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Abstract

Preschool recurrent wheezing is a prevalent and heterogeneous condition that can develop into
childhood asthma, significantly damaging public health. Preschool recurrent wheeze and asthma
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are influenced by a multifactorial interplay of biological, environmental, early-life, behavioural,
and psychosocial factors. Genes as GSDMB, ORMDL3, CDHR3, ANXAL and /L33/ILIRL1,
and methylation of cell-type-specific CpG-sites, are associated with airway-remodelling, increased
inflammatory responses, and enhanced susceptibility to environmental factors. Biomarkers, such
as allergen sensitization, blood eosinophil levels, fractional exhaled nitric oxide, and volatile
organic compounds, may guide treatment decisions based on the type of immune response in
wheezing episodes. Several asthma-predicted clinical indices have been developed, and some of
them have been validated. Although lower airway samples obtained through bronchial-alveolar
lavage and biopsy in young children are limited, they are essential in understanding the
pathophysiology and developing personalized treatment of recurrent preschool wheezing. Early
evaluations of lung function, airway hyperresponsiveness, and bronchodilator response can be
valuable objective tools. However, due to physiological variability and inconsistent methods and
definitions, these tests cannot confirm or rule out a diagnosis of asthma at preschool age. Future
research should investigate the interplay of factors across biological, environmental, and social
domains to enhance predictive models and inform targeted interventions that promote health
equity and reduce the global burden of preschool recurrent wheeze and asthma.
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1. Introduction

Recurrent preschool wheezing, defined as more than one confirmed wheezing episode
before the age of 6 years (1), is a common and heterogeneous condition that can progress
into childhood-onset asthma and poses a tremendous burden on public health. Sometimes,
recurrent preschool wheezing is also called preschool asthma. However, not all preschool
children with wheezing will have an asthma diagnosis by the time they reach school age. It
is challenging to accurately predict which preschool children with recurrent wheezing will
develop asthma. Several predicted clinical indices have been developed, and some of them
have been validated. Furthermore, definitions of wheezing and asthma in preschool children
vary among studies, which hampers uniformity. It is essential to understand the various
factors associated with recurrent wheezing in preschool children, as this helps elucidate the
mechanisms contributing to the development of asthma later on. This can help us identify
children with recurrent wheeze that will progress into childhood-onset asthma early on,
providing opportunities for early intervention. This review presents the most recent findings
on risk factors for recurrent preschool wheezing and the underlying role of genetics and
epigenetics in the progression from wheeze to asthma. Additionally, various methods for
identifying the mechanisms of different wheezing phenotypes will be discussed, including
non-invasive and invasive approaches. Finally, the role of lung function testing in diagnosing
asthma early on at preschool age will be explored.
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2. Factors associated

Recurrent wheeze in preschool children is a critical public health challenge due to its high
prevalence and significant impact on children’s quality of life and healthcare systems.(1)

We summarize the factors associated with recurrent wheezing and asthma in preschool
children, organized into six major categories: (a) biological, genetic and familial factors; (b)
environmental and socio-economic factors; (c) early-life exposures; (d) behavioral and social
factors; (e) past medical conditions; and (f) parental and prenatal stress exposure (Figure 1).

Biological, genetic, and familial factors

The main reported factors in the literature include a history of (first-degree) family with
atopy, asthma, allergic rhinitis, and/or a history of wheezing. (2-18) Furthermore, a child has
a higher risk of developing recurrent preschool wheezing and subsequent childhood-onset
asthma if it is a boy, (7, 11, 14, 16, 19-23) and if atopy with elevated IgE antibody levels,
eosinophilia and/or eczema is present in the child, some of which are used in the Asthma
Predictive Index (API). (6, 7, 14, 15, 17, 24-26) Specific sensitization to, for instance, food,
aeroallergens, mite, grass, cat, and dog allergens has been reported as a risk factor as well.
(3, 4, 27, 28). Additionally, fractional exhaled nitric oxide (FENO) = 30 ppb (29) and early
low lung function are also associated with recurrent preschool wheezing. (30, 31)

Environmental and socio-economic factors

Numerous environmental factors have been associated with recurrent preschool wheezing.
Tobacco smoke exposure, maternal smoking during pregnancy, and exposure to traffic-
related air pollutants or usage of gas as cooking fuel are known risk factors. (6, 7, 16,

21, 22, 24, 31-39) Although some studies suggest exposure to furry pets and farm dust in
the first years of life mitigates the risk of asthma and allergy (40, 41), other studies have
found a positive association between pet keeping/exposure during the first year of life and
recurrent preschool wheezing. (10, 14, 16, 42, 43) Poor housing quality, in combination with
home dampness, molds, and unsatisfactory ventilation in the sleeping area, has also been
associated. (2, 11, 16, 18, 32, 44, 45) Low socioeconomic status, associated with low per
capita income, and low parental post-primary education are other risk factors for recurrent
preschool wheeze. (7, 22, 45)

Early-life exposures

Exposures associated with recurrent preschool wheezing start in the womb. Preeclampsia
and higher gestational weight gain, along with low intake of fish oil components
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), vitamin D, calcium, dairy
products, and/or vegetables have been linked, as well as low or high consumption of meat
and high consumption of pasta during pregnancy. (4, 6, 11, 19, 46-50) If a child is born

via cesarean, prematurely, with a low birth weight, in warmer climates, or during the second
half of the year, it also has a higher risk of developing recurrent preschool wheeze. (6, 7,

14, 16, 34, 39, 40, 45) Exclusive breastfeeding, on the other hand, seems to be protective (2,
15, 18, 51-54), while antibiotics taken by the child increased the risk of recurrent preschool
wheezing and asthma. (10)
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The strength of the association between early-life exposures and asthma risk varies
depending on the specific exposure and the cohort studied. For instance, while some
observational studies and randomized trials suggest that low prenatal or early postnatal
vitamin D levels may increase the risk of asthma, other studies have found no

significant associations (55), and meta-analyses have yielded inconclusive results. Similarly,
associations between asthma and dietary factors, such as high consumption of pasta or ultra-
processed foods, have been observed in specific populations but not universally replicated.
Therefore, these associations should be interpreted with caution. Further prospective studies
in diverse populations are needed to determine the consistency and causality of these
findings.

