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Introduction

Allergic sensitization is a well-known risk factor for asthma development, morbidity and
persistence. The patterns of allergens to which children become sensitized, i.e., the presence
of sensitization to some but not other allergens, appear to be predictive of allergic disease
development and prognosis beyond just the presence (vs. absence) of any allergic
sensitization;1 however, the variety of allergens to which children can become sensitized is
vast and dependent on climatic and domestic environments. Previous confines in study
methodology for assessing sensitization to more than a handful of allergens (either because
of difficulty of skin testing to many allergens or the amount of serum required for IgE
testing) limited evaluation of sensitization profiles to common allergens. Also, it is
becoming increasingly clear that assessing the specific allergens against which an individual
develops IgE (i.e., component testing) can be more informative than assessing sensitization
against crude allergen extracts for the purpose of primary care and specialist practice.? 3
Recent advances in component testing using a microarray chip allow for the identification of
IgE against 112 allergens with a relatively small amount of serum.? The identification of
sensitization patterns based on individual allergens and linking these to disease morbidity at
an important age for asthma in young children could have important clinical implications.

In addition, discovering patterns of polysensitization can be challenging. Each patient is
sensitized to very different allergens. If defining sensitization patterns using the individual
observed IgE response to each allergen, the number of possible patterns can be large and
increases at a geometric rate as the number of allergens increases. Alternatively, if defining
sensitization patterns as presence or absence of sensitization to any allergen in a group, the
variability in the sensitization to multiple allergens in the group is ignored. Latent class
analysis (LCA) can overcome these challenges. LCA is a statistical method for identifying
underlying subgroups within a population based on individuals’ responses to multiple
observed variables.> LCA assumes that the population consists of a finite number of groups
and each group is characterized by a specific pattern of sensitization to multiple allergens. In
each group, instead of classifying the sensitization to each allergen as presence or absence,
the LCA estimates the probability of sensitization to each allergen for individuals belonging
to that group. LCA has been widely used to identify phenotypes of asthma and asthma-like
symptoms such as wheeze® 7+ 8, but it is less recognized for its application in identifying
patterns of allergic sensitization from multiple individual allergens. The estimated patterns
of allergic sensitization will allow modeling the effect of sensitization to a group of
allergens on asthma, which is novel as the current research mostly focuses on the effect of
sensitization to a single or small number of particular allergens or crude allergen extracts
(e.g. Bla g 2 or German cockroach extract) on asthma.®

In New York City (NYC), asthma prevalence among children entering school varies by
neighborhood from 3% to 19%.10 Through an employer-based, middle-income health
insurance plan, we recruited 350 seven-eight year old children (57% asthma cases, 43%
controls) into the NYC Neighborhood Asthma and Allergy Study (NAAS), representing in
equal numbers high (HAPN) and low (LAPN) asthma prevalence neighborhoods for a case-
control study. Of the 350 children, 246 have been followed prospectively to age 10-11. The
analyses have suggested that cockroach and mouse allergens in dust were higher in HAPN
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than in LAPN homes; children exposed to cockroach allergens were more likely to be
sensitized; and sensitization was associated with more frequent asthma symptoms.11: 12 |n
this paper, we used the data from the NAAS to identify patterns of allergic sensitization
from the identification of IgE against 112 allergens. We hypothesized that distinct patterns
of sensitization to allergens would be associated with asthma, allergic rhinitis and eczema
morbidity and persistence among school age, preadolescent children in NYC.

Methods

Study cohort

The NYC NAAS is a case-control study of asthmatic children. Parents of 7 and 8-year old
children were recruited through the Health Insurance Plan of New York, a provider used
primarily by a middle-income population. Neighborhoods were selected based on zip code
level asthma prevalence among 5-year old children as reported by the NYC Department of
Health and Mental Hygiene (DOHMH).10 Asthma prevalence cut-points for LAPN (3-9%)
and HAPN (11-19%) were selected to yield an approximately equal number of eligible
families in each neighborhood category. All NYC neighborhoods in the Bronx, Brooklyn,
Queens and Manhattan with asthma prevalence within these cut-points were selected for
recruitment. Written consent was obtained. This study was approved by Columbia
University’s Institutional Review Board.

