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1. Your contribution to the publications 

1.1 Contribution to paper I 
Paper I is titled “Trajectories of asthma and allergy symptoms from childhood to adulthood”. [1] 

In this article, the candidate analyzed data of Phase II of the International Study of Asthma and 
Allergies in Childhood (ISAAC) and three follow-up studies called Study on Occupational Allergy 
Risks (SOLAR). ISAAC and the first two SOLAR study phases finished before 2010. Therefore, 
the candidate was not involved in these study phases at all. The third SOLAR follow-up took place 
in 2017-18. The candidate was not involved in the conception and design of the third follow-up 
but coordinated the second half of data acquisition in the study center Munich. This included 
creation and management of the response database, sending out invitations, reminders, and 
other study-related documents to participants, digitalizing paper questionnaires, supervising stu-
dent assistants, etc. In addition, the candidate processed the raw data from both study centers to 
arrive at an analyzable dataset. The objective of the analysis as well as the idea to use the method 
of repeated-measures latent class analysis (LCA) came from the Thesis Advisory Committee 
(TAC). The candidate conducted all analyses and filled in additional details of the analysis plan, 
e.g. regarding LCA model selection, handling of missing data, and considerations of classification 
uncertainty of the selected LCA model in additional regression analyses. Interpretation of results 
was done by the candidate and the TAC with help of the remaining co-authors. This input led e.g. 
to the decision on the final sensitivity analyses as well as table and figure structures. The candi-
date drafted the manuscript and included feedback by the TAC and remaining co-authors. The 
candidate acted as corresponding author during the publication process and answered reviewer 
comments with help of the TAC. 

1.2 Contribution to paper II 
Paper II is titled “Third Follow-up of the Study on Occupational Allergy Risks (SOLAR III) in Ger-
many: Design, Methods, and Initial Data Analysis”. [2] 

In this article, design and methods of the third SOLAR follow-up are described. As mentioned in 
“Contribution to paper I”, the candidate was not involved in the conception and design of the third 
follow-up but coordinated the second half of data acquisition in the study center Munich. This 
included creation and management of the response database, sending out invitations, reminders, 
and other study-related documents to participants, digitalizing paper questionnaires, supervising 
student assistants, etc. In addition, the candidate processed the raw data from both study centers 
to arrive at an analyzable dataset. The candidate suggested to apply the structure of the initial 
data analysis (IDA) framework. Planning the analysis, including variable selection for non-re-
sponder analysis, was mainly done by the supervisor and the paper’s last author based on sug-
gestions by the candidate, which followed the analysis done in the methods paper of the previous 
study phase. The candidate conducted all statistical analyses. Interpretation of results was done 
by the candidate, the supervisor, and the paper’s last author. The candidate drafted the manu-
script and included feedback by the co-authors. The candidate acted as corresponding author 
during the publication process and answered reviewer comments with help of the supervisor. 
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1.3 Contribution to paper III (Appendix) 
Paper III is titled “Nickel allergy is associated with wheezing and asthma in a cohort of young 
German adults: results from the SOLAR study”. [3] 

The candidate was not the paper’s first author. The paper resulted from the master thesis of the 
paper’s first author. The candidate acted as supporting supervisor of this master thesis. The first 
author ran the analysis, drafted the manuscript, and acted as corresponding author during the 
publication process, which included answering reviewer comments. The candidate supported all 
of this by giving feedback repeatedly and acting as a constant point of contact for the first author. 
Data from Phase II of ISAAC and two SOLAR follow-up studies was analyzed. As mentioned in 
“Contribution to paper I”, these study phases finished before 2010. Therefore, the candidate was 
not involved at all in conception and design of the study or in data acquisition. Regarding study 
objective, analysis plan, interpretation of results, and drafting the manuscript, candidate and first 
author were strongly supported by the last author, who also was the master thesis’ supervisor. 
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2. Introductory summary 

2.1 Asthma and allergies as complex diseases 
Asthma and allergies are complex diseases. Their development is based on complicated immu-
nological pathways with genetic and environmental risk factors. [4, 5] Courses of disease also 
differ between individuals with age of onset, persistence of symptoms, and other traits being di-
mensions of variation. In asthma, for example, triggers and frequency of symptoms, their severity, 
as well as response to therapies are traits by which the clinical picture of asthma varies. [6] These 
patterns of clinically relevant variables are called phenotypes. Their existence leads to the idea 
that subtypes of disease might differ by pathomechanism. These subtypes of disease are called 
endotypes. [7] In asthma, traits of endotypes include e.g. presence vs. absence of markers for a 
type 2 immune response in the airways. [8] Knowledge about the pathomechanism is important 
because it opens up new ways of therapy. 

Beyond single diseases, the interplay between different allergy-related outcomes, like asthma, 
allergic rhinitis, and atopic dermatitis, is important. Looking at all of them together expands the 
concept of phenotypes and gives a starting point for associating their pathways and risk factors 
and hence for learning about underlying endotypes. 

As mentioned, age plays an important role in phenotyping asthma and allergies. Firstly, age of 
onset is an important trait of phenotypes with considerable differences between disease courses 
that start in infancy, in childhood, or in adulthood. Secondly, disease progression with age is of 
concern. [6] Therefore, age probably plays an important role in endotypes as well, e.g. in the form 
of age ranges, in which an individual is vulnerable to risk factors or protective factors that influence 
disease risk. Identification of these time windows can improve prevention and health promotion. 
As risk factors across all ages might influence onset or persistence of disease, expanding the 
knowledge on vulnerable time windows beyond early infancy requires the longitudinal investiga-
tion of the course of asthma and allergies from childhood to adulthood. 

2.2 Methods 

2.2.1 The German ISAAC and SOLAR cohort 

To investigate the course of asthma and allergies longitudinally, data from a cohort that was fol-
lowed for decades during both childhood and adulthood is necessary. The German cohort of the 
International Study of Asthma and Allergies in Childhood (ISAAC) and the Study on Occupational 
Allergy Risks (SOLAR) offers the possibility for such an investigation. 

ISAAC started in the early 1990s with the goal of investigating prevalence and severity of child-
hood asthma, rhinitis, and eczema in multiple study centers around the world as well as risk fac-
tors, trends, and differences between study centers. [9] ISAAC Phase II focused on the investi-
gation of determinants of previously found differences between study centers by recruiting chil-
dren aged 9-11 years in more than 20 countries. [10] In Germany, two study centers in Munich 
and Dresden participated in Phase II of ISAAC and recruited 6399 children into the study (Figure 
1). In both cities, children were recruited from a random sample of schools to arrive at a commu-
nity-based cohort. [11] 
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SOLAR is the follow-up study of the German study centers of Phase II of ISAAC. As its name 
implies, one of the main goals of SOLAR was the investigation of occupational risk factors for 
asthma and allergies. However, other potential determinants like environmental factors and psy-
chological stress were also included. [12] In 2002-03, 3785 ISAAC Phase II participants then aged 
16-18 years could be recruited for the first SOLAR follow-up (SOLAR I). After a 12-year follow-up 
period, 2051 young adults participated in the second follow-up (SOLAR II) in 2007-09 (Figure 1). 
[12] 

 

Figure 1: Flow chart of participation in the ISAAC/SOLAR study. Boxes of study phases give in-
formation on study phase name, number of participants, time period of data collection, and age 

of participants at data collection. 

In 2017-18, a third follow-up of the ISAAC/SOLAR cohort was conducted (SOLAR III). [2] We 
contacted all participants of the first follow-up independently of their participation in the second 
follow-up. During the time of data collection, participants were between 29 and 34 years old. 
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Similar to the first follow-up, data was only collected via questionnaire without any examinations 
being conducted. This decision was made based on the assessment that accuracy is highest 
when maximizing response instead of reducing measurement error by conducting examinations. 
[2] In the end, 1359 young adults participated in the third follow-up, which includes those who 
skipped the second follow-up (Figure 1). 

2.2.2 Conducting initial data analysis of the third follow-up 

After recruitment for SOLAR III was finished, initial data analysis (IDA) was conducted. [2] IDA 
describes the part of a study between data collection and data analysis, i.e. the processing of raw 
data and a first analysis without thinking about the research question. This first analysis has the 
purpose of learning about the data, which can later inform analysis and interpretation. [13] 

As only 21% of the initial ISAAC Phase II cohort were left after the third follow-up, potential of 
selection bias as well as limitations in generalizability were investigated during IDA. SOLAR III 
responders were compared with non-responders regarding ISAAC Phase II and SOLAR I varia-
bles. In addition, differences between missing data patterns of online and paper questionnaires 
were investigated. 

2.2.3 Investigating symptom trajectories 

Trajectories of symptoms of wheeze, rhinoconjunctivitis, and eczema across four time points from 
ISAAC Phase II up to SOLAR III were investigated using latent class analysis (LCA). [1] LCA 
postulates a categorical latent (i.e. not directly measureable) variable, which represented symp-
tom trajectories. This latent variable is assumed to cause categorical observable indicator varia-
bles, i.e. asthma and allergy symptoms, by which the latent variable is indirectly measured. In 
addition, observable indicator variables are assumed to be measured with error. Based on this 
structure, LCA is able to summarize the table of response patterns, i.e. different combinations of 
all symptom variables and their occurrence, to a few latent classes while also considering missing 
values and measurement error. [14] 

Conducting LCA includes the selection of a primary model from a set of potential candidates. 
Candidates were multiple-group LCA models for men and women as groups that allow for quali-
tative and quantitative differences between groups (i.e. without measurement invariance), multi-
ple-group LCA models for men and women as groups that allow only for quantitative differences 
between groups (i.e. with measurement invariance), as well as single-group (“normal”) LCA mod-
els without considering men and women as separate groups. For all three types, models with 2 
to 10 latent classes were considered. Candidate models need to be identified, which means that 
a maximum likelihood solution exists and has been found. [14] Sometimes, however, finding the 
maximum likelihood solution is difficult because different sets of starting values lead to different 
parameter estimates. Therefore, every model was calculated with 100 random starting values and 
identification was concluded if the majority of them led to the maximum likelihood solution. Multi-
ple-group LCA models without measurement invariance as well as all models with 7 or more latent 
classes were not identified and therefore discarded. From among remaining candidates, the pri-
mary model was selected by considering interpretability, parsimony, as well as a statistical crite-
rion, namely the Bayesian information criterion (BIC). Models with 4 or less latent classes were 
ruled out because more complex models were available and multiple-group LCA models with 
measurement invariance were discarded because only one latent class prevalence was consid-
erably different. Of the remaining 5- and 6-class solutions of the single-group LCA, BIC preferred 
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the 5-class solution. However, because the 6-class solution offered an additional interpretable 
class, it was chosen as the primary model. Although multiple imputation was conducted to handle 
missing values, model selection was done in non-imputed data, because LCA uses all available 
information due to the maximum likelihood approach [15] and because pooling estimates from 
LCA models with varying numbers of latent classes is difficult. The primary model was, however, 
re-calculated using the multiply imputed data and pooled accordingly. Resulting latent classes 
were characterized regarding childhood traits, e.g. sensitization, and young adulthood traits, e.g. 
lung function. Because a considerable amount of participants dropped out before the second or 
third follow-up, we additionally investigated if missing values influenced how symptom trajectories 
looked like. 

2.2.4 Investigating risk factors of symptom trajectories 

To further characterize latent classes, associations with environmental determinants were inves-
tigated using logistic regression models. [1] For this, participants had to be assigned to latent 
classes. However, uncertainty of assignment had to be adequately considered. [14] Therefore, 
we randomly assigned a latent class 20 times based on the posterior probabilities of each partic-
ipant, which is a list of probabilities that a certain participant is in a certain latent class. We inves-
tigated environmental determinants to which participants were only exposed during adolescence 
or young adulthood but not during childhood. For smoking, this meant active smoking in adoles-
cence or young adulthood and no exposure to environmental tobacco smoke during childhood. 
For occupational exposures, childhood was always assumed to be unexposed time. Dog owner-
ship, cat ownership, obesity, and exposure to mold were considered as well. 

2.2.5 Investigating nickel allergy as additional dimension 

Nickel allergy as a frequent type of contact allergy follows a different immunological mechanism 
than most allergies, e.g. against inhalant or food allergens, as it can cause a type IV hypersensi-
tivity reaction. [16] Because of the different mechanism, it is interesting to see how the occurrence 
of nickel allergy relates to the longitudinal course of asthma and allergies, forming an additional 
dimension in its investigation. As a lot of research has been conducted on the complex relation-
ship between contact allergies and atopic dermatitis [17], we focused on the question if nickel 
allergy is associated with incident wheeze, asthma, and rhinoconjunctivitis using data from the 
ISAAC/SOLAR cohort up to the second follow-up (SOLAR II). [3] We conducted logistic regres-
sion models with incident wheeze, asthma, and rhinoconjunctivitis as outcomes and nickel allergy 
as exposure variable with adjustment for potential confounders. Incidence was defined as symp-
toms at 19-24 years (second follow-up) while none were present at 16-18 years (first follow-up). 

2.3 Results 

2.3.1 Initial data analysis of the third follow-up 

Selection processes during follow-up led to a study population with a higher proportion of women, 
never smokers, and participants with high parental as well as individual socio-economic status 
(SES), defined as at least 12 years of education, compared to SOLAR III non-participants from 
the corresponding study phase. Regarding asthma and allergies, SOLAR III participants had a 
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higher proportion of parental history of asthma or allergies as well as symptoms of atopic derma-
titis shortly before or during the first follow-up. [2]  

In general, paper questionnaires had higher proportions of missingness for questions in the first 
half of the questionnaire, while online questionnaires had higher proportions of missingness for 
questions in the second half of the questionnaire. [2] Missingness might be higher in paper ques-
tionnaires because answers or skip patterns cannot be forced. Missingness might be higher in 
online questionnaires, because long questionnaires might be less acceptable in an online setting 
or because we simply received unfinished online answers while unfinished paper questionnaires 
were not sent back. Because of this relation, questionnaire type is a potential variable for inclusion 
in the imputation model when multiply imputing missing values, as it is associated with missing-
ness. [18] It was included in the imputation model when investigating symptom trajectories. 

2.3.2 Symptom trajectories 

The six derived latent classes included one asymptomatic class, three single-symptom classes, 
and two multiple-symptom classes (Figure 2). 

 

Figure 2: Symptom trajectories derived by latent class analysis as shown in Figure 2C from [1]. 
Graphs show symptom probability by symptom, age, and latent class (LC) with 95%-confidence 
intervals (CI). Point estimates of the same symptom are linked across age by lines. Below latent 

class name, the latent class prevalence is shown. 

Several classes showed increasing symptom probabilities during adolescence and young adult-
hood, especially wheeze-related latent classes but also “Rhinoconjunctivitis only”. Descriptive 
analysis by latent class membership showed higher proportions of parental asthma and allergies 
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as well as sensitization in childhood for participants assigned to latent classes with multiple symp-
toms. When investigating if missing values influenced how symptom trajectories looked like, tra-
jectories were found to be quite robust. [1] 

2.3.3 Risk factors of symptom trajectories 

Associations of environmental determinants to which participants were only exposed during ado-
lescence or young adulthood but not during childhood with membership in symptomatic latent 
classes were strongest for smoking (Late-onset Wheeze: Odds Ratio (OR) 2.37, 95%- Confi-
dence interval (CI) 1.52-3.71; Rhinoconjunctivitis + Wheeze: OR 1.95, 95%-CI 1.14-3.34). Dog 
ownership, mold, and occupational exposures were also associated but to a lesser extent. In 
general, associations were strongest for membership in wheeze-related latent classes, which also 
showed the strongest increase in symptom probability in adolescence and young adulthood. Alt-
hough symptom probability increased in a similar fashion for latent class “Rhinoconjunctivitis 
only”, associations with environmental exposures only during adolescence or young adulthood 
were less pronounced. [1] 

2.3.4 Nickel allergy as additional dimension 

Our results suggested an association between self-reported nickel allergy and incident wheeze 
and asthma, while no association with incident rhinoconjunctivitis could be found. In men, both 
incident wheeze (OR 2.90, 95%-CI 1.29-6.52) and incident asthma (OR 4.34, 95%-CI 1.22-15.41) 
were associated with nickel allergy, while in women only incident wheeze was (incident wheeze: 
OR 1.57, 95%-CI 0.96-2.57; incident asthma: OR 0.93, 95%-CI 0.37-2.38). [3] 

2.4 Discussion 
After conducting the third follow-up of the ISAAC/SOLAR cohort in young adulthood, follow-up 
time reached more than two decades. This made it possible to investigate the course of asthma 
and allergies longitudinally, with a special focus on the development during the transition from 
childhood to adulthood. 

The transition from childhood to adulthood was investigated by looking at symptom trajectories 
from 9-11 years of age up to 29-34 years. We found trajectories with a single symptom only as 
well as trajectories with multiple symptoms. Some trajectories showed increased symptom prob-
abilities during adolescence and young adulthood, indicating that they still establish at this age. 
In addition, we found that nickel allergy might be associated with incident wheeze and asthma, 
especially in men. Associations of environmental determinants, to which participants were only 
exposed in adolescence or young adulthood, with latent classes that show increased symptom 
probabilities during that age further support that development of disease is still ongoing after 
childhood, especially for wheeze-related courses of disease. 

The ISAAC/SOLAR cohort with its long follow-up time enabled us to conduct the described inves-
tigations, but the cohort’s limitations also translate to limitations in interpretation of results. Most 
notably, in the first study phase (ISAAC Phase II) participants were already 9-11 years old, which 
excluded infancy and early childhood and therefore important age ranges for the development of 
asthma and allergies. However, as the age of onset of wheeze was measured retrospectively in 
ISAAC Phase II, we could investigate which symptom trajectories early wheezers followed. Inter-
estingly, their probabilities to be in a certain latent class were on average not too different from 
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the corresponding latent class prevalence in the whole cohort, which indicates that the found 
latent classes summarize symptom trajectories with and without symptoms in infancy or early 
childhood. [1] 

In addition, participant selection is a potential concern in our cohort as results from the third follow-
up [2] but also from earlier study phases [12] showed that, in general, there is a potential effect 
of asthma and allergy outcomes as well as socio-demographic variables on participation proba-
bilities in our cohort. A potential effect of asthma and allergy outcomes on participation probabili-
ties is the first step to selection bias. The second one would usually be that the exposure is an-
other cause of participation (“usually” because it could be more complicated). Therefore, the po-
tential of selection bias must be evaluated again for every new set of exposure and outcome. The 
reason for this is easiest to understand when using a causal graph framework, i.e. when working 
with directed acyclic graphs (DAG), which is a way of encoding causal assumptions in graph 
format and drawing conclusions based on it. [19] In general, our goal is to estimate the causal 
effect of the exposure on the outcome by estimating the association between exposure and out-
come and accounting for other ways of how an association between these two variables can 
arise. One of these ways is called collider bias in the DAG framework, which means that we 
condition on a variable that is a common effect of exposure and outcome or variables that cause 
exposure or outcome. [19, 20] This often happens for participation as common effect because we 
can only estimate the exposure-outcome effect within the group of those who actually participate. 
To know that asthma and allergy outcomes are a potential cause of participation helps in speci-
fying assumptions about the selection process, e.g. as a DAG, from which conclusions about the 
potential of selection bias can be drawn. Regarding nickel allergy, the difference between re-
sponders and non-responders was small [3] and therefore systematic error due to it should be 
limited as participation needs to be a common effect of both exposure and outcome to be of 
concern. 

