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Summary

Background Bronchiolitis is the leading cause of infants hospitalization in the U.S. and Europe. Additionally, bron-
chiolitis is a major risk factor for the development of childhood asthma. Growing evidence suggests heterogeneity
within bronchiolitis. We sought to identify distinct, reproducible bronchiolitis subgroups (profiles) and to develop a
decision rule accurately predicting the profile at the highest risk for developing asthma.
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Methods In three multicenter prospective cohorts of infants (age < 12 months) hospitalized for bronchiolitis in the
U.S. and Finland (combined n = 3081) in 2007—2014, we identified clinically distinct bronchiolitis profiles by using
latent class analysis. We examined the association of the profiles with the risk for developing asthma by age 6
—7 years. By performing recursive partitioning analyses, we developed a decision rule predicting the profile at high-
est risk for asthma, and measured its predictive performance in two separate cohorts.

Findings We identified four bronchiolitis profiles (profiles A—D). Profile A (n = 388; 13%) was characterized by a his-
tory of breathing problems/eczema and non—respiratory syncytial virus (non-RSV) infection. In contrast, profile B
(n = 1064; 34%) resembled classic RSV-induced bronchiolitis. Profile C (n = 993; 32%) was comprised of the most
severely ill group. Profile D (n = 636; 21%) was the least-ill group. Profile A infants had a significantly higher risk for
asthma, compared to profile B infants (38% vs. 23%, adjusted odds ratio [adjOR] 2-57, 95%confidence interval [CI]
1-63—4-00). The derived 4-predictor (RSV infection, history of breathing problems, history of eczema, and parental
history of asthma) decision rule strongly predicted profile A—e.g., area under the curve [AUC] of 0-98 (95%CI 0-97
—0-99), sensitivity of 1-00 (95%CI 0-96—1-00), and specificity of 0-9o (95%CI 0-89—0-93) in a validation cohort.

Interpretation In three prospective cohorts of infants with bronchiolitis, we identified clinically distinct profiles and
their longitudinal relationship with asthma risk. We also derived and validated an accurate prediction rule to deter-
mine the profile at highest risk. The current results should advance research into the development of profile-specific
preventive strategies for asthma.

Copyright © 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Bronchiolitis is the leading cause of infant hospitaliza-
tions in the U.S., contributing to approximately 110,000
hospitalizations annually.” In addition to the large acute
morbidity, 30% of infants hospitalized with
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bronchiolitis (“severe bronchiolitis”) will subsequently
develop childhood asthma.””* However, there is no
effective approach to identify the subgroup of infants at
highest risk for asthma—during an important period of
airway development.

While bronchiolitis has been conventionally viewed
as a single disease condition with a similar
mechanism,”® growing evidence supports the heteroge-
neity of bronchiolitis. Indeed, recent studies have
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Research in context

Evidence before this study

Bronchiolitis is the leading cause of infant hospitaliza-
tions in the U.S and Europe. Viral bronchiolitis during
infancy is a major risk factor for the development of
childhood asthma. As the prevention of asthma likely
depends on early (e.g., infancy) identification of high-
risk children, our still limited ability has hindered efforts
to prevent childhood asthma in this high-risk popula-
tion. We searched PubMed for studies published from
inception to August 2021, with the search terms
“asthma”, or “bronchiolitis”, or “latent class analysis”, or
“prediction”, or “phenotype”, or “endotype”, or “respira-
tory syncytial virus”, or “rhinovirus” with no language
restrictions. No study has developed a decision rule that
accurately predicts clinical profiles of bronchiolitis at a
higher risk for asthma by using routinely-available clini-
cal characteristics.

Added value of this study

By applying a clustering approach to data from three
multicenter prospective cohorts of 3081 infants with
severe bronchiolitis, we identified four clinically-distinct,
reproducible profiles. These profiles were associated
with differential risks for developing asthma. We also
developed a simple decision rule predicting the profile
that has the highest risk for developing asthma. This
decision tree showed high accuracy (area under the
curve = 0-96) and was validated., Implications of all the
available evidence.

Implications of all the available evidence

Base for the early identification of high-risk patients
during early infancy. Our data should advance
research into the development of profile-specific pre-
ventive strategies for asthma in this large population
of children.

reported clinical phenotypes (or “profiles”)” ° with dif-
ferential risks of subsequently developing recurrent
wheeze '° and asthma." Additionally, our team has
identified several molecular phenotypes (or endotypes)
within respiratory syncytial virus (RSV)"* and rhinovirus
bronchiolitis.” Studies have also reported between-virus
differences in the host response and molecular charac-
teristics (e.g., transcriptomic profiles."*") among infants
with bronchiolitis. While these data suggest the pres-
ence of distinct bronchiolitis subtypes (particularly, the
subtype at higher risk for asthma development), their
discoveries cannot be directly applied to the clinical set-
ting. No study has developed a decision rule based on
routinely-available clinical characteristics that accurately
predicts the high risk subgroup. As the prevention of
asthma likely depends on early (eg., infancy)

identification of high-risk children, our still limited abil-
ity has hindered efforts to prevent childhood asthma.

