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Comparison of childhood wheezing phenotypes in 2 birth

cohorts: ALSPAC and PIAMA
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Background: Asthma has its origins in early childhood, but
different patterns of childhood wheezing vary in their
associations with subsequent asthma, atopy, and bronchial
hyperresponsiveness (BHR). Novel wheezing phenotypes have
been identified on the basis of analyses of longitudinal data from
the Avon Longitudinal Study of Parents And Children
(ALSPAC). It is unclear whether these phenotypes can be
replicated in other birth cohorts.

Objective: To compare wheezing phenotypes identified in the
first 8 years of life in the ALSPAC study and the Prevention and
Incidence of Asthma and Mite Allergy (PIAMA) study.
Methods: We used longitudinal latent class analysis to identify
phenotypes on the basis of repeated reports of wheezing from
0 to 8 years in 5760 children from the ALSPAC study and
2810 children from the PIAMA study. Phenotypes were
compared between cohorts. Associations with asthma, atopy,
BHR, and lung function were analyzed by using weighted
regression analyses.

From *the Departments of Epidemiology and "Pulmonology, University Medical Center
Groningen, University of Groningen; ‘the Department of Pediatric Pulmonology and
Pediatric Allergology, Beatrix Children’s Hospital, University Medical Center Gronin-
gen, University of Groningen; the Departments of “Social Medicine and “Community-
Based Medicine, University of Bristol; fthe Department of Pediatrics, Erasmus MC-
Sophia Children’s Hospital, Rotterdam; the Julius Center for Health Sciences and Pri-
mary Care, University Medical Center Utrecht; "the National Institute for Public
Health and the Environment, Bilthoven; and ‘the Institute for Risk Assessment Sci-
ences, University of Utrecht.

*These authors contributed equally to this work.

The PIAMA study is supported by the Dutch Asthma Foundation (grant nos. 3.4.01.26,
3.2.06.022, 3.4.09.081, and 3.2.10.085CO), the ZonMw (a Dutch organization for
health research and development; grant no. 912-03-031), and the Ministry of the
Environment. The UK Medical Research Council, the Wellcome Trust, and the
University of Bristol provide core support for ALSPAC. R.G. was supported by
the UK Medical Research Council (grant no. 0401540).

Disclosure of potential conflict of interest: J. Henderson receives research support from
the UK Medical Research Council. G. H. Koppelman receives research support from
GlaxoSmithKline and the Netherlands Asthma Foundation. D. S. Postma has consul-
tant arrangements with Nycomed and receives research support from Top Institute
Pharma and AstraZeneca. J. A. Sterne receives research support from the Medical
Research Council-UK. R. Granell receives research support from the Medical
Research Council-UK. The rest of the authors have declared that they have no conflict
of interest.

Received for publication July 16, 2010; revised February 2, 2011; accepted for publica-
tion February 3, 2011.

Reprint requests: Marjan Kerkhof, MD, PhD, Department of Epidemiology, University
Medical Center Groningen, University of Groningen, PO Box 30.001, 9700 RB Gro-
ningen, The Netherlands. E-mail: m.kerkhof@epi.umcg.nl.

0091-6749/$36.00

© 2011 American Academy of Allergy, Asthma & Immunology

doi:10.1016/j.jaci.2011.02.002

Results: The model with the best fit to PIAMA data in the first
8 years of life was a 5-class model. Phenotypes identified in the
PIAMA study had wheezing patterns that were similar to those
previously reported in ALSPAC, adding further evidence to the
existence of an intermediate-onset phenotype with onset of
wheeze after 2 years of age. Associations with asthma, atopy,
BHR, and lung function were remarkably similar in the

2 cohorts.

Conclusion: Wheezing phenotypes identified by using
longitudinal latent class analysis were comparable in 2 large
birth cohorts. Study of genetic and environmental factors
associated with different phenotypes may help elucidate the
origins of asthma. (J Allergy Clin Immunol 2011 ;uuS:EuS-EEN,)
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It has been reported that the early-life period is important for
the development of asthma.'? However, asthma symptoms are
heterogeneous in early childhood.™* Identification of different
subtypes of asthma in early life is important to study potential
pathways of asthma development.’ ® Different asthma-related
phenotypes have been categorized in early childhood by using
longitudinal analyses of wheezing history. The Tucson Children’s
Respiratory Study (TCRS) group identified different patterns of
wheeze in early childhood on the basis of clinical observations.”
They presented 4 wheezing phenotypes (never wheeze, transient
early wheeze, late-onset wheeze, and persistent wheeze), and it
has been shown by many research groups that these phenotypes
differ in risk factors for asthma development,®*'* lung func-
tion,' %1519 atopy development,'®! 11920 humber of encountered
viral infections at a young age,”' genetic polymorphisms,'>?*24
and gene expression.”” Although these phenotypes have served
as a useful model in the past decade, they may give an incomplete
description of the heterogeneity in wheezing phenotypes during
childhood.”®

Two British cohort studies have used latent class analysis to
identify distinct phenotypes underlying the observed heteroge-
neity in asthma symptoms during childhood.?’*® A population-
based cohort from Leicester identified 3 wheezing and 2 coughing
phenotypes in 319 children of O to 5 years on the basis of charac-
teristics of wheeze and cough, skin prick test results, lung func-
tion, and bronchial hyperresponsiveness (BHR).>” A birth
cohort study of 6265 children, the Avon Longitudinal Study of
Parents And Children (ALSPAC), identified 6 wheezing pheno-
types in childhood from birth to age 7 years and demonstrated
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Abbreviations used
ALSPAC: Avon Longitudinal Study of Parents And Children
BHR: Bronchial hyperresponsiveness
BIC: Bayesian information criterion
BLRT: Bootstrap likelihood ratio test
LLCA: Longitudinal latent class analysis
OR: Odds ratio
PIAMA: Prevention and Incidence of Asthma and Mite Allergy
TCRS: Tucson Children’s Respiratory Study

that these phenotypes differed in atopy prevalence and lung
function levels at 7 to 8 years of age.”® It is unclear whether phe-
notypes identified by latent class analysis are comparable be-
tween birth cohorts observed in different areas or countries,
particularly because the number and timing of measurements,
definitions of wheeze, and population characteristics may differ
between studies.

The aim of this study was to classify phenotypes of wheezing
up to 8 years of age in the Dutch Prevention and Incidence of
Asthma and Mite Allergy (PIAMA) birth cohort study and to
compare these with wheezing phenotypes of the ALSPAC study.
We examined associations of wheezing phenotypes with asthma,
atopy, BHR, and lung function at age 8 years in PIAMA and
compared these with the associations previously reported in
ALSPAC.*®

METHODS

Study populations: ALSPAC and PIAMA

ALSPAC is a population-based birth cohort study that recruited 14,541
pregnant women resident in Avon, United Kingdom, during 1991 and
199223 Study mothers were sent a self-completion questionnaire about
the health of their children at 6, 18, 30, 42, 54, 69, 81, and 91 months after
birth. The study protocol was approved by the ALSPAC Law and Ethics Com-
mittee (Institutional Review Board 00003312) and the local research ethics
committee.

PIAMA is a multicenter birth cohort study that selected 4146 pregnant
women (1327 with and 2819 without allergy) in The Netherlands in 1996 and
1997.3" Parents were sent a self-completion questionnaire about the health of
their children at 3, 12, 24, 36, 48, 60, 72, 84, and 96 months after birth. At 4
years and 8 years, children participated in a clinical examination. The study
protocol was approved by the medical ethics committees of the participating
institutions.

Data on wheezing were collected at approximately 12-month intervals on
the basis of parental recall of wheezing during the preceding 12 months. In
ALSPAC, wheezing definitions were used as reported previously.?® A total of
11,740 children (80.7% of the original population) had at least 2 measures of
wheezing, and 5,760 (39.6% of the original population) had complete reports
of wheeze at all 8 time points. In PIAMA, wheezing was defined to be present
when 2 subsequent questions were answered positively: “Has your child ever
had wheezing or whistling in the chest at any time in the past?” and “Has your
child had wheezing or whistling in the chest in the past 12 months?” A total of
3789 children (91.4% of the original population) had returned at least 2 ques-
tionnaires in PIAMA, and 2810 (67.8% of original population) had complete
reports of wheeze at all 8 time points.