Screening questionnaire and home visit

A brief telephone interview was administered to the parents during which the child’s
eligibility was confirmed (age, insurance and residence). The screening questionnaire also
included ascertainment of demographic information on the child and administration of the
International Study of Asthma and Allergy in Childhood (ISAAC) questionnaire.13
Medication use for asthma was ascertained by the question, “Is your child currently taking
any medication to treat or prevent wheezing, cough or other breathing problems, rhinitis or
allergies”, followed by a question that queried on specific medications with a list of
possibilities.14 Homes of willing families were visited during which a detailed questionnaire
on the health history of the child, environmental exposures and socioeconomic and
demographic information was administered. Dust samples were collected for allergen
analyses and blood was collected for IgE analyses.

Asthma case definition

Children were classified as asthmatic if the parent reported at least one episode for at least
one of the following for the child in the 12 months prior to administration of the
questionnaire: 1) wheeze, 2) being woken at night by cough without having a cold, 3)
wheeze with exercise or 4) report of medication use for asthma. Children who did not meet
any of these criteria were classified as controls. For sensitivity analyses, controls were also
compared to children with frequent symptoms of asthma, defined as in the past 12 months
having any wheeze related symptom reported = 4 times or sleep disturbed = 1 time per
week. Asthma cases with less frequent symptoms were excluded from the sensitivity
analyses.
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Parents of children were contacted annually by telephone, during which time a brief
telephone survey was administered about the child’s health in the past year. Children were
followed for up to three years after the baseline visit, with 246 followed for three years, 50
followed for two years, and 26 followed for one year. Children classified as asthmatic at
baseline who also met those same criteria at the last follow-up (i.e., symptoms or medication
use in the past year), were considered to have persistent asthma. Children classified as
asthmatic at baseline that did not have asthma symptoms or medication use in the past year
at the last follow-up were classified as not having persistent asthma.

Allergen measurements in the home

During the home visit a settled dust sample was collected from the child’s bed as described
previously.11 Der f 1, Fel d 1, Can f 1, and Mus m 1 were measured by multiplex bead
immunoassays.1® Bla g 2 was measured by ELISA (Indoor Biotechnologies, Charlottesville,
VA).16 All results are based on the universal allergen standard curve.l” For results below the
limit of detection (LOD), values of %2 LOD were used in analyses.

Serum IgE antibodies

IgE against a panel of 112 antigens was measured using the ISAAC multiplex panel array
(Phadia/ThermoFisher, Uppsala, Sweden).# Antigens with greater than 0.3 ISU-E
(ImmunoCAP Specific IgE) units were considered positive. This cut-point has been
demonstrated previously to be relatively concordant with the cut point of 0.35 IU/ml used
with traditional ImmunoCap.18

Local neighborhood level variables

Children’s home addresses were geocoded and linked to a comprehensive geospatial
demographic database described previously.1® The median household income in the
surrounding 500M radius was determined for each home. Neighborhood asthma prevalence
was based on previously described data from NYC DOHMH.10