Behavioral and social factors

Having older siblings, attending daycare, and playing outside have been associated with
recurrent preschool wheezing.(6, 14, 15, 17, 19, 20, 45, 56) Certain dietary intake, such
as low fruit consumption, high fast-food consumption, and high intake of polyunsaturated
fats, has also been associated. (15, 50) Other risk factors for recurrent preschool wheeze
include lack of social support, single parenting, excess weight in children, frequent use of
paracetamol, and bed-sharing in toddlerhood. (21, 36, 44, 57-59)

Past medical conditions

Respiratory tract infections (including severe bronchiolitis and pneumonia) are associated
with increased risk of recurrent preschool wheezing. (2, 10, 60) This was specifically
observed with respiratory syncytial virus, rhinovirus, or mycoplasma infection, particularly
in children who had a severe infection in the first 2 years of life and/or required hospital
admissions. (4, 8, 12, 15, 25, 38, 61-64) For example, children hospitalized with rhinovirus-
induced wheezing during infancy are up to ten times more likely to develop asthma by
school age. RSV has also been associated with a two- to fourfold increase in asthma risk,
particularly when a severe lower respiratory tract infection occurs during the first year

of life. (65) The proposed mechanisms include virus-induced epithelial damage, immune
dysregulation favoring Th2 responses, and altered airway development during a critical
period of lung growth. (66) Furthermore, an association was found between the presence of
food allergy, allergic rhinitis, and the emergence of recurrent wheeze and asthma. (2, 3)

Parental and prenatal stress exposure

Findings from birth cohort studies suggest mild to moderate effects of pre- or post-natal
stressors (e.g., depression, violence) or chronic stress on wheezing and worse asthma-related
outcomes in preschool children.(67-70) Most studies have focused on mothers, but one
study of 339 twin pairs showed that paternal post-traumatic stress disorder and paternal or
maternal depression in the children’s first year of life were associated with worse asthma
symptoms at age 1 year, with parental depression also linked to hospitalizations at age 3
years due to asthma symptoms. (71) More recently, a study of 2,056 mother-child dyads
found that maternal stressful life events during pregnancy were associated with wheezing

in the last 12 months between the ages of 4 and 6 years, but this association was only
significant in boys. (72) In another recent study of predominantly Black and Latinx mother-
child pairs, the estimated effects of maternal prenatal stress were modified by BMI, as
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prenatal stress was only associated with asthma symptoms in children ages 1-5 years born to
mothers who were obese during pregnancy. (73)

3. Role of Genetics and Epigenetics

The strongest risk factor to predict whether a child will develop asthma is a first-degree
relative with asthma. (74) This suggests that shared (epi-)genetic and/or environmental
factors play a crucial role in the development of asthma. Twin studies showed that
monozygotic twins have up to four times the concordance rates for developing asthma
compared to dizygotic twins. (75, 76) Furthermore, the correlation between ages at onset of
asthma was most strongly in monozygotic twins, compared to dizygotic twins (0.37 vs 0.09).
(75)

Two approaches to investigating the genetics of childhood-onset asthma are Genome-Wide
Association Studies (GWAS) and Candidate Gene Studies.(77) Combining GWAS (to
identify potential genes) and candidate gene studies (to verify potential genes and their
interactions in more characterized participants) can lead to a better understanding of the
development of recurrent preschool wheeze and asthma in children.

Childhood-onset asthma was more than twice as heritable as adult-onset asthma (25.6% vs
10.6%) in a large GWAS from the UK Biobank. (78) As a consequence, 123 identified
single-nucleotide polymorphisms (SNPs) were associated with childhood-onset asthma,
compared to only 56 SNPs in adult-onset asthma, of which 37 overlapped. Additionally,

the effect size of genetic associations in childhood-onset asthma was more than three times
larger than in adult-onset asthma (79), confirming that the earlier asthma develops, the more
genetic it tends to be.

The most replicated locus strongly associated with recurrent preschool wheeze and
childhood-onset asthma is the 17g12-21 locus, also known as ‘17q’.(77) Well-known genes
associated with the 17q locus are orosomucoid 1-like 3 (ORMDL3) and gasdermin B
(GSDMB). (77) SNPs in both genes have been associated with childhood-onset asthma in
children of different ancestries. (80) ORMDL3and GSDMB are implicated in increasing
airway hyperreactivity and remodelling. (77) Gene-environment studies of this locus have
shown that certain exposures can reduce or exacerbate the likelihood of wheeze or asthma
in children with the 17q risk alleles. Early life exposure to furry pets could attenuate the
increased risk of wheeze, while early life exposure to tobacco smoke or viral infections
could enhance the risk of developing asthma. (81)

Although 17q has been associated with childhood-onset asthma in general, other genes have
been linked to specific phenotypes. For example, gene variants in Cadherin-related family
member 3 (CDHRS3), located on chromosome 7, were associated with hospitalizations for
severe asthma exacerbations in children aged 2—6 years. (82) CDHR3is expressed as a
transmembrane protein in ciliated airway epithelial cells and encodes the Rhinovirus C
receptor. Interestingly, children with a carry-risk genotype of CDHR3 are more susceptible
to Rhinovirus C infections. (82) Moreover, lower expression of Annexin A1 (ANXA1), a
gene located on Chr9g21 and encoding an anti-inflammatory protein, has been specifically
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associated with early onset and persistent wheeze. (83) Furthermore, interleukin-33 (/L33)
and its receptor interleukin-1 receptor-like 1 (/LIRL 1) have been associated with different
preschool wheeze patterns, including persistent wheeze; these genes play an important role
in activation of type 2 inflammation. (77) Table 1a presents a selection of genes associated
with recurrent preschool wheeze and their proposed function.

Genetic factors cannot fully explain the heritability of childhood-onset asthma. Therefore,
epigenetics, meaning ‘above genetics,” has gained significant interest. Epigenetics focuses
on heritable characteristics that alter gene expression without changing the DNA sequence.
Environmental factors, such as maternal smoking during pregnancy or exposure to air
pollution after birth, may influence epigenetic changes. (84) The epigenome is cell-type
specific and strongly depends on age. (85) DNA methylation is the most studied epigenetic
mechanism in childhood-onset asthma. By detaching or attaching a methyl group to a
Cytosine, situated next to a Guanine (CpG), gene transcription can be increased or reduced,
respectively. (86)