For comparison of PIAMA with ALSPAC, we used wheezing reports at 8
time points in PTAMA (12, 24, 36, 48, 60, 72, 84, and 96 months). These are
offset from the ALSPAC time points by a maximum of 6 months (6, 18, 30, 42,
54,69, 81, and 91 months). Outcome measures of asthma in the PIAMA study
are described in the Methods section in this article’s Online Repository.
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Statistical analysis

Longitudinal latent class analysis (LLCA) attempts to explain the associ-
ations between wheeze at different time points by identifying population
phenotypes (latent classes) within which the occurrence of wheeze at each
time point is statistically independent of wheeze at other times. A latent class
model estimates 2 sets of parameters: (1) conditional probabilities of wheeze
at each time point given membership of a phenotype, and (2) the posterior
probabilities of phenotype membership for each child given the child’s wheez-
ing history. A full description of LLCA modeling is given in the Online Repos-
itory. We plotted the conditional probability of wheeze over time for each
phenotype.

We compared phenotypes in PIAMA with those in ALSPAC in a 2-step
approach: (1) derivation of the best fitting model (optimal model) by
unrestricted LLCA of PIAMA data and (2) derivation of a constrained model
by fixing a subset of the parameters to correspond to the phenotypes found in
ALSPAC (see the Online Repository for additional details). To assess model
fit, we used (1) the Bayesian information criterion (BIC), a function of the
likelihood that rewards parsimony; (2) entropy, an assessment of model
classification based on the posterior class membership probabilities; and (3)
the bootstrap likelihood ratio test (BLRT),*? a test of an improvement in fit be-
tween the n and n-I class models (see the Online Repository for details).
Models derived by using PIAMA data were compared with those in ALSPAC
in terms of goodness-of-fit statistics, wheezing patterns assigned to each phe-
notype, trajectories of the conditional probability of wheezing for each pheno-
type, and the prevalence of corresponding wheezing phenotypes.

It is important that statistical analyses account for correlations between
repeated measurements made over time. Our approach accounted for repeated
reports of wheezing up to age 96 months by using longitudinal latent class
analyses, which model correlations between wheezing at different times and
account for these in defining the latent classes (phenotypes).

Associations of wheezing phenotypes with subsequent asthma, atopy, and
BHR were examined by using regression models that were weighted
according to each individual’s posterior probability of belonging to each phe-
notype. For example, a child might have a posterior probability 0.9 of persis-
tent wheeze and a posterior probability 0.1 of transient early wheeze. In
regression analyses, this child would contribute 2 lines of data, the first for per-
sistent wheeze with weight 0.9 and the second for transient early wheeze with
weight 0.1. For binary (dichotomous) outcomes, odds ratios (ORs) with 95%
CIs were estimated by using weighted logistic regression models, whereas for
continuous outcomes, mean differences with 95% Cls were estimated by using
weighted linear regression models. Bronchial responsiveness was transformed
to a dose-response slope by regressing FEV, change from baseline against
dose of methacholine. The resulting slopes were log-transformed for regres-
sion analyses. Means of log slopes and mean differences between phenotypes
were exponentiated and presented as geometric means and ratios of geometric
means, respectively. In all regression models, never/infrequent wheeze was the
reference group. Latent class analyses were performed with Mplus 4.1 soft-
ware (2006; Muthen & Muthen, Los Angeles, Calif), and weighted linear
and logistic regression models were fitted by using Stata/MP 10.0 (2007;
StataCorp, College Station, Tex; see the Online Repository for further detailed
descriptions).

Primary analyses reported in the main manuscript were based on children
with complete reports of wheezing at each time. To evaluate potential bias as a
result of children with missing reports of wheeze, we repeated all analyses in
children with at least 2 observations of wheeze. For comparison, we present
repeated analyses in the Online Repository including children with a
minimum of 2 reports of wheeze.

RESULTS

Characteristics of the study population of the ALSPAC study
and the PIAMA study are shown in Table I. In ALSPAC, 11,740
children returned at least 2 questionnaires, and 5760 (49.1%) had
complete reports of wheeze at all 8 time points. Children with
complete data were less likely than children with incomplete
data to wheeze during childhood and to have a mother with atopy.
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TABLE I. Description of the study population with 8 observations (complete data) of wheeze from birth to age 8 years and those with 2

to 7 observations in the ALSPAC study and in the PIAMA study

ALSPAC study

PIAMA study

Children with
8 observations
N = 5760 (49.1%)

Children with
2-7 observations
N = 5980 (50.9%)

Children with
2-7 observations
N = 979 (25.8%)

Children with
8 observations
N = 2810 (74.2%)

Characteristic Total n (%) Total n (%) Total n (%) Total n (%)
Male sex 5760 2968 (52) 5980 3094 (52) 2810 1447 (52) 979 514 (53)
Maternal history of asthma 5648 612 (11) 5437 670 (12) 2806 176 (6) 976 106 (11)
Maternal history of atopy 5629 2541 (45) 5413 2287 (42) 2810 750 (27) 979 391 (40)
Asthma ever at 91/96 mo* 5716 1149 (20) 2360 495 (21) 2800 262 (9) 455 67 (15)
Prevalence of wheeze
6/12 mot 5760 1364 (24) 5194 1496 (29) 2810 681 (24) 842 272 (32)
18/24 mot 5760 1513 (26) 5084 1468 (29) 2810 495 (18) 893 201 (23)
30/36 mot 5760 1209 (21) 4180 1033 (25) 2810 433 (15) 850 166 (20)
42/48 moT 5760 959 (17) 4211 797 (19) 2810 325 (12) 726 109 (15)
54/60 mot 5760 1021 (18) 3630 752 (21) 2810 271 (10) 669 80 (12)
69/72 mot 5760 849 (15) 2835 479 (17) 2810 213 (8) 649 63 (10)
81/84 mot 5760 772 (13) 2635 355 (14) 2810 157 (6) 539 7 (39)
91/96 mot 5760 639 (11) 2375 230 (10) 2810 179 (6) 441 8 (36)

*Parental report of asthma ever diagnosed by a doctor at the age of 91 months in the ALSPAC study and at the age of 96 months in the PIAMA study.

FTime at which wheeze is reported in ALSPAC/PIAMA.

In PIAMA, 3789 children returned at least 2 questionnaires, and
2810 (74.2%) had complete reports of wheeze. Children with
complete data were less likely to wheeze during childhood, to
have had asthma by 8 years, or to have a mother with asthma
and/or atopy compared with children with incomplete data.
When comparing complete data of both cohorts, children of
PIAMA had less frequent wheeze during childhood, asthma by
8 years, and mothers with asthma and/or atopy than children of
ALSPAC.

Wheezing phenotypes in ALSPAC

Fig 1 shows trajectories of wheezing from the 6-class model
fitted to ALSPAC data extended to include wheeze at 91 months
(72 years). The trajectories and the prevalence of wheezing phe-
notypes were similar to those reported previously.28 There was
evidence of improved fit of a 7-class model: in this model, the ad-
ditional phenotype appeared to represent transient intermediate
wheezing with a peak prevalence of 48% at age 54 months, result-
ing from splitting the prolonged early wheezing phenotype. For
simplicity and comparability with previous work,”® we restrict at-
tention here to the 6-class model.

Wheezing phenotypes in PIAMA

The model with best fit to PIAMA data in the first 96 months
(8 years) of life was a 5-class model. Fig 2 shows trajectories of
wheezing from the 5 wheezing phenotypes. The never/infrequent,
persistent, and late-onset phenotypes had similar trajectories in
PIAMA and ALSPAC. The transient early wheezing phenotype
identified in PIAMA data seems to represent a combination of
the prolonged early and transient early phenotypes identified in
ALSPAC. In PIAMA, transient early wheeze was characterized
by approximately 69% prevalence of wheezing at 12 months
and a declining prevalence thereafter to a low prevalence of 5%
and 7% at 84 and 96 months, respectively. The intermediate-
onset phenotype in PIFAMA had lower, and declining, prevalence
of wheeze compared with that in ALSPAC, with the prevalence

ALSPAC free 6-class model
(N=5760)

6 18 30 42 54 69 81 91
Time (months)
——a— Never/Infrequent Wheeze (61.1%)
— - — Prolonged Early Wheeze (9.3%)
Late-Onset Wheeze (4.9%)

——&— Transient Early Wheeze (16.5%)
Intermediate-Onset Wheeze (2.5%)
—&— Persistent Wheeze (5.8%)

FIG 1. Estimated prevalence of wheeze at each time point from birth to age
8 years for each wheezing phenotype in ALSPAC free 6-class model (N =
5760).