To address this knowledge gap, we analyzed data
from three multicenter prospective cohort studies of
infants with severe bronchiolitis to address the follow-
ing aims: (1) to identify distinct, reproducible profiles of
severe bronchiolitis, (2) to investigate their relationship
with the subsequent risk for developing asthma, and (3)
to develop and validate a decision rule that accurately
predicts the profile at the highest risk for asthma.

Methods

Study design, setting, and participants

The current study combines data from three multi-cen-
ter, multi-year prospective cohorts of infants with severe
bronchiolitis. These studies were performed as part of
the Multicenter Airway Research Collaboration (MARC)
by using a similar protocol'®®"” with two performed in
the U.S. (MARC-30 USA, MARC-35) and the other in
Finland (MARC-30 Finland). Details of the design, set-
ting, participants, and data collection of these studies
have been reported previously’®'®"7 and are summa-
rized in Table Er1.

In brief, the first study—called the 30th Multicenter
Airway Research Collaboration (MARC-30 USA)—was
performed at 16 sites across 12 U.S. states during three
consecutive bronchiolitis seasons in 2007—2010 (Table
E1)."° MARC-30 USA initially enrolled children (aged
<2 years) first hospitalized with an attending physician
diagnosis of bronchiolitis. The diagnosis of bronchiolitis
was made according to the American Academy of Pedi-
atrics bronchiolitis guidelines, defined as an acute respi-
ratory illness with a combination of rhinitis, cough,
tachypnea, wheezing, crackles, or chest retractions.®
The second study—MARC-35—was performed at 1y
sites across 14 U.S. states in 2011—2014." Using a simi-
lar standardized protocol as the MARC-30 study,
MARC-35 enrolled infants (aged <1 year) first hospital-
ized with bronchiolitis. Lastly, the third study—MARC-
30 Finland—was performed at three sites across Fin-
land in 2008—2010.""'*"7 With the use of the standard-
ized protocol, MARC-30 Finland enrolled children
(aged <2 years) first hospitalized with bronchiolitis.

In these studies, all patients were treated at the
discretion of the treating physicians. The institu-
tional review board at each participating hospital
approved the study with a written informed consent
obtained from the parent or guardian. To harmonize
the three cohorts, which had different ages of enroll-
ment (aged <1 vs <2 years), the current study
focused on the 3,081 infants (aged <1 year) with
severe bronchiolitis (Fig. E1).
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Data collection and quality assurance

Investigators conducted a structured interview that
assessed patients’ demographic characteristics, medical
and family history, and details of the bronchiolitis
course during the hospitalization using a standardized
protocol.”  Additionally, nasopharyngeal specimens
were collected within 24 h of hospitalization, and tested
for respiratory viruses (e.g., RSV, rhinovirus) using real-
time polymerase chain reaction (PCR) at Baylor College
of Medicine (Houston, TX, USA)."” To ascertain longitu-
dinal outcomes after the index hospitalization for bron-
chiolitis, in MARC-35 and MARC-30 Finland,
interviewers began interviewing parents/guardians by
telephone in addition to medical record review by
trained physicians (Table E1). In MARC-30 Finland, the
participants were also linked to a national social insur-
ance database (Social Insurance Institution of Finland
database).”® All data were reviewed at the EMNet Coor-
dinating Center at Massachusetts General Hospital
(Boston, MA, USA), and site investigators were queried
about missing data and discrepancies identified by man-
ual data checks.

Clinical outcome

The clinical outcome of interest was the development of
asthma by age 6—7 years. In MARC-35, asthma was
defined using a commonly-used epidemiologic defini-
tion'): physician-diagnosis of asthma, with either asthma
medication use (e.g., albuterol inhaler, inhaled corticoste-
roids) or asthma-related symptoms (e.g., wheezing, noctur-
nal cough) in the preceding year. In MARC-30 Finland,
asthma was ascertained by linking to the national social
database and defined as a repeated purchase of asthma
control medication in the preceding year.™

Statistical analysis
The aims of the current study are to (1) identify bronchi-
olitis profiles among infants with severe bronchiolitis (i.
e., clustering), (2) relate them to the risk of asthma
development, and (3) develop and validate a decision
rule that predicts the profile at the highest risk for
asthma (i.e., prediction). The analytic workflow is sum-
marized in Figure 1.