DNA methylation is often studied in blood or nasal epithelial samples after preschool

age. (87-90) A meta-analysis of childhood asthma examined DNA-methylation data from
whole blood in children aged 4-5 and 8 years. (91) Fourteen replicable hypomethylated
CpG-sites were associated with childhood-onset asthma from age four onwards; these
CpG-sites were annotated as associated with activated eosinophils. Five of these 14 CpG
sites were also replicated in respiratory epithelial cells of 16-year-old children with asthma.
However, (hypo)methylation of these CpGs in cord blood did not significantly predict
asthma development at preschool age. In contrast, another study found a CpG-site within
hexokinase-1 (HKZ) in whole blood to be associated with adolescent asthma, while higher
expression of HKZ in cord blood was predictive of preschool wheeze, indicating a possible
relationship between AHKZ and the onset of preschool asthma. (92) Moreover, in a large
meta-analysis of the association between cord blood DNA and subsequent childhood
asthma, six CpG-sites in cord blood were found to predict childhood asthma; however, the
cross-sectional associations of blood DNA-methylation with school-aged asthma were much
stronger. (93) This phenomenon, where the associations of DNA-methylation are stronger
after the onset of disease, is also observed in other traits (94) and suggests that most of the
DNA-methylation changes in blood appear to be the result, not the cause, of asthma. Table
1b presents a selection of CpG sites associated with recurrent preschool wheeze and their
proposed functions.

4. Non-invasive methods for identifying the mechanisms of wheezing
phenotypes

Birth cohort studies have categorized phenotypes of preschool wheezing based on their
timing and severity, with the most common types being early transient wheeze, late-

onset wheeze, and persistent wheeze. (95, 96) However, endotypes describe these distinct
pathophysiological mechanisms at a cellular and molecular level. This is important because,
despite having similar clinical symptoms, children may respond very differently to the
same therapeutic interventions. (97) Biomarkers can be utilized to identify endotypes of
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preschool wheeze and may have a greater impact when used to predict response to targeted
therapies. (98) Biomarkers commonly used to assess preschool wheeze include allergen
sensitization, blood eosinophil levels, fractional exhaled nitric oxide (FeNO), and volatile
organic compounds (VOCs), which can help identify the presence of airway inflammation
and guide treatment decisions based on the type of immune response involved in the child’s
wheezing episodes. (99)

Sensitization is one of the main risk factors for developing childhood-onset asthma (100)

as evidenced by its inclusion as one of the six predictive factors in the Pediatric Asthma
Risk Score (PARS). (101) A study of 7,719 children participating in one of five birth cohort
studies identified four trajectories of wheeze across the ages of 0.5-18 years: early transient,
intermittent, late-onset, and persistent. (102) All wheezing phenotypes were associated with
sensitization at an early school age, with a higher risk for those with late-onset or persistent
wheeze. (102) Comparing temporal patterns, children with persistent and intermittent
wheeze were more likely to have wheeze preceded by sensitization, whereas sensitization
preceded wheeze in late-onset wheezers. (102) Approximately 40% of recurrent preschool
wheezers are sensitized, making them more likely to be steroid-responsive. In a trial

of asthmatic children aged 12-59 months, aeroallergen sensitization was the strongest
predictor of those who had the best response to daily inhaled corticosteroids (ICS), with this
response further increased in those with blood eosinophils >300/uL. (103) This suggests that
phenotyping with sensitization and blood eosinophils may be useful in guiding treatment
selection. (103)

Due to its key role in asthma risk, severity, and persistence, sensitization was one of the
primary inclusion criteria for preschoolers enrolled in the Preventing Asthma in high-Risk
Kids (PARK) trial. (104) Since the cascade of biological responses to allergens is primarily
mediated through IgE antibodies, PARK researchers hypothesized that early blockade of
IgE and IgE mediated responses with anti-IgE monoclonal antibody treatment (omalizumab)
would prevent the development and reduce the severity of asthma in children aged 2-3 at
high risk for developing asthma. (104) Although the results will not be available until 2027,
PARK will provide significant insights into the pathobiology of asthma and potentially other
IgE-mediated allergic diseases, such as food allergy and allergic rhinitis, moving science
closer to asthma prevention. (104)

Blood eosinophil counts also correlate with the degree of airway inflammation. Eosinophils
are recruited to the lungs after exposure of the airways to an antigen, which stimulates the
release of Th2 cytokine-producing T-cells, as well as IL-5 and eotaxin. (105) In preschool
children, systemic eosinophils are elevated in those who wheeze and are associated with
the persistence of asthma by school age. (106) In a study of 219 infants until 18 months of
age with recurrent wheeze, a blood eosinophilia count =470/mm3 was the most important
risk factor for wheeze that persisted at age six. (107) The authors suggest that a lack of
eosinophilia in wheezy infants without ongoing infection could predict future remission of
wheeze. Recently, data from three trials involving 1074 preschool children with recurrent
wheeze showed that high eosinophil counts at multiple cut points, ranging from =150
cells/mL to =350 cells/mL, all indicated an increased risk of exacerbation and a higher
occurrence of hospitalization. (108) These results suggest that blood eosinophil cut points
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may be helpful in clinical assessment and future studies of exacerbation and treatment
response in preschool children with recurrent wheeze.

It is essential to note that both biomarkers—elevated blood eosinophils and allergic
sensitization—are components of previous clinical scores, such as the API (109) and the
modified API (mAPI). (110) It is well known that clinical scores have different sensitivities,
specificities, positive and negative predictive values, and likelihood ratios (LR). In terms

of maximizing the ability to diagnose a disease, the likelihood ratio (LR) may be the best
parameter to follow, as it reflects the magnitude by which the pretest probability increases
(or decreases) after applying the score, thereby helping the physician rule out, confirm, or
continue investigating a diagnosis with new tests. The original APl had a +LR of 7.4 and a
-LR of 0.75.

