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ABSTRACT

Background: Allergic sensitization is linked to allergy development, with early sensitization often
associated with worse outcomes. We aimed to identify if distinct allergic sensitization trajectories
existed within a diverse and multi-ethnic Asian cohort.

Methods: We administered modified ISAAC questionnaires in the first 8 years and conducted
skin prick testing at ages 18 months, 3, 5 and 8 years in the Growing Up in Singapore Towards
healthy Outcomes (GUSTO) cohort. We used latent class analysis to derive allergic sensitization
trajectories, and adjusted odds ratios (AOR) to evaluate predictive risk factors and associations
with allergic comorbidities.

Results: Among 997 children, three trajectories were identified: early food and mite sensitization
(16.2%), late mite sensitization (24.2%) and no/low sensitization (59.6%). Early food and mite
sensitization was associated with early eczema by 6 months [AOR (95%CI) 4.67 (1.78–12.28)],
increased risk of wheeze by 3–8 years (ARR 1.72–1.99) and eczema in the first 8 years of life (ARR
1.87–2.41). Late mite sensitization was associated with female sex [AOR 0.58 (0.35–0.96)], cesar-
ean section [AOR 0.54 (0.30–0.98)], early eczema by 6 months [AOR 3.40 (1.38–8.42)], and
increased risk of eczema by 18 months [ARR 1.47 (1.03–2.08)] and 8 years [ARR 1.35 (1.05–1.73)].

Conclusion: Early onset of eczema and early allergic sensitization were strongly associated. Early
sensitization, especially to house dust mites, was associated with increased risks of developing
wheeze and eczema, pointing to the importance of developing preventive perinatal interventions
and effective therapeutics for sensitized toddlers.
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INTRODUCTION
Globally, the prevalence of allergic diseases in
children is approximately 30–35%.1 Allergic
sensitization is associated with a prominent T-
helper 2 (Th2) immune response,2,3 which drives
the development of allergic diseases.4,5 Evidence
of association between early allergic sensitization
and allergic outcomes has been presented by a
number of studies.4 The Isle of Wight birth
cohort showed that allergic sensitization was
associated with higher risks of asthma, rhinitis
and eczema development at age 4 years.6 In
Chinese schoolchildren from Hong Kong,
Malaysia and China, indoor allergic sensitization
was associated with higher risks of asthma and
rhinitis development.7 However, these studies did
not examine the longitudinal patterns of allergic
sensitization trajectories.

The use of latent class analysis (LCA), an unsu-
pervised data driven statistical method, allows
identification of allergic sensitization trajectories
which are not predefined and not directly
discernible from complex data.8 We define the
term “trajectories” as longitudinal changes in
sensitization to different number and types of
allergens from infancy to early childhood. This
method utilises maximum likelihood estimation to
produce homogenous subgroups from a diverse
population.9 Allergic sensitization trajectories can
identify the number and type of allergic
sensitization over different time periods and
further elucidate the relationships between atopy
and allergic diseases.

Increasing evidence has highlighted the impor-
tance of allergic sensitization trajectories in pre-
dicting allergy development. The WHEALS birth
cohort derived four trajectories of allergic sensiti-
zation using LCA and found that only children
belonging to “highly-sensitized” trajectory had
increased risk of asthma by four years old.10

Similarly, the MAAS cohort used a nested two-
stage LCA and found that children with mite
sensitization to seven components of mite aller-
gens had the highest risk of developing asthma
with comorbid rhinitis and eczema.11 However,
current studies that have evaluated allergic
sensitization trajectories are mainly from
European countries where allergen exposure and
sensitization profiles differ from the tropical
climate in Singapore. For example, more than
80% of Singaporean Chinese adults (the ethnicity
of highest proportion in Singapore) had dust
mite sensitization12 as compared to 10% in a
Swedish adult population13 due to the perennial
hot and humid weather in Singapore.14 Asian
countries also tend to have higher shellfish and
lower peanut and pollen sensitization rates.14,15

