
Phenotypes of Recurrent Wheezing in Preschool Children: 
Identification by Latent Class Analysis and Utility in Prediction 
of Future Exacerbation

Anne M. Fitzpatrick, Ph.D1,2, Leonard B. Bacharier, M.D.3, Theresa W. Guilbert, M.D.4,5, 
Daniel J. Jackson, M.D.6, Stanley J. Szefler, M.D.7,8, Avraham Beigelman, M.D.3, Michael D. 
Cabana, M.D.9, Ronina Covar, M.D.10, Fernando Holguin, M.D.11, Robert F. Lemanske, Jr., 
M.D6, Fernando D. Martinez, M.D.12, Wayne Morgan, M.D12, Wanda Phipatanakul, M.D, M.S.
13,14, Jacqueline A. Pongracic, M.D.15, Robert S. Zeiger, M.D, Ph.D.16,17, and David T. 
Mauger, Ph.D.18 on behalf of On behalf of the NIH/NHLBI AsthmaNet
1Emory University, Atlanta, GA

2Children’s Healthcare of Atlanta, Atlanta, GA

3Washington University, St. Louis, MO

4Cincinnati Children’s Hospital and Medical Center, Cincinnati, OH

5University of Cincinnati, Cincinatti, OH

6University of Wisconsin, Madison, WI

7Children’s Hospital Colorado, Aurora, CO

8University of Colorado, Aurora, CO

9University of California San Francisco, San Francisco, CA

10National Jewish Health, Denver, CO

11University of Pittsburgh, Pittsburgh, PA

12University of Arizona, Tucson, AZ

13Boston Children’s Hospital, Boston, MA

14Harvard Medical School, Boston, MA

15Children’s Memorial Hospital, Chicago, IL

Please address correspondence to: Anne M. Fitzpatrick, Ph.D., 2015 Uppergate Drive, Atlanta, GA 30322, Telephone: 404-727-9112, 
Facsimile: 404-712-0920, anne.fitzpatrick@emory.edu. 

Study registrations:
APRIL ClinicalTrials.gov number, NCT01272635
INFANT ClinicalTrials.gov number, NCT01606306
PEAK ClinicalTrials.gov number, NCT00272441
AIMS ClinicalTrials.gov number, NCT00319488
MIST ClinicalTrials.gov number, NCT00675584 61

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
J Allergy Clin Immunol Pract. Author manuscript; available in PMC 2020 March 01.

Published in final edited form as:
J Allergy Clin Immunol Pract. 2019 March ; 7(3): 915–924.e7. doi:10.1016/j.jaip.2018.09.016.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.ClinicalTrials.gov
https://www.ClinicalTrials.gov
https://www.ClinicalTrials.gov
https://www.ClinicalTrials.gov
https://www.ClinicalTrials.gov


16Kaiser Permanente, Southern California Region

17University of California San Diego, San Diego, CA

18Pennsylvania State University, Hershey, PA

Abstract

Background—Recurrent preschool wheezing is a heterogeneous disorder with significant 

morbidity, yet little is known about phenotypic determinants and their impact on clinical 

outcomes.

Objective—Latent class analysis (LCA) was used to identify latent classes of recurrent preschool 

wheeze and their association with future exacerbations and inhaled corticosteroid (ICS) treatment 

response.

Methods—Data from five clinical trials of 1,708 children age 12–71 months with recurrent 

wheezing were merged. LCA was performed on 10 demographic, exposure and sensitization 

variables to determine the optimal number of latent classes. The primary outcome was the 

annualized rate of wheezing exacerbations requiring systemic corticosteroids during the study 

intervention period; the secondary outcome was the time to first exacerbation. Exploratory 

analyses examined the effect of daily ICS treatment on exacerbation outcomes.

Results—Four latent classes of recurrent wheezing were identified; these were not distinguished 

by current symptoms or historical exacerbations but differed with regard to allergen sensitization 

and/or exposures. Annualized exacerbation rates (mean ± SEM/year) were 0.65 ± 0.06 for class 1 

(“minimal sensitization”), 0.93 ± 0.10 for class 2 (“sensitization with indoor pet exposure”), 0.60 

± 0.07 for class 3 (“sensitization with tobacco smoke exposure”), and 0.81 ± 0.10 for class 4 

(“multiple sensitization and eczema”) (p < 0.001). In a research setting of high adherence, daily 

ICS treatment improved exacerbation rates in classes 2 and 4 but not the other groups.