Statistical analysis

Frequency and percentage of children with sensitization against each of the 112 allergens
was calculated and compared between asthmatics and non-asthmatics. Latent class analysis
(LCA) was used to identify patterns of allergic sensitization using the 26 most common
allergens identified, against which at least 5% of the children in the study developed IgE.
The number of sensitization patterns was determined by selecting the LCA model with a
minimum value of Bayesian Information Criterion20, an information criterion that combines
goodness of fit and parsimony of the model. The prevalence of sensitization patterns was
estimated, as well as the probability of sensitization to each allergen in each pattern. The
posterior probability of belonging to each of the sensitization patterns was calculated for
each child. A categorical variable of sensitization pattern was generated assigning each child
to the pattern with the highest posterior probability. The bivariable association was
examined between this categorical variable of sensitization pattern and health history of the
child, environmental exposures and socioeconomic and demographic information, allergen
measure in the home, and local neighborhood level information, using Fisher’s exact test for
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categorical variables and using Kruskal-Wallis test for continuous variables. Variables that
were significant in the bivariable analysis with a p-value less than or equal to 0.05 also were
included in the multivariable analysis using a multinomial logistic regression model. Finally,
the associations between the patterns of allergic sensitization and asthma, asthma-like
symptoms, and other allergic diseases were examined using logistic regression adjusting for
demographic and socioeconomic factors. The odds ratio (OR) and 95% confidence interval
(CI) were reported. The statistical analysis was conducted using SAS 9.4 (SAS Institute Inc.,
Cary, North Carolina).

Descriptive statistics

Among the 350 children in the NAAS cohort, 332 had serum IgE measurements and were
included in this study. Of the 332 children, 185 (56%) were males, 47 (14%) were white,
159 (48%) were black, 165 (50%) lived in HAPN, and 136 (41%) were non-asthmatic
(Table 1).

The frequencies of sensitization to the 26 most common allergens identified in this study
together with their source and allergen family are shown in Table 2. The allergens were
grouped based on allergological knowledge. Bet v 1 is the major allergen among PR-10 tree
pollen, and was grouped together with Cor a 1.040.1, Cor a 1.010.1, and Aln g 1. Bet v 1-
homologous food allergens, including Mal d 1, Pru p 1, Gly m 4, and Ara h 8, were grouped
together. Cat (Fel d 1, Fel d 4), dog (Can f 1, Can f 5), dust mite (Der f/p 1, Der f/p 2),
mouse (Mus m 1) and cockroach (Bla g 2, Bla g 5 and Bla g 7) define the indoor allergens.
Blag 7, Pen m 1 and Ani s 3 are allergens from the tropomyosin family. Cup a 1 and Phl p 4
are grass pollen. Among the 196 asthmatic children, 26% were sensitized to Bet v 1 (birch),
25% were sensitized to Cor a 1.040.1 (hazelnut), 24% were sensitized to Mal d 1 (apple),
19% were sensitized to Fel d 1 (cat), and 17% were sensitized to Pru p 1 (peach). Four of the
above five most common allergens were from the PR-10 family. The proportion of
sensitization to each of the 26 allergens was much lower in children without asthma - all
lower than 10% except Fel d 1 (cat) with 14.7% of sensitization.

Patterns of sensitization

The Bayesian Information Criterion selected a 4-class LCA model (Figure 1). In addition to
the pattern with close to zero probability of sensitization to all 26 allergens (named “low risk
of sensitization™), one pattern exhibited a high probability of sensitization to indoor
allergens but a low probability of sensitization to pollen (named “indoor”), and two patterns
exhibited sensitization to both pollen and indoor allergens (named “pollen and indoor group
1” and “pollen and indoor group 2”). The children in the “pollen and indoor group 1” had a
high probability of sensitization to all allergens, especially the PR-10 tree pollen and plant
food allergens that are cross-reactive to the birch tree pollen. In contrast, children in the
“pollen and indoor group 2” were sensitized to fewer allergens with lower probability of
sensitization and had a close to zero probability of sensitization to Cor a 1.010.1, the grass
pollen (Phl p 4 and Cyn d 1), the dog allergens (Can f 1, Can f 5), the tropomyosin allergens
(Blag 7, Pen m 1 and Ani s 3) and shrimp (Pen m 2). By assigning children to the
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sensitization patterns with the highest posterior probabilities, the categorical variable of
sensitization pattern had 206 children in the “low risk of sensitization” category, 66 in the
“indoor” category, 38 in the “pollen and indoor group 1” category, and 22 in the “pollen and
indoor group 2” category (Figure 1).