As an example, if physicians from countries with high (i.e., Brazil), medium (i.e., Chile),
and low (i.e., China) asthma prevalence use the original stringent API to identify the risk
of asthma in their patients, the probability for asthma increases by 2, 4, and 7 times,
respectively (because the pretest to posttest probability of asthma moves from 40 to 80%,
14 to 62%, and 3 to 21%, respectively). That means an acceptable +LR, but since the -LR
is not good enough, it cannot be used to “rule out” the probability of developing asthma.
The other validated scores have lower +LR and -LR (e.g., 2.5 and 0.53 for PIAMA,; 2.5 and
0.4 for APT; and 3.25 and 0.41 for PARS), with a modest +LR and low -LR, some of these
tools may be useful to “rule out” asthma but less helpful to diagnose it. (111) Recently, a
longitudinal birth cohort (n=339) suggested, for the first time, that original API could be
used as a diagnostic tool, not only as a prognostic tool, in toddlers and preschoolers; in this
population, the +LR was 6.4, and the overall accuracy was ~84%. (112)

Another measure of eosinophilic airway inflammation is FeNO, which correlates well with
airway hyperresponsiveness and atopy in children. (113) Exhaled breath FeNO plays a

role in vasodilation and bronchodilation, and its production increases in acute and chronic
inflammation. (114) In the Prevention and Incidence of Asthma and Mite Allergy (PIAMA)
study, high FeNO at age four was associated with intermediate onset and persistent wheeze
at age eight compared to those with transient early wheeze or never wheezed. (115) PIAMA
also showed that higher FeNO levels at 4 years were associated with a physician diagnosis
of asthma at 7 years and a higher prevalence of wheezing between 5 and 8 years of age.
(116) Other studies have also shown FeNO to be higher in children with recurrent wheeze
(117) and children with persistent wheeze than those with transient wheeze. (113) As a
biomarker of Th2 inflammation, FeNO may have utility in treatment decision-making and
as a measure of treatment adherence. (118) The European Respiratory Society task force
recommends using FeNO levels of = 25 ppb in children aged 5 years and above as a

cutoff for those with symptoms consistent with asthma, (119) but more evidence is needed
to establish the utility and feasibility of FeENO in preschool children to identify type 2
inflammation. (118) However, children often find the procedure demanding to perform,
especially at preschool age, reducing the likelihood of a successful test.(120) Additionally,
factors such as rhinovirus infection and the intake of nitrite-containing foods can alter FeNO
measurements.(121)
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Another component of exhaled breath is VOCs, which have gained considerable interest

as a biomarker for asthma. (122) VOC levels are significantly different in asthma and

are related to disease activity and phenotypes. (123) Smolinska et a/. evaluated VOCs in
children aged 2-6 years for predicting which recurrent preschool wheezing children will
develop asthma at school age (124) and found a set of 17 VOCs that could discriminate
between transient recurrent wheezing and wheezing that proceeds into asthma with a
prediction rate of 80%. (124) This suggests that VOCs can predict subsequent asthma
development and may help inform the start of early treatment. As a diagnostic tool, VOCs
have been shown to distinguish asthmatics from healthy children. The exhaled breath of 63
asthmatic children and 57 healthy controls, aged 5-16, was analyzed for VOCs. (125) Eight
components distinguished asthmatic children from healthy children with 92% accuracy, 89%
sensitivity, and 95% specificity, highlighting that a limited number of VOCs can effectively
identify children with asthma. (125) Further replication of VOCs results to predict asthma

at independent laboratories is eagerly awaited. Like FeNO testing, measuring VOCs can be
challenging for younger children to perform accurately, and the results may be influenced
by factors such as diet and environmental exposures. (126) Table 2 summarizes non-invasive
biomarkers of preschool wheeze.

Invasive methods for identifying the mechanisms of wheezing

phenotypes

As emphasized above, recurrent preschool wheezing is heterogeneous in the time course

of symptom onset and persistence (curricular heterogeneity), and in the pathological
mechanisms underlying the clinical presentation (etiological heterogeneity). (1, 127)

The etiological heterogeneity is also reflected in differences in responses to prescribed
treatments. (103, 118) For example, only 30-40% of preschool children with recurrent
wheeze who require treatment show a notable therapeutic response to maintenance ICS,

and these patients are often characterized by the presence of aeroallergen sensitization
and/or blood eosinophilia. (103) However, despite this heterogeneity in long-term outcomes,
disease mechanisms, and treatment responses, the clinical presentation at the time of contact
with healthcare professionals is similar for the majority of patients. (127)

The differences in temporal patterns (with wheezing either remitting, relapsing, or
persisting) have been a topic of major interest for almost four decades. (128) While this
curricular heterogeneity may reflect distinct mechanisms to a certain degree, (83) it is
essential to emphasize that very similar temporal or clinical patterns of wheezing (“wheeze
phenotypes”) may arise through different pathophysiological mechanisms. (129, 130)

This should not be surprising, given that multiple, often very different gene-environment
combinations can produce very similar phenotypic clusters. (131) Consequently, symptom-
based diagnostic labels, such as episodic viral wheeze, multiple-trigger wheeze, and
transient or persistent wheeze, are of limited value in clinical practice. (1, 96)

Since clinical presentation may be a relatively poor indicator of underlying pathophysiology,
the end-organ pathology may be crucial for ascertaining disease mechanisms. In adult
asthma, invasive studies using bronchoscopy have been crucial for better understanding the
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molecular and cellular mechanisms, the role of lower airway inflammation and infection,
and have contributed to developing novel treatment strategies. (132) However, there are
major ethical, technical, and scientific challenges that need to be overcome to enable

the collection of lung tissue from young children and help our understanding of the
mechanisms underpinning the onset, severity, and progression of early childhood wheezing/
asthma. (133) This includes, but is not limited to, the fact that invasive procedures for
research purposes are not ethically acceptable in this age group. (133) Given the ethical
considerations, one approach to collecting precious lower airway samples is to utilize

data from young patients undergoing clinically indicated bronchoscopy, typically due to
severe symptoms. A limited number of such studies have produced invaluable results,
highlighting the differences between early childhood severe wheezing and asthma in school-
age and adulthood. Inference from these studies suggests that lower airway pathology

in children with severe wheeze is age-dependent. (134, 135) For example, pioneering

early studies conducted two decades ago showed no evidence of submucosal airway
inflammation and/or airway remodeling in infants and children under 2 years, even in those
who were atopic. (134) In contrast, the pathologic features characterizing adult asthma,
including submucosal eosinophilia and reticular basement membrane (RBM) thickening,
were apparent by approximately 3 years of age, while the clinical presentation remained
almost identical across the age ranges. (135) Similarly, another study among young
preschool wheezers showed no evidence of bronchoalveolar lavage (BAL) T2 inflammation,
but described increased BAL CD8+ lymphocytes and neutrophils, as well as endobronchial
RBM thickness. (136) A study at a similar age (approximately 1 year) reported increased
total BAL leukocytes (but not eosinophils) compared to healthy controls, suggesting that
airway inflammation, when present in infants with wheeze, differs from the patterns
observed in adult asthma. (137) This is consistent with the analysis of BAL from young
children with wheeze, which revealed predominantly neutrophilic airway inflammation.
(138) In contrast, a study in children with multiple trigger wheeze aged between 2 and 10
years described airway pathology typical of adult asthma (eosinophilia and thickened RBM),
even amongst non-atopic children. (139)

A hypothesis-generating data-driven analysis of lower airway inflammation and infection
from BAL of children with severe preschool wheeze revealed four pathological clusters
characterized by different patterns of allergic sensitization, blood eosinophils, and BAL
microbial infection and inflammation. (140) Notably, most patients in this study were
neither sensitized nor eosinophilic. Other studies have described a subgroup of preschool
children with recurrent wheeze and predominant lower airway neutrophilia, whose disease
is corticosteroid-refractory. (141) However, many children with airway neutrophilia have
bacterial infection (140), and it remains unclear whether airway neutrophilia reflects a
protective response to control infection or whether neutrophils are causing harm.