Conclusion—Sensitization and exposure assessments are useful in the prediction of future 

exacerbation and may identify children most likely to respond favorably to daily ICS treatment.
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Introduction

Wheezing is a troubling symptom in preschool children that has tripled in prevalence over 

the past 30 years.1 At present, nearly 50% of all preschool children experience one episode 

of wheezing before 6 years of age; up to 40% of these children have recurrent wheezing 

episodes during early life.2 Although there is variability among affected children with regard 

to wheezing pathobiology3–6 and the severity, frequency and persistence of wheezing in later 

childhood,7-14 all children with recurrent wheezing experience morbidity. Compared to older 

children with persistent asthma, preschool children with recurrent wheezing have nearly 

twice the rate of outpatient physician visits and emergency department visits for wheezing 

exacerbations and more than five times the rate of hospitalization.15 Missed days from 
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school or work16 and impaired caregiver functional status17 are also significant concerns that 

drive the growing economic burden of wheezing in preschool children, which was estimated 

at nearly $3 billion in 2013.18

Although there are mandates for “personalized” treatment approaches for these young 

children to reduce respiratory morbidity,19 progress has been slow. Knowledge from older 

children cannot be easily extrapolated to younger children and thus the evidence base for 

pharmacotherapy in preschool children with recurrent wheezing is quite limited.18, 20 

Furthemore, although it is recognized that preschool children with recurrent wheezing are a 

heterogeneous group,3, 5, 6, 21 phenotypic characterizations of preschool children are quite 

limited in comparison to adults and there are few existing longitudinal studies of preschool 

children to aid in prediction of those children at highest risk for poor outcomes such as 

exacerbation.22, 23 Historical inconsistencies in the definition of “exacerbation”24 and 

variable prescription of (and adherence to) asthma controller medications such as inhaled 

corticosteroids (ICS) and leukotriene receptor antagonists (LTRA) also complicate 

assessment of longitudinal outcomes. Early identification of preschool children with 

recurrent wheezing who are at high risk for poor outcomes (i.e., exacerbations) is therefore 

one of the primary challenges faced by those who provide care to these children. As a result, 

the clinical course of preschool children with recurrent wheezing remains an enigma that is 

difficult to predict; there is also limited evidence to guide pharmacotherapy18, 20 and a 

sizeable knowledge gap.23, 25

Given these challenges, we applied latent class analysis (LCA) to a large dataset of well-

characterized and medication adherent preschool children with recurrent wheeze enrolled in 

multi-center clinical trials sponsored by the National Heart, Lung and Blood Institute’s 

AsthmaNet and Childhood Asthma Research and Education (CARE) Network. LCA is a 

statistical method that is useful for identification of unobservable “class” memberships 

among participants with multivariate categorical data. The purposes of this study were to: 1) 

identify latent classes of preschool wheeze, and 2) determine the clinical relevance of the 

resultant latent classes in the prediction of future exacerbations and response to ICS therapy. 

We hypothesized that latent classes with Type-2 inflammatory features would have the 

highest exacerbation probability and the greatest response to ICS treatment.

Methods

Baseline and intervention period data from 3 CARE Network clinical trials and 2 

AsthmaNet clinical trials involving 1,708 preschool participants ages 12–71 months with 

recurrent wheezing were merged. All studies were overseen by a common Quality Control 

Committee and Data Coordinating Center (Pennsylvania State University) and utilized 

similar intake questionnaires. Paper case report forms were entered electronically and mailed 

to the Data Coordinating Center for review and accuracy upon completion.

Details of the included studies (i.e., Prevention of Early Asthma in Kids (PEAK, 
NCT00272441),26 Acute Intermittent Management Strategies (AIMS, NCT00319488),27 

Maintenance and Intermittent Inhaled Corticosteroids in Wheezing Toddlers (MIST, 

NCT00675584),28 Azithromycin for Preventing the Development of Upper Respiratory 
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Tract Illnesses into Lower Respiratory Tract Symptoms (APRIL, NCT01272635),29 and 

Individualized Therapy for Asthma in Toddlers (INFANT, NCT01606306))30 were 

published previously and are listed in Table 1. Exclusion criteria for each of the studies 

included premature birth, other significant respiratory conditions, gastroesophageal reflux, 

recent antibiotic or systemic corticosteroid use within the previous 2–4 weeks, or a life-

threatening wheezing episode. Written informed consent was obtained from all caregivers.