PIAMA optimal 5-class model
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—#— Never/Infrequent Wheeze (75.0%)

Intermediate-Onset Wheeze (3.1%)
—e&— Persistent Wheeze (3.5%)

——&— Transient Early Wheeze (16.7%)
Late-Onset Wheeze (1.7%)

FIG 2. Estimated prevalence of wheeze at each time point from birth to age
8 years for each wheezing phenotype in PIAMA optimal 5-class model (N =
2810).

73% by age 60 months and 37% by age 96 months in PIAMA,
compared with 99% by age 54 months and 77% by age 91 months
in ALSPAC. Measures of model fit for different latent class
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TABLE Il. Associations of wheezing phenotypes (from PIAMA optimal 5-class model) with asthma ever, doctor-diagnosed asthma, and
inhaled corticosteroids use: results from weighted logistic regression models using children with complete data

Asthma ever at 8 y

Doctor-diagnosed asthma at 8 y

Inhaled corticosteroids use at 3-8 y

Phenotype Total$ n* (%) OR (95% Cl) Total$ n* (%) OR (95% CI) Total$ n* (%) OR (95% CI)
Never/infrequent 2067 1.0 2101 1.0 1971 1.0
105 (5.1) (reference) 14 (0.7) (reference) 145 (7.4) (reference)
Transient early 448 8.5 468 54 428 59
140 (31.2) (6.4-11.2) 17 (3.6) (2.7-11.0) 137 (32.0) (4.5-7.7)
Intermediate-onset 83 17.9 85 32.7 77 26.1
41 (78.9) (11.1-28.6) 16 (18.3) (15.4-69.7) 52 (67.5) (15.7-43.4)
Late-onset 45 26.8 47 50.5 42 14.1
36 (59.0) (14.3-50.2) 12 (25.7) (21.9-116.5) 22 (52.9) (7.5-26.5)
Persistent 94 53.4 95 71.5 90 60.4
70 (74.1) (32.3-88.1) 31 (32.9) (36.5-140.2) 75 (82.8) (34.1-107.2)
Total 2738 2796 2608
382 (14.0) 90 (3.2) 431 (16.5)

*n represents the sum of the membership probabilities of the affected children for that phenotype, and Toral$ represents the sum of the membership probability of all children for

that phenotype.

models in ALSPAC and PIAMA are reported in this article’s
Table E1 in the Online Repository at www.jacionline.org.

To compare the prevalence of wheezing phenotypes in
ALSPAC and PIAMA, we fitted PIAMA data to the wheezing
phenotypes identified in the ALSPAC 6-class model (see the
Online Repository for more details on the constrained model).
The prevalence of the ALSPAC wheezing phenotypes in PIAMA
were as follows: never/infrequent, 74%; transient early, 13%;
prolonged early, 8%; intermediate-onset, 1%; late-onset, 2%; and
persistent, 2%. Thus, although the prevalence of all wheezing
phenotypes was lower in PIAMA than in ALSPAC (except for the
never/infrequent phenotype), the relative frequencies of the
different wheezing phenotypes were similar.

This article’s Table E2 in the Online Repository at www.
jacionline.org shows the most frequently occurring patterns of
wheeze in the PIAMA 5-class optimal model and their most likely
phenotype in the 6-class constrained model. The patterns of
wheeze assigned to the prolonged early wheeze phenotype in
the constrained model were assigned to the phenotype persistent
wheeze or transient early wheeze in the optimal model, depending
on whether children continued to wheeze after the age of 5 years.

This article’s Table E3 in the Online Repository at www.
jacionline.org shows that when PIAMA children with
intermediate-onset wheeze were classified according to the defini-
tions of the TCRS, they were approximately equally divided
among the 4 TCRS phenotypes (21% of never wheeze, 21% of
transient early wheeze, 31% of persistent wheeze, and 26% of
late-onset wheeze). This indicates that the intermediate-onset
phenotype is not well defined within the TCRS framework.

Association of wheezing phenotypes with outcome
measures of asthma

Table II shows associations of wheezing phenotypes from the
PIAMA 5-class model with asthma outcomes at age 8 years. Per-
sistent wheeze, late-onset wheeze, and intermediate-onset
wheeze were strongly associated with doctor-diagnosed asthma
in the last 12 months at age 8 years, with ORs and 95% ClIs
71.5 (36.5-140.2), 50.5 (21.9-116.5) and 32.7 (15.4-69.7) com-
pared with never/infrequent wheeze, whereas transient early
wheeze was less strongly associated with this outcome (OR,

5.4;95% CI, 2.7-11.0). These results were consistent with the pre-
vious report from ALSPAC?® and the results from the extended
ALSPAC model (Table VI).

Associations of wheezing phenotypes from the PIAMA 5-class
model with sensitization to indoor and food allergens at 4 and 8
years are shown in Tables III and IV, respectively. Intermediate-
onset wheeze had the strongest association with sensitization to
any common allergen at 4 and 8 years of age. Intermediate-
onset wheeze, late-onset wheeze, and persistent wheeze were
strongly associated with sensitization to indoor allergens at age
4 years (OR [95% CI], 15.0 [5.9-37.7], 14.3 [4.9-41.5], and 6.3
[2.8-14.3], respectively), whereas transient early wheeze had a
modest association (OR, 2.1; 95% CI, 1.2-3.8) (Table III). At
8 years of age, the reported associations were very similar
(Table IV). The association with sensitization to food allergens
was less obvious and only significant at age 8 years for
intermediate-onset wheeze and persistent wheeze. The results
for sensitization to any common allergen at 8 years were consis-
tent with previously reported associations of wheezing pheno-
types and skin prick test in the ALSPAC study®® and the results
from the extended ALSPAC model (Table VI).

All PIAMA wheezing phenotypes had lower mean FEV; %
predicted levels at 8 years than the never/infrequent wheeze phe-
notype (Table V). The greatest deficit was for persistent wheeze
(mean difference, 4.4 %; 95% CI, -8.0, —0.8). Late-onset
wheeze, persistent wheeze, and intermediate-onset wheeze were
associated with increased BHR compared with never/infrequent
wheeze. Again, patterns of association were strikingly similar
to those reported for ALSPAC phenotypes28 and the extended
ALSPAC model (Table VI).

Analyses including children who had 2 to 8
observations of wheeze

All analyses were repeated by using data from children with 2
to 8 observations of wheeze (n = 11,740 in the ALSPAC study
and n = 3,789 in the PIAMA study). The results of these analyses
are described in this article’s Figs E1 and E2 and Tables E4 to E10
in the Online Repository at www.jacionline.org. Overall, the re-
sults were similar to those from children with complete data on
wheeze.
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TABLE lll. Associations of wheezing phenotypes (from PIAMA optimal 5-class model) with sensitization to any allergen, indoor
allergens, or food allergens at 4 years: results from weighted logistic regression models using children with complete data

Sensitization to any common
allergen at 4 yt

Sensitization to indoor
allergens at 4 y

Sensitization to food
allergens at 4 y

Phenotype Total$ n* (%) OR (95% CI) Total$ n* (%) OR (95% CI) Total$ n* (%) OR (95% ClI)
Never/infrequent 369 1.0 390 1.0 372 1.0
131 (35.4) (reference) 37 (9.5) (reference) 97 (26.1) (reference)
Transient early 112 1.3 115 2.1 112 1.3
46 (40.9) (0.8-2.0) 21 (18.1) (1.2-3.8) 35 (31.1) (0.8-2.0)
Intermediate-onset 21 5.5 22 15.0 22 1.9
16 (75.2) (2.0-15.1) 13 (61.1) (5.9-37.7) 9 (39.7) (0.8-4.5)
Late-onset 16 4.9 16 14.3 15 1.3
11 (72.7) (1.6-15.1) 9 (60.0) (4.9-41.5) 5(31.5) (0.4-4.0)
Persistent 28 1.8 29 6.3 28 0.9
14 (49.7) (0.8-3.9) 12 (39.8) (2.8-14.3) 7 (24.2) (0.4-2.2)
Total 546 571 548
218 (39.9) 92 (16.1) 152 (27.7)

*n represents the sum of the membership probabilities of the affected children for that phenotype, and Toral$ represents the sum of the membership probability of all children for

that phenotype.