First, to identify bronchiolitis profiles, we performed
a latent class analysis using the data of medical history,
clinical course, and viral etiology in the three cohorts
combined by using R poLCA package.” Latent class
analysis is a clustering method that identifies more
homogeneous subgroups (profiles) of patients from a
large set of clinical characteristics."*""'® We selected
nine candidate variables (history of breathing problems,
history of eczema, wheeze, cough, and inadequate oral
intake, and retractions at presentation, hospital length-
of-stay, RSV, and rhinovirus) based on previous

www.thelancet.com Vol 43 Month January, 2022
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studies and availability of data across three
cohorts. Breathing problems were defined as a child
having cough that wakes him/her at night and/or
causes emesis, or when the child has wheezing or short-
ness of breath without a cough.””*" In the LCA, we
examined models with 2—6 classes and determined an
optimal model by using the lowest Bayesian informa-
tion criterion and the mean class membership probabil-
ity. The final model assigned each infant to the class
(profile) for which he/she had the highest membership
probability.

Second, to examine the longitudinal association of
the identified profiles with the asthma risk (in MARC-35
and MARC-30 Finland), we constructed multivariable
logistic regression models adjusting for potential con-
founders (age at enrollment, sex, and race/ethnicity) in
each cohort separately. Results from the two cohorts
were then meta-analyzed using fixed-effect models
under the assumption that the true effect size would be
similar in both studies. In the sensitivity analysis, we
repeated the analysis in each of these cohorts separately.
we also constructed models adjusting for eight addi-
tional covariates (delivery mode, gestational age, breast-
feeding, daycare attendance, number of household
siblings, maternal smoking during pregnancy, exposure
to environmental tobacco smoke, and household
income) and accounting for patient clustering at the
hospital level with the use of a generalized estimating
equation. Additionally, we also performed a meta-analy-
sis in MARC-35 and MARC-30 Finland combined using
random-effect models. Both multivariable logistic
regression models were performed with complete case
analysis.

Third, to develop a decision rule that accurately pre-
dicts the profile with the highest asthma risk, we
selected predictors based on the variables used in the
LCA model, clinical plausibility, and availability in most
prehospitalization settings (e.g., parental history of
asthma). Then, in the derivation cohort (MARC-30
USA), we conducted a binary recursive partitioning
analysis using these candidate predictors with R rpart
package.”> We chose the final prediction tree before
applying the results to two separate validation cohorts
(MARC-35 and MARC-30 Finland) separately. In both
derivation and validation cohorts, we estimated the pre-
diction performance by using the area under the
receiver-operating-characteristic curve (AUC) and con-
fusion matrix results (i.e., sensitivity, specificity, positive
predictive value, and negative predictive value), with cor-
responding 95% confidence intervals. We also per-
formed another analysis to examine the incremental
benefit of predictive ability by including rhinovirus
detection by PCR. To compare the AUC between the
prediction rules, we used Delong’s test. We analyzed
the data using R version 4.0.3 (R Foundation for Statisti-
cal Computing, Vienna, Austria).
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Study design and setting
Design: An analysis of three multicenter prospective cohorts
- MARC-30 USA (16 centers in the U.S.)
- MARC-35 (17 centers in the U.S.)
- MARC-30 Finland (3 centers in Finland)
Sample: A total of 3,081 infants (age <1 yr) with severe bronchiolitis

i

1. Latent class analysis

Variable Model Clustering
selection ~| optimization a (profiling)

y

2. Clinical outcome association

Multivariable regression models to examine the association of
bronchiolitis profiles with asthma risk by age 6-7 years in MARC-35
and MARC-30 Finland

)y

3. Derivation and validaton of model
to predict the profile at the highest risk for asthma

Validation cohort 1
MARC-35

Derivation cohort
Recursive partitioning
analysis in MARC-30 USA

Validation cohort 2
MARC-30 Finland

Figure 1. Analytic workflow.