Participant characterization.

Each clinical center maintained staff and site certification and utilized the same manual of 

procedures for participant characterization. At the baseline visit of each trial, caregivers 

completed questionnaires to elicit data on demographics, family history, child allergy and 

respiratory symptoms, and treatment of symptoms including medications and healthcare 

utilization. Episode-free days (EFDs), also referred to as Asthma Control Days in some 

studies, were obtained during the run-in period from caregiver-completed diaries and were 

defined as full calendar days without use of albuterol, daytime or nighttime respiratory 

symptoms, or unscheduled healthcare visits for respiratory symptoms. Compliance with the 

diaries was used to estimate adherence and willingness to participate in the study; 

participants with unacceptable adherence (<75–80%) were ineligible for randomization.

Peripheral blood eosinophils were quantified from whole blood by means of an automated 

assay at each clinical site. Total serum IgE was quantified centrally (St. Louis Children’s 

Hospital, St. Louis, Mo; Advanced Diagnostic Laboratories, National Jewish Health, 

Denver, CO). Skin testing (PEAK, AIMS, MIST trials) to 8 common aeroallergens (house 

dust mite mixture [Dermatophagoides pteronyssinus and Dermatophagoides farinae], 

cockroach [American and German], dog [mixed breeds], cat [standardized], mold [mix no.

1], grass [standardized Southern mix]. Tree [eastern 8 tree mix], and weed [national mix] 

and 3 foods [cow’s milk, chicken and whole egg, and peanut; Greer Laboratories, Lenoir, 

NC) was performed using the Multi-test II (Lincoln Diagnostics, Decatur, IL) prick 

technique. Tests were considered positive if the prick resulted in a wheal with a mean 

diameter (mean of maximum and 90° midpoint diameters) that was at least 3 mm greater 

than that produced by the saline control.31, 32 Specific IgE levels (ImmunoCAP; APRIL, 

INFANT) were performed for a nationally representative panel of 11 aeroallergens (cat 

dander [ImmunoCAP test code E1], dog dander [E5], mold mix [Mx1], German cockroach 

[i6], grass mix [gx2], tree mix [Tx4, Tx6], (9) weed mix [Wx1], giant ragweed [W3], 

Dermatophagoides pteronyssinus [D2], Dermatophagoides farinae [D2]) and 3 foods (milk 

[f2], egg, [f1], peanut [f13]) at a central laboratory (Advanced Diagnostic Laboratories, 

National Jewish Health, Denver, CO). Tests with levels >0.34 IU/mL were considered 

positive.

Phenotype analyses.

All analyses were performed with SAS software, version 9.4 (SAS Institute, Cary, NC). Data 

were used from the total sample of 1,708 participants at the baseline and randomization 

visits. Blood eosinophil and IgE data were missing in <2% of participants; these data were 

considered missing completely at random and therefore multiple imputation was performed 

to retain these participants in the analyses. Other self-reported variables with missing 
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responses (<0.1% of responses) or responses recorded as “don’t know” (<3% of responses) 

were recoded as “no.”

To limit the number of parameters in the model, variables were selected based on clinical 

relevance and consistency across the five studies. LCA was performed using the PROC LCA 

procedure33 (SAS software, version 9.4, SAS Institute, Cary, NC) on 10 variables to 

determine the optimal number of latent classes, including five dichotomous variables and 

five categorical variables. Dichotomous variables included: 1) sex, 2) parent with asthma 

(ever in lifetime), 3) tobacco smoke exposure (defined as any smoker in any household in 

which the participant regularly spends time), 4) eczema (ever), and 5) indoor pet ownership 

(defined as a cat or dog inside the home). Categorical variables included: 1) race/ethnicity 

(non-Hispanic black/non-Hispanic white/Hispanic/other), 2) aeroallergen sensitization 

(none, 1–2 positive tests, 3 or more positive tests), 3) food sensitization (none, 1–2 positive 

tests, 3 positive tests), 4) blood eosinophil percentage quartile, and 5) serum IgE quartile. 