FSensitization to any common allergen is a specific IgE serum concentration of >0.35 IU/mL to any indoor allergen (house dust mite, cat, and dog), food allergen (milk, egg), or
other common allergen (mixed grasses, birch, Alternaria alternata).

TABLE IV. Associations of wheezing phenotypes (from PIAMA optimal 5-class model) with sensitization to any allergen, indoor
allergens, or food allergens at 8 years: results from weighted logistic regression models using children with complete data

Sensitization to any
common allergen at 8 yt

Sensitization to indoor
allergens at 8 y

Sensitization to food
allergens at 8 y

Phenotype Total$ n* (%) OR (95% Cl) Total$ n* (%) OR (95% Cl) Total$ n* (%) OR (95% Cl)
Never/infrequent 1051 1.0 1054 1.0 1053 1.0
378 (35.9) (reference) 204 (19.4) (reference) 150 (14.3) (reference)
Transient early 246 1.3 248 1.3 247 1.2
103 (41.7) (1.0-1.7) 60 (24.2) (1.0-1.9) 41 (16.8) (0.8-1.8)
Intermediate-onset 49 5.1 49 5.5 49 2.4
36 (74.1) (2.7-9.8) 28 (56.9) (3.1-9.9) 14 (28.3) (1.2-4.5)
Late-onset 26 4.2 26 54 26 1.3
18 (70.3) (1.8-9.9) 17 (65.1) (3.2-9.2) 4 (17.2) (0.4-3.5)
Persistent 60 2.9 60 7.8 60 1.9
37 (62.0) (1.7-5.0) 34 (56.5) (3.4-17.7) 14 (23.9) (1.0-3.5)
Total 1432 1437 1434
572 (39.9) 343 (23.9) 224 (15.6)

*n represents the sum of the membership probabilities of the affected children for that phenotype, and Toral$ represents the sum of the membership probability of all children for
that phenotype.
TSensitization to any common allergen is a specific IgE serum concentration of >0.35 IU/mL to any indoor allergen (house dust mite, cat, and dog), food allergen (milk, egg), or

other common allergen (mixed grasses, birch, Alternaria alternata).

DISCUSSION

In this study, we compared early childhood wheezing pheno-
types identified by using LLCA in 2 independent birth cohorts.
The never/infrequent, persistent, and late-onset wheezing pheno-
types identified in PIAMA had similar trajectories to the pheno-
types with the same names previously identified in ALSPAC. The
transient early wheezing phenotype identified in PIAMA seemed
to represent a combination of the prolonged early and transient
early phenotypes reported in ALSPAC. The intermediate-onset
phenotype in PIAMA had lower, and declining, prevalence of
wheeze compared with that in ALSPAC. The phenotypes iden-
tified in PIAMA showed remarkably similar associations with
asthma, atopy, lung function, and BHR compared with those
previously reported for ALSPAC phenotypes.28 Our results pro-
vide further evidence for the existence of an intermediate-onset
wheeze phenotype that is strongly associated with atopy and
BHR.

The prolonged early phenotype defined in ALSPAC was not
replicated in the PIAMA cohort. This could be explained by (1) a
smaller sample size decreasing the resolution of phenotype
identification, particularly of phenotypes with a relatively low
prevalence, and (2) an overall lower prevalence of wheeze in The
Netherlands compared with the United Kingdom,** resulting in
each phenotype accounting for a smaller proportion of the
PIAMA sample.

Results in the context of other literature

The intermediate-onset phenotype identified in PTAMA and
ALSPAC appears novel compared with the categories of wheeze
previously reported in the TCRS.” The intermediate-onset,
late-onset, and persistent wheezing phenotypes had the strongest
associations with atopy. Of interest, transient and prolonged
early wheeze were not associated with atopy but with reduced
lung function. These findings strengthen the evidence for
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TABLE V. Associations of wheezing phenotypes (from PIAMA optimal 5-class model) with lung function measures: results from
weighted linear regression models using children with complete data

FEV; % predicted at 8 y*

Bronchial responsiveness at 8 yt

Mean difference

Geometric mean

Ratio of geometric

Phenotype ni Mean (SD) (95% CI) ni (95% CI) means (95% ClI)
Never/infrequent 623 108.0 (11.2) 0 (reference) 558 15.6 (13.4, 18.1) 1 (reference)
Transient early 155 105.9 (10.3) -2.1 (4.1, -0.1) 141 19.7 (14.6, 26.6) 1.3 (0.9, 1.8)
Intermediate-onset 32 105.1 (13.0) -2.9 (-6.8, 1.1) 27 49.8 (25.1, 99.0) 3.2 (1.6, 6.5)
Late-onset 21 105.7 (12.2) -2.3 (-7.2, 2.6) 18 56.6 (28.4, 153.0) 4.2 (1.8, 10.0)
Persistent 39 103.6 (11.6) —4.4 (-8.0, -0.8) 36 66.0 (31.1, 103.0) 3.6 (2.0, 6.7)
Total 871 107.3 (11.2) 780 18.5 (6.4)

*Percentage of predicted FEV, based on height and sex.

TMeasured as dose-response slope (% decline in FEV per milligram methacholine bromide).

In represents the sum of the membership probabilities of all children for that phenotype.

TABLE VI. Comparison of associations between wheezing phenotypes and doctor-diagnosed asthma, sensitization to any common
allergen, and lung function measures at 8 years in ALSPAC and PIAMA: results from weighted regression models using children with

complete data

Doctor-diagnosed

Sensitization to any

FEV, % predicted

Bronchial

asthma at 8 yt common allergen at 8 y at 8y} responsiveness at 8 y§
Mean difference Ratio of geometric
Model Phenotype OR (95%Cl) OR (95%Cl) (95%Cl) means (95%Cl)
ALSPAC 6-class Never/infrequent 1 (reference) 1 (reference) 0 (reference) 1 (reference)
extended model*
Transient early 1.5 (0.9, 2.3) 0.9 (0.7, 1.2) 2.2 (-32,-1.2) 1.2 (1.0, 1.4)
Prolonged early 9.6 (6.8, 13.7) 1.4 (1.0, 1.8) -2.5(3.7,-1.2) 1.5 (1.2, 1.8)
Intermediate-onset 371.8 (201.4, 686) 7.4 (4.8, 11.3) 4.5 (-6.8, -2.1) 4.7 (3.1,7.2)
Late-onset 71.6 (50.1, 102.2) 5.2 (3.8, 7.0) -3.1 (4.8,-14) 3.8 (2.8,5.2)
Persistent 386.6 (246.4, 606) 4.8 (3.6, 6.4) 4.1 (-5.6, -2.5) 32(24,42)
Total 5201 3872 4106 2825
PIAMA 5-class model Never/infrequent 1 (reference) 1 (reference) 0 (reference) 1 (reference)
Transient early 54 (2.7, 11.0) 1.3 (1.0, 1.7) -2.1 (4.1, -0.1) 1.3 (0.9, 1.8)
Intermediate-onset 32.7 (15.4, 69.7) 5.1 (2.7, 9.8) -2.9 (-6.8, 1.1) 3.2 (1.6, 6.5)
Late-onset 50.5 (21.9, 116.5) 4.2 (1.8,9.9) 2.3 (-7.2, 2.6) 4.2 (1.8, 10.0)
Persistent 71.5 (36.5, 140.2) 2.9 (1.7, 5.0) -4.4 (-8.0, -0.8) 3.6 (2.0, 6.7)
Total 2796 1432 871 780

*Extended model with eighth time point at 91 months.

fDefined as a parental report of a doctor’s diagnosis of asthma at any time and a parental report of asthma in the past 12 months, reported at age 8 years.

fPercentage of predicted FEV, based on height and sex.