In addition, participation probabilities depending on asthma and allergy outcomes led to a study 
population with a higher prevalence of allergy-related outcomes compared to the general popu-
lation. Therefore, although the ISAAC/SOLAR study is population-based, latent class prevalence 
estimates are probably not fully generalizable to the general population with, for example, a higher 
prevalence of the asymptomatic latent class than estimated. The population-based character of 
our cohort probably also had the effect that latent classes are combinations of less prevalent 
symptom trajectories, because a high percentage of the general population is asymptomatic. 
Therefore, despite the large study population, the numbers of participants with rare symptom 
trajectories were probably not high enough to result in their own latent classes. 

The size of the study population with more than 2000 cohort members with at least three partici-
pations was only possible because participant burden was kept small by only using questionnaires 
in the first and third follow-up. In the second follow-up, response to questionnaires was also a lot 
higher than response to examinations. [12] The obvious disadvantage is that, when looking at the 
complete cohort, asthma and allergy outcomes need to be defined based on self-reports meas-
ured by self-administered questionnaires. For the investigation of the association between nickel 
allergy and incident asthma [3], this was true for both exposure and outcome. We used two defi-
nitions for the outcome of incident asthma. Firstly, asthma was defined based on presence of 
symptoms or intake of medication and named “incident wheeze”. Secondly, the outcome “incident 
asthma” additionally considered a physician’s diagnosis of asthma. However, both definitions 
were supposed to measure the same outcome. We used two versions to address measurement 
error which can usually be assumed to be larger for self-administered questionnaires than for 
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examinations. Including a physician’s diagnosis of asthma was assumed to increase specificity 
and decrease sensitivity. [21] As asthma is relatively rare, at least compared to not having asthma, 
specificity is more important for reducing error [22], but a higher sensitivity should increase preci-
sion as less asthmatics are missed. 

Comparing models that are based on different sets of assumptions, e.g. regarding measurement 
error, is a good way of learning about these assumptions. Comparing models that use different 
outcome definitions, which are based on different assumptions regarding sensitivity and specific-
ity, helps in evaluating the impact of measurement error on the effect estimate of interest. If mis-
classification of a binary outcome can be assumed to be non-differential, i.e. not related to the 
exposure, and independent, i.e. not related to the measurement error of the exposure, the effect 
estimate can often be expected to be attenuated. [22] If incident wheeze is assumed to be meas-
ured with more non-differential and independent error than incident asthma, the attenuation of the 
estimated effect of nickel allergy in men for wheeze compared to asthma is expected. However, 
this pattern already breaks down when looking at effect estimates in women. Unfortunately, to 
assume that non-differential misclassification of a binary outcome leads to bias towards the null 
does usually not consider all relevant complexities of measurement error. First, additional as-
sumptions need to be met, e.g. no interactions with other types of bias and exact not only approx-
imate non-differentiality, and second, even if all assumptions are met, bias towards the null can 
only be expected on average, but a single study is only a single set of realizations of related 
probabilities. [23] Nonetheless, it is reassuring to see that both outcome definitions resulted in 
rather strong effect estimates in men. 

The amount of misclassification regarding nickel allergy was estimated based on patch tests for 
nickel sulfate, which have been conducted in a small subset of the study population during the 
second follow-up. When compared with questionnaire responses, the positive predictive value 
(PPV), i.e. the probability of having a positive patch test when nickel allergy has been reported in 
the questionnaire, was 44%. In the literature, PPVs between 32% and 71% have been reported. 
[24–26] Hence, exposure mismeasurement might also influence effect estimates. Therefore, 
when interpreting the suggested relation between nickel allergy and asthma in the longitudinal 
course of asthma and allergies, one needs to be aware of potential bias due to measurement 
error. 

2.5 Conclusion 
Asthma and allergies are complex and related diseases with considerable differences between 
individuals and a dynamic development which even starts before birth. Therefore, applying a life 
course approach across allergy-related outcomes can help in identifying phenotypes beyond sin-
gle outcomes and certain stages of life and, by doing so, in identifying related endotypes. We 
found that symptoms of different allergy-related outcomes can occur both together and on their 
own emphasizing the value of taking more than one disease into account. We also found that 
including nickel allergy can be of help as it might be associated to incident asthma in young adult-
hood. A dynamic disease course suggests the continued vulnerability to risk factors and protective 
factors beyond early infancy. By looking at the transition from childhood to adulthood we found 
an additional window of vulnerability in adolescence, which provides potential for prevention and 
health promotion in this age and shows the value of longitudinally investigating the course of 
asthma and allergies. 
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1  |  INTRODUC TION

Asthma and allergic diseases like atopic dermatitis and allergic rhi-
nitis are complex diseases influenced by environmental and genetic 
factors and interactions between them. 1,2 In addition, instead 
of being a single disease with a clearly defined development, the 
course and symptoms of asthma and allergic diseases can differ 
substantially between individuals, e.g. regarding time of onset, 
severity, and comorbidities. Some forms can also be induced or 
aggravated by environmental and occupational exposures, e.g. air-
borne dusts. 3

An often discussed model of asthma and allergy occurrence, 
the “atopic march”, postulates that atopic diseases follow a typical 
sequence, starting with atopic dermatitis in infancy which then 
determines the development of allergic asthma, allergic rhinitis, 
or both, in contrast to these diseases being simple comorbidities 
that are associated due to common causes. 4 The availability of 
plausible pathways, e.g. via skin barrier dysfunction, supports 
the atopic march model. 5,6 However, the prevalence of individual 
trajectories following the atopic march seems lower than antici-
pated with many patients not showing the expected sequence of 
symptoms. 7,8

Individual atopic diseases are often classified by the underlying 
pathomechanism (endotype) 9 or by their visible course and clini-
cal features (phenotype). Most studies investigating phenotypes 
of asthma and allergies focused on certain age ranges investigating 
for example childhood wheeze 10-15, childhood asthma 16-18, child-
hood atopic dermatitis 19-23, adulthood asthma 18,24-28, and adult-
hood rhinitis 29-31. Although these studies are helpful to disentangle 
subgroups of patients within the investigated stage of life, they 

disregard an important phase of human development, namely the 
transition from childhood to adulthood. 32

The objective of this analysis was to close this gap and to explore 
the role of adolescence and young adulthood by investigating trajecto-
ries of wheeze, rhinoconjunctivitis, and eczema symptoms from school 
age into adulthood by latent class analysis (LCA) and to characterize the 
traits and environmental determinants associated with the resulting la-
tent classes. The Study on Occupational Allergy Risks (SOLAR) offered 
the unique opportunity to follow-up the German participants of Phase 
II of the International Study of Asthma and Allergies in Childhood 
(ISAAC) in three waves at ages 16–18, 19–24, and 29–34 years.

2  |  METHODS

2.1  |  Study design

The SOLAR cohort was initially recruited in 1995–1996 for ISAAC 
Phase II, when participants were 9–11 years old. 33 Individuals re-
cruited by the German study centres in Munich and Dresden were 
followed-up three times in 2002–03 (SOLAR I, age: 16–18 years), 
2007–09 (SOLAR II, age: 19–24 years), and 2017–18 (SOLAR III, age: 
29–34 years). 34,35 We included 2267 young adults who participated 
in at least 3 of 4 study phases (Figure 1). In each study phase, individ-
uals answered a questionnaire on asthma and allergies as well as on 
environmental and occupational risk factors. The baseline question-
naires were answered by the participants’ parents while the follow-
up questionnaires were answered by the participants themselves. In 
ISAAC Phase II and SOLAR II, clinical examinations were addition-
ally conducted including e.g. spirometry, skin prick test (SPT), and 

G R A P H I C A L  A B S T R A C T
We derived five symptomatic trajectories using latent class analysis in a cohort of German ISAAC participants followed-up until their early 
30s. Some trajectories showed increasing symptom probabilities during adolescence. These trajectories showed the strongest associations 
with environmental exposures, especially smoking but also mould, dog ownership,and occupational exposures.
Abbreviation: ISAAC, International Study of Asthma and Allergies in Childhood
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t h e c oll e c ti o n of bl o o d s a m pl e s. All st u d y p h a s e s w er e a p pr o v e d b y 

t h e Et hi c al C o m mit t e e s of t h e M e di c al F a c ult y of t h e U ni v er sit y of 

Dr e s d e n a n d t h e B a v ari a n C h a m b er of P h y si ci a n s. Writ t e n i nf or m e d 

c o n s e nt,  al s o  f or  li n ki n g  d at a  a cr o s s  st u d y  p h a s e s,  w a s  o bt ai n e d 

fr o m all p ar ti ci p a nt s ( S O L A R I t o III) a n d t h eir l e g al g u ar di a n s (I S A A C 

P h a s e II, S O L A R I).

2. 2   |  I n di c at or s

T hr e e s y m pt o m s w er e i n cl u d e d a s L C A i n di c at or v ari a bl e s ( y e s / n o) 

m e a s ur e d at b a s eli n e ( bl: I S A A C P h a s e II) a n d f oll o w- u p ( f u: S O L A R) 

1  t o  3:  w h e e z e  ( wit hi n  t h e  1 2 m o nt h s  pri or  t o  t h e  s ur v e y),  r hi n o-

c o nj u n cti viti s ( h a vi n g pr o bl e m s wit h s n e e zi n g or a r u n n y or bl o c k e d 

n o s e wit h o ut h a vi n g a c ol d d uri n g t h e 1 2 m o nt h s pri or t o t h e s ur-

v e y t h at w er e a c c o m p a ni e d b y it c h y- w a t er y e y e s), a n d e c z e m a ( e v er 

h a vi n g h a d e c z e m a f or at l e a st 6 m o nt h s wit h s y m pt o m s d uri n g t h e 

1 2 m o nt h s pri or t o t h e s ur v e y w hi c h aff e ct e d a n y of t h e f oll o wi n g 

pl a c e s at a n y ti m e: t h e f ol d s of t h e el b o w s, b e hi n d t h e k n e e s, i n fr o nt 

of t h e a n kl e s, or ar o u n d t h e n e c k, e ar s or e y e s).

2. 3   |   Tr ait s a n d e n vir o n m e nt al d et er mi n a nt s

W e c h ar a ct eri s e d l at e nt cl a s s e s r e g ar di n g:

c hil d h o o d tr ait s: s e x ( m al e v s. f e m al e), p ar e nt al s o ci o- e c o n o mi c 

st at u s ( S E S; hi g h v s. l o w; hi g h: 1 2 or m or e y e ar s of s c h o ol b y at 

l e a st  o n e  p ar e nt),  p ar e nt al  a st h m a,  h a y  f e v er,  a s  w ell  a s  at o pi c 

d er m atiti s  ( y e s  v s.  n o;  y e s:  at  l e a st  o n  p ar e nt),  S P T  t o  s e a s o n al 

a n d  p er e n ni al  all er g e n s  ( p o siti v e  v s.  n e g ati v e) 3 6 ,  a n d  i m m u n o-

gl o b uli n E (I g E) a g ai n st i n h al a nt a n d f o o d all er g e n s ( p o siti v e v s. 

n e g ati v e; p o siti v e: > 0. 3 5 U / ml) 3 6 ;

y o u n g  a d ult h o o d  tr ait s:  br o n c hi al  h y p err e s p o n si v e n e s s  ( y e s 

v s.  n o) 3 4 ,  l u n g  f u n c ti o n  (f or c e d  e x pir at or y  v ol u m e  i n  1 s e c o n d 

F E V 1 / f or c e d vit al c a p a cit y F V C) 3 4 , a n d e x h al e d nitri c o xi d e 3 4 ;

a s w ell a s e n vir o n m e nt al d et er mi n a nt s: a cti v e / p a s si v e s m o ki n g, 

m o ul d, d o g / c at o w n er s hi p, o b e sit y, a n d o c c u p ati o n al e x p o s ur e s 

( s e e T a bl e S 1 f or d et ail e d v ari a bl e d e s cri pti o n s).

A j o b- e x p o s ur e- m a tri x 3 7  w a s u s e d t o e sti m at e e x p o s ur e t o 3 0 

diff er e nt o c c u p ati o n al a g e nt s i n 2 gr o u p s ( all er gi c a n d irrit ati v e e x-

p o s ur e s). Pr e s e n c e of o c c u p ati o n al e x p o s ur e s u p t o 1 9 – 2 4 y e ar s of 

a g e ( u p t o f u 2) w a s u s e d f or b ot h gr o u p s. Si n c e i nf or m ati o n o n e n vi-

r o n m e nt al d et er mi n a nt s w a s a v ail a bl e i n s e v er al st u d y p h a s e s, t h e y 

w er e i n v e sti g at e d i n a l o n git u di n al w a y. F or m o ul d, d o g a n d c at o w n-

er s hi p,  c o m bi n ati o n s  of  e x p o s ur e  i n  c hil d h o o d  (fir st  y e ar  of  lif e  or 

fir st y e ar of s c h o ol or bl) a n d i n a d ol e s c e n c e / y o u n g a d ult h o o d (f u 1 

or f u 2) w er e c o n si d er e d. T h e s a m e a p pr o a c h w a s u s e d f or s m o ki n g 

a n d o b e sit y. F or s m o ki n g, c hil d h o o d e x p o s ur e w a s d efi n e d a s e n vi-

r o n m e nt al t o b a c c o s m o k e i n t h e fir st y e ar of lif e or t h e fir st y e ar of 

s c h o ol or at b a s eli n e, w hil e a d ol e s c e n c e / y o u n g a d ult h o o d e x p o s ur e 

w a s d efi n e d a s a cti v e s m o ki n g i n f oll o w- u p 1 or f oll o w- u p 2. O b e sit y 

w a s d efi n e d a s b o d y m a s s i n d e x > 3 0 k g / m 2  f or p ar ti ci p a nt s of a g e 1 8 

or ol d er a n d a c c or di n g t o c ut- of f s b y t h e I nt er n ati o n al O b e sit y T a s k 

F or c e f or t h o s e b el o w 1 8 y e ar s. 3 8  C hil d h o o d e x p o s ur e w a s d efi n e d 

a s o b e sit y at b a s eli n e w hil e a d ol e s c e n c e / y o u n g a d ult h o o d e x p o s ur e 

w a s d efi n e d a s o b e sit y at f oll o w- u p 1 or f oll o w- u p 2.

2. 4   |  St ati sti c al a n al y si s

L at e nt  cl a s s  a n al y si s  ( L C A)  i s  a n  u n s u p er vi s e d  st ati sti c al  m et h o d 

t h at i d e ntifi e s a s et of l at e nt cl a s s e s b a s e d o n r e s p o n s e p at t er n s of 

F I G U R E 1   Fl o w c h ar t of p ar ti ci p ati o n of i n cl u d e d p ar ti ci p a nt s. 

B o x e s of st u d y p h a s e s gi v e i nf or m ati o n o n st u d y p h a s e n a m e, 

l a b el i n pr e s e nt e d a n al y si s, ti m e p eri o d of d at a c oll e cti o n, a g e of 

p ar ti ci p a nt s at d at a c oll e cti o n, n u m b er of p ar ti ci p a nt s; gr e y b o x: 

p ar ti ci p a nt s i n cl u d e d i n pr e s e nt e d a n al y si s

I SA A C P h a s e II
b a s eli n e
1 9 9 5- 9 6

9- 1 1 y e ar s
n = 6 3 9 9

S O L A R I
f oll o w- u p 1
2 0 0 2- 0 3

1 6- 1 8 y e ar s
n = 3 7 8 5

S O L A R II
f oll o w- u p 2
2 0 0 7- 0 9

1 9- 2 4 y e ar s
n = 2 0 5 1

S O L A R III
f oll o w- u p 3
2 0 1 7- 1 8

2 9- 3 4 y e ar s
n = 1 3 5 9

N o
p arti ci p ati o n i n

S O L A R II

P a rti ci p at i on
i n 

all 4 st u d y
p h a s e s
n = 1 1 4 3

P a rti ci p at i on
i n

I SA A C P h a s e II
S O L A R I
S O L A R II

n = 9 0 8

P a rti ci p at i on
i n

I SA A C P h a s e II
S O L A R I
S O L A R III

n = 2 1 6

N o
p arti ci p ati o n i n 

S O L A R III

P a rti ci p at i on
i n 

at l e a st  3 st u d y
p h a s e s
n = 2 2 6 7
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c at e g ori c al  i n di c at or  v ari a bl e s  w hil e  c o n si d eri n g  t h e  i nfl u e n c e  of 

err or o n t h e o b s er v e d d at a. T h e l at e nt (i. e. n ot dir e ctl y m e a s ur e a bl e) 

cl a s s e s  c orr e s p o n d  t o  u n d erl yi n g  c at e g ori c al  diff er e n c e s,  e. g.  dif -

f er e nt di s e a s e tr aj e ct ori e s. Si n c e L C A i s b a si c all y a h y p ot h e si s-fre e 

m et h o d, it i s u s ef ul i n d eri vi n g di s e a s e p h e n ot y p e s 3 9 , a n d w a s u s e d 

t o a n al y s e t h e c o ur s e of a st h m a a n d all er g y s y m pt o m s.

Fir st,  m o d el  s el e c ti o n  w a s  c o n d u c t e d  b a s e d  o n  i nt er pr et a bil -

it y,  p ar si m o n y  a n d  t h e  B a y e si a n  i nf or m ati o n  crit eri o n  ( BI C).  T h e 

n u m b er of l at e nt cl a s s e s h a d t o b e s el e c t e d a n d w e h a d t o d e ci d e 

w h et h er t o u s e m ulti pl e - gr o u p  L C A 3 9   wit h  m al e s  a n d  f e m al e s  a s 

s e p ar at e gr o u p s. Si n c e o nl y o n e l at e nt cl a s s pr e v al e n c e v ari e d c o n -

si d er a bl y b et w e e n m e n a n d w o m e n, m ulti pl e - gr o u p m o d el s w er e 

r ul e d o ut b e c a u s e of p ar si m o n y. T h e BI C w a s l o w e st f or t h e 5 - cl a s s 

s ol uti o n  ( T a bl e  S 2).  H o w e v er,  t h e  6 - cl a s s  s ol uti o n  of f er e d  a n  a d -

diti o n al i nt er pr et a bl e l at e nt cl a s s t h at w o ul d h a v e b e e n l o st w h e n 

st ri c tl y  f oll o wi n g  t h e  st ati sti c al  crit eri o n.  T h er ef or e,  t h e  6 - cl a s s 

s ol uti o n w a s s el e c t e d. S e c o n d, t h e s el e c t e d l at e nt cl a s s m o d el w a s 

r e c al c ul at e d i n 2 0 i m p ut e d d at a s et s a n d p o ol e d af t er w ar d s, b a s e d 

o n R u bi n' s r ul e s. 4 0  M ulti pl e i m p ut ati o n w a s u s e d f or h a n dli n g mi s s-

i n g v al u e s, wit h t h e e x c e pti o n of m o d el s el e c ti o n w hi c h w a s d o n e 

u si n g F ull I nf or m ati o n M a xi m u m Li k eli h o o d ( FI M L) m et h o d s 4 1  b e-

c a u s e  p o oli n g  m o d el s  wit h  dif f er e nt  n u m b er s  of  l at e nt  cl a s s e s  i s 

n ot st r ai g ht f or w ar d.