Conditional probabilities (i.e., the probability of selected characteristics within a class) and 

posterior probabilities (i.e., the probability of latent class membership for each participant) 

were calculated. Wheeze models of 1 to 10 latent classes were repeatedly fitted with the 

number of latent classes in a stepwise fashion. Models were freely estimated and no 

parameter restrictions were specified. Best fit was assessed with comparison of the 

bootstrapped p-values for the likelihood ratio test and the Bayesian information criterion 

(BIC) test. Each participant was assigned to the phenotype with the highest membership 

probability.

Outcomes.

The primary outcome was the annualized rate of wheezing exacerbations during the study 

intervention period; the secondary outcome was the time to first exacerbation. The definition 

of exacerbation was consistent with that proposed by a National Institutes of Health Working 

Group24 and was defined as respiratory symptoms resulting in treatment with systemic 

corticosteroids (prednisolone). Exploratory outcomes focused on the effect of ICS treatment 

on the exacerbation rate and time to first exacerbation within the phenotype groups.

Intervention period data were collected over a 14-year period (PEAK 2001–2004; AIMS 

2004; MIST 2008–2010; APRIL 2011–2015; INFANT 2013–15). For each study, 

irrespective of treatment allocation, caregivers received a written action plan that detailed 

instructions for administration of open-label albuterol sulfate (90 mcg/actuation) when a pre-

specified threshold of symptoms was met. The action plan was reviewed and reinforced at 

each clinic visit. Children whose symptoms did not resolve or who required albuterol 

treatments for more than 24 hours received a 4-day burst of open-label oral prednisolone (2 

mg/kg/day for 2 days followed by 1 mg/kg/day for 2 days) as specified in the action plan. 

Physician discretion for prednisolone administration was also permitted provided that a 

specific reason for the initiation was documented. Two courses of systemic corticosteroids 

had to be separated by at least one week to count as two exacerbations.
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Outcome analyses.

The annualized rate of exacerbations (primary outcome) and the time to first exacerbation 

(secondary outcome) were assessed in the placebo arms of the PEAK, AIMS, and APRIL 

studies (N = 489). Phenotype groups were compared with respect to the frequency of 

exacerbations using a log-linear model with a negative binomial distribution and an offset 

for each participant of time followed in the study.34 Proportional-hazards regression models 

were used to analyze time to first exacerbation. Exploratory analyses focused on daily ICS 

treatment effects in placebo and ICS-treated participants in the PEAK trial. Generalized 

linear models were used to compare the rate of exacerbations between ICS and placebo 

treatment arms within each phenotype group and proportional-hazards regression models 

were used to analyze time to first exacerbation. All analyses utilized a 0.05 significance level 

without adjustment for multiple testing.

Results

The sample used for phenotype identification consisted of 1,708 children with recurrent 

wheeze (mean age 33.8 months, 62.5% male). Features of the combined sample, with 

stratification by study, are shown in Table E1. Overall, the combined sample was quite 

heterogeneous with regard to healthcare utilization, exposures, and sensitization patterns. 

Respiratory symptoms and associated albuterol use during the run-in periods were also 

variable.

Given the exploratory nature of these analyses, three, four and five-class solutions were 

evaluated; the four-class solution was chosen as the best fit for phenotype identification as it 

had the lowest BIC value with minimal loss of entropy (Table E2). The four-class solution 

yielded a high class membership probability for the majority of participants (Figure E1) and 

provided further subdivision to class 2 as identified in the 3-class solution (Table E3), 

resulting in a more even distribution of participants between groups. The item response 

probabilities associated with the 4-class solution are provided in Table E4 and the 

descriptive features of children posteriorly assigned to each of the four resultant phenotype 

groups are shown in Table 2.

Individual studies were evenly distributed among the phenotype groups (Figure 1A). Groups 

were not markedly different with regard to current symptom presentation as reflected by 

EFDs and albuterol inhalations during the run-in periods (Figure 1B,C) or self-reported 

healthcare utilization for wheezing exacerbations in the prior year (Figure 1D). However, 

notable differences in atopy, exposures and race were observed (Table 2). To simplify 

discussion, each class was assigned a summary label. Key features of the resultant latent 

classes are discussed below.