We hypothesized that there is an underlying
heterogeneity in the trajectories of allergic sensi-
tization development, which are in turn associated
with different allergic diseases and predictors. In
this study, we examined whether distinct allergic
sensitization trajectories existed within our ethni-
cally diverse population-based cohort using the
results from repeated skin prick testing (SPT) over
8 years in the Growing Up in Singapore Towards
healthy Outcomes (GUSTO) cohort. We also
determined if the trajectories were associated with
different predictors and differential risk for the
clinical outcomes of eczema, wheeze with use of
nebulizer and rhinitis.
METHODS

Study design and definition of allergic outcomes

The GUSTO study is a prospective population-
based cohort study involving 1247 healthy preg-
nant mothers and their offspring. Healthy pregnant
women aged 18 and above who were attending
their first-trimester antenatal dating ultrasound scan
clinics at two major public maternity units in
Singapore, National University Hospital and KK
Women’s and Children’s Hospital from June 2009
to September 2010, were invited to participate.
They had to be Singaporeans or permanent resi-
dents, belong to any of the major ethnic groups
(Chinese, Malay or Indian) in Singapore, and intend
to give birth at either hospital, donate their birth
tissues and reside in Singapore for at least five
years. Detailed methodology was described by Soh
et al.16 The modified International Study of Asthma
and Allergies in Childhood (ISAAC) questionnaire
was used to evaluate offspring allergic symptoms
at ages 3, 6, 9, 12, 15, 18 months and 2, 3, 4, 5,
6, 7 and 8 years. Questions used are listed in
Supplementary Text 1. The conduct of this study
was based on the guidelines in the Declaration of
Helsinki. Informed written consent was obtained
from all participants.

https://doi.org/10.1016/j.waojou.2022.100667
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SPT was conducted at ages 18 months, 3, 5 and
8 years to major relevant allergens in Singapore,
which included cow’s milk, egg, peanut and house
dust mites, Dermatophagoides pteronyssinus,
Dermatophagoides farina (Greer Laboratories,
Lenoir, NC, USA) and Blomia tropicalis. SPT was
defined as positive at a timepoint if any of the al-
lergens tested positive at the timepoint with an
average wheal size of at least 3 mm.

Statistical methods

The study aimed to find out subgroups of chil-
dren with distinct allergic sensitization profiles over
8 years of follow-up based on SPT to the major
relevant allergens. An exploratory, unsupervised
LCA was performed by using the doLCA program
in the LCA Stata plugin17 to derive the allergic
sensitization trajectories based on SPT at ages 18
months, 3, 5, and 8 years.18 LCA was employed
because it is often used to identify subgroups of
people based on their individual
characteristics.19 Both latent variable (ie, children
subgroups) and observed variables (ie, allergic
sensitization) are categorical in this context. LCA
assumes local independence, which means that
observed variables are independent conditional
on a particular latent class. Participants who had
completed at least one SPT were included into
the analysis. We fitted models from one through
six classes. Each model was repeatedly estimated
100 times with a prespecified seed, to find the
optimal seed or starting values of parameters
that maximized the likelihood function. This step
also helped to check model identification and
avoid suboptimal local maxima. The final number
of latent classes were chosen based on the
Akaike information criterion and Bayesian
information criterion, as well as the identification
and interpretability of the model. Posterior
probabilities of class membership were
generated for each child. The child was
subsequently assigned to the class with the
highest posterior probability. Variables were
summarized by frequency (percentage) and
mean (standard deviation) as appropriate. Chi-
square, Fisher’s exact, independent two-sample t
and Wilcoxon rank-sum tests were used to
compare demographic variables. Associations
between predictors and allergic sensitization
trajectories were evaluated by multivariable multi-
nomial logistic regression. Associations between
allergic sensitization trajectories and allergic dis-
eases were assessed by multivariable Poisson
regression with robust error variance, adjusted for
confounders. The Benjamini-Hochberg procedure
with a prespecified false discovery rate was
applied to reduce type I errors associated with
multiple comparisons. All statistical analyses were
conducted in Stata/SE 16.1 for Windows (Stata-
Corp LLC, College Station, TX USA) assuming two-
sided tests with a 5% significance level.
RESULTS

The study population comprised 997 mother-
child dyads after excluding subjects without data
on SPT. The majority of the mothers were of Chi-
nese ethnicity [565 (56.7%)] and had post-
secondary and higher education [692 (70.3%)];
52.5% of participants were boys (Table 1). There
were no differences in demographic
characteristics such as child’s sex and ethnicity
between included and excluded participants
while mean maternal age was higher for included
participants (Supplementary Table 1).