Taken together, the above studies suggest that amongst young children with severe wheeze,
airway eosinophilic inflammation and remodeling are rarely present in infancy, but develop
between infancy and preschool age, reaching adult patterns by school age in those who
progress to severe asthma. Thus, persistence of symptoms does not reflect the persistence
of the same pathophysiological mechanism. Follow-up studies have suggested that airway
smooth muscle (but not inflammation) in preschool airway biopsies was predictive of
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school-age asthma, indicating that airway remodeling, rather than inflammation, should be a
central target for disease modification. (142)

Given the scarcity and extraordinary value of lower airway samples from young children in
understanding the pathophysiology of early childhood wheezing and its progression, quality
datasets from multiple studies should be combined in a major international collaborative
effort to enable analyses that would otherwise be impossible in any single study.

6. Role of lung function

The 2018 Lancet Commission on Asthma (143) emphasizes measuring lung function in
children. Such objective assessments could enhance our ability to detect abnormalities early
and facilitate the diagnosis of asthma. However, it is important to note that most preschool
children with asthma have normal lung function, regardless of whether it is measured

by spirometry, impulse oscillometry (10S), or the forced oscillation technique (FOT).
Moreover, while 10S and FOT are performed during tidal breathing and are therefore easier
to perform in preschoolers than spirometry, they also exhibit greater variability. Another
barrier is the lack of clear definitions of airway hyperreactivity (AHR) or bronchodilator
response (BDR) in this age group (144), which would be necessary to support the early
diagnosis of asthma.

A recent study of 851 preschoolers with asthma (145) showed that 86% had normal
spirometry while 40% had borderline AHR to methacholine (defined as 4 g/L < PC20 <

16 g/L). Oostveen et al. (146) reported that only 13% to 23% of 313 preschool children
with persistent wheezing had BDR measured by FOT and that the prevalence depended on
the definition of BDR (AR4 > 5.5; AAX > 31.0, or AAX/AX > 81%). Similarly, Shee and
colleagues (147) reported that only 18% of 592 young school-aged children with asthma had
BDR measured by spirometry (AFEV{ 212%), 9% when BDR was defined by 10S (AR5
>34% or AX5 =50%), and that only 8% had BDR with both definitions. More recently,
Grell et al. (148) evaluated preschool children with persistent asthma and found that 23%
had spirometry-defined BDR (AFEV1 and/or AFVC =10%) and only 12% had 10S-defined
BDR (AR5240%, AX5 =50%, or AAX = 80%). Meoli et al. (149) reported similar findings
in preschool children with suspected asthma: 19.4% exhibited BDR by spirometry (AFEV1
>12%) versus 11.1% with BDR by 10S (R5 240%, X5 =50%, or AAX =80%).

Lezana and colleagues (150) found no differences in basal lung function and BDR by 10S
or spirometry between 108 recurrent wheezing preschoolers with a positive and negative
API. However, those preschoolers with positive API without ICS had significantly lower
basal R20 and lower BDR (A% FEF,5_75 and FEV 5) than those with positive API and ICS.
Later, Arikoglu et al.(151) reported, in 115 preschoolers with recurrent wheezing, higher
basal R5-R20% predicted levels by 10S in those with a positive mAPI compared to those
with a negative mAPI. In the ROC analysis, R5-R20% levels >14.4 had a sensitivity of 75%,
specificity of 53%, and AUC = 0.66 for predicting a positive mAPI.

Others have evaluated the capacity to predict asthma at school age using preschool lung
function in a high-risk birth cohort and recurrent preschool wheezers. Knihtila (152)
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reported that spirometry at age five would yield a fair +LR of asthma by age 8 (+LR 2.37
using FEV4 and 2.2 with FEV1/FVC), but IOS at age 4 yielded a more modest +LR (1.85
with AR5-R20 and 1.84 with AX). Grell (148) reported that AX, AR5-R20, and R5 had the
best +LR for the probability of abnormal spirometry during school age (+LR= 50, 10, and
7.1, respectively), while R20, R5, and AX were the best I0S parameters for discriminating
BDR in schoolchildren (+LR = 3.4, 2.9, and 2.8, respectively).

While early assessment of lung function, AHR, and BDR are helpful objective tools when
there is clinical suspicion, significant physiologic variability, and inconsistent methods and
definitions exist, they cannot confirm or completely exclude a diagnosis of asthma. This
highlights the need for more —and larger— studies to standardize methods for each lung
function test, determine distribution by age or other characteristics (i.e., influence of ICS
use), determine the corresponding z-scores, explore the utility of combining different lung
function tests, and define factors that will aid in disease diagnosis (e.g., accuracy, positive
and negative LRs, and minimally important clinical difference [MCID]).

CONCLUSIONS

There are multiple risk factors associated with preschool asthma and recurrent wheeze,
including but not limited to the male gender, a positive family history for asthma, and
exposure to smoke, either prenatal or in the first years of life. Genes as GSDMB, ORMDL3,
CDHR3, ANXAI, and IL33/IL1RL1, and cell-type specific (hypo)methylated CpGs relate
to airway remodelling, increased inflammatory response, and amplified susceptibility

to viruses and other environmental factors. Risk factors as sensitization, eosinophilia,
eczema, high FeNO levels, and VOCs in exhaled breath, combined with (epi)genetic

risk variants, may be used as biomarkers to guide treatment options between different
wheezing phenotypes and endotypes in the future. Lower airway samples from preschoolers
are essential to understanding the underlying pathophysiology. They suggest that airway
eosinophilic inflammation and remodeling are rarely present in infancy, but develop
between infancy and preschool age. Several predicted clinical indices for asthma have

been developed, and some of them have been validated. Although early assessment of lung
function can be helpful in diagnosing preschool asthma, it cannot confirm or completely
exclude asthma due to physiological variability and inconsistent methods and definitions.
Future research should investigate the interplay of factors across biological, environmental,
and social domains to enhance predictive models and inform targeted interventions that
promote health equity and reduce the global burden of recurrent preschool wheezing.
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FOT forced oscillation technique
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GSDMB gasdermin B
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J Allergy Clin Immunol Pract. Author manuscript; available in PMC 2025 August 24.