Latent class 1 (class membership probability = 0.28).

Approximately 30% of preschool children with recurrent wheeze were classified in this 

group, termed “minimal sensitization.” Children in this latent class were predominantly non-

Hispanic White (61%) and were fairly proportionate with regard to sex (53% male). These 

children also had a high prevalence of indoor pet ownership (59%) but the lowest prevalence 
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of eczema, the fewest blood eosinophils, and the lowest serum IgE levels. The majority 

(>90%) of children in this group had no aeroallergen sensitization and no food sensitization.

Latent class 2 (class membership probability = 0.26).

This group, termed “sensitization with indoor pet exposure,” was identified in approximately 

25% of participants. Children with this phenotype were predominantly non-Hispanic White 

(69%) and male (77%) with the lowest parental history of asthma (47%). These children also 

had the highest prevalence of pet ownership (64%), elevated blood eosinophils (51% with 

eosinophils ≥4%), and elevated serum IgE levels. The majority of children in this latent class 

had sensitization to at least one aeroallergen (62%). Sensitization patterns were mostly 

confined to indoor allergens (49%), with lesser sensitization to outdoor allergens (24%) and 

minimal sensitization to mold (9.2%). Only one third of children in this latent class (38%) 

had food sensitization.

Latent class 3 (class membership probability = 0.26).

Approximately 25% of children with recurrent wheeze were classified in this group, termed 

“sensitization with tobacco smoke exposure.” Children in this class were exclusively non-

White (100%) with a slightly higher proportion of males (56%) and the highest prevalence 

of parental asthma (61%). This group also had the highest prevalence of tobacco smoke 

exposure (64%) and some atopic features including eczema (58%), but only modest 

elevations in blood eosinophils (33% with blood eosinophils ≥4%) and serum IgE levels. 

Furthermore, only 34% and 31% of children in this latent class had sensitization to 

aeroallergens and foods, respectively. Sensitization patterns were mostly confined to indoor 

allergens (28%), with less sensitization to outdoor allergens (17%) and mold (6%). Indoor 

pet exposure was also lowest in this group.

Latent class 4 (class membership probability = 0.20).

This latent class was termed “multiple sensitization with eczema” and was identified in 

approximately 20% of children. This class had fairly proportionate racial and ethnic 

representation (35% non-Hispanic White, 24% non-Hispanic Black, 28% Hispanic) but was 

older (90% ≥24 months) with a higher proportion of males (68%). The distribution of 

parental asthma was relatively proportionate (56%). Children in this latent class had the 

highest reported eczema (74%), the highest blood eosinophils (88% with blood eosinophils 

≥4%), and the highest IgE levels. Ninety-eight percent of children also had aeroallergen 

sensitization and 73% were sensitized to 3 or more allergens. Sensitization patterns also 

differed from the other classes, with 90%, 61% and 30% of children in this group sensitized 

to indoor allergens, outdoor allergens, and mold, respectively. 87% of children in this latent 

class also had food sensitization and 65% were sensitized to all three foods evaluated.

Exacerbation outcomes.

To determine whether the identified latent classes were clinically meaningful with regard to 

future exacerbations, the rate of exacerbations (primary outcome) and time to first 

exacerbation (secondary outcome) were examined in placebo-treated participants in the 

PEAK, AIMS and APRIL studies (N = 489) to eliminate the potential confounding effects of 
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asthma controller medications such as ICS and LTRA. Model performance with regard to 

class (i.e., group) membership probability was also high in this subset (Figure E2). Features 

of the participants included in outcome assessment are shown in Table E5 and Figure E3 and 

were similar to those of the larger sample used for latent class identification.

The annualized rate of exacerbations (mean ± SEM/year, 95% confidence interval) for each 

of the latent classes was as follows: class 1 (minimal sensitization), 0.65 ± 0.06 (0.53, 0.79); 

class 2 (sensitization with indoor pets), 0.93 ± 0.10 (0.76, 1.15); class 3 (sensitization with 

indoor tobacco smoke exposure), 0.60 ± 0.07 (0.47, 0.74); class 4 (multiple sensitization and 

eczema), 0.81 ± 0.10 (0.63, 1.04) (Figure 2A). Over two years, the probability of 

exacerbation was greatest in children with sensitization and indoor pet exposure (latent class 

2) and children with multiple sensitization and eczema (latent class 4) (Figure 2B).