Risk factors associated with patterns of sensitization

Bivariable analysis identified seven important risk factors that were associated with
sensitization patterns. They were whether the parent reported that the child had an allergic
reaction to foods (p < .001), whether child was taken to a doctor in a hurry because of
wheezing in the past 12 months (p < .001), whether mother had asthma (p <.001), whether
pollen (p < .001), animal (p <.001) or smoking (p < .001) made wheezing or breathing
difficulty, and mite group 2 allergen measured in the bed dust (p = 0.031). The multivariable
analysis using a multinomial logistic regression showed that, compared to children in the
“low risk of sensitization” group, having reported allergy to food (OR=2.57 [95% CI: 1.09-
6.05]) and having reported that pollen made the child wheeze or have difficulty breathing
(OR=3.68 [95% ClI: 1.44-9.42]) were associated with belonging to the “pollen and indoor
group 1” sensitization pattern (Figure 2). Mite group 2 allergen in bed dust (OR=1.24 [95%
Cl: 1.01-1.51]) was a risk factor for belonging to the “indoor” sensitization pattern. The
other covariates were not significantly associated with sensitization patterns in the
multivariable analysis.

Asthma and other allergic diseases by sensitization patterns

Table 3 shows the percentages of children belonging to each sensitization pattern stratified
by the asthma (asthma, asthma with frequent symptoms, persistent asthma), asthma-like
symptoms (being woken at night by cough without a cold, wheezing with exercise), and
allergic diseases (ISAAC rhinitis and eczema). Children with asthma, asthma-like symptoms
or other allergic diseases were more likely to belong to the patterns with sensitization to
pollen or indoor allergens. Among the 136 non-asthmatic children, 15% were classified as
“indoor”, 5% as “pollen and indoor group 1”, and 4% as “pollen and indoor group 2”; while
among the 196 asthma children, 23% were classified as “indoor”, 16% as “pollen and indoor
group 1”7, and 9% as “pollen and indoor group 2”. The percentages of “indoor” and “pollen
and indoor group 1” were even higher among the 123 children with persistent asthma, (24%
and 20%, respectively) and among the 79 children with frequent symptoms of asthma (28%
and 20%, respectively).

Adjusting for the demographic and socioeconomic factors in Table 1, compared to the “low
risk of sensitization” category, children in the “pollen and indoor group 1” category had
significantly higher odds of asthma (OR=5.30 [95% CI: 2.14-13.13]), asthma with frequent
symptoms (OR=9.14 [95% CI: 3.14-26.64]), persistent asthma (OR=6.22 [95% CI: .75-
14.04]), being woken at night by cough without a cold (OR=4.73 [95% CI: 2.09-10.72]),
wheezing past 12 months (OR=2.16 [95% CI: 0.99-4.73]), ISAAC rhinitis past 12 months
(OR=7.24 [95% CI: 3.10-16.89]), and ISAAC eczema past 12 months (OR=4.12 [95% CI:
1.93-8.80]) (Figure 3). Children with the “indoor” sensitization pattern also had
significantly higher odds of asthma and other allergic diseases, except wheeze with exercise,
but the effects were smaller compared to the “pollen and indoor group 1”. The odds ratios
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estimates for the “pollen and indoor group 2” were similar to those of the “indoor”, but the
associations were only statistically significant for asthma which might be due to the small
sample size in this group. Although the “pollen and indoor group 1” had the highest odds of
asthma, asthma-like symptoms and other allergic diseases, their comparisons to the other
two sensitization groups were not statistically significant, which again might be due to
limited sample sizes in these sensitization groups.