The analytic cohort consists of a total of 3,081 infants (age < 1 year) hospitalized with bronchiolitis (severe bronchiolitis) from
three multicenter prospective cohort studies: MARC-30 USA, MARC-35, and MARC-30 Finland. Details of the study design, setting,
participants, and methods of data collection are summarized in Table E1.; 1 To identify bronchiolitis profiles, we performed a latent
class analysis (LCA) using the data of medical history, clinical course, and viral etiology in the three cohorts combined. We selected
nine variables based on previous studies and data availability across three cohorts. Then, we optimized the LCA model with the use
of the Bayesian information criterion and the mean class membership probability, and identified four mutually-exclusive bronchioli-
tis profiles.. 1 To examine the longitudinal relationship of the identified bronchiolitis profiles with the risk for developing asthma by
age 6-7 years in MARC-35 and MARC-30 Finland, we constructed multivariable logistic regression models adjusting for potential con-
founders. As infants with a profile B clinically resembled “classic” bronchiolitis and had the largest profile size, this profile served as
the reference group. 3 We developed a rule (or a decision tree) to accurately predict the profile at the highest risk for asthma (i.e.,
profile A) through a binary recursive partitioning analysis in the derivation cohort (MARC-30 USA). Then, we examined the predictive
performance in two validation cohorts (MARC-35 and MARC-30 Finland) separately.

Abbreviation: MARC, Multicenter Airway Research Collaboration.

Role of the funding source collection, management, or analysis the data; prepara-
The content of this manuscript is solely the responsibil-  tion or approval of the manuscript; or decision to sub-
ity of the authors and does not necessarily represent the ~ mit the manuscript for publication. MF, OD, KH, TJ,
official views of the National Institutes of Health. The  and CAC had access to the raw data. MF had final
funding organizations were not involved in the  responsibility for the decision to submit for publication.
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Variables used in latent class analysis All Profiles P-value
A B C D

n=3081 n =388 (13%) n = 1064 (34%) n =993 (32%) n =636 (21%)
History of breathing problems 20% 54% 16% 19% 7% <0.001
History of eczema 14% 27% 19% 7% 9% <0.001
Wheeze at ED presentation 63% 76% 100% 57% 0% <0.001
Cough at ED presentation 87% 85% 93% 88% 77% <0.001
Inadequate oral intake at ED presentation 51% 38% 28% 90% 37% <0.001
Retractions at ED presentation <0.001
None 22% 18% 18% 5% 55%
Mild 45% 44% 57% 32% 45%
Severe 33% 38% 25% 62% 0%
Hospital length-of-stay <0.001
<3 days 57% 74% 74% 23% 73%
3-6 days 33% 20% 26% 53% 22%
>7 days 10% 6% 0% 24% 6%
RSV 75% <1% 86% 92% 75% <0.001
Rhinovirus 23% 74% 15% 19% 13% <0.001

Table 1: Description of infants with severe bronchiolitis according to profiles (A-D) identified through latent class analysis in three cohort studies.
Abbreviations: ED, emergency department; RSV, respiratory syncytial virus.
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Results

Of 3538 children (aged <2 years) enrolled into one of the
cohorts, 3081 infants (aged <1 year)—1896 in MARC-30
USA, 921 in MARC-35, and 264 in MARC-30 Finland—
were eligible for the current analysis (Fig. E1). Overall,
the median age was 3-3 months (IQR 1-6-6-2 months)
and 41% were female. Additionally, 74% had bronchioli-
tis with RSV and 23% with rhinovirus; 12% of children
had RSV/rhinovirus coinfection.

Latent class analysis to profile severe bronchiolitis
To identify clinically distinct profiles of infant bronchi-
olitis, we performed a latent class analysis using the
clinical and virology data in the three cohorts combined.
The Bayesian information criterion found 4- and 5-class
models had an optimal fit (Fig. E2). Of these, the mean
class membership probability was highest in the 4-class
model (75% for all classes), indicating that participants
were assigned to profiles with a fairly high probability
with ’éhe four bronchiolitis profiles called A, B, C, and
D'IO,I »23

The description of four distinct bronchiolitis profiles
is summarized in Table 1. For example, profile A infants
(13%) were primarily characterized by a high proportion
of previous breathing problems and eczema, low preva-
lence of RSV, and high prevalence of rhinovirus infec-
tion. In contrast, profile B infants (34%) had a low
proportion of previous breathing problems, high pro-
portion of wheeze at presentation, high prevalence of
RSV, and low prevalence of rhinovirus infection. In
many respects, profile B resembled “classic”
bronchiolitis.'**® Profile C (32%) was the most severely-
ill group with a high proportion of inadequate oral
intake and severe retraction at presentation and pro-
longed hospital length-of-stay. By contrast, profile D
(21%) was the least-ill group. The distribution of other
clinical characteristics between the four profiles is sum-
marized in Table 2. Infants with profile A were older
and had a high proportion of parental history of asthma,
while none of them had solo-RSV infection. In contrast,
infants with profile C were younger with highest acute
severity (e.g., mechanical ventilation use). These bron-
chiolitis profiles identified in the three-cohort pooled
analysis were consistent with the previously-reported
cohort-specific profiles.”™® For example, profile A had a
moderate-to-high concordance with the profile with
similar clinical characteristics (66% in MARC-30 USA,
91% in MARC-35, 87% in MARC-30 Finland; Table E2).