§Measured as dose-response slope (% decline in FEV, per milligram methacholine bromide).

discriminating wheezing phenotypes in early childhood between
those associated with the development and persistence of asthma
and those that recover spontaneously.”->

It is of interest that sensitization to any common allergen
at 4 and 8 years of age was most strongly associated with
intermediate-onset wheeze—that is, children who start wheezing
in preschool years. This phenotype was also strongly associated
with the presence of asthma at 8 years. In addition, sensitization to
common allergens at 4 years was associated with late-onset
wheeze, which suggests that sensitization may precede the
development of wheeze in this particular subgroup of children.
This suggests the possibility of a critical window of exposure in
the preschool period leading to atopic sensitization and expres-
sion of allergic airway inflammation. Environmental factors such
as allergen exposure, which may induce sensitization or allergen
tolerance, and viral respiratory infections, which can unmask
wheeze in infants with narrow airways and may have a role in the
inception of asthma in early childhood, appear to have a role in

driving phenotype development in early childhood; these are
likely to operate during the preschool years.'*’

It remains difficult to establish the relative importance of
predetermined features, such as atopic disposition or abnormal
airway development that result from genetic and prenatal factors
and postnatal environment, in the development of asthma in
children.**° Multiple features likely interact in the expression of
early wheezing illnesses. It is the combination of such features
(atopy, lung function, airway inflammation secondary to allergen
or viral exposure, and so forth) and their timing that ultimately de-
termine the likelihood of persistence of symptoms into later child-
hood. Mathematical modeling of phenotypes as applied in this
study is able to reveal clinical characteristics that group together,
either longitudinal trajectories of symptoms® or combinations of
clinical features.*® These are important findings for understand-
ing better the relative contributions of different pathophysiologi-
cal processes that underlie the development of asthma. Further
research of the relation between the development of wheeze
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and the development of other pathophysiological processes like
sensitization is needed to understand their temporal relation.
However, the identified wheezing phenotypes are not yet applica-
ble in clinical practice when one needs to find a preasthma wheez-
ing phenotype. Further studies are needed in this respect to assess
which environmental and personal factors identify at an individ-
ual level a wheezing child that is at risk for asthma development.*'

Strengths and limitations

Our study has several strengths. First, we have used 8 measure-
ments to describe carefully the wheezing patterns from birth to 8
years of age, in contrast with most previous studies, which
described phenotypes based on fewer measurements. Second,
phenotypes were identified by LLCA, an objective approach that
avoids subjective identification of population subgroups.
A number of limitations have to be considered. PIAMA and
ALSPAC collected data at slightly different time points. PIAMA
collected data yearly around the child’s birthday from 12 to 96
months, whereas ALSPAC collected data at 6, 18, 30, 45, 54,
69, 81, and 91 months. Wheezing phenotypes were based on re-
peated parental reports of wheezing, which are subject to misclas-
sification—for example, because of imperfect recall.* The latent
class approach used in our analyses allows for such misclassifica-
tion in the sense that it accounts for correlations between reports
of wheeze at different time points. Children with sporadic or in-
complete reports of wheeze are assigned to classes with less cer-
tainty than those in whom reports are consistent across time or
who report patterns consistent with those reported in other chil-
dren. Our analyses were weighted for the probability of belonging
to the different classes and thus accounted for this varying cer-
tainty. The very strong associations of phenotypes with objective
measures of atopy and lung function that we observed in both AL-
SPAC and PIAMA are not consistent with substantial misclassifi-
cation of wheezing in these data.

Wheeze may be influenced by the use of inhaled corticoste-
roids, suppressing symptoms. In the PIAMA study, the proportion
of the study population that used inhaled steroids and did not
report wheezing was low, with a range from 2.1% of all studied
children at 3 years of age to a maximum of 4.0% of all studied
children at 7 years of age. Nonetheless, corticosteroid use may
have affected our ability to distinguish the phenotypes most
strongly associated with asthma, atopy, and BHR.

In common with most population-based, longitudinal cohort
studies, there were both loss to follow-up and missing data in both
PIAMA and ALSPAC. Furthermore, the sampling methods of
lung function and other measures in PIAMA led to higher
proportion of children with a maternal history of atopy than
without such a history having lung function data available.
However, we do not think that lung function associations with
wheezing phenotypes were likely to have been substantially
biased by this selection because the results were similar in
ALSPAC, where no selection was applied and 47% of children
with lung function data had a maternal history of asthma or
allergy.

In conclusion, 2 independent birth cohorts identified partly
similar wheezing phenotypes with an identical statistical method
and showed that these phenotypes are differentially associated
with asthma, atopy, BHR, and lung function at 8 years of age. The
phenotypes that were defined in ALSPAC and PIAMA will be
used for further studies on genetic and environmental risk factors
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for asthma and allergic diseases. Such studies are essential to
study the biological implication of the phenotypes and their
possible causal pathways to asthma development but require large
numbers of participants. Analyses of data combined from mul-
tiple cohort studies have the potential to provide novel insights
into the implication of such risk factors for the development and
persistence of asthma and allergic disease.

We thank the children and parents of the PIAMA study and the ALSPAC
study for their participation. In addition, we acknowledge the field workers,
secretaries, and scientific collaborators dedicated to the PIAMA and ALSPAC
studies.

Key messages

o Five wheezing phenotypes (including the never/infrequent
wheeze) were identified with LLCA in PIAMA and were
comparable to the 6 previously identified in ALSPAC.

The existence of a novel, intermediate-onset childhood
wheezing phenotype was confirmed in independent analy-
ses of data from the PIAMA cohort.

Associations of wheezing phenotypes with asthma, atopy,
and lung function are remarkably similar in the 2
cohorts.
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METHODS
Study populations

ALSPAC study. Wheezing was reported at 2 different sections in each
questionnaire. First, occurrence of wheezing in the last 12 months (6 months in
the first questionnaire) was reported in a list of symptoms, and if present, the
mother was asked whether she consulted a doctor. Second, the mother was
asked whether the child had “wheezing with whistling on the chest when (s)he
breathed.” Wheezing was defined as present if the response to either question
was yes, absent if both answers were no, and missing for other combinations.

Outcome measures of ALSPAC were used as described previously.®! Sen-
sitization to common allergens was defined as any positive skin prick test to
house dust mite, grass, or cat.

PIAMA Study. Of the 4146 pregnant women who agreed to participate
in PIAMA (original sample), 1327 were atopic and 2819 were nonatopic. All
children from atopic mothers and a random sample of 625 children from
nonatopic mothers (22%) were selected for more extensive medical exami-
nation, including measurement of specific IgE levels at 4 and 8 years and a
lung function measurement with BHR at 8 years. Of these, 551 (42%) children
with atopic mothers and 320 (51%) children with nonatopic mothers
completed lung function. Corresponding figures for BHR were 488 (37%)
and 292 (47%), respectively. A detailed description of the study protocol has
been published previously.?

Outcome measures of asthma at 8 years of age in
the PIAMA study

Two definitions of asthma were used: (1) asthma ever, a cumulative annual
report on the presence of doctor diagnosed asthma in the last 12 months, from
birth to age 8 years, and (2) doctor-diagnosed asthma, defined as a parental
report of a doctor’s diagnosis of asthma at any time and a parental report of
asthma in the past 12 months, reported at age 8 years. Use of inhaled cortico-
steroids was reported yearly from age 3 years to age 8 years. Use of inhaled
corticosteroids ever was defined as use of inhaled corticosteroids in the last
12 months between age 3 years and 8 years.

Specific IgE levels were measured in venous blood by radioallergosorbent
testing. Sensitization was defined as specific IgE concentration >0.35 TU/mL
for atleast 1 of 8 common allergens (house dust mite, Dermatophagoides pter-
onyssinus; cat, Fel d 1; dog, Can f 1; grass, Dactylis glomerata; birch, Betula
verrucosa; mold, Alternaria alternata; milk; and egg). Sensitization for indoor
allergens (house dust mite, cat, and dog) and food allergens (milk or egg) was
also studied separately.

Lung function was measured by spirometry with a pneumotachograph at
age 8 years, and FEV, % predicted values were calculated.®® Bronchial re-
sponsiveness was measured with a methacholine bromide provocation test un-
til a fall of 20% in FEV, by using a dosimetric method.®* Bronchial
responsiveness was expressed as dose-response slope of percent decrease in
FEV, per milligram methacholine bromide and was logarithmically trans-
formed to obtain a normal distribution.