ICS treatment effects.

To determine the potential impact of daily ICS treatment on exacerbation rates, an 

exploratory analysis was performed on participants in the PEAK study (both placebo and 

ICS treatment arms) (N = 285). Results are presented in Figure 3. Daily ICS treatment was 

associated with a significantly lower exacerbation rate in children with sensitization and 

indoor pet exposure (latent class 2) and children with multiple sensitization and eczema 

(latent class 4), but not in children with minimal sensitization (latent class 1) or children 

with sensitization and indoor tobacco smoke exposure (latent class 3). Exacerbation rates did 

not differ between latent classes after daily ICS treatment (Figure 3A). Likewise, daily ICS 

treatment also lowered the exacerbation probability in children with sensitization and indoor 

pet exposure (latent class 2; Log-rank X2 = 9.226; p = 0.002) and children with multiple 

sensitization and eczema (latent class 4; Log-rank X2 = 4.710; p = 0.030) (Figure 3B).

Discussion

LCA is a subset of structural equation modeling with foundations in the social sciences that 

is useful for identifying unobservable “class” membership among participants with 

multivariate categorical data. Unlike clustering methods which have no objective criteria for 

judging the suitability of solutions,35 LCA is model-based and allows comparisons to be 

statistically tested.36 Our results obtained by LCA support prior reports that have highlighted 

the importance of allergic sensitization in preschool children with recurrent wheezing.
3, 5–14, 21, 37 While those studies identified eczema,7, 10 atopic dermatitis,14 aeroallergen 

sensitization5, 7-9, 11, 13 and/or food sensitization5, 7, 9, 11 as key risk factors, the objective of 

those reports differed and focused primarily on the identification of wheezing trajectories 

from infancy to later childhood. Here, we focused on a disease population similar to that 

which is encountered in asthma specialist settings. Our results extend the literature with a 

unique focus on exacerbations and ICS treatment responsiveness, which have not been 

previously studied in preschool children in a highly supervised, medication-adherent 

research setting.

Using LCA, we identified four latent classes of recurrent wheezing in preschool children 

associated with varying degrees of allergic sensitization and exposures. These classes were 

not distinguished by current symptoms or historical exacerbation occurrence or severity (as 
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reflected by healthcare utilization) at the time of study enrollment, but instead differed in 

longitudinal exacerbation outcomes and ICS treatment responsiveness. However, we 

recognize that our approach, applied to a heterogeneous longitudinal dataset, is exploratory 

and hypothesis generating. Nonetheless, the latent classes that we identified are plausible 

and clinically relevant. Our latent classes 2 and 4 had the greatest magnitude of sensitization 

and Type-2 inflammation as assessed by systemic biomarkers, and also the greatest 

exacerbation rate. Similarly, other studies have noted that the timing of sensitization (i.e., 

<12 months versus ≥12 months), the pattern of sensitization (i.e., multiple versus single 

allergen sensitization), and the specific allergens to which are child is sensitized (i.e., cats/

dogs versus foods) are more important than sensitization alone in the determination of future 

asthma risk.38, 39

Despite greater exacerbation rates in latent classes 2 and 4 in the present study, in a setting 

of high adherence, daily low-dose ICS treatment significantly lowered exacerbation rates in 

these groups. This finding could be attributed to higher baseline exacerbation rates in these 

groups, with more room for improvement with ICS initiation. However, the findings are also 

consistent with prior studies of ICS in older children with elevated Type-2 inflammatory 

biomarkers,44–46 since blood eosinophils were similarly elevated in these children. The 

results are also consistent with a prior sub-analysis of the PEAK study47 that noted 

differences in EFDs, oral corticosteroid use, emergency department/urgent care visits and 

supplementary controller medication use in children with and without sensitization to at 

least one aeroallergen treated with ICS versus placebo. The present study extends that prior 

analysis by considering multiple variables simultaneously (as opposed to single variables) in 

latent class determination.