I n  a d diti o n,  l at e nt  cl a s s e s  w e r e  c h a r a c t e ri s e d  r e g a r di n g  i m-

p o r t a nt t r ait s i n c hil d h o o d a n d y o u n g a d ult h o o d a n d l o gi s ti c r e -

g r e s si o n  m o d el s  w e r e  c al c ul at e d  t o  i n v e s ti g at e  a s s o ci ati o n s  of 

e n vi r o n m e nt al  d et e r mi n a nt s  wit h  m e m b e r s hi p  i n  s y m pt o m ati c 

l at e nt  cl a s s e s.  F o r  t hi s,  p a r ti ci p a nt s  h a d  t o  b e  a s si g n e d  t o  i n di-

vi d u al  l at e nt  cl a s s e s.  T w e nt y  r a n d o m  v al u e s  w e r e  d r a w n  f r o m 

t h e i n di vi d u al di s t ri b uti o n of p o s t e ri o r p r o b a bilit y of l at e nt cl a s s 

m e m b e r s hi p i n e a c h of t h e 2 0 i m p ut e d d at a s et s t o a v oi d a s si g ni n g 

i n di vi d u al s  t o  o n e  l at e nt  cl a s s  o nl y,  w hi c h  d o e s  n ot  t a k e  u n c e r-

t ai nt y of cl a s sifi c ati o n i nt o a c c o u nt. T h e r a n d o m d r a w s r e s ult e d 

i n  c at e g o ri c al  v a ri a bl e s  (l at e nt  cl a s s  i n di c at o r  v a ri a bl e s)  t h at  i n-

di c at e d m e m b e r s hi p i n o n e of t h e l at e nt cl a s s e s f o r e a c h p a r ti ci -

p a nt. R el ati v e f r e q u e n ci e s o r m e a n s a n d s t a n d a r d d e vi ati o n s w e r e 

c al c ul at e d f o r i m p o r t a nt t r ait s g r o u p e d b y t h e s e l at e nt cl a s s i n di -

c at o r v a ri a bl e s. T h e a v e r a g e d v al u e o v e r all r a n d o m d r a w s a s w ell 

a s 5 -  an d 9 5 - p e r c e ntil e s w e r e r e p o r t e d. T h e l at e nt cl a s s i n di c at o r 

v a ri a bl e s w e r e al s o u s e d a s o ut c o m e v a ri a bl e s i n l o gi s ti c r e g r e s -

si o n m o d el s, c o m p a ri n g cl a s s e s s e p a r at el y wit h a r ef e r e n c e cl a s s. 

R e g r e s si o n  c o ef fi ci e nt s  a n d  t h ei r  s t a n d a r d  e r r o r s  w e r e  p o ol e d 

wit hi n e a c h i m p ut e d d at a s et ( a c r o s s t h e 2 0 a s si g n m e nt s t o a n i n -

di vi d u al l at e nt cl a s s) u si n g R u bi n' s r ul e s wit h t h e a s s u m pti o n of a 

b et w e e n - i mp ut ati o n v a ri a n c e of 0, si n c e t h e r e w a s n o a d diti o n al 

v a ri a n c e d u e t o mi s si n g d at a. 4 2  Af t e r w a r d s, p o ol e d e s ti m at e s of 

t h e 2 0 i m p ut e d d at a s et s w e r e p o ol e d t o a si n gl e v al u e a s u s u al. 

E n vi r o n m e nt al d et e r mi n a nt s w e r e i n v e s ti g at e d i n s e p a r at e l o gi s -

ti c r e g r e s si o n m o d el s a dj u s t e d f o r s e x, p a r ti ci p a nt' s S E S, p a r e nt al 

S E S, a n d s t u d y c e nt r e.

I n  s e n siti vit y  a n al y s e s,  w e  u s e d  d at a  o n  a g e  w h e n  s y m pt o m s 

of  w h e e z e  a p p e ar e d  f or  t h e  fir st  ti m e  a n d  c h e c k e d  if  p ar ti ci p a nt s 

wit h tr a n si e nt w h e e z e, w hi c h m o st p h e n ot y p e st u di e s of c hil d h o o d 

w h e e z e f o u n d 7, 1 0, 1 1, 1 3 - 1 5 , w er e p ar t of t h e a s y m pt o m ati c l at e nt cl a s s. 

I n a d diti o n, L C A w a s r e p e at e d o nl y wit h p ar ti ci p a nt s t h at fill e d i n all 

4 q u e sti o n n air e s, wit h o ut c o n si d eri n g b a s eli n e, a n d wit h o ut t h e l a st 

t w o st u d y p h a s e s.

L C A w a s c o n d u ct e d u si n g P R O C L C A 4 1  i n S A S ( V er si o n 9. 4, S A S 

I n stit ut e,  I n c.,  C ar y,  N C).  R e m ai ni n g  c al c ul ati o n s  w er e  d o n e  i n  R 

( V er si o n  4. 0. 2) 4 3  i n cl u di n g m ulti pl e i m p ut ati o n ( u si n g t h e p a c k a g e 

MI C E 4 4 ). A d diti o n al d et ail s of t h e a p pli c ati o n of L C A ar e pr o vi d e d a s 

s u p p or ti n g i nf or m ati o n.

3   |   R E S U L T S

3. 1   |  St u d y p o p ul ati o n

I n t ot al, d at a fr o m at l e a st t hr e e st u d y p h a s e s w a s a v ail a bl e f or 2 2 6 7 

p ar ti ci p a nt s ( Fi g ur e 1) .  M or e  p ar ti ci p a nt s  w er e  f e m al e  ( 5 7. 2 %)  a n d 

h a d  hi g h  S E S  ( 5 6. 3 %).  Wit hi n  t h e  f o ur  st u d y  p h a s e s,  t h e  pr o p or-

ti o n of p ar ti ci p a nt s r e p or ti n g s y m pt o m s w a s b et w e e n 8. 1 %-1 6 . 9 % 

f or  w h e e z e,  1 4. 3 %-2 4 . 9 %  f or  r hi n o c o nj u n cti viti s,  a n d  9. 2 %-1 3 . 2 % 

f or  e c z e m a  ( Fi g ur e 2 B ).  T h e  a m o u nt  of  mi s si n g  v al u e s  d e p e n d e d 

o n p ar ti ci p ati o n at i n di vi d u al st u d y p h a s e s. F or v ari a bl e s i n f oll o w-

u p 2,  2 1 6 v a l u e s  w er e  mi s si n g  d u e  t o  n o n-p a r ti ci p ati o n  w hil e  9 0 8 

w er e  mi s si n g  f or  v ari a bl e s  fr o m  f oll o w- u p 3. D e s cri pti v e  st ati sti c s 

s h o w e d s e x diff er e n c e s f or s e v er al i n di c at or v ari a bl e s, e s p e ci all y a 

hi g h er pr o p or ti o n of w h e e z e i n m al e s at b a s eli n e a n d m or e e c z e m a 

t hr o u g h o ut  t h e  st u d y  i n  f e m al e s,  a s  w ell  a s  f or  tr ait s  a n d  e n vir o n-

m e nt al d et er mi n a nt s, e. g. hi g h er pr o p or ti o n of p o siti v e S P T r e s ult s 

i n m al e s ( T a bl e s 1-2) .

3. 2   |  L at e nt cl a s s e s

Fi g ur e 2 C a n d T a bl e S 3 s h o w t h e r e s ult s of t h e L C A u si n g 6 l at e nt 

cl a s s e s.  T h e  l ar g e st  l at e nt  cl a s s  1  d e s cri b e d  p ar ti ci p a nt s  wit h o ut 

a n y s y m pt o m s fr o m a g e 9 – 1 1 t o a g e 2 9 –3 4 y e ar s (“ N o s y m pt o m s”). 

L at e nt cl a s s 2 i n cl u d e d p ar ti ci p a nt s wit h s y m pt o m s of e c z e m a o nl y, 

w hi c h c ul mi n at e d at a g e 1 6 – 1 8 y e ar s (“ E c z e m a o nl y ”). L at e nt cl a s s 3 

c o m pri s e d p ar ti ci p a nt s wit h r hi n o c o nj u n cti viti s (“ R hi n o c o nj u n cti viti s 

o nl y ”),  w h o s e  s y m pt o m  pr o b a bilit y  i n cr e a s e d  s u b st a nti all y  fr o m 

c hil d h o o d  t o  a d ol e s c e n c e  a n d  p er si st e d  at  hi g h  l e v el s  t hr o u g h-

o ut  a d ult h o o d.  L at e nt  cl a s s  4  d e s cri b e d  p ar ti ci p a nt s  wit h  o n s et  of 

w h e e z e m ai nl y i n a d ol e s c e n c e (“ L at e- o n s et  W h e e z e”).  L at e nt  cl a s s 

5 r e pr e s e nt e d p ar ti ci p a nt s wit h s y m pt o m s of w h e e z e a n d r hi n o c o n -

j u n cti viti s  t hr o u g h o ut  t h e  st u d y,  b ut  wit h  i n cr e a si n g  pr o b a biliti e s 

i n a d ol e s c e n c e (“ R hi n o c o nj u n cti viti s +  W h e e z e”). L at e nt cl a s s 6 i n-

cl u d e d p ar ti ci p a nt s wit h s y m pt o m s of r hi n o c o nj u n cti viti s t hr o u g h -

o ut t h e st u d y, p ar ti all y wit h c o n c o mit a nt w h e e z e, a n d s y m pt o m s of 

e c z e m a d e cli ni n g fr o m a v er y hi g h pr o b a bilit y t o t h e l e v el of r hi n o-

c o nj u n cti viti s (“ E c z e m a +  R hi n o c o nj u n cti viti s +  W h e e z e”). T h e c o m-

p ari s o n  wit h  t h e  o v er all  st u d y  p o p ul ati o n  ( Fi g ur e 2 A  &  2 B)  s h o w s 

t h e v al u e of L C A w h e n i n v e sti g ati n g di sti n ct tr aj e ct ori e s. T h e 6 - cl a s s 

s ol uti o n  off er e d  a  di sti n cti o n  b et w e e n  l at e nt  cl a s s e s  “ L at e- o n s et 
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W h e e z e”  a n d  “ R hi n o c o nj u n cti viti s +   W h e e z e”,  w hil e  a  s e n siti vit y 

a n al y si s u si n g t h e 5- cl a s s s ol uti o n c o m bi n e d t h e s e i n o n e cl a s s wit h 

m e di u m pr o b a biliti e s of w h e e z e at b a s eli n e a n d r hi n o c o nj u n cti viti s 

i n all st u d y p h a s e s ( Fi g ur e S 1).

3. 3   |   C hil d h o o d a n d y o u n g a d ult h o o d tr ait s

L o o ki n g  at  t h e  tr aj e ct ori e s’  tr ait s  i n  c hil d h o o d  s h o w e d  s u b st a nti al 

diff er e n c e s ( T a bl e 3) . I n l at e nt cl a s s e s wit h c o-o c c urri n g s y m pt o m s, 

p ar e nt al  hi st or y  of  a st h m a,  h a y  f e v er,  a n d  at o pi c  d er m atiti s  w er e 

m or e  pr e v al e nt  c o m p ar e d  t o  ot h er  l at e nt  cl a s s e s  ( e. g.  1 8. 0 – 2 5 . 1 % 

v s .  7. 8 – 1 3 . 3 %  f or  p ar e nt al  a st h m a).  I n  a d diti o n,  c hil dr e n  f oll o wi n g 

t h e s e tr aj e ct ori e s w er e m or e of t e n s e n siti z e d a g ai n st a n y gr o u p of 

all er g e n s  ( a s  m e a s ur e d  b y  a  p o siti v e  S P T  f or  s e a s o n al  or  p er e n ni al 

all er g e n s  a n d  s p e cifi c  I g E  hi g h er  t h a n  0. 3 5  U / ml  dir e ct e d  a g ai n st 

i n h al a nt or f o o d all er g e n s; e. g. 3 8. 7 –4 2 . 6 % v s. 7. 6 –2 2 . 5 % f or p o si-

ti v e S P T f or p er e n ni al all er g e n s). I n c o ntr a st, c hil dr e n i n l at e nt cl a s s 

“ R hi n o c o nj u n cti viti s o nl y ” w er e m or e li k el y t o b e s e n siti z e d a g ai n st 

s e a s o n al all er g e n s o nl y ( e. g. 3 7. 4 % f or p o siti v e S P T f or s e a s o n al al-

l er g e n s). Wit h r e s p e ct t o s e x diff er e n c e s, t h e pr o p or ti o n of w o m e n 

w er e hi g h e st i n tr aj e ct ori e s i n v ol vi n g s y m pt o m s of e c z e m a ( 6 7. 2 % & 

6 0. 6 %). I n c o ntr a st t o all ot h er l at e nt cl a s s e s, p ar ti ci p a nt s i n “ L at e-

o n s et W h e e z e” of t e n h a d l o w p ar e nt al S E S ( 5 4. 1 %). Tr ait s i n y o u n g 

a d ult h o o d diff er e d a s w ell, wit h br o n c hi al h y p err e s p o n si v e n e s s a n d 

l u n g  f u n cti o n  b ei n g  w or s e  f or  tr aj e ct ori e s  i n v ol vi n g  s y m pt o m s  of 

w h e e z e.  E x h al e d  nitri c  o xi d e  v al u e s  w er e  hi g h e st  i n  l at e nt  cl a s s e s 

wit h  c o- o c c urri n g  s y m pt o m s,  f ur t h er  u n d erli ni n g  t h eir  at o pi c 

c h ar a ct er.

3. 4   |   E n vir o n m e nt al d et er mi n a nt s

L o o ki n g  at  e n vir o n m e nt al  d et e r mi n a nt s,  s t r o n g e s t  a s s o ci ati o n s 

wit h  e x p o s ur e s,  t h at  w e r e  p r e s e nt  o nl y  i n  a d ol e s c e n c e / y o u n g 

a d ult h o o d b ut n ot i n c hil d h o o d w e r e s e e n f or l at e nt cl a s s e s wit h 

l at e r s t ar ti n g p oi nt s ( “ L at e -o n s et W h e e z e” a n d “ R hi n o c o nj u n c ti viti s 

+  W h e e z e”; Fi g ur e  3; s e e T a bl e S 4 f or n u m e ri c al v al u e s of ef f e c t 

e s ti m at e s).  F or  t h e s e  l at e nt  cl a s s e s,  s t r o n g e s t  a s s o ci ati o n s  w e r e 

s e e n  f or  a c ti v e  s m o ki n g  ( “ L at e - o n s et  W h e e z e”  O R  2. 3 7,  9 5 %  CI 

1. 5 2 – 3. 7 1;  “ R hi n o c o nj u n c ti viti s +   W h e e z e”  O R  1. 9 5,  9 5 %  CI 

1. 1 4 – 3. 3 4),  b ut  al s o  f or  e x p o s ur e  t o  m o ul d,  d o g  o w n e r s hi p,  a n d 

o c c u p ati o n al  e x p o s ur e s.  All  a s s o ci ati o n s  w e r e  f o u n d  af t e r  a d -

j u s t m e nt  f or  p ot e nti al  c o nf o u n d e r s,  i n cl u di n g  p ar ti ci p a nt' s  S E S 

a n d  p ar e nt al  S E S.  S m o ki n g  a n d  m o ul d  w e r e  al s o  a s s o ci at e d  wit h 

m e m b e r s hi p i n “ E c z e m a o nl y ”. S m o ki n g w a s a d diti o n all y r el at e d t o 

“ R hi n o c o nj u n c ti viti s  o nl y ”,  a n d  ir rit ati v e  o c c u p ati o n al  e x p o s ur e s 

w e r e  a s s o ci at e d  wit h  “ E c z e m a +   R hi n o c o nj u n c ti viti s +   W h e e z e”. 

M o d el s  r e g ar di n g  o b e sit y  w e r e  a d diti o n all y  a dj u s t e d  f or  b r e a s t -

f e e di n g ( y e s v s. n o) a n d “ b ei n g b or n at l e a s t 3 w e e k s b ef or e t h e c al -

c ul at e d d at e” ( y e s v s. n o) i n a s e p ar at e a n al y si s b ut ef f e c t e s ti m at e s 

w e r e al m o s t i d e nti c al ( d at a n ot s h o w n).

F I G U R E 2   O b s er v e d r el ati v e s y m pt o m 

fr e q u e n ci e s i n st u d y p o p ul ati o n ( A, B) 

a n d pr o b a bilit y of s y m pt o m s o v er ti m e 

b y l at e nt cl a s s ( C). P ar t s A a n d B d e s cri b e 

t h e o b s er v e d r el ati v e fr e q u e n ci e s of 

s y m pt o m s of w h e e z e, r hi n o c o nj u n cti viti s, 

a n d e c z e m a i n t h e st u d y p o p ul ati o n a s 

pl ot ( A) a n d i n a t a bl e ( B). P ar t C s h o w s 

l at e nt cl a s s e s ( L C) w hi c h c orr e s p o n d t o 

s y m pt o m tr aj e ct ori e s. E a c h s u b pl ot of 

C s h o w s s y m pt o m pr o b a biliti e s f or o n e 

d eri v e d l at e nt cl a s s wit h 9 5 %- c o nfi d e n c e 

i nt er v al s ( CI) o v er ti m e f or s y m pt o m s of 

w h e e z e, r hi n o c o nj u n cti viti s, a n d e c z e m a, 

i n di c at e d b y c ol o ur a n d s y m b ol s h a p e. 

Li n e s li n k p oi nt e sti m at e s of t h e s a m e 

s y m pt o m. L at e nt cl a s s pr e v al e n c e s wit h 

9 5 %- c o nfi d e n c e i nt er v al s ar e s h o w n 

b el o w l at e nt cl a s s n a m e s. P ar t C pl ot s t h e 

p o ol e d v al u e s fr o m 2 0 i m p ut e d d at a s et s 

w hi c h ar e di s pl a y e d i n t a bl e S 3

A g e ( y e ar s) 

9- 1 1 1 6- 1 8 1 9- 2 4 2 9- 3 4

W h e e z e 8. 1 % 1 5. 0 % 1 6. 9 % 1 4. 9 %

R hi n o c o nj u n cti viti s 1 4. 3 % 2 2. 7 % 2 4. 9 % 2 3. 4 %

E c z e m a 1 3. 2 % 1 0. 0 % 9. 5 % 9. 2 %

( B) R el ati v e s y m pt o m fr e q u e n ci e s( A)

( C)
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3. 5   |  S e n siti vit y a n al y s e s

A m o n g  3 5 1  p ar ti ci p a nt s  wit h  fir st  w h e e z e  s y m pt o m s  b ef or e  t h e 

a g e of 4, t h e m e a n p o st eri or pr o b a bilit y of b ei n g i n l at e nt cl a s s “ N o 

s y m pt o m s”  w a s  o nl y  sli g htl y  l o w er  t h a n  t h e  e sti m at e d  l at e nt  cl a s s 

pr e v al e n c e,  w hi c h  i n di c at e s  t h at  at  l e a st  s o m e  p ar ti ci p a nt s  wit h 

tr a n si e nt  w h e e z e  a n d  pr o b a bl y  ot h er  tr a n si e nt  s y m pt o m s  i n  e arl y 

c hil d h o o d w er e p ar t of l at e nt cl a s s “ N o s y m pt o m s” ( T a bl e S 5).