Severe bronchiolitis profiles and subsequent
development of asthma

The overall risk of asthma development by age 6
—7 years was 23% (Table E3). The bronchiolitis profiles
had differential risks for developing asthma by age 6
—7 years. For example, in the multivariable model, pro-
file A infants had a significantly higher risk compared

to profile B infants who most resembled classic RSV
bronchiolitis (38% vs. 23%, adjOR 2-57, 95%CI 1-63
—4-00; Pheterogencity= 0-82; Figure 2) in MARC-35 and
MARC-30 Finland combined. In contrast, those with
profile C or D did not have significantly differential
risks. In the sensitivity analysis examining each cohort
separately, the results were consistent. For example,
profile A infants had a significantly higher risk of
asthma in MARC-35 (adjOR 2:65, 95%CI 1-59—4-41). In
MARC-30 Finland with a limited statistical power,
despite the consistent point estimate, there was no sig-
nificant association with the risk (adjOR 2:32, 95%CI
0-85—06-35). Additionally, with the adjustment for addi-
tional confounders and the use of the random-effect
model in MARC-35 and MARC-30 Finland combined,
the results did not materially change (Tables E4—7).

Predicting the profile at the highest asthma risk

To develop a decision rule that accurately predicts the
profile at the highest risk for developing asthma (i.e.,
profile A), we performed the recursive partitioning anal-
ysis in the derivation cohort (MARC-30 USA). The final
rule (decision tree) retained four predictors—RSV infec-
tion, history of breathing problems, history of eczema,
and parental history of asthma—that together identified
infants with profile A with different probabilities
(Figure 3A). In the 4-predictor model, for example, the
absence of RSV infection and the presence of breathing
problem history identified a group with an 82% proba-
bility of profile A. In the first validation cohort (MARC-
35), the prediction rule achieved a high discriminatory
ability with an AUC of 0:98 (95%CI 0-97—0-99;
Figure 3B). Similarly, the rule demonstrated a high sen-
sitivity (1-00; 95%CI 0-96—1-00) and specificity (0-9o;
95%CI 0-89—0-93; Figure 3C) to identify the high-risk
profile. Despite the relatively low proportion of profile A
in the cohort (10%; Table 2), the positive predictive
value was 0-55 (95%CI 0-48—0-63). Likewise, in the sec-
ond validation cohort (MARC-30 Finland), the perfor-
mance of the prediction rule was similarly high
(Figure 3B,C).

To determine whether we could further improve the
prediction ability, we repeated the recursive partitioning
analysis by including another predictor—rhinovirus
(Figure 4). In the 5-predictor model, for example, the
absence of RSV infection but the presence of rhinovirus
and breathing problem history identified a group with a
100% probability of profile A. In the first validation
cohort, this prediction rule also achieved an improved
discriminatory ability with an AUC of 0-99 (95%CI
0:99—0-99; P < 0-001; Figure 4B,C) with high sensitiv-
ity (1-00; 95%CI 0-96—1-00) and specificity (0-98;
95%CI 0-97—0-99; Figure 4C). Additionally, the posi-
tive predictive value improved to 0-85 (95%CI o-77
—o0-91). Likewise, in the second validation cohort

www.thelancet.com Vol 43 Month January, 2022
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Patient characteristics* All Profiles P-value
A B C D
n =3081 n =388 (13%) n = 1064 (34%) n =993 (32%) n =636 (21%)