It is also important to note that exacerbations treated with systemic corticosteroids still 

occurred in each of the identified latent classes after ICS initiation. This observation 

suggests that some exacerbations may result from other triggers independent of Type-2 

inflammation that are not suppressed by low-dose ICS, such as respiratory infections and 

neutrophilic-predominant patterns of inflammation. However, the fact that exacerbation rates 

were lower in the latent class of children with tobacco smoke exposure was unexpected and 

warrants further study since tobacco smoke exposure has been identified as a significant risk 

factor for recurrent wheezing in young children less than 3 years with lower respiratory viral 

infections.48 Although the children in this latent were quite symptomatic as reflected by 

EFDs and albuterol use at enrollment, it is possible that the underlying mechanisms 

associated with wheezing in response to nicotine or other components of tobacco smoke are 

different and convey a different risk with regard to future exacerbation. Prior studies suggest 

that prenatal49 and early-life50 tobacco smoke exposure may impact early lung development 

and promote wheezing through airway fibroblast-mediated neurogenic inflammation and 

structural changes in airway caliber.51 These observations might explain why ICS treatment 

in the present analysis did not impact exacerbations in this latent class, and why tobacco 

smoke exposure in asthma patients has been previously associated with a poorer response to 

ICS independent of sensitization.52 Alternatively, the lack of response to ICS in this latent 

class (and the latent class of children with minimal sensitization) in the present study may 

also be due to lower baseline exacerbation rates and limited room for improvement.
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Strengths of the present analyses include the large and heterogeneous sample size and 

comprehensive characterization of enrolled participants. However, generalization to the 

larger population of preschool children with wheeze is a potential concern. Duijts et al.12 

previously observed that wheezing after 18 months was more strongly associated with 

wheezing persistence in later childhood. Therefore, given the age range of our participants 

(~3 years on average) and the relatively small proportion of children less than 24 months 

included in our analysis (15.9%), younger children with transient wheeze patterns may not 

have been adequately represented. Furthermore, given the inclusion criteria of the clinical 

trials selected for our analysis, all participants were required to have more than one prior 

wheezing episode and therefore were at higher risk for future asthma development. This 

criterion minimized inclusion of children with isolated bronchiolitis but likely did capture 

some children with episodic wheezing associated with respiratory viral infection since more 

than 50% of the included participants had no evidence of aeroallergen or food sensitization.

Another important strength of the present analyses was the prospective and standardized 

assessment of exacerbation in the context of highly supervised daily ICS (or placebo) use. 

Many prior observational studies in this age group utilized inconsistent definitions of 

exacerbation and did not account for the impact of asthma medications such as ICS on self-

reported symptoms.24 Our results (in a highly adherent population) highlight the potentially 

confounding effects of ICS on phenotype-outcome associations and argue for more rigorous 

assessment of ICS adherence in future studies, given that real-world adherence to these 

medications is typically poor, with <40% of patients taking these medications daily as 

prescribed.53

The multi-center design of the studies included in our latent class analysis was another 

strength. Compared to other single-center studies, our analysis had good geographic 

representation across the United States with a relatively high-prevalence of underrepresented 

minorities. However, because the included studies were primarily performed at large 

academic medical centers, our results may not generalize to less populated areas with 

differing access to healthcare. This is an important limitation since urban-rural differences in 

preschool wheeze phenotypes have been previously reported.37 We were also unable to 

directly compare household measures of socioeconomic status in the present study, so it is 

unclear if the racial disparities noted in our latent classes were attributable to modifiable 

factors such as economic hardships and other environmental variables such as indoor 

allergen exposure that impact asthma disease manifestation and asthma-related healthcare 

utilization.54-57 However, the fact that more nonHispanic Black children were represented in 

latent class 3 (sensitization with tobacco smoke exposure), does support a prior study 

demonstrating nearly two-fold higher odds of secondhand smoke exposure in Black and 

Puerto Rican/Hispanic children compared to non-Hispanic White children.58 In that same 

study, secondhand smoke exposure prevalence was also three times higher in publicly-

insured children versus privately-insured children.58

In conclusion, we identified four latent classes of recurrent wheezing in preschool children 

with differing exacerbation rates and responses to daily ICS treatment. However, each of the 

latent classes experienced some exacerbation burden and these groups were relatively 

indistinguishable with regard to current symptoms and historical exacerbations at study 
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entry. Therefore, although sensitization was identified as an important risk factor for 

exacerbation outcomes, more studies are needed to determine how this risk factor leads to 

overt disease, how sensitization impacts anti-viral and other innate immune defenses, and 

how sensitization might be prevented. Studies are also needed to determine whether these 

latent classes correspond to clinically useful phenotypes for the purpose of individualized 

pharmacotherapy.
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Highlights Box

What is already known about this topic? (word count = 34)

Preschool children with recurrent wheezing are a heterogenous group. Consequently, the 

specific factors that contribute to recurrent wheezing exacerbations are unclear; there is 

also limited evidence to direct pharmacotherapy and a sizeable knowledge gap.