Identification of allergic sensitization trajectories

LCA classified the children into three allergic
sensitization trajectories (Fig. 1 and Supplementary
Figure 1). Conditional probability is the probability
of an allergic sensitization at a time point
conditional on a particular trajectory. Depending
on the time of onset, we labelled these as early
food and mite sensitization (EFMS) (16.2%), late
mite sensitization (LMS) (24.2%), and no/low
sensitization (59.6%, reference).

Early food and mite sensitization (EFMS)

Compared to children from the no/low sensiti-
zation trajectory, those in the EFMS trajectory were
more likely to be boys, have a family history of al-
lergy, mixed breastfeeding and formula feeding,
eczema in early life by 6 months and to have
attended childcare during infancy (Table 1). They
were also less likely to be of Indian ethnicity and
to have owned a dog during infancy (Table 1).
Multivariable analysis adjusting for confounders
showed that children with EFMS had higher odds
of having early eczema by 6 months (Table 2).



Total
(n ¼ 997)

No/low
sensitization
(n ¼ 594)

Early food and
mite sensitization

(n ¼ 162)
P

Late mite
sensitization
(n ¼ 241)

P

Demographics, n (%)

Sex 0.008a 0.042a

Male 523
(52.5)

289 (48.7) 98 (60.5) 136 (56.4)

Female 474
(47.5)

305 (51.4) 64 (39.5) 105 (43.6)

Ethnicity 0.002a 0.001a

Chinese 565
(56.7)

317 (53.4) 100 (61.7) 148 (61.7)

Malay 248
(24.9)

139 (23.4) 45 (27.8) 64 (26.7)

Indian 183
(18.4)

138 (23.2) 17 (10.5) 28 (11.7)

Maternal education level 0.244 0.119
Secondary school
education or less

293
(29.7)

187 (31.9) 43 (27.0) 63 (26.4)

Post-secondary and
higher

692
(70.3)

400 (68.1) 116 (73.0) 176 (73.6)

Family history of allergy 482
(54.1)

265 (49.9) 84 (59.2) 0.050a 133 (61.0) 0.006a

Maternal plasma Vitamin
D3

0.476 0.264

Deficient 117
(13.7)

74 (14.6) 19 (13.8) 24 (11.6)

Insufficient 230
(27.0)

145 (28.6) 33 (23.9) 52 (25.1)

Sufficient 505
(59.3)

288 (56.8) 86 (62.3) 131 (63.3)

Maternal age in yearsb 31 (5) 31 (5) 32 (5) 0.334 32 (5) 0.119

Parity 0.920 0.671
0 448

(44.9)
270 (45.5) 76 (46.9) 102 (42.3)

1 334
(33.5)

195 (32.8) 53 (32.7) 86 (35.7)

�2 215
(21.6)

129 (21.7) 33 (20.4) 53 (22.0)

Gestational age in
weeksb

38.8 (1.5) 38.8 (1.5) 38.8 (1.6) 0.742 38.8 (1.3) 0.450

Environmental factors,
n (%)

Tobacco exposure
during pregnancy

355
(37.5)

205 (36.6) 57 (36.8) 0.970 93 (39.9) 0.381

(continued)

4 Lau et al. World Allergy Organization Journal (2022) 15:100667
http://doi.org/10.1016/j.waojou.2022.100667

https://doi.org/10.1016/j.waojou.2022.100667


Total
(n ¼ 997)

No/low
sensitization
(n ¼ 594)

Early food and
mite sensitization

(n ¼ 162)
P

Late mite
sensitization
(n ¼ 241)

P

Mode of delivery 0.213 0.505
Vaginal delivery 693

(69.6)
405 (68.2) 118 (73.3) 170 (70.5)

Cesarean section 303
(30.4)

189 (31.8) 43 (26.7) 71 (29.5)

Breastfeeding 0.001a 0.095
Mainly breastfeeding 116

(12.3)
72 (12.8) 13 (8.8) 31 (13.3)

Mixed feeding 425
(44.9)

227 (40.3) 86 (58.1) 112 (47.9)

Mainly formula
feeding

405
(42.8)

265 (47.0) 49 (33.1) 91 (38.9)