Age (months) <0.001
<2 31% 13% 22% 37% 49%
2-59 42% 35% 48% 43% 36%
6-11.9 26% 52% 29% 20% 15%
Girls 41% 35% 36% 43% 48% <0.001
Race/ethnicity <0.001
Non-Hispanic white 45% 43% 44% 45% 48%
Non-Hispanic black 20% 25% 25% 16% 17%
Hispanic 30% 30% 27% 33% 30%
Other 5% 3% 4% 5% 5%
Prematurity (32-37 weeks) 21% 27% 20% 22% 19% <0.001
Breastfeeding 58% 59% 59% 55% 60% 0.19
Daycare use 18% 18% 24% 16% 12% <0.001
Number of siblings at home 0.27
0 22% 22% 24% 19% 22%
1 36% 35% 35% 38% 37%
>2 42% 43% 42% 43% 41%
Maternal smoking during
pregnancy 16% 18% 16% 15% 14% 0.31
Exposure to environmental tobacco
smoke 13% 12% 13% 14% 1% 0.39
Parental history of asthma 32% 35% 34% 29% 30% 0.046
Viral etiology
RSV only 53% 0% 60% 62% 61% <0.001
Rhinovirus only 7% 47% 0% 1% 4% <0.001
RSV and rhinovirus 12% <1% 15% 18% 7% <0.001
RSV and other non-rhinovirus 9% 0% 12% 12% 7% <0.001
Rhinovirus and other non-RSV 4% 26% 0% 1% 2% <0.001
Non-RSV and non-rhinovirus 14% 26% 14% 7% 19% <0.001
Use of mechanical ventilation 7% 4% 1% 16% 3% <0.001
Admission to intensive care unit 16% 14% 4% 34% 9% <0.001
Cohort} <0.001
MARC-30 USA - 12% 34% 32% 22%
MARC-35 - 10% 35% 36% 17%
MARC-30 Finland - 23% 37% 21% 19%

Table 2: Characteristics of infants with severe bronchiolitis according to profiles (A—D) in three cohort studies.

Abbreviations: ED, emergency department; MARC, Multicenter Airway Research Collaboration; RSV, respiratory syncytial virus.

Percentages may not equal 100 because of rounding and missingness.

* The variables used in the latent class analysis are shown in Table 1.

 Row percentages are presented only for the cohort variable.
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Number of Adjusted P for
asthma outcomes, n (%) odds ratio (95% c|)* heterogeneity
Profiles
Profile A
Meta-analysis 54 (38%) 2.57 (1.63-4.06) e 0.82
MARC-35 42 (51%) 2.65 (1.59-4.41) R
MARC-30 Finland 12 (20%) 2.32 (0.85-6.35) H———
Profile B
Meta-analysisJr 93 (23%) Reference -
MARC-35 85 (28%)
MARC-30 Finland 8 (8%)
Profile C
Meta-analysis'r 86 (24%) 1.02 (0.72-1.46) o 0.54
MARC-35 83 (27%) 1.05 (0.73-1.52) -
MARC-30 Finland 3 (6%) 0.66 (0.16-2.74) 1
Profile D
Meta-analysi:ir 30 (14%) 0.65 (0.41-1.06) —eo— 0.28
MARC-35 29 (18%) 0.70 (0.43-1.14) ——
MARC-30 Finland 1 (2%) 0.21 (0.03-1 S c——
0.10 0.50 1.0 20 4070

Figure 2. Multivariable associations of severe bronchiolitis profiles with risk for developing asthma by age 6,7 years, according to
cohorts., * Multivariable-adjusted logistic regression models adjusting for age at baseline, sex, and race/ethnicity in MARC-35 and
age at baseline and sex in MARC-30 Finland. No missing data. Arrow indicates that the 95% Cl of the odds ratio exceeds the lower
limit of the x-axis. Abbreviations: Cl, confidence interval; MARC, Multicenter Airway Research Collaboration.

(MARC-30 Finland), the performance of the prediction
rule was similarly high (Figure 4B,C).

Discussion

By applying a clustering approach to clinical and virol-
ogy data from three multicenter prospective cohorts of
U.S. and Finnish infants hospitalized for bronchiolitis
(combined n = 3081), we identified four clinically-dis-
tinct, reproducible profiles. We also found that these
profiles were longitudinally associated with differential
risks for developing asthma by age 6-7 years. In particu-
lar, infants with profile A—who were characterized by a
history of previous breathing problems and eczema, as
well as and non-RSV infection—had the highest risk for
asthma development. We also derived and validated a
simple decision rule that accurately predicts this high-
risk profile with high sensitivity and specificity. To the
best of our knowledge, this is the first study that has
developed a prediction rule that identifies a specific sub-
group of bronchiolitis infants who are at high risk for
developing asthma.