W h e n r e p e ati n g L C A wit h a s u b s et of p ar ti ci p a nt s or a s u b s et of 

ti m e p oi nt s, t h e o v er all p at t er n s r e m ai n e d t h e s a m e, alt h o u g h s o m e 

it e m-r es p o n s e  pr o b a biliti e s  a n d  l at e nt  cl a s s  pr e v al e n c e s  diff er e d 

( Fi g ur e s  S 2-S 4 ).  M o st  n ot a bl y,  w h e n  o nl y  c o n si d eri n g  c hil d h o o d 

a n d a d ol e s c e n c e, pr o b a biliti e s f or w h e e z e i n “ R hi n o c o nj u n cti viti s +

W h e e z e” w er e si mil ar at b ot h ti m e p oi nt s. T h e i n cr e a si n g pr o b a bilit y 

t h at  c o ul d b e s e e n w h e n c o n si d eri n g all f o ur ti m e p oi nt s w a s o nl y 

pr e s e nt f or “ L at e- o n s et W h e e z e” w hi c h al s o s h o w e d a n i n cr e a si n g 

pr o b a bilit y  f or  r hi n o c o nj u n cti viti s  a n d  a  hi g h er  l at e nt  cl a s s  pr e v a-

l e n c e,  i n di c ati n g  t h at  p ar ti ci p a nt s  wit h  i n cr e a si n g  pr o b a bilit y  of 

w h e e z e  w er e  s u m m ari z e d  i n  o n e  l at e nt  cl a s s  i n d e p e n d e nt  of  t h e 

pr e s e n c e of r hi n o c o nj u n cti viti s.

V a ri a bl e

Mi s si n g v al u e s

M al e s

N = 9 7 0

F e m al e s

N = 1 2 9 7

n ( % †  ) n ( % ‡  ) n ( % ‡  )

W h e e z e ( bl) 3 5 ( 1. 5) 1 0 5 ( 1 1. 0) 7 6 ( 5. 9)

W h e e z e (f u 1) 7 ( 0. 3) 1 2 9 ( 1 3. 3) 2 0 9 ( 1 6. 2)

W h e e z e (f u 2) § 2 1 6 ( 9. 5) 1 3 9 ( 1 6. 1) 2 0 8 ( 1 7. 5)

W h e e z e (f u 3) ¶ 9 0 9 ( 4 0. 1) 8 5 ( 1 5. 9) 1 1 8 ( 1 4. 4)

R hi n o c o nj u n c ti viti s ( bl) 3 7 ( 1. 6) 1 5 6 ( 1 6. 4) 1 6 2 ( 1 2. 7)

R hi n o c o nj u n c ti viti s (f u 1) 2 4 ( 1. 1) 2 1 4 ( 2 2. 3) 2 9 6 ( 2 3. 0)

R hi n o c o nj u n c ti viti s (f u 2) § 2 4 1 ( 1 0. 6) 2 1 4 ( 2 5. 2) 2 9 0 ( 2 4. 6)

R hi n o c o nj u n c ti viti s (f u 3) ¶ 9 1 8 ( 4 0. 5) 1 4 1 ( 2 6. 5) 1 7 4 ( 2 1. 3)

E c z e m a ( bl) 2 3 ( 1. 0) 1 1 2 ( 1 1. 6) 1 8 4 ( 1 4. 4)

E c z e m a (f u 1) 2 6 ( 1. 1) 7 3 ( 7. 7) 1 5 2 ( 1 1. 8)

E c z e m a (f u 2) § 2 3 1 ( 1 0. 2) 6 4 ( 7. 5) 1 2 9 ( 1 0. 9)

E c z e m a (f u 3) ¶ 9 1 3 ( 4 0. 3) 4 8 ( 9. 0) 7 6 ( 9. 3)

St u d y c e ntr e ( M u ni c h) 0 ( 0. 0) 4 7 3 ( 4 8. 8) 6 2 4 ( 4 8. 1)

St u d y c e ntr e ( Dr e s d e n) 4 9 7 ( 5 1. 2) 6 7 3 ( 5 1. 9)

P ar e nt al S E S ( hi g h) 3 9 ( 1. 7) 5 6 3 ( 5 8. 8) 7 3 2 ( 5 7. 6)

S E S ( hi g h) 1 4 ( 0. 6) 5 1 5 ( 5 3. 3) 7 5 3 ( 5 8. 6)

P ar e nt al a st h m a 1 9 7 ( 8. 7) 9 5 ( 1 0. 6) 1 1 4 ( 9. 7)

P ar e nt al h a y f e v er 2 5 ( 1. 1) 3 3 5 ( 3 4. 9) 4 2 4 ( 3 3. 1)

P ar e nt al d er m atiti s 2 8 ( 1. 2) 1 7 1 ( 1 7. 8) 2 0 8 ( 1 6. 2)

S P T ( s e a s o n al all er g e n s, bl) 3 2 5 ( 1 4. 3) 1 9 3 ( 2 3. 0) 1 4 8 ( 1 3. 4)

S P T ( p er e n ni al all er g e n s, bl) 3 2 5 ( 1 4. 3) 1 6 7 ( 1 9. 9) 1 0 7 ( 9. 7)

I g E (i n h al a nt all er g e n s, bl) 6 1 3 ( 2 7. 0) 3 2 7 ( 4 5. 7) 3 1 0 ( 3 3. 0)

I g E (f o o d all er g e n s, bl) 1 6 2 0 ( 7 1. 5) 7 9 ( 2 4. 6) 8 1 ( 2 4. 8)

B H R (f u 2) § 1 8 4 2 ( 8 1. 3) 2 8 ( 1 5. 8) 4 8 ( 1 9. 4)

n ( %) m e a n ( S D)  m e a n ( S D)

F E V 1 / F V C (f u 2) § 1 1 4 4 ( 5 0. 5) 0. 8 4 3 ( 0. 0 7 5)  0. 8 7 1 ( 0. 0 6 8)

F e N O (i n p p b, f u 2) § 1 2 0 0 ( 5 2. 9) 2 7. 0 ( 2 4. 1) 1 9. 3 ( 1 8. 9)

A b br e vi ati o n s: B H R, br o n c hi al h y p err e s p o n si v e n e s s; bl, b a s eli n e; F e N O, e x h al e d nitri c o xi d e; 

F E V 1 , f or c e d e x pir at or y v ol u m e i n 1 s e c o n d; f u, f oll o w- u p; F V C, f or c e d vit al c a p a cit y; I g E, 

i m m u n o gl o b uli n E; S E S, s o ci al-e c o n o mi c st at u s; S P T, s ki n pri c k t e st.
† of all 2 2 6 7 i n cl u d e d p ar ti ci p a nt s;
‡ of all n o n- mi s si n g v al u e s;
§ 2 1 6 mi s si n g v al u e s d u e t o n o n- p a r ti ci p ati o n, a d diti o n al 8 8 4  mi s si n g v al u e s d u e t o n o n-

p a r ti ci p ati o n i n cli ni c al e x a mi n ati o n;
¶ 9 0 8 mi s si n g v al u e s d u e t o n o n- p a r ti ci p ati o n.

T A B L E  1   Di stri b uti o n of i n di c at or 

v ari a bl e s a n d tr ait s f or m al e a n d f e m al e 

st u d y p o p ul ati o n a n d a m o u nt of mi s si n g 

v al u e s p er v ari a bl e, n o n- i mp ut e d d at a



1 1 9 8   |      F O R S T E R E T a l .

4   |   D I S C U S S I O N

T h e pr e s e nt e d l at e nt cl a s s m o d el r e v e al e d diff er e nt tr aj e ct ori e s of 

s y m pt o m s of w h e e z e, r hi n o c o nj u n cti viti s, a n d e c z e m a fr o m s c h o ol 

a g e t o a d ult h o o d. I n t ot al, si x cl a s s e s w er e i d e ntifi e d b y t h e m o d el, 

i n cl u di n g  t hr e e  wit h  si n gl e  a n d  t w o  wit h  c o-o c c urri n g  s y m pt o m s 

( c o m bi ni n g  s y m pt o m s  i n  u p p er  a n d  l o w er  air w a y s,  a n d  c o m bi n-

i n g  all  t hr e e  s y m pt o m s).  I nt er e sti n gl y,  t h e  fir st  t w o  st u d y  p h a s e s 

i n  c hil d h o o d  a n d  a d ol e s c e n c e  w er e  m o st  r el e v a nt  f or  t h e  d et er-

mi n ati o n  of  t h e  tr aj e ct ori e s  i nt o  a d ult h o o d,  wit h  i n cr e a si n g  s y m p -

t o m  pr o b a biliti e s  e s p e ci all y  i n  l at e nt  cl a s s e s  “ L at e- o n s et  W h e e z e”, 

“ R hi n o c o nj u n cti viti s +   W h e e z e”,  a n d  “ R hi n o c o nj u n cti viti s  o nl y ”. 

T hi s i n di c at e s t h at i n a d diti o n t o c hil d h o o d, a d ol e s c e n c e i s a criti c al 

p h a s e  f or  d e v el o p m e nt  of  at o pi c  r e s pir at or y  di s e a s e s  b y  pr o vi di n g 

a n ot h er  ti m e  wi n d o w  of  v ul n er a bilit y  b ef or e  t h e  tr aj e ct ori e s  st a-

bili z e  i n  y o u n g  a d ult h o o d.  T h e  a s s o ci ati o n s  wit h  e x p o s ur e s  t o  e n-

vir o n m e nt al  d et er mi n a nt s  o nl y  i n  a d ol e s c e n c e / y o u n g  a d ult h o o d, 

e s p e ci all y  a cti v e  s m o ki n g  b ut  t o  a  c er t ai n  e x t e nt  al s o  m o ul d,  d o g 

o w n er s hi p,  a n d  o c c u p ati o n al  e x p o s ur e s,  s u p p or t  t h at  di s e a s e  d e-

v el o p m e nt  i s  still  o n g oi n g.  A s s o ci ati o n s  wit h  e n vir o n m e nt al  d et er -

mi n a nt s w er e str o n g e st i n l at e nt cl a s s e s “ L at e- o n s et  W h e e z e”  a n d 

“ R hi n o c o nj u n cti viti s +  W h e e z e” w hi c h ar e t h e t w o tr aj e ct ori e s wit h 

t h e str o n g e st i n cr e a s e of s y m pt o m pr o b a bilit y i n a d ol e s c e n c e / y o u n g 

a d ult h o o d. W hil e “ R hi n o c o nj u n cti viti s o nl y ” al s o s h o w e d i n cr e a s e d 

s y m pt o m pr o b a bilit y i n a d ol e s c e n c e / y o u n g a d ult h o o d, a s s o ci ati o n s 

wit h e n vir o n m e nt al d et er mi n a nt s w er e li mit e d w hi c h i n di c at e s t h at 

t hi s tr aj e ct or y i s d et er mi n e d m ai nl y vi a ot h er f a ct or s li k e f a mil y hi s -

t or y,  si mil ar  t o  “ E c z e m a  o nl y ”  a n d  “ E c z e m a + R hi n o c o nj u n cti viti s +

W h e e z e”.  A d ol e s c e n c e,  t h er ef or e,  mi g ht  off er  a n  o p p or t u nit y  f or 

pr e v e nti o n a n d h e alt h pr o m oti o n, e s p e ci all y f or di s e a s e s t h at i n cl u d e 

s y m pt o m s of w h e e z e. I n a d diti o n, a str o n g er c o o p er ati o n b et w e e n 

p a e di atri ci a n s  a n d  s u b s e q u e nt  p h y si ci a n s  s e e m s  t o  b e  w arr a nt e d, 

e s p e ci all y si n c e it w a s s h o w n t h at t h e tr a n siti o n t o a d ult h e alt h c ar e 

f or a st h m ati c s i s n ot a s m o ot h o n e. 4 5

4. 1   |   C o n si st e n c y wit h si mil ar st u di e s

R e g ar di n g si mil ar st u di e s, B ui et al. r e c e ntl y a n al y s e d d at a fr o m t h e 

T a s m a ni a n L o n git u di n al H e alt h St u d y ( T A H S) c oll e ct e d at a g e s 7, 1 3, 

4 5, a n d 5 3 y e ar s u si n g L C A a n d f o u n d fi v e a st h m a a n d all er g y tr aj e c -

t ori e s: l at e-o n s et h a y f e v er, n o a st h m a; e arl y- o n s et r e mit t e d a st h m a 

V a ri a bl e

Mi s si n g v al u e s

M al e s

N = 9 7 0

F e m al e s

N = 1 2 9 7

n ( % †  ) n ( % ‡  ) n ( % ‡  )

S m o ki n g ( n e v er) 1 8 0 ( 7. 9) 3 4 2 ( 3 8. 6) 4 3 3 ( 3 6. 1)

S m o ki n g ( o nl y C H) 1 2 5 ( 1 4. 1) 1 8 5 ( 1 5. 4)

S m o ki n g ( o nl y A / y A H) 2 3 4 ( 2 6. 4) 2 9 7 ( 2 4. 7)

S m o ki n g ( C H & A / y A H) 1 8 5 ( 2 0. 9) 2 8 6 ( 2 3. 8)

M o ul d ( n e v er) 4 9 5 ( 2 1. 8) 2 4 5 ( 3 2. 9) 3 3 3 ( 3 2. 4)

M o ul d ( o nl y C H) 6 9 ( 9. 3) 7 8 ( 7. 6)

M o ul d ( o nl y A / y A H) 2 6 4 ( 3 5. 5) 3 8 6 ( 3 7. 5)

M o ul d ( C H & A / y A H) 1 6 6 ( 2 2. 3) 2 3 1 ( 2 2. 5)

D o g o w n er s hi p ( n e v er) 1 1 8 3 ( 5 2. 2) 2 7 0 ( 6 4. 6) 4 1 9 ( 6 2. 9)

D o g o w n er s hi p ( o nl y C H) 2 6 ( 6. 2) 2 6 ( 3. 9)

D o g o w n er s hi p ( o nl y A / y A H) 6 5 ( 1 5. 6) 1 1 0 ( 1 6. 5)

D o g o w n er s hi p ( C H & A / y A H) 5 7 ( 1 3. 6) 1 1 1 ( 1 6. 7)

C at o w n er s hi p ( n e v er) 1 1 8 5 ( 5 2. 3) 2 0 1 ( 4 8. 2) 3 1 8 ( 4 7. 8)

C at o w n er s hi p ( o nl y C H) 3 5 ( 8. 4) 4 4 ( 6. 6)

C at o w n er s hi p ( o nl y A / y A H) 7 3 ( 1 7. 5) 1 3 0 ( 1 9. 5)

C at o w n er s hi p ( C H & A / y A H) 1 0 8 ( 2 5. 9) 1 7 3 ( 2 6. 0)

O b e sit y ( n e v er) 1 2 7 8 ( 5 6. 4) 3 8 3 ( 9 2. 7) 5 4 6 ( 9 4. 8)

O b e sit y ( o nl y C H) 8 ( 1. 9) 6 ( 1. 0)

O b e sit y ( o nl y A / y A H) 1 3 ( 3. 1) 1 7 ( 3. 0)

O b e sit y ( C H & A / y A H) 9 ( 2. 2) 7 ( 1. 2)

All er gi c o c c u p ati o n al e x p o s ur e s 4 6 0 ( 2 0. 3) 3 0 3 ( 4 0. 2) 2 8 9 ( 2 7. 4)

Irrit ati v e o c c u p ati o n al e x p o s ur e s 4 6 0 ( 2 0. 3) 5 0 4 ( 6 6. 9) 5 9 8 ( 5 6. 7)

A b br e vi ati o n s: A / y A H, a d ol e s c e n c e / y o u n g a d ult h o o d; C H, c hil d h o o d.
† of all 2 2 6 7 i n cl u d e d p ar ti ci p a nt s;
‡ of all n o n- mi s si n g v al u e s.

T A B L E  2   Di stri b uti o n of e n vir o n m e nt al 

d et er mi n a nt s f or m al e a n d f e m al e st u d y 

p o p ul ati o n a n d a m o u nt of mi s si n g v al u e s 

p er v ari a bl e, n o n- i mp ut e d d at a
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a n d all er gi e s; l at e- o n s et a st h m a a n d all er gi e s; e arl y- o n s et p er si st e nt 

a st h m a a n d all er gi e s; a s w ell a s a n a s y m pt o m ati c l at e nt cl a s s. 4 6  T h e 

T A H S tr aj e ct ori e s s h o w si mil ariti e s a n d diff er e n c e s c o m p ar e d t o o ur 

st u d y ( S O L A R). I n T A H S, a st h m a a n d all er gi e s o c c urr e d i n p ar all el i n 

t hr e e l at e nt cl a s s e s wit h r e mit ti n g, p er si sti n g, a n d l at e- o n s et s y m p-

t o m s. I n S O L A R, n o tr aj e ct or y wit h r e mit ti n g s y m pt o m s w a s f o u n d 

e v e n t h o u g h t h e a g e of p ar ti ci p a nt s at b a s eli n e w a s n ot t o o diff er-

e nt. P er si st e nt a s w ell a s l at e- o n s et a st h m a a n d all er gi e s s e e m e d t o 

b e  c o m bi n e d  i n  “ R hi n o c o nj u n cti viti s +   W h e e z e”  i n  S O L A R,  w hil e 

a d diti o n al  cl a s s e s  d e s cri b e d  p ar ti ci p a nt s  wit h  l at e- o n s et  w h e e z e 

b ut wit h o ut ot h er s y m pt o m s a n d p ar ti ci p a nt s wit h a c er t ai n pr o b-

a bilit y  f or  all  t hr e e  c o n si d er e d  s y m pt o m s.  T h e  S O L A R  tr aj e ct or y 

“ R hi n o c o nj u n cti viti s o nl y ” s e e m e d t o b e si mil ar t o t h e T A H S tr aj e c-

t or y  “l at e-o n s et  h a y  f e v er,  n o  a st h m a”.  R el ati v e  fr e q u e n ci e s  of  p a-

r e nt al a st h m a w er e v er y si mil ar f or c o m p ar a bl e l at e nt cl a s s e s fr o m 

b ot h st u di e s. T A H S tr aj e ct or y “ L at e- o n s et a st h m a a n d all er gi e s” w a s 

n ot a s s o ci at e d wit h a cti v e s m o ki n g at 5 3 y e ar s of a g e. H o w e v er, it 

w a s  a s s o ci at e d  wit h  o b e sit y  at  a g e  5 3 y e ar s  w hil e  i n  S O L A R  e sti-

m at e s f or o b e sit y u nf or t u n at el y h a d wi d e c o nfi d e n c e i nt er v al s.

I n  t h e  S w e di s h  B A M S E  c o h or t,  Ö dli n g  et  al.  i n v e sti g at e d  t h e 

c o ur s e  of  a st h m a  b et w e e n  1  a n d  2 4 y e ar s  of  a g e  a n d  f o u n d  f o ur 

tr aj e ct ori e s  u si n g  L C A:  n e v er /i nfr e q u e nt  a st h m a;  e arl y- o n s et  tr a n-

si e nt  a st h m a;  a d ol e s c e nt- o n s et  a st h m a;  a n d  p er si st e nt  a st h m a. 4 7

W h e n f o c u si n g o n t h e a g e r a n g e 8 – 2 4 y e ar s, t h e B A M S E tr aj e ct o-

ri e s  ar e  c o m p ar a bl e  t o  t h e  w h e e z e  tr aj e ct ori e s  f o u n d  i n  S O L A R. 