Eczema in early life by 6
months

76 (8.8) 29 (5.7) 27 (19.6) <0.001a 20 (9.2) 0.082

Cat ownership by 1 year 31 (3.9) 19 (4.2) 5 (3.9) 0.874 7 (3.5) 0.682

Dog ownership by 1
year

59 (7.5) 40 (8.8) 2 (1.5) 0.003a 17 (8.5) 0.889

Childcare attendance by
1 year

70 (12.8) 30 (9.7) 19 (20.7) 0.005a 21 (14.6) 0.123

Table 1. (Continued) Characteristics of participants according to allergic sensitization trajectory. ap value that was significant after using the
Benjamini-Hochberg procedure with a proposed false discovery rate of 5%. bData presented as mean (SD)
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In multivariable analysis, compared to children
in the no/low sensitization trajectory, children with
EFMS had higher odds of wheeze development by
ages 3, 5, and 8 years and eczema development in
the first 8 years of life (Table 3 and Supplementary
Table 2). No association was observed between
EFMS and rhinitis development in the first 8 years
of life.
Late mite sensitization (LMS)

Compared to children from the no/low sensiti-
zation trajectory, those in the LMS trajectory were
less likely to be girls or to be of Indian ethnicity and
more likely to have a family history of allergy
(Table 1). Multivariable analysis showed that
female sex and cesarean section were associated
with lower odds of LMS and children with LMS
had higher odds having eczema in early life by 6
months (Table 2).

In multivariable analysis, compared to children
in the no/low sensitization trajectory, children with
LMS had higher odds of eczema by 18 months and
8 years (Table 3 and Supplementary Table 2). No
association was observed between LMS and
wheeze and rhinitis development in the first 8
years of life.
DISCUSSION

In this study, LCA of data collected over multiple
timepoints in the first 8 years of life generated three
trajectories of allergic sensitization, EFMS, LMS and
no/low sensitization. These trajectories were asso-
ciated with different clinical outcomes. EFMS was
associated with wheeze development by 3–8 years
and eczema development in the first 8 years. LMS
was associated with eczema by 18 months and 8
years only (Fig. 2). Notably, there was low food
allergen sensitization and high house dust mite
sensitization in this cohort study conducted in
Singapore with a year-round tropical climate.

We found EFMS to be associated with higher
odds of wheeze and eczema development, high-
lighting the association between early allergic
sensitization and the development of wheeze and
eczema. Our findings are supported by other co-
horts; the CAPS cohort in Australia observed that
early mixed food and inhalant trajectory was



Fig. 1 Probability of allergic sensitization conditional on latent class membership
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associated with the highest odds of development
of eczema and asthma at 8 years as compared to
other trajectories.20 The PARIS birth cohort in
France used k-means clustering and found that
early and persistent sensitization was associated
with highest odds of isolated atopic dermatitis
development in childhood.21 The MAS cohort in
Germany and the PASTURE cohort on five
European countries used LCA and found that the
severe atopy trajectory featuring early food and
mite sensitization was also associated with
highest odds of lifetime eczema and asthma
development by six years.22 Early sensitization
may signify the onset of the atopic march leading
to subsequent development of other allergic
diseases. To reduce the risk of development of
allergic diseases, it is likely to be beneficial to
prevent allergic sensitization in early life.

Conversely, LMS was only associated with
higher risk of eczema by 18 months and 8 years
and was not associated with wheeze and rhinitis in
the first 8 years of life. Longer follow up is needed
to evaluate the influence of LMS on subsequent
development of allergic outcomes. Besides this,
none of the sensitization trajectories was associ-
ated with rhinitis in our study, contrary to findings
in other studies.20,23 A possible reason could be
that we did not differentiate between transient
and persistent as well as allergic and non-allergic
or infectious rhinitis.
Early onset eczema by six months was associ-
ated with both EFMS and LMS. Our result is sup-
ported by the Melbourne Atopy Cohort Study
which also reported that early eczema by six
months preceded and predicted allergic sensiti-
zation at one year.24 Recently, the “outside-in”
hypothesis, which postulates that early onset of
eczema increases susceptibility to transcutaneous
sensitization by allergens and initiates the atopic
march leading to asthma and rhinitis, has gained
attention.25 Eczema with filaggrin mutations, a
key gene in the skin barrier, has been associated
with skin barrier integrity and degree of inhalant
allergic sensitization, while such associations
were not found for children with eczema who did
not have filaggrin mutations.26 Allergic
sensitization can in turn increase the risk of
having subsequent eczema later in childhood.4