Bronchiolitis has been conventionally thought of a
single disease entity with similar mechanisms. Indeed,
current national guidelines for diagnosis and manage-
ment of bronchiolitis are based on this assumption.®**
However, in agreement with the results of the current
study, a growing body of evidence supports the complex-
ity of bronchiolitis, as reflected by heterogeneous clini-
cal characteristics.””© Additionally, research has shown
between-virus (RSV and rhinovirus) differences in the
transcriptome," small non-coding RNAs,” cyto-
kines,*® metabolome,”” *° and upper airway micro-
biome*°** in infants with bronchiolitis. Furthermore,

our team recently identified molecular phenotypes
(endotypes) of severe bronchiolitis with differential risks
of subsequent wheezing illness and asthma.””" For
example, an integrated omics analysis (using the naso-
pharyngeal transcriptome, metabolome, and micro-
biome data) of 221 infants with RSV bronchiolitis
identified four biologically-distinct endotypes with dif-
ferential risks for developing asthma by age five years.””
These earlier studies collectively support the heteroge-
neity of bronchiolitis and suggest underlying mecha-
nisms of the bronchiolitis-asthma link. The current
study—with the use of data from three prospective
cohorts—corroborates earlier findings, and extends
them not only by identifying a clinically-distinct repro-
ducible profile at highest risk for asthma but also by
developing a decision rule that accurately predicts the
high-risk profile.

The mechanisms underlying the observed profiles—
particularly profile A characterized by a low prevalence
of RSV, high prevalence of rhinovirus, and highest
asthma risk—warrant further clarification. Of various
non-RSV agents, rhinovirus is the most common causa-
tive virus contributing to 20—30% of severe bronchioli-
tis.”® Epidemiological studies have also reported that
young children with rhinovirus (and its specific geno-
types, rhinovirus C) infection are at higher risk of devel-
oping asthma.*#"® Additionally, an integrated omics
analysis—with the use of virus, nasopharyngeal micro-
biota, cytokine, and metabolome data—of 122 infants
with rhinovirus bronchiolitis has demonstrated that a
specific endotype had a higher rate of recurrent wheez-
ing by age three years.” Concordant with the profile A
observed in the current study, this high-risk endotype
(called  virus®¥“microbiome™**<!4T2"i€"  endotype)
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>
S Profile A Others  Total Profile A Others Total Profile A Others Total
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o
0.25 a Total 234 1662 1896 94 827 921 60 204 264
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100 075 050 025 0.00

Specificity AUC (95% Cl) 096 (0-95-0-96) 098 (0:97-0:99) 095 (0-92-0-95)

coort Sensitivity (95% Cl)  0-99 (0-98-0-99) 1.00 (0-96-1-00) 1:00 (0-94-1-00)

Specificity (95% Cl)  0-85 (0-83-0-86) 090 (0-89-0-93) 072 (0-69-0-79)

MARG-30LISA {derlvation cohort) PPV (95% Cl) 048 (043-052) 056 (048-0+63) 052 (0-42-061)

R e NPV (95% Cl) 099 (0-99-0-99) 1-00 (0-99-1:00) 1-00 (0-98-1-00)
MARC-30 Finland (validation cohort 2)

Figure 3. Development and validation of 4-predicter model predicting profile at the highest risk for developing asthma., A. Recur-
sive partitioning analysis.

Only the derivation cohort (MARC-30 USA) is shown in the tree. The area of the circle is proportional to the log,-transformed size
of each branch. The darker orange part in the circle represents the proportion of profile A in each branch. A Receiver-operating-
characteristic curves.

To maximize the sum of sensitivity and specificity for all the possible values of the cut-off point, the Youden index method was
applied for the following analysis. B Prediction performance

Overall classification counts and characteristics are shown for both the derivation (MARC-30 USA) and validation (MARC-35 and
MARC-30 Finland, separately) cohorts.
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Figure 4. Development and validation of 5-predicter model predicting profile at the highest risk for developing asthma, A. Recursive
partitioning analysis, Only the derivation cohort (MARC-30 USA) is shown in the tree. The area of the circle is proportional to the
log,-transformed size of each branch. The darker orange part in the circle represents the proportion of profile A in each branch. B.
Receiver-operating-characteristic curves, To maximize the sum of sensitivity and specificity for all the possible values of the cut-off
point, the Youden index method was applied for the following analysis. C. Prediction performance, Overall classification counts and
characteristics are shown for both the derivation (MARC-30 USA) and validation (MARC-35 and MARC-30 Finland, separately)
cohorts.