Statistical analyses

Model parameters in LLCA. LLCA is a statistical approach to
identify different latent groups in a population within which the occurrence
of wheeze at each time point is statistically independent of wheeze at other
times. LLCA identifies latent classes by use of a set of longitudinal responses
obtained for each subject. For example, a child might have responses “yes,
no, no, no, no, no, no, and no” for the question on wheezing from birth to 8
years of age, whereas another child might have responses “yes, yes, yes, yes,
yes, yes, yes, and no.” Such variability in these patterns of responses is
accounted for by a latent factor that groups together children exhibiting
similar patterns. LLCA models have 2 sets of parameters: (1) the conditional
probabilities—that is, the probability of belonging to class n given a specific
pattern of wheeze (for example, the probability of belonging to transient
early wheeze given that a child wheezed at the first 3 responses); and (2)
the latent class probabilities, the proportion of children in each latent class.
On the basis of the assumption of conditional independence, the conditional
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probabilities can be used to derive (1) the probability of belonging to class
n for each child,

n=1,..,k,

where £ is the total number of classes (posterior membership probabilities),
and (2) the prevalence of wheezing at each time point within each of the clas-
ses, from which a set of trajectories (wheezing trajectories) can be plotted for
comparison. In LLCA with incomplete data, the missing data add uncertainty
to the posterior membership probabilities, which increases misclassification
when assigning patterns to phenotypes.

Measures of fit in LLCA. The BIC is a function of the likelihood
that rewards parsimony—that is, models with fewer parameters are favored;
the optimal model should have a low BIC value, preferably the lowest.®> The
BLRT is a test of an improvement in fit between the n and n-1 class models,
hence a high P value for the test of fit of the n class model indicates that there
was little improvement compared with the n-7 class model. Entropy is a single
measure of the separation of the classes based on the posterior class member-
ship probabilities. Values between 0 and 1 are possible, with a value approach-
ing 1 indicating a clear delineation of classes—that is, each child has a high
probability of being assigned to one class and low probabilities for all other
classes.®®

Optimal, free, and constrained models. A free model is
defined without any restrictions in the parameters. Both conditional proba-
bilities and latent class probabilities are estimated free by using a maximum
likelihood procedure.

An optimal model is defined as the free model that best fits the data.
Because there is no single measure of model fit that can be used to determine
the optimal model, a variety of different criteria were used, each assessing a
different aspect of the models to be compared (see the section “Measures of fit
in LLCA”).

In the constrained models, we fixed only the conditional probabilities;
therefore, the derived wheezing trajectories in the constrained model in
PIAMA were equivalent to the optimal ALSPAC model. However, the
prevalences of each phenotype were different among cohorts.

RESULTS
Analyses of children with complete data

Table E1 shows the measures of goodness of fit and the preva-
lences of the wheezing phenotypes in the optimal, free, and con-
strained models in the first 8 years of life in the ALSPAC study
and the PIAMA study. In ALSPAC, there was evidence of im-
proved fit of a 7-class model based on the BIC and the BLRT;
however, the entropy was slightly higher for the 6-class model
(0.79 vs 0.76). The additional phenotype in the 7-class model,
which we named transient intermediate, resulted mainly from
splitting the prolonged early wheezing phenotype.

In PIAMA, the BIC was lowest and the entropy was highest for
the 5-class model. The BLRT from the 6-class model showed no
improvement in fit (P = .18). Therefore, we chose the 5-class
model as the optimal model. Interestingly, in the 6-class model,
the additional phenotype was similar to the additional phenotype
identified in ALSPAC 7-class model: transient intermediate.

Comparing the PIAMA 6-class constrained model versus the 5-
class optimal model, the BIC was slightly lower for the con-
strained model (possibly because of a reduced number of
parameters); however, the constrained model had lower entropy
than the optimal model, which indicates that the classes were
slightly better separated in the optimal model.

Table E2 shows the most frequently occurring patterns of
wheeze in PIAMA data and their most likely phenotype in the op-
timal and constrained models with 8 time points. The patterns of
wheeze assigned to the prolonged early wheeze phenotype in the
constrained model were assigned mainly to the transient early
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wheeze in the optimal model, and also to the intermediate-onset
and persistent wheeze phenotypes. The patterns that seem to
move more between models are those that in the optimal model
would be assigned to the intermediate-onset phenotype. The de-
crease in the prevalence of the intermediate-onset phenotype of
2.3% (3.1% in optimal model to 0.8% in constrained model)
shows that this phenotype is quite different from the intermediate
phenotype defined in ASLPAC, not only in shape (Figs 1 and 2)
but also in size, and when we constrain PIAMA data to the phe-
notypes as derived in ALSPAC, this phenotype is underrepre-
sented, which is reflected in a decrease in entropy.

Analyses of children with 2 to 8 observations of
wheeze

The figures of the wheezing phenotypes of the optimal models
for the first 8 years of life in children with 2 to 8 observations of
wheeze in ALSPAC and PIAMA are shown in Figs E1 and E2, re-
spectively. These figures are remarkably similar to Figs 1 and 2
from the complete case analysis.

Table E3 reports the distributions of the 5 identified wheezing
phenotypes in PIAMA data among the 4 wheezing phenotypes
defined by the TCRS. Table E4 shows the measures of goodness
of fit of the optimal, free, and constrained models in data of 2 to 8
observations of wheeze in ALSPAC and PIAMA. When using all
children in PIAMA with at least 2 observations of wheeze, the 5
identified phenotypes are consistent with those from the analysis
with complete cases. Together with the results of complete cases,
these findings show that the PFAMA models are very consistent
independent of the number of observations (children with 8 obser-
vations vs children with 2-8 observations).

Table E5 shows the most frequently occurring patterns of
wheezing and their most likely phenotypes in the optimal and
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constrained model with 8 time points including children with 2
to 8 observations of wheeze. Conclusions similar to those derived
from Table E2 can be applied to this table.

Tables E6 to E9 show the associations of wheezing phenotypes
with asthma, sensitization, and lung function for children with
2 to 8 observations of wheeze. Patterns of association similar to
those found in the complete case analysis were found when ana-
lyzing children with 2 to 8 observations of wheeze.

Table E10 shows directly comparable associations of wheezing
phenotypes with doctor-diagnosed asthma, sensitization to any
common allergen, and lung function measures in the extended
ALSPAC 6-class free model and PIAMA optimal 5-class model
for children with 2 to 8 observations of wheeze.
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ALSPAC free 6-class model*
(N=11,740)
*including children with 2-8 observations
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FIG E1. Estimated prevalence of wheeze at each time point from birth to
age 8 years for each wheezing phenotype in ALSPAC free 6-class model
including children with 2 to 8 observations of wheeze (N = 11,740).
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PIAMA optimal 5-class model*
(N=3789)
*including children with 2-8 observations
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FIG E2. Estimated prevalence of wheeze at each time point from birth to
age 8 years for each wheezing phenotype in PIAMA optimal 5-class model
including children with 2 to 8 observations of wheeze (N = 3789).
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TABLE E1. Model characteristics and prevalences of wheezing phenotypes derived from longitudinal latent class models of complete
data in the first 8 years of life in the ALSPAC study and the PIAMA study

ALSPAC free PIAMA PIAMA free
Model characteristics (optimal) ALSPAC free constrained (optimal) PIAMA free
No. classes 7 6 6 5 6
No. complete cases 5,760 5,760 2,810 2,810 2,810
No. free parameters 62 53 5 44 53
BIC* 33,718 33,737 13,147 13,241 13,291
Entropy* 0.76 0.79 0.83 0.87 0.83
BLRT* 0.001 0.001 — <0.00001 0.18
Prevalence of wheezing phenotypesi (%)
Never/infrequent 56.1 61.1 73.5 75.0 69.7
Transient early 20.1 16.5 12.9 16.7 16.3
Prolonged early 5.0 9.3 8.4 NA NA
Transient intermediate 6.3 NA NA NA 7.3
Intermediate-onset 2.6 2.5 0.8 3.1 1.8
Late-onset 44 4.9 22 1.7 1.8
Persistent 5.5 5.8 2.1 3.5 32

*For a detailed description, see the section “Measures of fit in LLCA.”

FLLCA models have 2 sets of parameters: the conditional probabilities (probability of belonging to a latent class n given a specific pattern of wheeze) and the latent class

probabilities, the proportion of children in each latent class. In the constrained models, we fixed only the conditional probabilities, allowing the prevalences of the wheezing
phenotypes to vary among the cohorts.