S y m pt o m ati c B A M S E tr aj e ct ori e s s h o w e d i n cr e a s e d pr o p or ti o n s of 

f a mil y hi st or y of all er gi c di s e a s e si mil arl y t o S O L A R. I n a d diti o n, s e n -

siti z ati o n  t o  i n h al a nt  a n d  f o o d  all er g e n s  ar o u n d  t h e  a g e  of  8 y e ar s 

w a s  n ot  t o o  diff er e nt  i n  c o m p ar a bl e  B A M S E  a n d  S O L A R  cl a s s e s. 

T h e  m o st  i m p or t a nt  e x c e pti o n  w a s  t h at  S O L A R  tr aj e ct or y  “ L at e-

o n s et  W h e e z e”  h a d  a  l o w er  r el ati v e  fr e q u e n c y  of  s e n siti z ati o n s 

a n d s e e m e d t o c o nt ai n m or e n o n- al l er gi c w h e e z er s c o m p ar e d t o it s 

B A M S E a n d T A H S l at e- o n s et c o u nt er p ar t s.

I n a c c or d a n c e wit h B el gr a v e at al. w h o i n v e sti g at e d d e v el o p m e n-

t al  pr ofil e s  of  w h e e z e,  r hi niti s,  a n d  e c z e m a  i n  c hil dr e n  fr o m  a g e  1 

t o  1 1 y e ar s 7 , w e f o u n d m ai nl y tr aj e ct ori e s t h at di d n ot r e s e m bl e a 

c o nti n u ati o n of t h e at o pi c m ar c h i nt o a d ult h o o d. T h e d e v el o p m e n-

t al pr ofil e “ at o pi c m ar c h” f o u n d b y B el gr a v e et al. w a s c h ar a ct eri z e d 

b y  hi g h  pr o b a biliti e s  f or  all  t hr e e  s y m pt o m s  at  a g e  8 – 1 1 y e ar s.  I n 

o ur  m o d el,  t h e  c o nti n u ati o n  of  t hi s  pr ofil e  w a s  b e st  r efl e ct e d  b y 

l at e nt  cl a s s  “ E c z e m a +   R hi n o c o nj u n cti viti s +   W h e e z e”,  alt h o u g h 

pr o b a biliti e s  of  w h e e z e  w er e  l o w er.  T hi s  l at e nt  cl a s s  mi g ht,  h o w-

e v er, a d diti o n all y c o nt ai n ot h er p h e n ot y p e s. T h e pr e v al e n c e of tr a-

j e ct ori e s b ei n g c o n si st e nt wit h or c o nti n ui n g t h e at o pi c m ar c h w a s 

si mil arl y  l o w  i n  b ot h  st u di e s,  w hi c h  s u p p or t s  t h e  h y p ot h e si s  t h at 

m o st  c o ur s e s  of  a st h m a  a n d  all er gi e s  d o  n ot  f oll o w  t h e  e x p e ct e d 

s e q u e n c e of s y m pt o m s.

4. 2   |  Str e n g t h s a n d li mit ati o n s

B e c a u s e  of  a  l ar g e  s a m pl e  si z e,  w e  w er e  a bl e  t o  d eri v e  si x  t r a -

j e c t ori e s  of  w h e e z e,  r hi n o c o nj u n c ti viti s  a n d  e c z e m a  s y m pt o m s. 

U nf or t u n at el y, s y m pt o m s i n e arl y c hil d h o o d c o ul d n ot b e i n cl u d e d 

i n  t h e  st u d y  a n d  p h e n ot y p e s  wit h  s y m pt o m s  b ef or e  t h e  a g e  of 

9 y e ar s  mi g ht  b e  mi x e d  i n  a m o n g  ot h er  p h e n ot y p e s  wit hi n  t h e 

d eri v e d  l at e nt  cl a s s e s.  T h e  s e n siti vit y  a n al y si s  s h o w e d  t h at  p ar -

ti ci p a nt s  wit h  t r a n si e nt  w h e e z e  i n  e arl y  c hil d h o o d  w er e  mi x e d  i n 

a m o n g all l at e nt cl a s s e s, i n cl u di n g t h e cl a s s wit h o ut s y m pt o m s af t er 

t h e a g e of 9 –1 1 y e ar s. T hi s n e e d s t o b e k e pt i n mi n d w h e n u si n g “ N o 

s y m pt o m s” a s r ef er e n c e cl a s s. O t h er l at e nt cl a s s e s mi g ht al s o c o n -

t ai n p ar ti ci p a nt s wit h a n d wit h o ut e arl y- lif e s y m pt o m s. I n g e n er al, 

a  si n gl e  l at e nt  cl a s s  mi g ht  c o nt ai n  s e v er al  p h e n ot y p e s  of  a st h m a 

a n d all er gi c di s e a s e s. Si n c e t h e d at a c a m e fr o m a p o p ul ati o n- b a s e d 

c o h or t,  l o w- pr e v al e nt  p h e n ot y p e s  mi g ht  h a v e  b e e n  c o m bi n e d  t o 

o n e l at e nt cl a s s b y t h e m a xi m u m li k eli h o o d e sti m ati o n pr o c e d ur e. 

F or  “ R hi n o c o nj u n c ti viti s  o nl y ”,  t h e  i n cr e a s e d  s y m pt o m  pr o b a bil -

it y i n f oll o w-u p s mi g ht e. g. i n di c at e a mi x t ur e of e arli er- o n s et a n d 

l at er-o n s et  p h e n ot y p e s.  I n  a d diti o n,  b e c a u s e  fir st  m e a s ur e m e nt s 

w er e  m a d e  at  b a s eli n e  w h e n  p ar ti ci p a nt s  w er e  9 – 1 1 y e ar s  ol d, 

F I G U R E 3   A s s o ci ati o n s of l at e nt 

cl a s s m e m b er s hi p wit h e n vir o n m e nt al 

d et er mi n a nt s b y l at e nt cl a s s c o m p ar e d 

t o r ef er e n c e cl a s s “ N o s y m pt o m s”, o nl y 

c at e g ori e s wit h o ut e x p o s ur e i n c hil d h o o d 

a n d wit h e x p o s ur e i n a d ol e s c e n c e / y o u n g 

a d ult h o o d c o m p ar e d t o n o e x p o s ur e 

i n c hil d h o o d a n d a d ol e s c e n c e / y o u n g 

a d ult h o o d, m ulti v ari at e l o gi sti c r e gr e s si o n 

a dj u st e d f or s e x, p ar ti ci p a nt' s s o ci o-

e c o n o mi c st at u s, p ar e nt al s o ci o- e c o n o mi c 

st at u s, a n d st u d y c e ntr e. A b br e vi ati o n s: 

L C, l at e nt cl a s s; O R, O d d s R ati o; E T S, 

e n vir o n m e nt al t o b a c c o s m o k e; A / y A H, 

a d ol e s c e n c e / y o u n g a d ult h o o d; o c c, 

o c c u p ati o n al
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e n vir o n m e nt al e x p o s ur e s d uri n g t h e fir st y e ar of lif e a n d t h e fir st 

y e ar of s c h o ol w er e m e a s ur e d r et r o s p e c ti v el y. A s f or s o m e c hil dr e n 

s y m pt o m s alr e a d y a p p e ar e d b ef or e b a s eli n e a g e, dif f er e nti al r e c all 

b y t h e p ar e nt s w a s p o s si bl e.

Alt h o u g h  t h e  n u m b e r  of  p a r ti ci p a nt s  i n cl u d e d  i n  t h e  a n al y si s 

w a s q uit e hi g h, s e v e r al v a ri a bl e s h a d hi g h p r o p o r ti o n s of mi s si n g 

v al u e s m ai nl y d u e t o n o n - p a r ti ci p ati o n i n l at e r s t u d y p h a s e s a n d 

cli ni c al e x a mi n ati o n s. N o n -r e s p o n d e r a n al y s e s s h o w e d t h at c o n -

ti n u e d p a r ti ci p ati o n i n S O L A R f oll o w- u p s w a s r el at e d t o b ei n g f e -

m al e, hi g h S E S a n d p a r e nt al S E S, b ei n g a n o n - s m o k e r, a n d a hi g h e r 

p r o p o r ti o n of s y m pt o m s a s w ell a s p a r e nt al hi s t o r y of a s t h m a a n d 

all e r gi e s. 3 4, 3 5  H a n dli n g mi s si n g v al u e s i n t h e a n al y si s, w hi c h w a s 

d o n e b y m ulti pl e i m p ut ati o n, w a s of hi g h i m p o r t a n c e. Si n c e p o ol -

i n g e s ti m at e s f r o m m o d el s wit h dif f e r e nt n u m b e r s of l at e nt cl a s s e s 

i s dif fi c ult, m o d el s el e c ti o n w a s d o n e b ef o r e m ulti pl e i m p ut ati o n. 

H o w e v e r,  wit h  f ull  i nf o r m ati o n  m a xi m u m  li k eli h o o d  m et h o d s  all 

a v ail a bl e i nf o r m ati o n w a s u s e d i n t hi s s t e p. W h e n l o o ki n g at t h e 

BI C  of  t h e  5 -  an d  6 - cl a s s  s ol uti o n s  wit hi n  t h e  2 0  i m p ut e d  d at a -

s et s, BI C of t h e 6 - cl a s s s ol uti o n w a s l o w e s t i n si x i m p ut ati o n s; t h e 

5 - cl a s s s ol uti o n w a s p r ef e r r e d i n 1 4 i m p ut ati o n s. I n a s e n siti vit y 

a n al y si s,  w e  i n v e s ti g at e d  t h e  p o s si bilit y  t h at  t h e  fir s t  t w o  s t u d y 

p h a s e s  w e r e  m o r e  i m p o r t a nt  f o r  t h e  r e s ulti n g  l at e nt  cl a s s e s  b e -

c a u s e of hi g h p r o p o r ti o n s of mi s si n g v al u e s i n t h e l a s t t w o s t u d y 

p h a s e s. H o w e v e r, t h e o v e r all p at t e r n s w e r e si mil a r a n d a g r e e m e nt 

r e g a r di n g l at e nt cl a s s m e m b e r s hi p of i n di vi d u al p a r ti ci p a nt s wit h 

t h e  m ai n  L C A  w a s  b et w e e n  8 4. 2 – 8 8 . 4 %,  8 5. 4 –8 9 . 9 %,  a n d  6 7. 8 –

7 2 . 4 % wit hi n t h e 2 0 i m p ut e d d at a s et s f o r r e s t ri c ti n g p a r ti ci p a nt s 

t o  a  s u b s et  t h at  fill e d  i n  all  4  q u e s ti o n n air e s,  r e s t ri c ti n g  s t u d y 

p h a s e s  t o  f oll o w- u p  o nl y,  a n d  r e s t ri c ti n g  s t u d y  p h a s e s  t o  c hil d -

h o o d / a d ol e s c e n c e  o nl y,  r e s p e c ti v el y.  I nt e r e s ti n gl y,  w h e n  o nl y 

c o n si d e ri n g c hil d h o o d a n d a d ol e s c e n c e, l at e nt cl a s s e s “ L at e - o n s et 

W h e e z e”  a n d  “ R hi n o c o nj u n c ti viti s +   W h e e z e”  c h a n g e d  t o w a r d s 

o n e l at e nt cl a s s wit h i n c r e a si n g a n d o n e wit h c o n s t a nt s y m pt o m 

p r o b a biliti e s,  w hi c h  r e s e m bl e s  t h e  l at e - o n s et / p e r si s t e nt  di s ti n c -

ti o n f o u n d i n T A H S a n d B A M S E.

I n c o n cl u si o n, t hi s st u d y pr o vi d e s a cl a s sifi c ati o n of t h e c o ur s e 

of a st h m a a n d all er g y s y m pt o m s fr o m a g e 9 t o 3 4 y e ar s a n d, t h er e -

f or e,  f or  t h e  tr a n siti o n  fr o m  c hil d h o o d  i nt o  a d ult h o o d.  Di sti n ct 

s y m pt o m tr aj e ct ori e s e st a bli s h fr o m c hil d h o o d t hr o u g h a d ol e s c e n c e 

a n d st a bili z e d uri n g e arl y a d ult h o o d. T hi s p at t er n w a s m o st n ot a bl e 

i n  w h e e z e-r el at e d  l at e nt  cl a s s e s  w hi c h  al s o  s h o w e d  t h e  str o n g e st 

a s s o ci ati o n s  wit h  e n vir o n m e nt al  e x p o s ur e s  i n  a d ol e s c e n c e / y o u n g 

a d ult h o o d.  T h er ef or e,  n ot  o nl y  c hil d h o o d  b ut  al s o  a d ol e s c e n c e  i s 

r el e v a nt f or di s e a s e d e v el o p m e nt a n d off er s c o n si d er a bl e p ot e nti al 

f or pr e v e nti o n a n d h e alt h pr o m oti o n.

A C K N O W L E D G E M E N T S

T h e a ut h or s c or di all y t h a n k all st u d y p ar ti ci p a nt s a n d t h e st u d e nt s 

t h at  h el p e d  e nt eri n g  p a p er  q u e sti o n n air e s.  T h e  I S A A C  P h a s e  T w o 

st u d y i n Dr e s d e n a n d M u ni c h w a s s u p p or t e d b y t h e G er m a n Mi ni str y 

of E d u c ati o n a n d R e s e ar c h ( 0 1 E E 9 4 1 1- 3) . T h e S O L A R I st u d y w a s 

s u p p or t e d  b y  t h e  G er m a n  Mi ni str y  f or  E c o n o m y  a n d  L a b o ur.  T h e 

S O L A R  II  st u d y  w a s  s u p p or t e d  b y  t h e  G er m a n  F e d er al  I n stit ut e 

f or  O c c u p ati o n al  S af et y  a n d  H e alt h  a n d  t h e  G er m a n  Mi ni str y  of 

L a b o ur  a n d  S o ci al  Aff air s.  T h e  S O L A R  III  st u d y  w a s  s u p p or t e d  b y 

t h e G er m a n R e s e ar c h F o u n d ati o n ( D F G) u n d er pr oj e ct n u m b er G Z: 

R A 8 5 7/ 1 2- 1 A O B J: 6 2 9 9 7 2; G Z: V O 8 3 9 / 2- 1 A O B J: 6 2 9 9 7 3.

C O N F L I C T S O F I N T E R E S T

M J E r e p or t s a p at e nt E P 1 9 6 4 5 7 0 B 1 i s s u e d, a n d a p at e nt E P 2 3 6 1 

6 3 2  B 1  i s s u e d.  E v M  r e p or t s  p er s o n al  f e e s  fr o m  P h ar m a v e nt ur e s, 

fr o m E ur o p e a n R e s pir at or y S o ci et y, fr o m D e ut s c h e P h ar m a z e uti s c h e 

G e s ell s c h af t  e. V.,  fr o m  El s e vi er  G m b H  a n d  El s e vi er  Lt d.,  fr o m 
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Detailed description of application of Latent Class Analysis (LCA) 

Model selection 

LCA was conducted for 2 to 10 classes using Full Information Maximum Likelihood (FIML) 

methods to handle missing values. (1) This means that we used the non-imputed data set in 

this step. Model identification was checked by comparing the likelihood of models with 100 

random starting values. Models with 7 or more classes were ruled out because they were not 

identified (Table E2). Models with 2 to 4 latent classes were ruled out because they did not 

offer as much information as the 5- and 6-class solutions.  

Multiple-group LCA (2) with males and females as separate groups were additionally 

considered. Models allowing for qualitative differences of latent classes between men and 

women were not identified and thus had to be discarded. Multiple-group models that 

restricted latent classes to be similar across males and females and only allowed for 

differences in latent class prevalences were identified but only the 5- and 6-class solutions 

were considered for the same reasons as before.  

The 5- and 6-class solutions and their corresponding multiple-group versions, therefore, 

remained as candidates for the final model. Model selection was based on interpretability, 

parsimony and the Bayesian information criterion (BIC). Since only one latent class 

prevalence varied considerably between men and women, multiple-group models were ruled 

out because of parsimony. The BIC was lowest for the 5-class solution (Table E2). However, 

the 6-class solution offered an additional interpretable latent class that would have been lost 

when strictly following the statistical criterion. Therefore, the 6-class solution without 

considering men and women as separate groups was selected. 

 

Calculating the final LCA model 

The selected model was recalculated in 20 imputed datasets. This resulted in 20 estimates for 

all parameters of the LCA model, one from each imputed dataset. These estimates were 



 

 

pooled based on Rubin’s rules. (3)  For item-response probabilities, estimates from the 

maximum likelihood solution of the previous step were used as starting values. Figure 2C and 

Table E3 report the pooled estimates. 

 

Latent class assignments 

For additional analyses, participant had to be assigned to latent classes. If, however, every 

participant is only assigned to a single latent class, uncertainty of classification is not taken 

into account. Considering uncertainty was important because entropy was between 0.753-

0.788 in the 20 imputed datasets. 

An individual vector of posterior probabilities of latent class membership for each participant 

is an output of the LCA model, e.g.: Participant 1 has a probability of 20% for being in latent 

class 1, 65% for being in latent class 2, 5% for being in latent class 3, 8% for being in latent 

class 4, 1% for being in latent class 5, and 1% for being in latent class 6. For an individual 

participant, these numbers always sum up to 1.  

Twenty random values were drawn from this individual distribution of posterior probability of 

latent class membership. Random drawing was done in each of the 20 imputed datasets 

because the individual posterior probabilities differed, similarly to the parameter estimates. 

Based on these random draws, categorical variables that indicated membership in one of the 

latent classes for each participant were created. One categorical variable was created for every 

random draw. 