Abbreviations: AUC, area under the receiver-operating-characteristic curve; Cl, confidence interval; MARC, Multicenter Airway
Research Collaboration; NPV; negative predictive value; PPV, positive predictive value; RSV, respiratory syncytial virus.
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was characterized by atopy, rhinovirus infection, and
increased type 2 inflammation response (including
higher levels of T2 [IL-4, IL-5, and IL-13] and epithelial-
derived [e.g., IL-33, TSLP] cytokines), as well as inflam-
matory lipids (e.g., arachidonic acid, hydroxyoctadeca-
dienoic acids, sphingolipids). While profile A had the
highest asthma risk in the current study, we also note
that other profiles (e.g., profiles B and C) also had a
>20% risk of developing asthma. These findings are
consistent with the literature showing severe RSV infec-
tion in early life leads to decreased lung function and
increased lung morbidity.>*** Notwithstanding the com-
plexity of bronchiolitis mechanisms, the identification
of reproducible profiles across the cohorts is an impor-
tant finding that facilitates research into identifying pro-
file-specific prevention strategies for asthma. There are
also potential explanations for the high prediction abil-
ity of our prediction rule in the two validation cohorts.
For example, the recursive partitioning analysis incorpo-
rates interactions between predictors and nonlinear
associations with the bronchiolitis profile of interest.
Additionally, our rule was parsimonious (i.e., the use of
only four predictors), and hence was able to mitigate
overfitting. Moreover, the use of harmonized multicen-
ter data with rigorous quality assurance may have con-
tributed to low bias and variance of the prediction rule
development. Nevertheless, we also note that the predic-
tion performance was imperfect. This might be
explained, at least in part, by the limited set of predictors
in the decision rule (the exclusion of molecular data),
the subjectivity of some data elements (e.g., oral intake),
and difference in provider’s practice patterns. Nonethe-
less, despite the ongoing challenges of accurately pre-
dicting high-risk infants, our observations support
cautious optimism that a subgroup of bronchiolitis
patients who are likely to develop asthma can be identi-
fied before asthma inception, which provides a critical
window for preventive interventions.

The current study has potential limitations. Firstly,
there were missing data in the current study, which
may have led to selection bias in the analysis. However,
infants with missing data accounted for only a small
proportion. Even if the missing mechanism was not
random, it is likely that removing the small number of
infants with missingness from the regression models
had little impact on our inferences.***” Secondly, the
data may be subject to measurement bias. However,
these MARC studies were conducted using a standard-
ized protocol.">"” Additionally, it is possible that asthma
diagnosis is misclassified and that some children are
going to develop asthma at a later age. To address this
point, study participants are currently being followed
up to age nine years in MARC-35. our inferences may
be subject to self-reporting and recall biases despite the
rigorous use of structured interview and standardized
protocols. Fourthly, there were small differences in the
inclusion and exclusion criteria between the cohorts.
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Yet, the bronchiolitis profile-asthma risk association
was similar both in MARC-35 and MARC-30 Finland.
Fifthly, some of the profiles were relatively inconsistent
with the previous studies,"""® while profile A (the pri-
mary focus) remained consistent. The potential explana-
tions are that we limited the analysis to infants (age <1
year while a previous study used children aged <2 years)
and that the study derived the profiles by using the vari-
ables that are consistently available across the cohorts.
Sixthly, the profiles were determined by using the data
of a single time-point (i.e., hospitalization for bronchioli-
tis). While longitudinal clinical and environmental (e.g.,
allergen exposures, climate) data and their potential
interaction with the bronchiolitis profiles would also be
informative, the study goal was to identify profiles of
severe bronchiolitis at early infancy. Additionally, even
with single-time point data, we successfully identified
clinically distinct profiles that are longitudinally related
to asthma risk. Seventhly, the MARC-30 USA cohort—
the largest contributor for deriving the profiles—had no
longitudinal follow-up. Eighthly, the current prediction
models were developed by using some of the same vari-
ables that derived the profiles in the same cohorts.
Therefore, the capability of these models may have been
overestimated, and its examination warrants exertional
validation. Finally, while the study samples comprised
racially/ethnically- and geographically-diverse infants
hospitalized with bronchiolitis, our data may not be gen-
eralizable to children with mild-to-moderate bronchioli-
tis.

In summary, by applying a clustering approach to
data from three multicenter prospective cohorts of 3,081
infants with severe bronchiolitis, we identified four clin-
ically-distinct, reproducible profiles. These profiles were
associated with differential risks for developing asthma.
For example, profile A—characterized by a high propor-
tion of previous breathing problems, eczema, and rhino-
virus infection—accounted for 13% of the cohorts and
had the highest probability of developing asthma with a
2.5-fold increased odds compared to the “classic” bron-
chiolitis profile. We also developed and validated a sim-
ple decision rule accurately predicting the profile
(profile A) that has the highest risk for developing
asthma. For clinicians, our observations offer an evi-
dence base for the early identification of high-risk
patients during a critical period of airway development
—early infancy. For researchers, our data should
advance research into the development of profile-spe-
cific preventive strategies for asthma (e.g., modification
of host response,” prophylaxis for severe viral infec-
tion®") in this large population of children.
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