The Danish Allergy Research Centre cohort
showed that, similar to our study, development of
subsequent atopic dermatitis at age six years was
associated with early food and inhalant
sensitization and early atopic dermatitis from 0 to
18 months.27

Besides early onset of eczema, female sex was
also associated with lower odds of LMS. Sex-
related differences in atopy development in
childhood is well-documented, where prepubertal
boys tend to have higher rates of sensitization
likely due to higher expression of Th2 cytokines,
interleukin-5 and interleukin-13.28

https://doi.org/10.1016/j.waojou.2022.100667


Early food and mite
sensitization

Late mite
sensitization

AOR (95% CI) P AOR (95% CI) P

Sex
Male Ref – Ref –
Female 0.72 (0.40–1.32) 0.294 0.58 (0.35–0.96) 0.033a

Ethnicity 0.532 0.121
Chinese Ref – Ref –

Malay 1.02 (0.41–2.49) 0.971 1.26 (0.63–2.52) 0.521
Indian 0.54 (0.18–1.63) 0.273 0.45 (0.18–1.09) 0.078

Maternal education level
Secondary school education or
less

Ref – Ref –

Post-secondary and higher 1.22 (0.53–2.78) 0.642 1.61 (0.85–3.03) 0.142

Family history of allergy 1.27 (0.68–2.37) 0.458 1.08 (0.65–1.80) 0.775

Maternal plasma Vitamin D3 0.730 0.530
Deficient Ref – Ref –
Insufficient 0.93 (0.30–2.89) 0.905 0.82 (0.34–1.99) 0.658
Sufficient 1.24 (0.42–3.62) 0.697 1.16 (0.50–2.66) 0.735

Maternal age in years 1.03 (0.96–1.10) 0.453 0.97 (0.92–1.03) 0.365

Parity 0.981 0.444
0 Ref – Ref –
1 0.97 (0.47–1.97) 0.924 1.35 (0.74–2.46) 0.326
�2 0.91 (0.35–2.36) 0.844 1.55 (0.74–3.25) 0.240

Gestational age in weeks 1.01 (0.81–1.27) 0.915 1.09 (0.89–1.33) 0.401

Tobacco exposure during
pregnancy

0.85 (0.39–1.85) 0.688 1.23 (0.68–2.22) 0.490

Mode of delivery
Vaginal delivery Ref – Ref –

Cesarean section 0.72 (0.37–1.42) 0.348 0.54 (0.30–0.98) 0.042a

Breastfeeding 0.026 0.360
Mainly breastfeeding Ref – Ref –
Mixed feeding 2.43 (0.96–6.16) 0.061 1.47 (0.71–3.04) 0.305
Mainly formula feeding 1.03 (0.36–2.98) 0.952 1.01 (0.46–2.21) 0.988

Eczema in early life by 6 months 4.67 (1.78–12.28) 0.002a 3.40 (1.38–8.42) 0.008a

Cat ownership by 1 year 1.51 (0.43–5.35) 0.525 0.85 (0.27–2.61) 0.771

Dog ownership by 1 year 0.13 (0.02–1.08) 0.059 0.97 (0.39–2.41) 0.945

Childcare attendance by 1 year 2.12 (0.92–4.90) 0.078 2.01 (0.97–4.15) 0.059

Table 2. Association between characteristics of participants and allergic sensitization trajectory by multivariate multinomial logistic
regression (n ¼ 396). AOR, adjusted odds ratio; CI, confidence interval.No/low sensitization trajectory was the baseline group for odds. ap value that was
significant
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In this study, we used LCA to derive allergic
sensitization trajectories. LCA has been widely
used in social and behavioural sciences and both
open-source and commercial software are avail-
able for the implementation of the methods.19 The
full information maximum likelihood approach is
adopted in most software to maximize the usage
of data and reduce the impact of missing
data. However, in situations where subjects are
to be assigned to different latent classes for