Page 24

Castro-Rodriguez et al.

€ 91]-T PI0INWOS0I0 ‘CTAWHO ‘TaNI|-101d33] T-UNSLIBI ;T 7T T/ ‘€S-UDNBIISIUL /LS T/ 9 UILIBPSeD .G SO ‘€ Jaquialll A[ILey PaIe[aI-ULIBYped E&HAD ‘TV UIXaUUY T XN SUOIRIASIGYY

BUIYISE 19SUO
pOOYP|IYD/ 8Zasym
Jooyosald Juainosy

suoleqJaoexa
BLIYISE/RLILISE 13SUO

poouypjiya/azesym
Jooyasald Jusiinday

ewiyise
18SU0-PO0YP|IY9/oZ33ym
Jooyasald Jusiinday

suolleqJadexs ewylsy

9283ym
Jooyosaid JuslInosy

adAlouayd paredossy

‘Buijjapowsal Aemure pue AlianoealisdAy
Aemure asealoul pjnod £1ANY0

"ualppiyo
Buizaaym ui asuodsas Alorewwreyul g adAy
B 90ueyua Aew ‘TTHT-T11 01 payull ‘€€-I

Buijjapowial pue ssausAIsuodsal
Kemure asealoul p|nod gINASD

Buizeaym

pUE SUOID8)UI 819A3S 3I0W Ul }NSaJ Ued
Yd1ym ‘uondsgul O sniiAoulyd 0y ajqndaasns
2I0W 1S0Y 8y} axew ued 101dadal-S4HAD
3y} JO UondUNY pue uoissaldxa pals)|y

‘uolyewiwejul
2 adA1 1abb1) pue uonewweul
asealoul pInod T XNY 40 sso

9zavyMm jooyosa id
Ul wsiueysaw asessip pasodo.id

‘winnonal d1wsejdopus ay} ulyIm
s|ana] wniofed Bunenbas ui ajod e skejd pue
sisayjuAsolq pidijobuiyds ayejnbal ueds £1ANHO

*35U0dsal SUNLILIL U 81eAIOE UBD UdIyM ‘101dadal
THTTI Y1 01 SPUIQ pue UlLWIee Ue sk s1oe £77|

“Jredal 199 Jelayida sajenbas osfe
1] "sauelquiaw ui salod Buiwioy Ag sisoidosAd
s1ab66111 12y} UIBY0Ad Y} JO JosIndald e SI GINASD

"D snaInouyd
uewINy Joy 101dadal e se s1oe pue uoisaype |19
-1189 Juspuadap-WINIOed Ul PBAJOAUL ST E4HAD

‘A1Anoe Alojewiwrejul-1ue ul 8joJ [e1onio
e sAeid pue spidijoydsoyd o3 spuiq TY XNV

up10.1dayl Jo uonounH

wnjnonal olwse|dopus ayy

Ul paleoo| u1gloid sueiquIsLUSURL |

101281 ££-171 81qN|OS pue

aUBJQLIBLISUR] 3U} pUB aUIY0IAD

wsejdoifo pue

aueiquiaw ewseld ayy ui ugloid
Buiwlioy-aiod e 40 10SINd3Id

auBIqUIBW
1189 8Y1 18 PaIeao| UIRl0Id

1180 8U} BPISINO PaIaI8s

sI pue ‘wse|doiAd ‘suelquiaw

aU1 Je Pajeso| si ulsloid

uoissa 1dxe auL D

prdAslle]

ZTbzyd
17246140

TZh/TIyd

[44372 e}

jrdslillie}

uo11e00|
21WoLeD

(95T)e1aNHO

(SST)TIdT I
/£€71

(¥ST) aNaso

(esT)edHAO

(E8)TYXNY

aueo

Author Manuscript

uonouny pasodold J18Y) pue azaaym |00yasald Jualindal Ylm pareldosse sauab Jo UOII3|9S

‘BT 9|geL

Author Manuscript

Author Manuscript

Author Manuscript

J Allergy Clin Immunol Pract. Author manuscript; available in PMC 2025 August 24.



Page 25

Castro-Rodriguez et al.

'8Z99ayM JO Jaxsew AjJea

Ue aqg pInod yaiym ‘sjiydouisoa
3y} JO UOITBAIOR pasealoul
81ed1puUl Poojq 3joyMm Ul sainjeubis

"umouun si zs391d
10 uonouny as19a.d ay |

"aseYIUAS 3
uipue|Beisosd pajeroosse
-aUeIqIBW B J0} SBP0d
2539914 dueiquiawl
[eripuoy20}W Jauul