{Based on estimated posterior probabilities.
NA, Not available.
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TABLE E2. Most frequently occurring patterns of wheeze during the first 8 years of life from the PIAMA 5-class optimal model using
2810 children with complete data and their most likely phenotype in the 6-class constrained model

Pattern of Pattern of Pattern of
Optimal* N wheezei PO* C{ PCi Optimal* N wheezet PO* Cf PCf Optimal N wheeze PO C PC
NI 1631 00000000 0.99 NI 0.98 TE 78 11000000 0.82 TE 0.88
249 10000000 0.89 NI 0.80 42 11100000 0.99 TE 0.86
98 01000000 0.78 NI 0.54 40 10100000 0.81 TE 0.64
63 00100000 0.78 NI 0.79 30 01100000 091 TE 0.75
35 00001000 0.88 NI 0.92 23 11110000 099 PE 0.73
31 00010000 0.78 NI 0.88 16 11010000 099 TE 0.62
24 00000001 093 NI 091 15 00110000 0.75 PE 0.64
13 00000100 0.81 NI 0.95 13 10010000 0.75 NI 043
10 00000010 0.79 NI 0.89 12 11101000 0.99 PE 0.77
7 10000001 0.57 NI 0.58 10 01110000 099 PE 0.79
10 11 00011000 0.78 PE 0.70 LO 7 00000011 094 LO 086 P 14 11111111 1.00 P  1.00
6 00111101 0.84 10 0.78 5 00000111 098 LO 1.00 11 11111110 1.00 P 0.94
5 00001100 0.86 NI 042 5 10000111 098 LO 1.00 8§ 01111111 1.00 P 0.96
5 00111100 0.88 PE 0.90 4 00001111 0.89 LO 0.86 5 01111100 095 PE 0.95
4 00011111  0.76 10 0.93 3 00000110 0.84 LO 0.84 5 11111001 0.88 PE 0.86
3 00001001 0.62 NI 045 3 01000011 093 LO 0.89 4 01111110 100 P 0.87
3 00010100 0.77 NI 0.50 2 00000101 044 LO 0.76 4 10111111 092 P 0.81
3 00011101 098 10 0.81 2 00001011 085 LO 095 4 11111101 1.00 P 0.79
3 00101100 0.89 PE 0.86 2 01000111 1.00 LO 0.99 3 11111010 094 PE 0.61
3 00111011  0.75 10 0.81 7 00000011 094 LO 0.86 2 01011110 092 P  0.55

10, Intermediate-onset wheeze; LO, late-onset wheeze; NI, never/infrequent wheeze; P, persistent wheeze; PE, prolonged early wheeze; TE, transient early wheeze.

*Most likely wheezing phenotype in the optimal model (Optimal) and the probability that a child with this pattern will belong to this phenotype (PO).
tMost likely wheezing phenotype in the constrained model (C) and the probability that a child with this pattern will belong to this phenotype (PC).
{The 8 digits represent the presence of wheeze at ages 1, 2, 3, 4, 5, 6, 7, and 8 years; 0, no; /, yes.
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TABLE E3. Distribution of the 5 wheezing phenotypes identified in PIAMA data among the 4 phenotypes as defined by the TCRS: results
from weighted cross-tabulation using children with complete data

TCRS phenotypes

Never Transient early Late-onset Persistent
PIAMA phenotypes wheeze (%) wheeze (%) wheeze (%) wheeze (%)
Never/infrequent wheeze 81 18 1 0
Transient early wheeze 5 86 1 8
Intermediate-onset wheeze 21 21 26 31
Late-onset wheeze 23 13 29 34
Persistent wheeze 0 19 0 81

Total 63 30 2 6
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TABLE E4. Model characteristics and prevalences of wheezing phenotypes derived from longitudinal latent class models of data with 2
to 8 observations of wheeze in the first 8 years of life in the ALSPAC study and the PIAMA study

ALSPAC free PIAMA PIAMA free
Model characteristics (optimal) ALSPAC free constrained? (optimal) PIAMA free
No. classes 7 6 6 5 6
No. children with 2-8 observations 11,740 11,740 3,789 3,789 3,789
No. free parameters 62 53 5 44 53
BIC* 60,053 60,084 17,359 17,415 17,464
Entropy* 0.69 0.72 0.81 0.85 0.78
BLRT* <0.0001 <0.0001 — <0.0001 0.03
Prevalence of wheezing phenotypesi (%)
Never/infrequent 55.2 60.4 73.4 73.2 65.7
Transient early 19.6 15.2 11.9 17.3 17.5
Prolonged early 5.5 10.1 8.8 NA NA
Transient intermediate 6.5 NA NA NA 9.3
Intermediate-onset 24 2.6 0.8 34 2.0
Late-onset 4.6 5.1 2.5 1.8 1.7
Persistent 6.2 6.6 2.7 4.3 3.8

*For a detailed description, see the section “Measures of fit in LLCA.”

TLLCA models have 2 sets of parameters: the conditional probabilities (probability of belonging to a latent class n given a specific pattern of wheeze) and the latent class
probabilities, the proportion of children in each latent class. In the constrained models, we fixed only the conditional probabilities, allowing the prevalences of the wheezing
phenotypes to vary among the cohorts.

{Based on estimated posterior probabilities.
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TABLE E5. Most frequently occurring patterns of wheeze during the first 8 years of life from the PIAMA 5-class optimal model using
3789 children with 2 to 8 observations of wheeze and their most likely phenotype in the constrained 6-class model

Pattern of Pattern of Pattern of
Optimal} N wheeze$ PO Ci PCi Optimali N wheeze$ PO Ci PCi Optimal N wheeze PO Cc PC
NI 1631 00000000 0.99 NI 0.98 TE 78 11000000 0.84 TE 0.84
249 10000000 0.89 NI 0.84 40 10100000 0.80 TE 0.56
98 01000000 0.74 NI 0.61 30 01100000 0.92 TE 0.70
71 0000000* 0.99 NI 0.98 16 11010000 0.99 TE 0.61
63 00100000 0.77 NI 0.83 15 00110000 0.66 PE 0.60
43 *0000000 0.98 NI 0.96 13 10010000 0.71 NI 048
35 00001000 0.87 NI 093 12 11101000 0.97 PE 0.84
34 000*****% 095 NI 0.95 10 01110000 098 PE 0.78
33 000000*0 099 NI 0.98 10 10110000 0.95 PE 0.74
31 00010000 0.79 NI 0.90 7 1100000* 0.85 TE 0.84
10 11 00011000 0.82 PE 0.63 LO 7 00000011 093 LO 08 P 14 11111111 1.00 P  0.00
6 00111101 0.77 10 0.76 5 00000111 098 LO 1.00 13 11111100 097 PE 0.89
5 00001100 0.86 NI 041 5 10000111 098 LO 1.00 11 11111110 1.00 P 0.04
5 00111100 0.88 PE 0.85 4 00001111 093 LO 0.75 8§ 01111111 099 P 0.00
4 00111000 0.83 PE 0.97 4 00011111 058 10 0091 6 11111000 0.52 PE 0.98
3 00001001 063 LO 046 3 00000110 086 LO 0.84 5 01111100 092 PE 0.93
3 00010100 0.78 NI 0.55 3 01000011 090 LO 091 5 11111001 093 PE 0.80
3 00011100 098 PE 0.63 2 00000101 044 LO 0.79 4 01111110 099 P  0.06
3 00101000 045 PE 0.59 2 00001011 0.88 LO 092 4 10111111 095 P 0.10
3 00101100 092 PE 0.82 2 01000111 099 LO 0.99 4 11111*%** 094 P 0.38

10, Intermediate-onset wheeze; LO, late-onset wheeze; NI, never/infrequent wheeze; P, persistent wheeze; PE, prolonged early wheeze; TE, transient early wheeze.

*Missing at specific age.
FtMost likely wheezing phenotype in the optimal model (Optimal) and the probability that a child with this pattern will belong to this phenotype (PO).
iMost likely wheezing phenotype in the constrained model (C) and the probability that a child with this pattern will belong to this phenotype (PC).