What does this article add to our knowledge? (word count = 35)

Latent class analysis identified four groups with differing sensitization patterns, 

exposures and annualized exacerbation rates. In a research setting of high adherence, 

daily inhaled corticosteroid (ICS) treatment improved exacerbation rates only in children 

with predominant Type-2 inflammatory features.

How does this study impact current management guidelines? (word count = 22)

Sensitization is a useful predictor of future exacerbation in preschool children, but 

exacerbations are common in all groups and may result from other triggers independent 

of Type-2 inflammation that are not suppressed by low-dose ICS.
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Figure 1. 
(A) Distribution of studies, (B) episode-free days and (C) albuterol inhalations during the 

study run-in periods (mean ± SEM), and (D) prior year healthcare utilization for wheezing 

or asthma symptoms in all participants (N=1708) and each latent class (1 = minimal 

sensitization [N=494], 2 = sensitization with indoor pets [N=409], 3 = sensitization with 

tobacco smoke exposure [N=452], 4 = multiple sensitization with eczema [N=353]).
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Figure 2. 
(A) Annualized rate (mean ± SEM) and (B) probability of exacerbation in placebo-treated 

children with minimal sensitization (latent class 1, N=151), sensitization with indoor pets 

(latent class 2, N=104), sensitization with tobacco smoke exposure (latent class 3, N=132), 

and multiple sensitization with eczema (latent class 4, N=102) in the PEAK, AIMS, and 

APRIL studies. Numbers correspond to latent class groups.
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Figure 3. 
(A) Annualized rate (mean ± SEM) and (B) probability of exacerbation in the PEAK study 

placebo (solid bar) and daily inhaled corticosteroid (ICS, hatched bar) treatment arms. 

Numbers correspond to latent class groups (1 = minimal sensitization, 2 = sensitization with 

indoor pets, 3 = sensitization with tobacco smoke exposure, 4 = multiple sensitization with 

eczema).
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Figure E1. 
Class (i.e., phenotype) membership probability for all participants for the 4-class model. 

Results demonstrate that for each of the 4 latent classes, the probability of assignment to that 

latent class was >0.80 on average for each participant.
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Figure E2. 
Class (i.e., phenotype) membership probability for participants included in outcome 

analysis, utilizing the 4-class model. Results demonstrate that for each of the 4 latent classes, 

the probability of assignment to that latent class was >0.80 on average for each participant.
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Figure E3. 
(A) Distribution of studies, (B) episode-free days and (C) albuterol inhalations during the 

study run-in periods (mean ± SEM), and (D) healthcare utilization during the previous year 

in participants selected for outcome assessment (All, N = 489) and in the identified latent 

classes (1 = minimal sensitization, 2 = sensitization with indoor pets, 3 = sensitization with 

tobacco smoke exposure, 4 = multiple sensitization with eczema).
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Table E2.

Measures of latent class analysis model fit.

Latent classes AIC BIC Adjusted BIC Entropy Log-likelihood

3 5948.00 6252.81 6074.90 0.65 −14804.28

4 5759.17 6167.40 5929.14 0.67 −14690.87

5 5726.21 6237.86 5939.24 0.68 −14655.39

AIC = Akaike information criterion

BIC = Bayesian information criterion (BIC)
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Table E3.

Distribution of participants in the three-class versus four-class model. Numbers reflect the number of 

participants within each assigned class (i.e., phenotype group).

Four Class Model

Class 1 Class 2 Class 3 Class 4 Total

Three Class Model Class 1 490 24 97 0 608

Class 2 4 371 355 43 773

Class 3 0 14 0 310 324

Total 493 403 454 358 1708
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