  



 

 

Table E1: Definition of traits and environmental determinants 

Variable Measured at Categories/unit Description 
Socio-demographics 

Study centre bl Munich, 
Dresden 

 

Sex bl male vs. female  
Parental SES  bl high vs. low high SES: 12 or more years of 

school by either father or mother 
SES fu1 high SES: 12 or more years of 

school 
Parental medical history 

Parental asthma bl yes vs. no yes: at least one parent 
Parental hay fever bl 

Parental atopic dermatitis bl 
Medical history 

SPT (seasonal allergens)  bl positive (for at 
least one 
allergen) vs. 
negative (for all 
allergens) 
 

Allergens: mixed grass pollen, 
mixed tree pollen (4) 

SPT (perennial allergens)  bl Allergens: Dermatophagoides 
pteronyssinus, D. farinae, cat, 
Alternaria tenuis (4) 

IgE (inhalant allergens) bl >0.35 U/ml vs. 
<0.35 U/ml 

serum levels of IgE directed 
against local grass pollen, birch 
pollen, mugwort pollen, 
Dermatophagoides pteronyssinus, 
cat dander, dog dander, 
Cladosporium herbarum (4) 

IgE (food allergens) bl >0.35 U/ml vs. 
<0.35 U/ml 

serum levels of IgE directed 
against egg white, milk proteins, 
cod fish, wheat flour, peanut, soja 
bean (4) 

BHR  fu2 yes vs. no see (5)  
Lung function  fu2 no unit FEV1/FVC (5) 

FeNO fu2 ppb arithmetic mean of all ln-
transformed measurements with 
valid flow (between 45 and 55 
ml/s) (5) 

Life style factors 
ETS bl (1st year of 

life, 1st year 
of school 
were also 
measured at 
bl) 

yes vs. no  

Current smoking fu1, fu2 yes vs. no  
BMI bl, fu1, fu2 kg/m2  

Indoor exposures 
Mould bl (1st year of 

life, 1st year 
of school 
were also 
measured at 
bl), fu1, fu2 

yes vs. no Mould at home measured by 
questionnaire (for fu1 to fu3: at 
the time of the survey or since last 
study phase) 



 

 

Dog ownership bl (1st year of 
life, 1st year 
of school 
were also 
measured at 
bl), fu1, fu2 

yes vs. no Dog in own home 

Cat ownership bl (1st year of 
life, 1st year 
of school 
were also 
measured at 
bl), fu1, fu2 

yes vs. no Cat in own home 

Occupational exposures 
Allergic occupational 

exposures 
complete job 
history up to 
fu2 

presence of at 
least one agent 
from Job-
Exposure-
Matrix (6) at 
some point in 
time vs. no 
agent present at 
any time 

Agents: animals, fish/shellfish, 
flour, foods, plant-related dusts, 
house dust mites, storage mites, 
plant mites, enzymes, latex,  
textiles, moulds, drugs, aliphatic 
amines, isocyanates, acrylates, 
epoxy resins, persulfates/henna, 
wood, metal, metal working fluids 

Irritative occupational 
exposures 

Agents: textiles, moulds, 
endotoxin, high-level chemical 
disinfectant, aliphatic amines, 
isocyanates, acrylates, epoxy 
resins, persulfates/henna, wood, 
metal, metal working fluids, 
herbicides, insecticides, 
fungicides, indoor cleaning, 
bleach, organic solvents, exhaust 
fumes 

bl: baseline; fu: follow-up; SES: social-economic status; SPT: skin prick test; IgE: immunoglobulin E; 
BHR: bronchial hyperresponsiveness; FEV1: forced expiratory volume in 1 second; FVC: forced vital 
capacity; FeNO: exhaled nitric oxide; ETS: environmental tobacco smoke; BMI: body mass index; 
baseline questionnaire was answered by participants’ parents  



 

 

Table E2: LCA model criteria for 2 to 10 classes; 100 random starting values; statistical 
criteria for maximum likelihood solution 

# class df G2 logL AIC BIC ML starting 
values† 

2 4070 1948.8 -9014.3 1998.8 2141.9 100/100 
3 4057 1562.9 -8821.4 1638.9 1856.5 98/100 
4 4044 1326.5 -8703.1 1428.5 1720.5 89/100 
5 4031 1184.7 -8632.2 1312.7 1679.1 100/100 
6 4018 1113.8 -8596.8 1267.8 1708.7 68/100 
7 4005 1074.4 -8577.1 1254.4 1769.7 9/100 
8 3992 1039.2 -8559.5 1245.2 1835.0 1/100 
9 3979 1004.0 -8541.9 1236.0 1900.2 2/100 
10 3966 974.6 -8527.2 1232.6 1971.3 1/100 

† Number of random starting values that led to maximum likelihood (identification); df: degrees of 
freedom; G2: likelihood-ratio statistic; logL: log likelihood; AIC: Akaike information criterion; BIC: 
Bayesian information criterion  
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Table E5: Range of mean of posterior probability of participants who report wheeze 
before or at the age of 4 (n=351) for the M=20 imputed datasets 

Latent class Range 
No symptoms 41.1%-47.1% 
Eczema only 6.9%-9.2% 

Rhinoconjunctivitis only 15.4%-20.3% 
Late-onset Wheeze 10.8%-18.8% 

Rhinoconjunctivitis + Wheeze 8.2%-13.5% 
Eczema + Rhinoconjunctivitis + Wheeze 4.0%-6.8% 

  



 

 

 

Figure E2: Probability of asthma and allergy symptoms over time by latent class; only 
participants that filled in all 4 questionnaires. The figure shows latent classes (LC) which 

correspond to symptom trajectories. Each subplot shows symptom probabilities for one derived 
latent class with 95%-confidence intervals (CI) over time for symptoms of wheeze, 
rhinoconjunctivitis, and eczema, indicated by colour and symbol shape. Lines link point 
estimates of the same symptom. Latent class prevalences with 95%-confidence intervals are 
shown below latent class names.  



 

 

Figure E3: Probability of asthma and allergy symptoms over time by latent class 
without baseline. The figure shows latent classes (LC) which correspond to symptom 
trajectories. Each subplot shows symptom probabilities for one derived latent class with 95%-
confidence intervals (CI) over time for symptoms of wheeze, rhinoconjunctivitis, and eczema, 
indicated by colour and symbol shape. Lines link point estimates of the same symptom. 
Latent class prevalences with 95%-confidence intervals are shown below latent class names.  



 

 

Figure E4: Probability of asthma and allergy symptoms over time by latent class 
without follow-ups 2 and 3. The figure shows latent classes (LC) which correspond to 
symptom trajectories. Each subplot shows symptom probabilities for one derived latent class 
with 95%-confidence intervals (CI) over time for symptoms of wheeze, rhinoconjunctivitis, 
and eczema, indicated by colour and symbol shape. Lines link point estimates of the same 
symptom. Latent class prevalences with 95%-confidence intervals are shown below latent 
class names.  



 

 

References 

1. Lanza ST, Collins LM, Lemmon DR, Schafer JL. PROC LCA. A SAS Procedure for 
Latent Class Analysis. Structural equation modeling : a multidisciplinary journal 
2007;14:671-694. 

2. Collins LM, Lanza ST. Latent class and latent transition analysis. With applications in 
the social, behavioral, and health sciences. Hoboken, NJ: Wiley, 2010. 

3. Rubin DB. Multiple Imputation for Nonresponse in Surveys. Hoboken, NJ, USA: John 
Wiley & Sons, Inc, 1987. 

4. Weiland SK, Bjorksten B, Brunekreef B, Cookson WOC, Mutius E von, Strachan DP. 
Phase II of the International Study of Asthma and Allergies in Childhood (ISAAC II). 
Rationale and methods. The European respiratory journal 2004;24:406-412. 

5. Heinrich S, Peters A, Kellberger J, Ellenberg D, Genuneit J, Nowak D et al. Study on 
occupational allergy risks (SOLAR II) in Germany. Design and methods. BMC public 
health 2011;11:298. 

6. Le Moual N, Zock J-P, Dumas O, Lytras T, Andersson E, Lillienberg L et al. Update of 
an occupational asthma-specific job exposure matrix to assess exposure to 30 specific 
agents. Occupational and environmental medicine 2018;75:507-514. 

 



4 Paper II 45 

4. Paper II 
  



ORIGINAL RESEARCH
published: 04 March 2021

doi: 10.3389/fpubh.2021.591717

Frontiers in Public Health | www.frontiersin.org 1 March 2021 | Volume 9 | Article 591717

Edited by:

Caterina Ledda,

University of Catania, Italy

Reviewed by:

Tran B. Huynh,

Drexel University, United States

Sok King Ong,

Ministry of Health, Brunei

*Correspondence:

Felix Forster

felix.forster@med.uni-muenchen.de

Specialty section:

This article was submitted to

Occupational Health and Safety,

a section of the journal

Frontiers in Public Health

Received: 06 August 2020

Accepted: 05 February 2021

Published: 04 March 2021

Citation:

Forster F, Kreißl S, Wengenroth L,

Vogelberg C, von Mutius E, Schaub B,

Nowak D, Weinmann T, Radon K and

Gerlich J (2021) Third Follow-Up of

the Study on Occupational Allergy

Risks (SOLAR III) in Germany: Design,

Methods, and Initial Data Analysis.

Front. Public Health 9:591717.

doi: 10.3389/fpubh.2021.591717

Third Follow-Up of the Study on
Occupational Allergy Risks (SOLAR
III) in Germany: Design, Methods, and
Initial Data Analysis
Felix Forster 1,2*, Sylvia Kreißl 3, Laura Wengenroth 1,2, Christian Vogelberg 3,

Erika von Mutius 2,4, Bianca Schaub 2,4, Dennis Nowak 1,2, Tobias Weinmann 1,2,

Katja Radon 1,2 and Jessica Gerlich 1,2

1 Institute and Clinic for Occupational, Social and Environmental Medicine, University Hospital, Ludwig Maximilian University

Munich, Munich, Germany, 2Comprehensive Pneumology Centre Munich, German Centre for Lung Research, Munich,

Germany, 3 Paediatric Department, University Hospital Carl Gustav Carus Dresden, Technical University Dresden, Dresden,

Germany, 4Dr. von Hauner Children’s Hospital, University Hospital, Ludwig Maximilian University Munich, Munich, Germany

Introduction: Asthma and allergies are complex diseases affected by genetic and

environmental factors, such as occupational and psychosocial factors, as well as

interactions between them. Although childhood is a critical phase in the development

of asthma and allergies, few cohort studies on occupational outcomes followed up

participants from childhood onwards. We present design, methods, and initial data

analysis for the third follow-up of SOLAR (Study on Occupational Allergy Risks), a

prospective and population-based German asthma and allergy cohort.

Methods: The SOLAR cohort was initially recruited in 1995–1996 for Phase II of the

German branch of the International Study of Asthma and Allergies in Childhood (ISAAC II)

and followed up three times since, in 2002–2003, 2007–2009, and 2017–2018. During

the third follow-up (SOLAR III), participants were between 29 and 34 years old. Since

SOLAR focuses on occupational exposures, follow-ups were conducted at important

points in time of the development of participants’ career. To evaluate the potential of

selection bias, responders and non-responders were compared based on variables

from earlier study phases. In responders, frequency and pattern of missing values

were examined and compared within the subsets of paper and online versions of the

used questionnaires.

Results: In total, 1,359 participants completed the questionnaire of the third follow-up

(47.3% of eligible participants). Initially, the cohort started with 6,399 participants from the

ISAAC II questionnaire study. A selection process led to a study population that is more

female, higher educated, smokes less and has a higher proportion of certain asthma and

allergy symptoms (also in their parents) than the initial cohort. Pattern and frequency of

missing values were different for paper and online questionnaires.

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://doi.org/10.3389/fpubh.2021.591717
http://crossmark.crossref.org/dialog/?doi=10.3389/fpubh.2021.591717&domain=pdf&date_stamp=2021-03-04
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles
https://creativecommons.org/licenses/by/4.0/
mailto:felix.forster@med.uni-muenchen.de
https://doi.org/10.3389/fpubh.2021.591717
https://www.frontiersin.org/articles/10.3389/fpubh.2021.591717/full


Forster et al. Third Follow-Up of SOLAR

Discussion: The third follow-up of the SOLAR cohort offers the opportunity to analyze

the course of asthma and allergies and their associations to environmental, occupational

and psychosocial risk factors over more than 20 years from childhood to adulthood.

Selection processes within the cohort might lead to bias that needs to be considered in

future analyses.

Keywords: asthma, occupational asthma, atopic dermatitis, rhinitis, epidemiological methods, cohort study

INTRODUCTION

Asthma and allergies are complex diseases affected by
environmental and genetic factors as well as interactions
between them (1, 2). In addition, different phenotypes of asthma
have been established, based for example on the time of onset.
One important type of adult-onset asthma is work-related
asthma, which is associated with workplace exposures (3). So
far only few cohort studies on occupational outcomes follow
up participants from childhood onwards. Nevertheless, the
inclusion of childhood is important since it is a critical phase in
the development of asthma and allergies and because childhood
symptoms might affect later job choices (4). To investigate the
course of asthma and allergies from childhood to adulthood
elucidating especially the role of occupational risk factors,
the SOLAR study (Study on Occupational Allergy Risks) was
established based on the German part of the International Study
of Asthma and Allergies in Childhood Phase II (ISAAC II).
Three follow-up studies have been conducted since, with a total
follow-up time of more than 20 years.

The third follow-up of the Study on Occupational Allergy
Risks (SOLAR III) aims to:

- further investigate the course of asthma and allergies from
childhood to adulthood;

- continue the collection of data on occupational,
environmental and psychosocial risk factors and investigate
associations with asthma and allergies;

- study risk factors in relation to participants’ age.

This article presents design and methods of SOLAR III and
reports processes and results from its initial data analysis
(IDA). IDA is an essential part of the study process within the
conduction of observational studies. It connects data collection
and analysis including the set-up of metadata, data cleaning, and
data screening. IDA is necessary to obtain an analyzable data set
and to identify aspects that influence interpretation and future
analyses (5).

METHODS

Study Design
The SOLAR cohort was initially recruited in 1995–1996 for Phase
II of the German branch of the International Study of Asthma

Abbreviations: ETS, Environmental tobacco smoke; IDA, Initial data analysis;
ISAAC, International Study of Asthma and Allergies in Childhood; ISCO,
International Standard Classification of Occupations; JEM, Job-exposure-matrix;
PA, Physical activity; SES, Socio-economic status; SOLAR, Study on Occupational
Allergy Risks; TICS, Trier Inventory of the Assessment of Chronic Stress.

and Allergies in Childhood (ISAAC II). ISAAC II aimed to
find potential determinants for asthma and allergy occurrence
and severity around the world (6). For this, community-based
random samples of children aged 9–11 years were drawn in
the two study centers Munich and Dresden. An additional goal
of the German branch was to investigate differences in asthma
and allergies between east (Dresden) and west (Munich) of the
recently reunified Germany (7). In total, 7,498 children were
invited to participate and fill in a questionnaire. For both study
centers, 6,399 children and their parents participated (85.3%).
A random subset of children (n = 4,018) was also invited to
clinical examinations including spirometry, tests for bronchial
hyperresponsiveness using nebulized hypertonic saline, skin
prick tests, specific IgE tests in blood serum, and standardized
skin examinations.

In 2002–2003, the first phase of SOLAR (SOLAR I) followed-
up the initial German ISAAC II cohort. Of 4,893 invited
adolescents aged 16–18 years who could be re-contacted, 3,785
(77.4%) completed the questionnaire and agreed to link the
data with the information from ISAAC II. Additionally, 3,053
participants (62.4%) agreed to be re-contacted for subsequent
studies. In 2007–2009, 2,051 participants (70.6% of the eligible
2,904 participants) aged 19–24 years filled in the questionnaire
for the second follow-up (SOLAR II). SOLAR II also included
clinical examinations, comprising e.g., physical examinations,
skin prick tests, and spirometry (8).

All participants who agreed to be re-contacted in SOLAR I
and for whom either an e-mail or postal address was available
were invited to complete a questionnaire for the third follow-
up (SOLAR III), which means that cohort members were also
asked to participate in SOLAR III if they did not participate
in SOLAR II without actively refusing re-contact. No clinical
examinations were conducted in the third follow-up. During
the field phase in 2017–2018, the participants were between
29 and 34 years old. In total, 1,359 participants completed the
questionnaire (Figure 1).

All study phases were approved by the Ethical Committees
of the Medical Faculty of the University of Dresden and the
Bavarian Chamber of Physicians. Written informed consent, also
for linking data from all study phases, was obtained from all
participants (SOLAR I to III) and their legal guardians (ISAAC
II, SOLAR I).

Questionnaire Instruments
The SOLAR III questionnaire (121 items) included validated
questions on:

- socio-demographics (six items)
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FIGURE 1 | Flowchart of the SOLAR study phases. From top to bottom: study phase, time period of data collection, age of participants, number of participants,

response based on number of invited participants, and proportion of ISAAC II cohort remaining.

- respiratory symptoms and disease (including asthma and
wheeze) (15 items)

- rhinoconjunctivitis and hay fever (7 items)
- atopic dermatitis and hand eczema (13 items)
- domestic exposures, use of skin care products, use of
disinfectants (14 items)

- smoking, exposure to environmental tobacco smoke
(13 items)

- occupation (19 items)

◦ level of education and job type
◦ job history for all jobs held for at least 1 month and for at

least 8 h a week
◦ occupational diseases and risk factors

- physical activity and use of entertainment electronics (5 items)
- body height and weight (2 items)
- use of oral contraceptives, number of pregnancies (3 items)
- depression (PHQ-2) (2 items) (9)
- work-related stress [TICS (Trier Inventory of the Assessment
of Chronic Stress)] (22 items) (10, 11).

Throughout the study phases, the same questions on respiratory
symptoms and disease as well as on atopic dermatitis and
hand eczema were used. Those questions were originally in
English and translated with back-translation into German for
ISAAC (6). Questions on exposures and other variables were
also kept as similar as possible throughout the study phases
and came for example from the ECRHS (12) and the GA2LEN
survey (13). Compared to the second follow-up, questions on
water pipe and electronic cigarette use (water pipe questions
were modified for electronic cigarettes) (14), discrimination
and harassment at work (15), working conditions (16), and
depression screening (9) were added in SOLAR III. Questions

on job choice, accidents involving steam, gas, or smoke, state
of residence, glove material, and frequency of washing hands
that were still in the second follow-up questionnaire were left
out in phase III. Some questions on symptoms of asthma and
rhinitis were no longer kept either in order to keep the length of
the questionnaire acceptable for participants. Removed questions
were either not relevant anymore because of participants’ age
or had many missing values in earlier study phases. The
questionnaire used is available as Supplementary Material.

After assessment of face validity, the content validity of the
newly added questions were evaluated in a pre-test. The seven
pre-test participants were sampled based on convenience and
were of both genders, between 27 and 35 years old, and had
low to high level of education to represent the demographic
characteristics of participants (17). They were no participants
of ISAAC or SOLAR and were asked to explain the presented
questions to the investigator. In case of difficulties understanding
the meaning of the questions, the questionnaire was revised
accordingly before the pilot study.

We additionally offered the possibility to complete the
questionnaire online. The open source software LimeSurvey
(LimeSurvey GmbH, Hamburg, Germany) was used for setting
up the online version. The survey was hosted on servers of the
University Hospital, LMUMunich (Munich, Germany) to ensure
data protection.

Recruitment Methods
A pilot study including 25 participants from each study center
indicated that the planned recruitment processes (e-mail and
mail) worked out well. Participants for whom an e-mail address
was available were contacted via e-mail with study information
and were invited to fill in the online questionnaire. The
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remaining participants received a letter including the paper
questionnaire, an informed consent form, study information,
and an envelope for sending the questionnaire back free
of charge. In order to ensure written informed consent as
requested by the data protection representative, all participants
of the online questionnaire had to print-out and send-in the
signed written consent form by fax, e-mail, or postal mail.
Participants were reminded twice, firstly 1 week after the initial
contact and secondly one (e-mail) or two (mail) weeks later.
Letters were sent out on Thursdays and, e-mails on Fridays
to ensure that participants received the questionnaire toward
the weekend. Because a substantial proportion of participants
already had children, school holidays were avoided for the
contact phase. As an incentive, participants who completed
the questionnaire had the chance of winning one of ten 200e
shopping vouchers.

When e-mail addresses were invalid or e-mail invitations
remained unanswered, the participants were re-contacted via
postal mail. When postal addresses were outdated, the local
population registries were asked for the current address.
Additionally, participants without informed consent form
(mainly online participation, 85.8% in study center Munich and
98.4% in Dresden) were reminded via postal mail and, if no
response was registered after 21 days, by telephone. The letter
contained a ready-to-sign consent form and a post-paid envelope.
Thereby, 92.0% (Munich) and 83.5% (Dresden) of the missing
forms were received.