Discussion

A few studies have characterized patterns of allergic sensitization on asthma

diseases?l: 22: 23,23, 25 byt many others have studied the asthma risk associated with the
presence or absence of sensitization to particular allergens. In studying sensitization
patterns, allergens are often grouped according to their origins and the known cross-
reactivity. The sensitization to a group of allergens has been then summarized as presence or
absence of sensitization to any allergen in the group or the total number of allergens
sensitized to in the group, which ignores the variability in the sensitization to multiple
allergens in the group.23 The application of LCA is novel, because it is a data driven method
that identifies patterns of sensitization across many common allergens without the need to
define allergy patterns based on prior knowledge. It defines the pattern of sensitization with
the estimated probability of sensitization to each allergens for all the considered allergens,
which provides richer information than those defined by presence or absence of any allergen
or number of allergens each individual develops sensitization to.

Although the LCA is a data-driven method, it successfully identified four sensitization
patterns. Specifically, it was successful in separating children who had low risk of
sensitization to those who were sensitized to multiple allergens, and in separating children
who were sensitized to indoor allergens but not pollen to those who were sensitized to both
indoor allergens and pollen; and among those sensitized to pollen, it further separated
children into two subgroups with one group displaying higher risk of sensitization to more
allergens than the other subgroup. As reflected in the two “pollen and indoor” patterns,
children who were sensitized to the PR-10 tree pollen also were more likely to be sensitized
to the Bet v 1-homologous allergens from plant food by means of cross-reaction.2
Similarly, children who were sensitized to Bla g 7 were also sensitized to Pen m 1 and Ani s
3, which were probable due to their cross-reactivity with Der f/p 10.27

The significant associations between belonging to the “pollen and indoor group 1” pattern
and parents’ report that the child had a reported allergic reaction to food and a report of
pollen causing breathing difficulty validated the definition of this pattern. We also found
that dust mite allergen in bed dust was significantly associated with belonging to the
“indoor” allergy pattern suggesting dust mites are common indoor allergy triggers. Although
children classified to the “pollen and indoor group 1” had higher chances of urgent medical
visits because of wheezing in the past 12 months and of wheezing or breathing difficulty
because of animal or cigarette smoking than children in the other patterns, these factors were
not significant after controlling for the parents’ reports to food and pollen allergy in the
multivariable analysis.
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The risk of asthma and persistent asthma was higher among children sensitized to pollens or
indoor allergens than children with low risk of sensitization, especially for children in the
“pollen and indoor group 17, which was three times more prevalent in the asthmatics than
non-asthmatic children. The risk of asthma-like symptom, being woken at night because of
cough without a cold, had a trend to be higher in the “pollen and indoor group 1” than the
other two allergenic patterns. However, the risk of wheezing with exercise was relatively
small and was similar across the three allergenic patterns. Like asthma, the risk of other
allergic diseases including rhinitis and eczema had a trend to be highest among children in
the “pollen and indoor group 1” group. This may suggest a common mechanistic
underpinning of the sensitizations relevant to allergic diseases (such as asthma, rhinitis and
eczema). Unfortunately, the sample size in this study and the large overlap between these
diseases do not allow us to further determine the associations between sensitization patterns
and the presence of single diseases (e.g., rhinitis without asthma), but this could be an
important examination in future studies.

This study contributes to further population-based examinations of the relative frequency of
IgE responses to the various allergen components. For example, it was also of interest that
allergens from birch and hazelnut were some of the most common with IgE detected despite
urban settings of cohort. Also, among this population of children for whom cockroach
exposure is common?l, the frequency of IgE against Bla g 5 was almost twice that of Bla g
2, while Bla g 2 has been considered the major cockroach allergen.28 In a previous study of
cockroach allergic individuals, while the frequency of positives (>0.35 IU/ml) to Bla g 2
was higher than to Bla g 5, the geometric mean concentrations of IgE were higher to Blag 5
than to Bla g 2.2° The chip method for IgE detection may favor detection at higher
concentrations, but there may also be important differences in patterns of sensitization
between communities and among those with and without allergic diseases.

