cohort. † The E-value (with its lower 95% CI bound) represents how strongly unmeasured confounder(s) would have to be associated with the exposure and outcome in order for the observed association to be independent. ‡ Test for the interactions between bronchiolitis hospitalization and demographic factors on the development of asthma: Pinteraction = 0.02 for race and ethnicity. § Test for the interactions between bronchiolitis hospitalization and demographic factors on the development of asthma: Pinteraction = 0.07 for breastfeeding. The p-values for the interactions of the other demographic factors were >0.10 and are listed in Table S3. Abbreviations: CI, confidence interval; HS, high school; NH, non-Hispanic. 
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Table 1. Baseline characteristics of the cohort infants, by bronchiolitis hospitalization (severe bronchiolitis).
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	Overall

(n = 11,762)
	No Bronchiolitis Hospitalization Group

(n = 10,632; 90%)
	Bronchiolitis Hospitalization Group

(n = 1130; 10%)





	Child characteristics
	
	
	



	Age (month), median (IQR)
	9 (7−11)
	9 (7−12)
	5 (5−5)



	Male sex
	6214 (53%)
	5536 (52%)
	678 (60%)



	Race and ethnicity
	
	
	



	Non-Hispanic white
	6219 (53%)
	5713 (54%)
	506 (45%)



	Non-Hispanic black
	2141 (18%)
	1925 (18%)
	216 (19%)



	Non-Hispanic Asian
	220 (2%)
	200 (2%)
	20 (2%)



	Non-Hispanic other
	996 (9%)
	917 (9%)
	79 (7%)



	Hispanic
	2111 (18%)
	1805 (17%)
	306 (27%)



	Gestational age ≥ 34 weeks
	8888 (87%)
	7905 (86%)
	983 (93%)



	Birth weight (g), mean (SD)
	3056 (922)
	3048 (939)
	3127 (737)



	Low birth weight infant (<2500 g)
	1869 (17%)
	1708 (17%)
	161(15%)



	Perinatal breastfeeding
	5638 (85%)
	4921 (87%)
	717 (78%)



	Atopy *
	2632 (47%)
	2499 (53%)
	133 (14%)



	Parental history of asthma
	3404 (36%)
	3024 (36%)
	380 (35%)



	Maternal characteristics
	
	
	



	Prenatal smoking
	1247(13%)
	1101 (13%)
	146 (14%)



	Maternal age at delivery (years)
	
	
	



	<25
	2491 (23%)
	2443 (23%)
	48 (18%)



	25−40
	7943 (74%)
	7737 (74%)
	206 (79%)



	>40
	240 (2%)
	234 (2%)
	6 (2%)



	Maternal education
	
	
	



	<High school
	769 (7%)
	748 (7%)
	21 (8%)



	High school
	1433 (14%)
	1397 (14%)
	36 (14%)



	College or above
	8335 (79%)
	8132 (79%)
	203 (78%)







Abbreviations: IQR, interquartile range; SD, standard deviation * Including healthcare provider-diagnosed eczema, food allergy, and allergic rhinitis.
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