Data Processing and Cleaning
Paper questionnaires were entered manually by two independent
staff members. Differences between both entries were compared
to the paper questionnaire and changed accordingly. Every
change was documented to assure the possibility of replication.
Concordant entries were assumed correct. Missing values were
coded either “missing” or “not applicable” depending on
what applied.

Plausibility checks were conducted to obtain a dataset
as error-free as possible. Questions filtering subsequent
questions were checked for plausible values. If plain text
answers contained options that were selectable in the
corresponding single or multiple-choice questions, these options
were assigned.

Job histories were coded manually by two independent
staff members according to the International Standard
Classification of Occupations 88 (ISCO-88) classification
(18). Afterwards, differing codes were compared in an expert
re-evaluation step. Exposure to potential occupational risk
factors for asthma and allergies was assessed by linking
exposure profiles from the asthma-specific job-exposure-
matrix (JEM) by Le Moual and colleagues (19) with the
ISCO-88 codes.

All steps of crude data processing and cleaning were
documented either in R software (20) scripts, tables, or the data
dictionary. This ensures that the cleaned, final dataset can be
reproduced from the original variables.

Data Screening and Evaluation of Selection
Bias
In order to identify relevant aspects that influence interpretation
and future analysis (5), frequency and pattern of missing values
were examined and compared within the subsets of answers given
by paper and online questionnaires.

To evaluate the potential of selection bias, responders and
non-responders were compared in two different ways: First,
all SOLAR III responders were compared with ISAAC II
participants not responding in SOLAR III with regard to
sex, parental history of asthma, parental history of asthma
or allergies, and parental socio-economic status (SES). These
variables were measured in ISAAC II. Second, all SOLAR
III responders were compared with SOLAR I participants
not responding in SOLAR III in terms of the outcomes 12-
months prevalence of wheezing, asthma, allergic rhinitis, and
atopic dermatitis, life-time prevalence of doctor diagnosed
asthma, participants own SES, smoking, physical activity (PA),
work-related stress, and occupational exposure to potential
occupational risk factors for asthma and allergies measured
at SOLAR I. SOLAR I results were considered rather than
SOLAR II results as they included a larger number of SOLAR
III non-respondents.

Parental history of asthma was defined as present if at least
one parent reported ever having had asthma. Parental history
of asthma or allergies was defined as present if at least one
parent reported ever having had asthma, hay fever, or dermatitis.
Parental as well as participant’s SES were considered high for
12 or more years of education (for at least one parent for
parental SES). Twelve-months prevalence of asthma was defined
as symptoms of wheezing within the last 12 months prior to
the survey and a doctor diagnosis of asthma or multiple doctor
diagnoses of asthmatic bronchitis (7). Twelve-months prevalence
of allergic rhinitis was defined as having problems with sneezing
or a runny blocked nose without having a cold during the last
12 months that were accompanied by itchy-watery eyes. Twelve-
months prevalence of atopic dermatitis was defined as ever
having had eczema for at least 6 months with symptoms during
the 12 months prior to study and the itchy rash at any time
affecting any of the following places: the folds of the elbows,
behind the knees, in front of the ankles, in the face, or around the
neck (21). Participants were defined as smokers if they smoked
at least 20 packs in their life or at least one cigarette per day
or one cigar per week for 1 year (22). PA was classified as no
PA (never doing physical exercise), low PA (physical exercise
between less than once a month and once a week), and high PA
(physical exercise more than once a week). Work-related stress
was measured by the TICS (10, 11). The items of two scales,
work overload and work discontent, were summed up separately
and translated to an age-specific T-value. For each scale, a binary
variable was created which was defined as positive if the T-value
and its 95% confidence interval exceeded the value of 50 (10).
Occupational exposure to potential occupational risk factors for
asthma and allergies was defined as present if the participant
ever had a job that was linked to a relevant exposure by an
asthma-specific job-exposure-matrix (23).
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RESULTS

Response
In total, 3,053 participants, who agreed to be re-contacted in
the first follow-up, were asked to participate in the SOLAR III
study (Table 1). Of those, 153 could not be contacted because
of missing e-mail and postal addresses, 15 had died, and 14
had actively refused to be re-contacted. Of the remaining 2,871
SOLAR I participants, 1,359 answered the questionnaire (47%
of the eligible sample). Response was considerably higher in the
study center Dresden (56%) compared to Munich (39%). Of the
1,359 participants in SOLAR III, 216 had not participated in
SOLAR II (22% of SOLAR II non-responders).

Non-participation
A higher proportion of SOLAR III participants was female (61
vs. 47%) and had a high parental SES (59 vs. 46%) compared to
ISAAC II participants not participating in SOLAR III (Table 2).
While no difference was found for parental history of asthma, a
higher proportion of SOLAR III participants had parents with a
history of asthma or allergies (46 vs. 39%).

Compared to SOLAR I participants not participating in
SOLAR III, participants’ SES was also higher at SOLAR I (60 vs.
44%). In addition, during SOLAR I, SOLAR III participants were
more likely to report symptoms of atopic dermatitis than SOLAR
I participants not responding in SOLAR III (11 vs. 8%), and less
likely to be ever smokers (29 vs. 38%). No differences were seen
for the other variables under study (Table 3).

Missing Data Pattern
In the total SOLAR III dataset, 3% of values were missing.
Questions with the highest proportion of missing values were on
environmental tobacco smoke (ETS) (11%), quitting jobs because
of symptoms of asthma or allergies (6%), doctor diagnosis of
respiratory outcomes (6%), skin-straining activities at home,
including cleaning without gloves, construction or renovation,
gardening or farming, or other tasks that could be straining for
the skin due to wet conditions, chemicals or other factors (6%),
wheezing (6%) or symptoms of rhinoconjunctivitis (5%) due to
an occupation, and duration of glove use (5%).

Generally speaking, online questionnaires had lower
proportions ofmissing values in the first half of the questionnaire,
while paper questionnaires had lower proportions of missing
values in the second half (Figure 2). Questions with the highest
difference in the proportions of missing values were on wheezing
(9%-points) or symptoms of rhinoconjunctivitis (8%-points) due
to an occupation, use of gloves (8%-points), including duration
(8%-points), declaration of occupational disease, including its
reason (8%-points), with a lower proportion of missing values
for paper questionnaires, and on ETS (6%-points) and indoor
mold (6%-points) with a lower proportion of missing values for
online questionnaires.

DISCUSSION

We present design, methods, and results from the initial data
analysis for the third follow-up of a German prospective and

TABLE 1 | Participation in the SOLAR study phases.

Total Munich Dresden

n (%) n (%) n (%)

ISAAC Phase II (Questionnaire

study)

6,399 (85.3)a 3,354 (87.6) 3,045 (83.0)

SOLAR I 3,785 (77.4)b 2,043 (81.5) 1,742 (73.0)

Agreed to be re-contacted 3,053 (80.7) 1,534 (75.1) 1,519 (87.2)

SOLAR II 2,051 (70.6)c 1,008 (69.6) 1,043 (71.1)

SOLAR III

Contacted 3,053 (100.0) 1,534 (100.0) 1,519 (100.0)

Lost participants 182 (6.0) 46 (3.0) 136 (9.0)

No valid address available 153 (5.0) 33 (2.2) 120 (7.9)

Deceased 15 (0.5) 6 (0.4) 9 (0.6)

Participant refused further contact 14 (0.5) 7 (0.5) 7 (0.5)

Eligible sample 2,871 (94.0) 1,488 (97.0) 1,383 (91.0)

Response 1,359 (47.3)d 585 (39.3) 774 (56.0)

of these

Participation in SOLAR II 1,143 (84.1) 496 (84.8) 647 (83.6)

No participation in SOLAR II 216 (15.9) 89 (15.2) 127 (16.4)

Online questionnaire 787 (57.9) 323 (55.2) 464 (59.9)

Paper questionnaire 572 (42.1) 262 (44.8) 310 (40.1)

a6,399 of 7,498 invited children.
b3,785 of 4,893 invited adolescents who could be re-contacted.
c2,051 of 2,904 invited adults who could be re-contacted.
d1,359 of 2,871 eligible participants.

population-based asthma and allergy cohort. SOLAR started with
the German ISAAC II participants in two study centers. We
followed this cohort for more than 20 years from elementary
school until the early thirties. The follow-ups were placed at
important points in time of the participant’s career: around
the transition from school to work or university, around the
transition from university to work, and after being settled in
working life. Because of the long follow-up time, the study
offers the opportunity to link (occupational) information from
adulthood to data from childhood.

In the presented follow-up, no clinical examinations were
feasible. Although examinations might decrease errors for
example in asthma measurement, it would have negatively
affected the feasibility of the study and probably also the
willingness of cohort members to further participate. In addition
to the initial examination in the ISAAC II study phase, an
examination was conducted in the second follow-up when
participants had already reached adulthood. Back then, only 40%
of the eligible study population participated in the clinical part
(8). Because validated questions were used throughout the study,
we came to the conclusion that accuracy is maximized best by
focusing on reaching a high response in the questionnaire study.

Many cohort studies investigating work-related asthma
recruited workers from a specific occupation to investigate effects
of a certain exposure. Often these cohorts had a few hundred
participants and were followed for a time period between a few
months and several years (24). Usually, eligible workers were
either already exposed for a certain time or enrolled at the
beginning of their job. To focus on new and therefore unexposed
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TABLE 2 | Non-responder-analysis comparing all SOLAR III participants to ISAAC II participants not responding in SOLAR III based on baseline data.

Responders SOLAR III

N = 1,359

ISAAC II participants not responding in SOLAR III

N = 5,040

Available responses

n (%)

% (95%-CI) Available responses

n (%)

% (95%-CI)

Female 1,359 (100.0) 60.5

(57.9–63.1)

5,036 (99.9) 46.5

(45.1–47.9)

Parental history of asthmaa 1,243 (91.5) 9.5

(7.9–11.1)

4,466 (88.6) 9.9

(9.0–10.8)

Parental history of asthma or allergiesb 1,346 (99.0) 46.0

(43.3–48.7)

4,932 (97.9) 39.3

(37.9–40.7)

Parental SES (high)c 1,338 (98.5) 59.3

(56.7–61.9)

4,789 (95.0) 45.8

(44.4–47.2)

aAt least one parent reported ever having had asthma.
bAt least one parent reported ever having had asthma or hay fever or dermatitis.
c12 or more years of education for at least one parent.

TABLE 3 | Non-responder-analysis comparing all SOLAR III participants to SOLAR I participants not responding in SOLAR III based on SOLAR I characteristics.

Responders SOLAR III

N = 1,359

SOLAR I participants not responding in

SOLAR III N = 2,570a

Available responses

n (%)

% (95%-CI) Available responses

n (%)

% (95%-CI)

Symptoms of wheezing within the last 12 months 1,354 (99.6) 14.7

(12.8–16.6)

2,547 (99.1) 15.0

(13.6–16.4)

Doctor diagnosis of asthma 1,334 (98.2) 7.2

(5.8–8.6)

2,515 (97.9) 8.1

(7.0–9.2)

12-months prevalence of asthmab 1,346 (99.0) 4.2

(3.1–5.3)

2,534 (98.6) 5.2

(4.3–6.1)

12-months prevalence of allergic rhinitisc 1,342 (98.7) 22.4

(20.2–24.6)

2,529 (98.4) 22.1

(20.5–23.7)

12-months prevalence of atopic dermatitisd 1,345 (99.0) 10.9

(9.2–12.6)

2,529 (98.4) 7.6

(6.6–8.6)

Participant’s SES (high)e 1,351 (99.4) 59.5

(56.9–62.1)

2,548 (99.1) 44.1

(42.2–46.0)

Smokingf 1,346 (99.0) 29.1

(26.7–31.5)

2,546 (99.1) 37.9

(36.0–39.8)

Physical activity (high)g 1,353 (99.6) 50.3

(47.6–53.0)

2,554 (99.4) 48.9

(47.0–50.8)

Physical activity (low)h 44.3

(41.7–46.9)

42.2

(40.3–44.1)

Work overloadi 1,348 (99.2) 27.7

(25.3–30.1)

2,516 (97.9) 25.7

(24.0–27.4)

Work discontenti 1,347 (99.1) 46.2

(43.5–48.9)

2,516 (97.9) 49.2

(47.2–51.2)

Exposure to any potential occupational risk factors for asthma and allergiesj 1,335 (98.2) 14.2

(12.3–16.1)

2,450 (95.3) 13.8

(12.4–15.2)

aThe analysis for this table is based on all 3,929 SOLAR I participants including those, who did not give consent for linking the data to data from other study phases.
bSymptoms of wheezing within the last 12 months and a doctor diagnosis of asthma or multiple doctor diagnoses of asthmatic bronchitis.
cHaving problems with sneezing or a runny blocked nose without having a cold during the last 12 months that were accompanied by itchy-watery eyes.
dEver having had eczema for at least 6 months with symptoms during the 12 months prior to study and the itchy rash at any time affecting any of the following places: the folds of the

elbows; behind the knees; in front of the ankles; under the buttocks; or around the neck, ears, or eyes.
e12 or more years of education.
fSmoked at least 20 packs in their life or for a year at least one cigarette per day or one cigar per week.
gPhysical exercise more than once a week.
hPhysical exercise between less than once a month and once a week.
iAge-specific T-value of item sum of corresponding scale and its 95% confidence interval exceeded the value of 50.
jEver having had a job that was linked to a relevant exposure by an asthma-specific job-exposure-matrix.
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FIGURE 2 | Percentage of missing values for paper and online questionnaires from first to last questionnaire item. Question numbers: 16: doctor diagnosis of

respiratory outcomes; 45: indoor mold; 48: skin-straining activities at home; 68: ETS; 78–79: symptoms of rhinoconjunctivitis due to an occupation; 80: wheezing due

to an occupation; 82: quitting jobs because of symptoms of asthma or allergies; 84: use of gloves; 85: duration of glove use; 86: declaration of occupational disease;

87: reason of declaration of occupational disease.

workers, some cohorts recruited apprentices and followed them
during their training (25). Other cohorts focused on estimating
asthma incidences attributable to workplace exposures (26, 27).
In contrast to the mentioned studies, SOLAR tries to investigate
the course of asthma and allergies, including work-related
phenotypes, from childhood to adulthood.

Although the initial cohort was population-based, a selection
process led to a study population that is more female, higher
educated, smokes less, and has a higher proportion of people
with atopic dermatitis at the end of childhood. The proportion
of participants with at least one parent that reported ever having
had asthma, hay fever, or dermatitis was increased as well.
The selection process was already present in earlier follow-ups
(8). In the initial ISAAC cohort, however, participants and
non-participants of clinical examinations were similar regarding
atopic diseases in children and parents, parental education,
family size, passive smoke exposure, and sex (28). Regarding
the 1,099 invited children that didn’t participate at all, no
information on potential selection was available. It implies the
potential of selection bias that needs to be considered carefully in
analyses of follow-up data. Depending on the research question,
the available information will be used to obtain less biased results,
e.g., by adjusting estimates or multiply imputing missing values.

Since the cohort underwent a selection process over the
years of follow-up, the generalizability of the study’s results
might be limited if selection bias affects the internal validity of

the study. However, since the study’s goal is the investigation
of associations between occupational, environmental, and
psychosocial exposures and asthma and allergy outcomes, this
selection process does not affect the generalization of results on
the basic association to other populations as long as the internal
validity is not substantially affected. Nevertheless, asthma and
allergies are complex diseases for which reason associations
might vary for different genotypes, age groups and exposure
histories. Therefore, genetic background and age of participants
as well as environmental factors that might interact need to
be considered when generalizing the results of the SOLAR
study to other populations. After all, comparisons of future
results to other cohorts is necessary for drawing conclusions
about associations.

A strength of the SOLAR study is its still relatively high sample
size after more than two decades of follow-up. This response
could be reached using several methods to increase participation,
including incentives, e-mail, postal, and telephone reminders
as well as envelopes for returning study documents free of
charge. Since e-mail addresses were collected in earlier study
phases for a substantial part of the cohort, a valid postal address
was not necessary for reaching these participants. An online
version of the questionnaire was used to simplify participation for
individuals with known e-mail addresses. One drawback of the
online version was the difficulty to get informed consent, since
it was necessary for the participants to conduct an extra step of
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printing and sending the signed consent form. The number of
missing forms and therefore of excluded questionnaires could
be reduced substantially by sending out postal reminders, which
made it necessary to get a valid postal address for some of the
participants with known e-mail addresses after all.

The questions with higher proportions of missing values in the
subset of online questionnaires mentioned earlier were all asked
in the second half of the questionnaire. This might indicate that
some participants quit before finishing and that 121 items are
therefore too many for an online questionnaire. An alternative
explanation for these differences might be that the questionnaire
was too long in general and that we just receivedmore incomplete
online questionnaires than incomplete paper questionnaires as
those were not sent-in.

In general, the online questionnaire was a good addition,
because including logical links that made it possible to skip
questions that were not applicable, and making it mandatory for
continuing to answer certain questions, led to less missing values
than in the paper version for most questions in the first half of the
questionnaire. Apart from that, the use of online questionnaires
saved time (of participants and the research team) and money
for sending invitations and data entry. Although the proportion
of missing values is not too high in total, multiple imputation
methods should be used to limit potential biases. The information
on the type of questionnaire (paper vs. online) should be included
in the imputation process since it is a potential cause or correlate
of missingness (29).

In conclusion, the third follow-up of the SOLAR cohort
offers the opportunity to analyze the course and risk factors of
asthma and allergies over more than 20 years from childhood
to adulthood. The focus on the occupational environment,
including the participants’ full job histories, makes it possible
to investigate occupational exposures in particular. The use of
online questionnaires contributed to the feasibility of conducting
a third follow-up and still yielding an adequate size of the
study population. However, selection processes within the cohort
might lead to sources of bias that need to be considered in
future analyses.
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The supplement of Paper II only contains the German and English versions of the SOLAR III 
questionnaire and is therefore not included here. It is available under the following link: 

https://www.frontiersin.org/articles/10.3389/fpubh.2021.591717/full#supplementary-material 
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Nickel allergy is associated with
wheezing and asthma in a cohort of
young German adults: results from the
SOLAR study
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ABSTRACT
Background: Nickel allergy is the most prevalent contact allergy. It belongs to a different hypersensitivity
type to asthma and rhinoconjunctivitis. The aim of this analysis was to assess whether self-reported nickel
allergy is associated with incident wheezing, asthma and rhinoconjunctivitis in young German adults,
taking into account potential effect modification by sex.
Methods: In total, 2051 (70.6%) participants aged 19–24 years took part in the second phase of SOLAR
(Study on Occupational Allergy Risks), a follow-up study of ISAAC II (the second phase of the
International Study of Asthma and Allergies in Childhood) in Germany. Self-reported nickel allergy, as
well as having pierced ears, and the three outcomes incident wheezing, asthma and rhinoconjunctivitis,
were analysed stratified for sex. Logistic regression adjusted for potential confounders was performed.
Results: An association between self-reported nickel allergy and incident wheezing was observed for men
and women, while only in males did pierced ears show a significant association with the outcome
(adjusted OR 2.26, 95% CI 1.10–4.62). Also only in males, self-reported nickel allergy was associated with
elevated odds for incident asthma (adjusted OR 4.34, 95% CI 1.22–15.41). Neither in men nor in women
was a significant association observed for incident rhinoconjunctivitis.
Conclusion: Our results suggest that self-reported nickel allergy is associated with incident wheezing.
Whether this association is due to environmental or genetic predisposition, or due to an overlap of the
mechanisms of type I and type IV hypersensitivity, needs to be elucidated.
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females, and with incident asthma in males, whereas no significant association was observed for
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Introduction
Nickel allergy, caused by skin contact to nickel, is the most common contact allergy in children,
adolescents and adults. It is a cell-mediated hypersensitivity, where allergen-specific T-cells and memory
T-cells proliferate. These memory T-cells are activated after renewed contact to nickel, resulting in
inflammation [1]. With a point prevalence of 9.8–27.5%, it affects women more often than men
(prevalence 2.1–5.1%) in all age groups [2–5]. In females, contact with earrings plays a major role in the
sensitisation process [3, 6]. In 1994, the European Union adopted legislation to prevent further increase in
nickel allergy. It has been in full force since 2001 and limits contact to nickel-releasing objects that are in
direct or prolonged contact with the skin such as jewellery, watches and watch straps, buttons, and zips [7,
8]. So far, the restriction has been revised a few times and the nickel release of consumer objects further
limited [9].