By design, our asthma classification based on the ISAAC questionnaires maximizes
sensitivity at the cost of specificity. Our sensitivity analyses among children with frequent
asthma symptoms showed a similar but stronger association with the identified sensitization
patterns. Although only the 26 most common allergens were considered in this paper, we
were able to identify majority of the children with allergic sensitization in our cohort, with
the exception of 10 children who were sensitized to at least one of the 112 allergens but not
to any of the 26 most common allergens.

We acknowledge that a limitation of this study is the relatively small number of children
classified into the “pollen and indoor group 1” (n = 38) and “pollen and indoor group 2” (n =
22) patterns. Consequently, we do not have enough power to detect the significant
associations between patterns of allergic sensitization and many environmental risk factors
as well as to compare the effects of these two sensitization patterns on asthma and allergic
diseases after adjusting for demographic and socioeconomic factors. We also acknowledge
the limitations with the chip technology, with respect to the quantity of allergen, the
potential inhibition of IgE binding and the use of recombinant allergens. All of these may
lead to false negatives. However, a clear advantage of the chip technology is the extremely
low volume of sera needed, which can be collected by finger stick (instead of venipuncture).
This technology may hence provide the ability to test many allergens in pediatric (and adult)
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cohorts that would otherwise have been difficult. Therefore, examining these results with
respect to asthma morbidity in an urban population with a high risk for asthma is relevant
from a public health prospective.

In conclusion, LCA provides a useful and flexible tool in studying allergy sensitization
patterns. The conventional study of asthma and allergy sensitization to particular allergens is
not sufficient. The patterns of allergic sensitization identified through the LCA method can
lead to better understanding of the relationship between asthma and allergic sensitization to
multiple allergens. As more data on allergyic sensitization to multiple allergens become
available, the LCA method will allow identifying more patterns of allergy sensitizations,
examining their associations with geographic, ethnic and other factors, and studying their
relationships to diseases like asthma.
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Figure 1.

Patterns of sensitization estimated using a 4-class Latent Class Analysis model with the data
of the 26 most common allergenic proteins in the sample (n = 332).
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Odds ratio estimates and 95% Cls of asthma and other allergic diseases comparing children
in each of the sensitization patterns to those who had low risk of sensitization to any of the
26 most common allergens, adjusting for demographic and socioeconomic factors.
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Participant characteristics frequency (%) among the asthmatic and non-asthmatic children in the NYC

Table 1

Neighborhood Asthma and Allergy Study

All  Asthmatic Non-asthmatic  Chi-square test
n =332 n=196 n=136 p-value
Race
Black 159 (48) 98 (50) 61 (45) 0.38
White 47 (14) 24 (12) 23 (17)
Others 126 (38) 74 (38) 52 (38)
Gender
Males 185 (56) 111 (57) 74 (54) 0.69
Females 147 (44) 85 (43) 62 (46)
Household income
< 30,000 60 (18) 39 (20) 21 (15) 0.24
30,000 — 60,000 118 (36) 74 (38) 44 (32)
60,000 — 90,000 83 (25) 45 (23) 38 (28)
> 90,000 57 (17) 28 (14) 29 (21)
Unknown 14 (4) 10 (5) 4(3)
Birth order
First 93 (28) 50 (26) 43 (32) 0.54
Second 115 (35) 73 (37) 42 (31)
Third 66 (20) 39 (20) 27 (20)
Later than third one 58 (17) 34 (17) 24 (17)
Breastfed
Yes 229 (69) 126 (64) 103 (76) 0.03
No 103 (31) 70 (36) 33 (24)
Children given formula time
Never 102 (31) 64 (33) 38 (28) 0.56
< 1 month 94 (28) 55 (28) 39 (29)
1 -3 months 67 (20) 41 (21) 26 (19)
3+ months 69 (21) 36 (18) 33 (24)
Daycare before age 2
Yes 219 (66) 59 (30) 54 (40) 0.07
No 113 (34) 137 (70) 82 (60)
Neighborhood
HAPN 165 (50) 99 (51) 66 (49) 0.91
LAPN 165 (50) 96 (49) 69 (51)
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