Early food and mite sensitization Late mite sensitization

ARR (95% CI) P ARR (95% CI) P

Wheezing by 18 months 1.32 (0.80–2.18) 0.271 1.14 (0.72–1.79) 0.580

Wheezing by 3 years 1.72 (1.26–2.35) 0.001a 1.20 (0.86–1.68) 0.285

Wheezing by 5 years 1.81 (1.41–2.33) <0.001a 1.21 (0.91–1.60) 0.181

Wheezing by 8 years 1.99 (1.56–2.53) <0.001a 1.31 (1.00–1.71) 0.050

Eczema by 18 months 2.41 (1.74–3.34) <0.001a 1.47 (1.03–2.08) 0.033a

Eczema by 3 years 2.08 (1.57–2.74) <0.001a 1.34 (0.99–1.82) 0.058

Eczema by 5 years 1.90 (1.46–2.46) <0.001a 1.31 (0.99–1.73) 0.058

Eczema by 8 years 1.87 (1.47–2.37) <0.001a 1.35 (1.05–1.73) 0.019a

Rhinitis by 18 months 0.97 (0.81–1.17) 0.788 0.89 (0.74–1.06) 0.192

Rhinitis by 3 years 1.00 (0.86–1.16) 0.974 0.96 (0.83–1.11) 0.545

Rhinitis by 5 years 0.98 (0.84–1.13) 0.743 0.95 (0.84–1.09) 0.498

Rhinitis by 8 years 0.99 (0.86–1.15) 0.906 0.93 (0.82–1.06) 0.290

Table 3. Association between allergic sensitization trajectory and allergic comorbidity by multivariate Poisson regression with robust error
variance. ARR, adjusted relative risk; CI, confidence interval.No/low sensitization trajectory was the reference group for relative risk. Sex, ethnicity, maternal
education level and family history of allergy were adjusted in the multivariate Poisson regression with robust error variance for each allergic comorbidity. ap
value that was significant
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subsequent analysis, there may be classification
uncertainty in some individuals. Moreover, when
applied to longitudinal data over multiple follow-
up times, LCA directly computes item-response
probabilities without assuming any time trend.
This may result in large number of parameters to
be estimated as well as discontinuous patterns
over time.

Strengths of this study include multiple SPT
performed at regular intervals, which allowed us to
observe the changes in allergic sensitization over
time as compared to other studies with fewer
timepoints of data collection.21 The extensive data
collection also allowed us to study predictors of
these trajectories. A limitation of this study is
parental report of doctor-diagnosed allergic out-
comes. However, the very regular follow up of the
participants at multiple timepoints with structured
interviewer-administered questionnaires would
have minimised recall bias and increased the
likelihood of capturing information on a child’s visit
to the doctor for allergy-related issues. We also
tested for a limited panel of six allergens in SPT.
However, we focused on major relevant allergens
in Singapore;29 hence, we were likely to have
captured the most important sensitization profiles
in Singaporean children. Cat and dog dander
were not studied due to low ownership and
sensitization rates.29 In addition, the results from
this study may not be generalizable to
Singapore’s population as women of Malay and
Indian ethnicities were overrepresented on
purpose at recruitment.16

In conclusion, this study identified three distinct
allergic sensitization trajectories as well as differ-
ential predictors and risks associated with clinical
outcomes in a longitudinal study of Singapore
children from birth to eight years using LCA. Our
results showed that early sensitization, especially
to house dust mites, was associated with a higher
risk of developing wheeze and eczema, pointing to
the importance of implementing preventive peri-
natal interventions and effective therapeutics for
sensitized toddlers. As early development of
eczema by six months was a common risk factor for
both allergic sensitization trajectories, it is hence
important to prevent and seek medical attention
for early onset eczema.

https://doi.org/10.1016/j.waojou.2022.100667


Fig. 2 Three allergic sensitization trajectories using latent class analysis were identified. The trajectories identified were early food and mite
sensitization (EFMS), late mite sensitization (LMS) and no/low sensitization. Early onset of eczema were associated with higher odds of
development of EFMS and LMS. Female sex and cesarean section were also associated with lower odds of LMS. EFMS was associated with
wheeze development by 3–8 years and eczema development in the first 8 years. LMS was associated with eczema by 18 months and 8 years
only. None of the trajectories were associated with rhinitis
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