s1190 [e1jaynda
Aiojesidsal jeseu

(pjo [euondiosuel) pue uonejAyaWw sap11oajonu |Auspe jo 3y} ul JaLed ‘sjiydouisoa
sIeak g pue pjo sIeak G/y) Jamo| moys syualied ewyise woly Hodsuel} ay} sarerpaw Buipuig-wniofes e 2539.1d paiund
eluyise 18suo-pooyp|iyd S[1ydoulsoa ‘ISASMOH UMOUMUN Algeqoud 52v5zoT1S 10§ $8P0J GZV62DTS 7eb6IUD GZvszo1S ‘poojq sjoym | (16) 8895E8ETHO
"9Z33YM JO
JaxJew Ajres ue ag pInod yaiym ‘sjiydouisos S]199 [e1jaynda
(p1o s1eak 3y} JO UOIIBAIIE Pasealdaul ayedlpul poojq Alojelidsal [eseu
8 pue p|o SsIeak ajoym u1 sainjeuBis [euonduosuely pue ‘sjiydouisoa
G/¥) ewyise uoneljAyIaL Jamo| moys sjuatred ewyise VN Buipoo usiold (0¢TT0ONIT) paytnd
18sU0-pooyp|Iyd woJy S|1Iydouisos ‘JSASMOH UMmouNuN umousun -uou d1uabisiul Buo 2zdTiyd PZG6£€007 ‘poojg sjoym | (16)66£SHTOBD
uoHLpUOYIoNW
'9Z98UM JO JaxJew AjJea ue | 8yl ulyim sisayiuAs uisloid | swiosoqu [eripuoydoHw
30 pInod yaiym ‘sjiydouisos ayj Jo uomeAloe 01 S3INQLIU02 9T 1dHIN ay} Jo uigjoud nungns S|189 [eljaynda
(pjo s1eak pasealoul a1edlpul poojg 3joym Ui sainyeubis "aueIqUIaW By} ® 10} SAP0J 9T TN Alojelidsal
8 pue p|o SJeak |euondiosue.} pue uoiejAYIBW JaMO| MOYS ssouoe Alejod surelurew 's1199 |e1jaynds ayp Jo ‘sjiydouisoa
/) euIyISE sjuaiyed ewyise wody sjiydouisos ‘JansmoH pue aueJqwawW [erjayda uigjoid auelquIaWISUE] 9T Td&N pannd
13suo-pooyp|iyd “umous{un si saudb yloq 4O BJ0Y | BU UO SIBISNJI SWIOY EX LS B 10J SBP0IEXLS ZTbtTIyD EXLS ‘poojq ajoum | (16) €L6v9.6160
"sauab
juapuadap-|| asesawA|od
"9Z83YM JO Jadjlew VNY 10} J01eAIIOR0D B x31dwo9 Joyeipawl
Aldea ue aq pjnod yaiym ‘sjiydouisos ayy Sse suonouny /za3aw 3y} Jo Jusuodwod e S99 [eljaynda
(pjo s1eak 10 UOITRAIIOR Pasealoul a1edlpul poojq ajoym "UOIRWLIOJSURI] [|3D pue 10} S3P0O3 /2 TN Alojelidsal [eseu
8 pue p|o sIeak ul sainyeufis [euondiiosuesy pue uonejAylew sisoydode ul panjoAul si ‘uraoud Buisesjal ‘sjiydousoa
/) BUIYISE Jamo| moys syuaned ewyise woly sjiydouisoa Tey) apeased Buijfeubis e -ap1oajanu aujuenb e /243w paynd
13suo-pooyp|iyd ‘19N3MOH Umouun I sauab yjog Jo ajoy 136611 pn0d T439dvy 10} S8p03 IHF94VH vebeIYD VEERELZ2] ‘poojq sjoym | (16) ¥i829eTho
*9Z89YM JO JaxIew
Al4ea ue aq pjnod yarym ‘sjiydouisos ayy ‘Ainnae Buipuiq
10 UOITRAIIOR Pasealoul a1edlpul Poojq ajoym 1UBWE|IY UIIOR 3|qeus utaoud
u1 sainyeuBis euondiiosues) pue uolejAylaw 01 pajaipald st NINT1D Urewop aueJquiswisue.} S99 [eljaynda
(spjo-seak | Jamo] moys sjuaired ewyise wody sjiydouiso "Juabe ®© 10} SBPOI N 7D AKiojeaidsal jeseu
-8 pue p|o sieak ‘umouuN st NIATTD 40 8ol ay | [esiAue Buosis e se umou *aseajonuoqL e | ‘s|iydouisoa
G/v7) ewiyISe 'SaSNUIA WNY 1surebe juabe [elinnue 0s|e SI pue uoissaldxa sJoe Jeys uisjoud e NANTO payynd
13suo-pooyp|iyd Buods e se joe ued utsoid THIDIA YL auab ssaidas ued T Y3014 10§ $8p02 1¢F01d 2ebyTIuD ‘143010 ‘poojq ajoym | (16) 6.5TO6TORO
(sreak
8T>) BUIYISE aouelsIsal
185U0 pooyp|Iyd 9Z3aym anoydode aonpui ued THH
‘azeaym Jooydsald Jo ¥sui 8y} asealoul Aew pue pue ‘sAemyred wsijogelsw eLIpUOYO0IIW
Jooydsaid | uorewweryul Buojoid ued s|j8d Aloyewwepyul 8s00n|6 Jo sdais 1s1y J0 BuBIqUIBW J3IN0 poojq pJod
JuaLIN3Y -04d u1 doue)sisal onoydode JayBiH ay u1 pasn s TMH aururuoid | 2zbotiud DIH ‘poojq sjoym | (¢6) T6T8S99THO
adAoueyd 9Z3vYM uo17e00|
poIRI0oSS Y jooyasa.d ul wsiueyssw asess|p pasodoid upjo.iday) jo uoipun4 10} S9P02 3LRD 21WoURD) auab 1835010 adAy 1D 215-9d)

Author Manuscript

uonauny pasodoud 119y pue azasym [00yasald 1ua1INal YlIM paleIdosse salls-9dD) JO UoII3|9S

‘qT 8lqelL

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2025 August 24.

J Allergy Clin Immunol Pract. Author manuscript



Page 26

Castro-Rodriguez et al.

0¢

urewoq 1eaday AM 0ZHGM ‘UIR101d [10D-P3]10D HOUS :000S 'z BUILIEIU0D urewiod Ydled-9 .ZHILYHO Z 101eAde0D [euondiidsuel ] a1 PUILLIRISEIN .Z AP/ * VT [3UUBYD aANISUSS-apHos|INN
3PLIOIYD "WISN T ‘2 8SeyIUAS 3 uipue|Beiold . ZsF9.1d ‘Gz JaquisiN Gz Ajilue JaLlieD 8Inj0S 62620 7S ‘0vTT WNY Bulpo) uisoid-uoN otushisiul Buo.oFr1ooN/7 ‘911 Ulsioid [ewosoqul
[ELIDUOUDONIN 97 T/ ‘€ UIXEIUAS £XLS /2 NUngns xa|dwo JojeIpsiN Zz@Iw T 1010 abueyoxa apnosjanu auiuend dey 77794V ‘UIWIeD VA/TD T SSBUINOXaH LY/AH SUONBIASIGY