§The 8 digits represent the presence of wheeze at ages 1, 2, 3, 4, 5, 6, 7, and 8 years; 0, no; 1, yes.
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TABLE E6. Associations of wheezing phenotypes in PIAMA optimal 5-class model with diagnosed asthma at 0 to 8 years, doctor-
diagnosed asthma at 8 years, and use of inhaled corticosteroids at 3 to 8 years: results from weighted logistic regression models in
children with 2 to 8 observations of wheeze

Asthma ever Doctor-diagnosed asthma Use of inhaled corticosteroids
at8y at8y at3-8y
Phenotype Total$ n* (%) OR (95% CI) Total$ n* (%) OR (95% Cl) Total$ n* (%) OR (95% CI)
Never/infrequent 2161 1.0 2405 1.0 2139 1.0
148 (6.9) (reference) 23 (0.9) (reference) 201 (9.4) (reference)
Transient early 517 8.1 548 4.0 513 5.7
193 (37.3) (6.3-10.3) 20 (3.7) (2.2-7.4) 191 (37.3) 4.5-7.2)
Intermediate-onset 107 13.8 112 20.5 104 20.4
54 (50.4) (9.1-20.8) 18 (16.3) (10.7-39.2) 71 (68.0) (13.2-31.6)
Late-onset 56 22.7 61 40.3 55 13.0
35 (62.6) (12.9-39.9) 17 (27.7) (20.1-80.7) 32 (57.4) (7.5-22.6)
Persistent 133 52.1 124 46.0 134 57.2
106 (79.4) (33.2-81.9) 38 (30.4) (26.2-80.8) 15 (85.6) (34.6-94.7)
Total 2973 3251 2945
536 (18.0) 116 (3.6) 609 (20.7)

*n represents the sum of the membership probabilities of the affected children for that phenotype, and Tozal$ represents the sum of the membership probability of all children for
that phenotype.
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TABLE E7. Associations of wheezing phenotypes in PIAMA optimal 5-class model with sensitization against any allergen, indoor

allergens or food allergens at 4 years: results from weighted logistic regression models in children with 2 to 8 observations of
wheezing

Sensitization to any common Sensitization to indoor Sensitization to food
allergen at 4y allergens at 4y allergens at 4y
Phenotype Total$ n* (%) OR (95% Cl) Total$ n* (%) OR (95% CI) Total$ n* (%) OR (95% CI)
Never/infrequent 462 1.0 483 1.0 339 1.0
167 (36.2) (reference) 51 (10.6) (reference) 100 (29.4) (reference)
Transient early 151 1.2 158 1.7 114 1.3
62 (41.0) (0.8-1.8) 27 (17.0) (1.0-2.9) 28 (24.5) (0.9-1.9)
Intermediate-onset 30 4.1 31 9.5 22 2.1
21 (69.9) (1.8-9.1) 16 (53.0) (4.4-20.4) 8 (35.9) (1.0-4.4)
Late-onset 20 4.6 20 13.0 14 1.2
14 (72.4) (1.7-12.6) 12 (60.7) (5.1-33.6) 4 (28.5) (0.4-3.3)
Persistent 43 2.0 44 6.1 29 1.1
23 (53.0) (1.1-3.7) 19 (42.1) (3.2-11.9) 9 (29.3) (0.5-2.2)
Total 707 736 518
288 (40.7) 125 (17.0) 148 (28.6)

*n represents the sum of the membership probabilities of the affected children for that phenotype, and Total$ represents the sum of the membership probability of all children for
that phenotype.
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TABLE E8. Associations of wheezing phenotypes in PIAMA optimal 5-class model with sensitization against any allergen, indoor
allergens or food allergens at 8 years: results from weighted logistic regression models in children with 2 to 8 observations of
wheezing

Sensitization to any common Sensitization to indoor Sensitization to food
allergen at 8 y allergens at 8 y allergens at 8 y
Phenotype Total$ n* (%) OR (95% ClI) Total$ n* (%) OR (95% CI) Total$ n* (%) OR (95% CI)
Never/infrequent 1220 1.0 1223 1.0 1221 1.0
446 (36.6) (reference) 243 (19.9) (reference) 183 (15.0) (reference)
Transient early 305 1.3 307 1.3 305 1.3
128 (41.9) (1.0-1.6) 75 (24.3) (1.0-1.7) 55 (18.2) (0.9-1.7)
Intermediate-onset 63 4.5 63 5.0 63 2.4
46 (72.2) (2.6-7.9) 35 (55.2) (3.0-8.3) 19 (29.9) (1.4-4.2)
Late-onset 35 5.2 35 9.3 35 1.7
26 (75.1) (2.4-11.4) 24 (69.7) (4.5-19.4) 8 (23.5) (0.8-3.0)
Persistent 78 2.6 79 4.8 79 1.8
47 (60.3) (1.7-4.2) 43 (54.4) (3.0-7.7) 19 (23.9) (1.0-3.0)
Total 1701 1708 1704
693 (40.7) 420 (24.6) 285 (16.7)

*n represents the sum of the membership probabilities of the affected children for that phenotype, and Total$ represents the sum of the membership probability of all children for
that phenotype.
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TABLE E9. Associations of wheezing phenotypes in PIAMA optimal 5-class model of children with 2 to 8 observations of wheeze with
lung function and airway hyperresponsiveness: results from weighted linear regression models in children with 2 to 8 observations of

wheeze
FEV, % predicted at 8 y* Bronchial responsiveness at 8 yi
Geometric
Mean difference mean Ratio of geometric means
Phenotype ni Mean (SE) (95% CI) ni (95% ClI) (95% CI)
Never/infrequent 736 107.8 (11.1) 0 (reference) 657 16.3 (14.2, 18.7) 1 (reference)
Transient early 201 105.3 (10.7) -2.5(4.3,-0.8) 178 20.4 (15.6, 26.6) 1.3 (0.9, 1.7)
Intermediate-onset 43 104.5 (13.5) -3.3 (-6.8, 0.1) 37 47.8 (26.7, 85.5) 2.9 (1.6, 5.3)
Late-onset 27 105.4 (11.8) 2.4 (-6.8, 2.0) 22 58.3 (27.6, 123.0) 3.6 (1.7, 7.7)
Persistent 51 102.1 (13.2) -5.8 (9.0, -2.6) 44 49.0 (28.6, 83.7) 3.0 (1.7, 5.2)
Total 1058 938

*Percentage of predicted FEV; based on height and sex.

FtMeasured as dose-response slope (% decline in FEV, per milligram methacholinebromide).

in represents the sum of the membership probabilities of all children for that phenotype.
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TABLE E10. Comparison of associations between wheezing phenotypes and doctor-diagnosed asthma, sensitization to any common
allergen, and lung function measures at 8 years in ALSPAC and PIAMA: results from weighted regression models using children with 2

to 8 observations of wheeze

Doctor-diagnosed

Sensitization to any

FEV, % predicted

Bronchial responsiveness

asthma at 8 yt common allergen at 8 y at 8 yi at 8 y8
Mean difference Ratio of geometric
Model Phenotype OR (95% CI) OR (95% CI) (95% ClI) means (95% ClI)
ALSPAC 6-class extended model*  Never/infrequent 1 (reference) 1 (reference) 0 (reference) 1 (reference)
Transient early 1.5 (1.0, 2.2) 0.9 (0.8, 1.1) 2.1 (2.9, -1.2) 1.2 (1.0, 1.4)
Prolonged early 7.6 (5.6, 10.2) 1.3 (1.0, 1.6) -3.0 (4.0, -2.0) 1.5 (1.3, 1.8)
Intermediate-onset  264.1 (163.1, 418) 6.9 (4.9, 9.7) -3.3 (5.2, -1.5) 4.8 (3.5, 6.8)
Late onset 51.4 (38.6, 68.5) 4.0 (3.1,5.1) -2.5 (3.8, -1.1) 3.0 (2.4, 3.9)
Persistent 268.7 (190.6, 379) 4.0 (3.2,5.0) 4.2 (=54, -3.0) 3.1 (25,3.9)
Total 7305 5887 6262 4266
PIAMA 5-class model Never/infrequent 1 (reference) 1 (reference) 0 (reference) 1 (reference)
Transient early 4.0 (2.2,7.4) 1.3 (1.0, 1.6) -2.5 (4.3, -0.8) 1.3 (0.9, 1.7)
Intermediate-onset ~ 20.5 (10.7, 39.2) 4.5 (2.6,7.9) -3.3 (-6.8, 0.1) 2.9 (1.6, 5.3)
Late-onset 40.3 (20.1, 80.7) 52 (24,11.4) 2.4 (-6.8, 2.0) 3.6 (1.7, 7.7)
Persistent 46.0 (26.2, 80.8) 2.6 (1.7,4.2) -5.8 (9.0, -2.6) 3.0(1.7,5.2)
Total 3251 707 1058 938

*Extended model with eighth time point at 91 months.
TPercentage of predicted FEV, based on height and sex.
{Defined as a parental report of a doctor’s diagnosis of asthma at any time and a parental report of asthma in the past 12 months, reported at age 8 years.

§Measured as dose-response slope (% decline in FEV, per milligram methacholinebromide).
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