‘Buizasym 1surebe
SI 9A1198)04d € 0] 8INQ LU0 sjiydouisoa
PN 2104313y} pue auab ay} Jo "saxa|dwod ‘s]199 [erjaynda
uoISsaldxa JaMO] YIIM Sajeldosse Burreuninbignap wse|doiAd pue snajonu Aiojesidsal
Buwylse 38suo-pooypiiyd aM1S s1y3 Jo uone|Ayrew JaybiH Jo Jojenfioy U3 U1 pajedo utdjold | zebyTiyd ocHam feseu ‘poojg | (€6) 0669STL0BO
uMouuN SI WSIUBYIAW aoue.ea|d Jojowoid sjiydouisoa
By} YS1I _ULIYISE 19SUO-POOYP|IYD 11 asesawAjod wNY Ul ‘s|199 [e1jayida
pasealaul UM pareloosse Sl PaAjOAUL SI pue AJIA1Oe snajonu Alojelidsal
eLuLse Jasuo-pooypliyd | uonejAylsw wNQ Jamoj ybnoyy Buipuig wNQ selqeul 8U} U1 PaJeao] ureloid e1dsIud 19ns [eseu ‘poojg | (€6) £55682€TH
uMoUXunN SI WSIUBYIBW sjiydouisoa
3yl YS1 BULIYISE 18SU0-POOYP|IYD ‘ABeydoine ‘s]199 [e1jaynda
pasealoul Ylim parerdosse s paonpul-UoIleAJlS pIoe sniesedde 16109 ayy ul Alojelidsal
BLIYISE 18SU0-POOYP|IYD uonejAyIsw YNQ Jamoj ybnoyyy | oulwe Jo Joyeinfial snisod | uisiodd 1102-paj109 Hoys 1EbIYD 2008 leseu ‘poolg | (g6)TTZEEELTRO
umouunN SI WSIUBYIAW sjiydouisoa
81 "SIl BLIYISE 18SUO-POOYP]IYD ‘s|189 [e1jdynda
pasealaul UM pareloosse Sl Aunnoe Alojelidsal
BUYIse J3suo-pooypliyd uopelAyiaw NQ Jamol ybnoyy v 9sed 1V a8y} adueyus ued 1010€} IesjonN TYhTIYD CHOLYd9 [eseu ‘poojg | (€6) 6vTLZyETHO
(25T)ewpse
‘Buizasym jsurebe }INpe Ul UoIjeWIWRUL
S 8A198104d e 0} 3INqLIU0D Aemure asealoul pjnod sjiydouisoa
pIN02 8104318y} pue auab ay) Jo Aemyyed yoloN ayL suiajold Jo ‘s1199 |erjaynds
UoISSaIdXa JaMO] YIIM Saleld0sse ‘Buijreubis ydjoN ui AJiwrey ay1)-pulwisisew Aiojeadsal
BUYISe 33suo-pooypliyd al1s siy Jo uonrelAyrew JaybiH paAjoAul I ZTINVIA aur ulyum uialosd | TZbTTIyD ZTNWYW [eseu ‘poojg | (£6) 20026.9T6d
umouun si wsiueydasw | JoyejnBal JuaiInd apLIojyd © sjiydouisoa
3y} Y{S1 BLIYISE 18SU0-PooYp|IYd Se suonouny pue skemyed ‘s]199 [erjaynda
PaseaIoul YIIM pajeldosse sl Aiore|nBas apdnjnw ui aurIqWaW Aiojeadsal
BUUISE 13sU0-pooypliyd uonelAyIsW VNG Jamo] ybnouy suonouny YISNT1O ewsed urulold | yILTTIYD VISNTO feseu ‘pooig | (€6) TTY98YTZ00
adAjoueyd 9Z39ym uo17ed0|
poreInoss Y jooyosa d Ul wsiueydsw asess|p pasodoid up1o.d 8y} jo uoipun4 10} S9p02 WD 21WOoURS) aueb 158s50(D adf1 (e a1s-9dD

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Allergy Clin Immunol Pract. Author manuscript; available in PMC 2025 August 24.



Page 27

Castro-Rodriguez et al.

'$84NS0X® [LIUSLUUOIIAUS PUE 191p AQ Paloaye ale SJUBWINSE|A -

‘uonenualayip adAlousyd pue sisoubeip Ajies o) [enusiod -
"Aoeinage ybiy yim azssym jusisuel} 'sA ewiyise ysinbunsip ue) -

*Aoeanage yyum wiopad 01 uaipliyd JaBunoA 1oy prey si JaAnauew uol199]|0D- "Yrealq ur sabueyd d1joqeIaW S199]49Y - SDOA
‘uolyebsanul Japun 1is si sisjooydsaid ur Annn -
's1eak GZ uaup|Iyo ul qdd Gz spuswwodal SY3 -
"121p pue UoId8ul [eliA Ag paldsye ale SiuaWaInSea|N- ‘sisouBelp ewiyise pue azeaym jualsisiad 0} payul]  abe re ONa4 YbIH -

‘Aoeanage yum wioylad 03 uaip|iyd JaBunoA 1oy prey si JaAnauBW UONI3[|0D- ‘Adoye pue ssauanisuodsaliadAy Aemure yim selejaio) - ONe4

"UBIP[IYD [00ydsald 10} PAZIPIBPUBIS ||9M JOU BB SBNJBA JJ0IND-

‘uofrezifendsoy pue Xsi uolegIadexa 0} paxull (TM/s1189 0L—0GT<) SHOIND -
"90uslsisiad ewyse syo1pald ‘s1azaaym juaisisiad ul parens|J -
‘uolyewiweyul Aemaie Jo JaxJeN -

s|iydousog poo|g

'snyels o161a] e ainny 193}484 J0u Aew Bunsal AlJe3-
"pazInsuas ale s1azasym jooyasaid |e J0N-

“UBIP[1Y2 sL-YBIy 193185 0} [eLl) MY d U3 Ul pasn -

“1/00€Z sjiydouisoa yum Ajje1dadss ‘asuodsal S| 4o Joidipaid Buoas -
'S19Z3aym [00ydsaid JO 960~ Ul JUasald -

“Juswdo]anap ewyISe 10} 10308} XSL Jole -

uoirezi1Isues Wb 1|1V

suoleIWI

sjuiod /o)

oy fewolg

Author Manuscript

Author Manuscript

*9Z33UM |00UIS3ld J0J SIIeWIOIG SAISEAU]-UON JO Arewwng

¢ dlgeL

Author Manuscript

Author Manuscript

J Allergy Clin Immunol Pract. Author manuscript; available in PMC 2025 August 24.



	Abstract
	Introduction
	Factors associated
	Biological, genetic, and familial factors
	Environmental and socio-economic factors
	Early-life exposures
	Behavioral and social factors
	Past medical conditions
	Parental and prenatal stress exposure

	Role of Genetics and Epigenetics
	Non-invasive methods for identifying the mechanisms of wheezing phenotypes
	Invasive methods for identifying the mechanisms of wheezing phenotypes
	Role of lung function
	CONCLUSIONS
	References
	Figure 1.
	Table 1a:
	Table 1b:
	Table 2.