Like nickel allergy, asthma and rhinoconjunctivitis are high-prevalence diseases, especially in younger age
groups [10, 11]. They are IgE mediated hypersensitivities, where naive T-cells develop into T-helper cells
that produce cytokines. IgE produced by B-cells binds to mast cells and basophils. Allergen exposure leads
to cellular degranulation, and the release of cytokines and chemokines [12]. While since 1973, many cases
of asthma [13–16] and rhinitis/rhinoconjunctivitis [14, 17, 18] due to the inhalation of nickel have been
reported, analyses of the association between nickel allergy, and atopy, atopic dermatitis [3, 6, 11, 19],
hand dermatitis [4, 11, 20], and asthma or rhinoconjunctivitis [4, 21–24] have revealed conflicting results.
Some population-based analyses and a record linkage of two registers concluded that there is no
association between nickel allergy and asthma or rhinitis [11, 16–18]. In contrast to these results, GÜL

et al. [24] analysed data from 40 asthmatics and found an association with nickel allergy. Although the
risk of developing asthma differs between males and females, with a reversal of prevalence in puberty,
most studies did not analyse data from males and females separately [25]. Also lacking is an analysis
focusing solely on the association of nickel allergy with incident wheezing, asthma and rhinoconjunctivitis
in a general-population setting.

We therefore aimed to assess whether self-reported nickel allergy is associated with incident wheezing,
asthma and rhinoconjunctivitis in young German adults and whether the effect is modified by sex. For
this, we separately investigated longitudinal data from males and females from a population-based cohort
study.

Methods
Study population
The present study population consisted of participants in the population-based cohort study SOLAR
(Study on Occupational Allergy Risks). Details of the study design have been described elsewhere [26]. In
short, SOLAR, with two German study centres in Munich and Dresden, is the follow-up study of ISAAC
II (the second phase of the International Study of Asthma and Allergies in Childhood) [27]. ISAAC II was
conducted in 1995–1996 and data from 6399 children (response rate 85.3%) aged 9–11 years were
collected by means of parental questionnaires. These validated questionnaires included questions on atopic
and respiratory symptoms, and on potential risk factors [27].

In 2002–2003, the then 16–18-year-old ISAAC II participants were re-contacted and 3785 of them
(response rate 77.4%) took part in SOLAR I. Of those, 2051 young adults (response rate 70.6%) aged
19–24 years participated in the second follow-up (SOLAR II) during 2007–2009. The SOLAR
questionnaires included, among others, questions on respiratory and atopic symptoms as well as questions
on environmental and occupational risk factors. Mainly, they were adopted from the ECRHS (European
Community Respiratory Health Survey) and ISAAC [28, 29].
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In the present analysis, data from the 2051 participants who took part in all three study phases were
analysed. SOLAR I is considered the baseline and SOLAR II, the follow-up. As a source of information for
some potential confounders, data from ISAAC II were used.

Written informed consent was obtained from the participants or their legal guardians. The ethical
committees of the Medical Faculty of the University of Dresden, the Bavarian Chamber of Physicians and
the University of Ulm approved the study phases.

Outcomes
The primary outcome of these analyses was incident wheezing, defined as no wheezing at baseline and
current wheezing at follow-up. Wheezing, thereby, was defined as either wheezing or whistling in the chest
without cold or the use of asthma medication during the last 12 months prior to the survey.

Incident asthma and incident rhinoconjunctivitis were considered secondary outcomes. They were defined
analogously to incident wheezing as no symptoms of asthma or rhinoconjunctivitis at baseline and current
symptoms at follow-up. The definition of asthma consisted of having physician-diagnosed asthma and
either wheezing or whistling in the chest without cold or use of asthma medication during the last
12 months prior to the survey. Sneezing and having a runny or blocked nose without a cold accompanied
by itchy or watery eyes within the previous 12 months before the survey characterised symptoms of
rhinoconjunctivitis.

Only participants without asthma, wheezing or rhinoconjunctivitis at baseline (SOLAR I) were included in
the analyses comparing participants without outcome at SOLAR I with those with outcome at SOLAR II.

Exposures
As exposure variables, we considered self-reported nickel allergy or having pierced ears as an indirect
measurement for nickel allergy. In the questionnaires of SOLAR I and SOLAR II, the participants were
asked whether they were allergic to nickel (question in SOLAR I and SOLAR II: “Are you allergic to nickel
(e.g. earrings, jeans buttons, watchstraps)?”). Based on this information, two categories were created: those
who reported nickel allergy at any time (“ever nickel allergy” group) and those who reported nickel allergy
neither at SOLAR I nor at SOLAR II (“never nickel allergy” group). In SOLAR II, the participants were
additionally asked if they had pierced ears (yes or no), which was considered as a second exposure
variable.

Potential confounders
Based on the literature [19, 30], the following variables were taken into account as potential confounders:
smoking status (never or ever), parental and participant’s socioeconomic status (SES) (high or low), study
centre (Dresden or Munich), and parental history of asthma (for the analyses of wheezing and asthma)
and rhinitis (for the analyses of rhinoconjunctivitis) (yes or no). Age was not considered a confounder
because all participants were about the same age.

Participants who had ever smoked were considered smokers and the others as never-smokers. School
attendance for ⩾12 years was assumed to correspond to a high SES and <12 years of school implied low
SES. Parental history of asthma or rhinitis was given when at least one parent reported ever having had
asthma or rhinitis.

Information on potential confounders was extracted from data from SOLAR I except for the information
regarding the participants’ parents (parental SES, and parental history of asthma and rhinitis), for which
ISAAC II data were used.

Statistical analysis
The distribution of variables in the study population by sex was described in absolute numbers and
percentages. Chi-squared tests were performed to check the independence of the results.

In multiple logistic regression analyses, the three outcomes, as well as the two exposures, were analysed
separately. The number of participants included in the regression model varied due to the exclusion of
participants who reported wheezing, asthma or rhinoconjunctivitis at baseline with respect to the outcome
variables. Therefore, 1768 participants were included in the regression model for incident wheezing as the
outcome variable. For the analysis of incident asthma, 1925 participants were included and 1578 for
incident rhinoconjunctivitis (figure 1). Because of the differences in exposure and the different risk of
developing asthma, we stratified for sex. The regression models were adjusted for the potential
confounders. The variance inflation factors were assessed and implied that no multicollinearity was given.
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R version 3.5.0 (R Foundation for Statistical Computing, Vienna, Austria) was used to perform the
statistical analysis. Missing data were considered to be missing at random. The R package “mice” was used
to impute the data applying m=5 imputations [31]. In addition, all models were repeated using
nonimputed data without major changes in the effect estimates. The regression models analysing the
nonimputed data, and the odds ratios and 95% confidence intervals of the potential confounders of the
adjusted models are provided in the tables S1–S5.

Sensitivity analysis
For the sensitivity analysis, the dichotomised self-reported nickel allergy exposure variable (never or ever)
was changed into four categories (never, persistent, remittent or incident). Participants that neither at the
first nor at second survey reported being allergic to nickel were categorised as never having had nickel
allergy. For the opposite scenario, participants reporting nickel allergy at both time points were grouped in
the persistent nickel allergy category. The remittent nickel allergy group comprised those with nickel
allergy at baseline and no nickel allergy at follow-up. Participants with no nickel allergy at baseline but
nickel allergy at follow-up were categorised as having incident nickel allergy. Since there was no male
participant with incident wheezing and incident nickel allergy, the incident nickel allergy category was
excluded from the analysis for incident wheezing in males.

Results
Descriptive data
The study population comprised more females (58.1%) than males (41.9%). Females reported nickel
allergy and pierced ears more often, and they were more likely to have ever smoked than male participants
(table 1). Overall, the incidence of the three outcomes between SOLAR I and II was 126 for wheezing, 37
for asthma and 227 for rhinoconjunctivitis. Incidence did not differ by sex (figure 2).

Associations between nickel allergy and incident wheezing
An association between self-reported nickel allergy and incident wheezing was shown for males and
females (table 2). After adjusting for potential confounders, this association was no longer statistically
significant in females (adjusted OR 1.57, 95% CI 0.96–2.57). Having pierced ears was only statistically
significantly associated with increased incidence of wheezing in males (adjusted OR 2.26, 95% CI
1.10–4.62) and not in females (adjusted OR 1.27, 95% CI 0.49–3.27) without indication of effect
modification by sex. These results were basically confirmed when categorising the exposure (table S6).

Incident asthma

Male: 801

Female: 1124

126 participants with 

current asthma at baseline 

(SOLAR I) excluded

283 participants with 

current wheezing  at 

baseline (SOLAR I) 

excluded

473 participants with 

current rhinoconjunctivitis  

at baseline (SOLAR I) 

excluded

Incident wheezing

Male: 759

Female: 1009

SOLAR II

n=2051; 19–24 years; 2007–2009

Included in logistic regression models:

Incident rhinoconjunctivitis

Male: 666

Female: 912

SOLAR I

n=3785; 16–18 years; 2002–2003

ISAAC II

n=6399; 9–11 years; 1995–1996

FIGURE 1 Study population included in ISAAC II (the second phase of the International Study of Asthma and
Allergies in Childhood) with its two follow-ups SOLAR (Study on Occupational Allergy Risks) I and II, and
participants included in the present analyses.
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Associations between nickel allergy and incident asthma
In males, the logistic regression model yielded a statistically significant association between self-reported
nickel allergy and incident asthma (adjusted OR 4.34, 95% CI 1.22–15.41). For pierced ears, this
association was no longer statistically significant after adjustment (adjusted OR 3.19, 95% CI 0.91–11.15).
For females, no indication of an association between nickel allergy or pierced ears and incident asthma
was observed (table 3). Categorisation of the exposure yielded similar results (table S6).

Associations between nickel allergy and incident rhinoconjunctivitis
No significant association with any of the two exposure variables and incident rhinoconjunctivitis was
observed for males or females (table 4). Categorising the exposure revealed an association between incident
nickel allergy and incident rhinoconjunctivitis in males (adjusted OR 4.45, 95% CI 1.19–16.67) (table S6).

Nonstratified analysis yielded similar results, with a significant association for nickel allergy and incident
wheezing, and no association for incident asthma/rhinoconjunctivitis (table S7). The results of the
regression models with interaction terms confirmed our results (table S8).

TABLE 1 Description of exposures and potential confounders for males (n=860) and females
(n=1191) in the study population (n=2051)

Missing Males Females Chi-squared test p-value

Nickel allergy 52 (2.5%) <0.001
Never 772 (89.8%) 788 (66.2%)
Ever 67 (7.8%) 372 (31.2%)

Pierced ears 6 (0.3%) <0.001
Yes 162 (18.8%) 1082 (90.8%)

Smoking status 14 (0.7%) <0.001
Ever 260 (30.2%) 458 (38.5%)

Parental SES 29 (1.4%) 0.37
High# 513 (59.7%) 677 (56.8%)

Participants’ SES 10 (0.5%) 0.09
High# 487 (56.6%) 718 (60.3%)

Study centre 0 (0.0%) 0.43
Dresden 428 (49.8%) 615 (51.6%)

Parental history of asthma 55 (2.7%) 0.30
Yes¶ 88 (10.2%) 103 (8.6%)

Parental history of rhinitis 43 (2.1%) 0.17
Yes¶ 312 (36.3%) 398 (33.2%)

SES: socioeconomic status. #: ⩾12 years of school attendance for participant or at least one parent; ¶: at
least one parent ever had asthma or rhinitis.

FIGURE 2 Total and relative
frequency of participants with
incident asthma, incident wheezing
and incident rhinoconjunctivitis
between SOLAR (Study on
Occupational Allergy Risks) I and II
by sex.
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Discussion
In the present study, we aimed to investigate whether self-reported nickel allergy is associated with
incident wheezing, asthma and rhinoconjunctivitis in young German adults. We separately analysed the
data from male and female participants, and our analysis indicated an association between nickel allergy
and incident wheezing and asthma. The observed associations differed between males and females, but
confidence intervals were still overlapping thus not indicating effect modification by sex.

We observed strong effect estimates for nickel allergy and incident wheezing in males and females. The
analyses of incident wheezing as the outcome had more statistical power than the analyses of incident
asthma. Wheezing is a more sensitive means to assess asthma but the results may be less specific [32]. In
our analysis, the statistical power of the analyses of incident asthma was limited. Due to the small number
of participants, stratification for atopy was not possible. Regarding incident rhinoconjunctivitis, we
observed no significant association with self-reported nickel allergy or pierced ears in either males or
females. When stratifying for smoking status (never-smoker/ever-smoker) as a risk factor for contact
allergy as well as wheezing, associations were stronger for never-smokers (table S9).

So far, three studies have investigated the association between contact allergy and atopy in a general
population, with two of them analysing adolescents [4, 22] and the other analysing a broader age range
(15–69 years) [21]. Nickel allergy as most prevalent contact allergy was investigated separately in these
studies. Patch tests were used to determine nickel allergy [4, 21, 22]. In accordance with the results of our
analysis of incident rhinoconjunctivitis, none of these studies found an association between nickel allergy
and atopy. None of these studies used asthma symptoms or wheezing as a standalone outcome. Asthma
and rhinoconjunctivitis share IgE-mediated inflammatory mechanisms but there are still differences that
may explain our results showing no association for incident rhinoconjunctivitis but for incident wheezing/
asthma. For severe asthma other mechanisms, not mediated by IgE are known. Additionally, asthma is
more likely to occur due to low molecular weight agents than rhinitis, and the intensity of inflammation in
asthma and rhinitis may differ [33–35]. Two other studies focussing on the coexistence of contact allergies
in general in patients with allergic rhinitis and asthma found an inverse association between contact

TABLE 2 Adjusted and unadjusted multiple logistic regression model for the association of self-reported nickel allergy and
pierced ears with incident wheezing for males and females; imputed data, excluding those with wheezing at baseline

Male (n=759) Female (n=1009)

Incident wheezing# cOR (95%CI) aOR¶ (95%CI) Incident wheezing# cOR (95%CI) aOR¶ (95%CI)

Nickel allergy
Never 41 (6.0%) out of 688 1 1 43 (6.3%) out of 681 1 1
Ever 9 (16.4%) out of 55 3.05 (1.39–6.67) 2.90 (1.29–6.52) 32 (10.6%) out of 309 1.78 (1.10–2.87) 1.57 (0.96–2.57)

Pierced ears
No 34 (5.5%) out of 617 1 1 5 (5.2%) out of 97 1 1
Yes 16 (11.6%) out of 138 2.22 (1.19–4.15) 2.26 (1.10–4.62) 71 (7.8%) out of 910 1.56 (0.61–3.96) 1.27 (0.49–3.27)

cOR: crude odds ratio; aOR: adjusted odds ratio. #: obtained from nonimputed data; ¶: adjusted for potential confounders (smoking status,
parental socioeconomic status (SES), participant’s SES, study centre and parental history of asthma).

TABLE 3 Adjusted and unadjusted multiple logistic regression model for the association of self-reported nickel allergy and
pierced ears with incident asthma for males and females; imputed data, excluding those with asthma at baseline

Male (n=801) Female (n=1124)

Incident asthma# cOR (95%CI) aOR¶ (95%CI) Incident asthma# cOR (95%CI) aOR¶ (95%CI)

Nickel allergy
Never 11 (1.5%) out of 727 1 1 15 (2.0%) out of 747 1 1
Ever 4 (7.1%) out of 56 4.67 (1.44–15.18) 4.34 (1.22–15.41) 7 (2.0%) out of 346 1.04 (0.41–2.6) 0.93 (0.37–2.38)

Pierced ears
No 9 (1.4%) out of 648 1 1 2 (1.9%) out of 103 1 1
Yes 6 (4.0%) out of 149 3.19 (1.11–9.11) 3.19 (0.91–11.15) 20 (2.0%) out of 1019 1.03 (0.24–4.47) 0.96 (0.21–4.33)

cOR: crude odds ratio; aOR: adjusted odds ratio. #: obtained from nonimputed data; ¶: adjusted for potential confounders (smoking status,
parental socioeconomic status (SES), participant’s SES, study centre and parental history of asthma).
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allergies and atopic dermatitis, allergic rhinitis, allergic conjunctivitis and asthma [23, 36]. Nonetheless, a
case–control study among 40 asthmatics and nonasthmatics indicated higher odds of sensitisation to nickel
among cases compared to controls [24]. An increased frequency of contact allergy in atopics may be due
to an altered cell-mediated immunity and a lower threshold for developing contact allergy in atopics [3,
36]. Case reports about asthma and rhinitis in association with occupational nickel exposure or
work-related nickel allergy showed that the inhalation of nickel can cause respiratory symptoms [13–18].

The major strength of our study is the longitudinal design, which provides the opportunity to follow the
participants over a long time. Due to our definition of the exposures and our outcome definitions we can
ensure that the exposure preceded the outcomes. A negative aspect of the long follow-up time of our study
is the loss of participants, which may cause selection bias. Previous analysis showed that participants with
atopic diseases in ISAAC II and those whose parents had allergic diseases were more likely to participate
in the follow-up studies [26]. In our study sample, selection bias should be limited though, since in a
nonresponder analysis considering the outcomes and the exposures, we did not observe statistically
significant differences between participants and nonparticipants (data not shown).

We analysed the association between self-reported nickel allergy and incident wheezing, asthma and
rhinoconjunctivitis based on questionnaire answers and not based on objective measurements. Our
variables are thereby susceptible to differential misclassification. The definitions of the outcome variables
were based on standardised and validated questions from ISAAC, which were used throughout the
different study phases [28]. The question on whether the participants have nickel allergy was integrated
later in the SOLAR questionnaire. Studies analysing the validity of self-reported nickel allergy found a
positive predictive value (PPV) ranging from 32% to 71%; thus, the validity of self-reported nickel allergy
is rather low but still reasonable [5, 37, 38]. As part of the clinical examination in SOLAR II, 288
participants were patch tested for nickel sulfate. With a PPV of 44%, the validity of self-reported nickel
allergy is thus in accordance to the findings of other studies. In general, comparing patch tests to
self-reports revealed that self-reports overestimate the prevalence of nickel allergy [5, 37, 38]. In
population-based studies, the response decreases when clinical examinations are involved. For patch tests,
participants must visit the clinic twice (first to apply the patch and then to read the patch test). As a
result, only 14% of the participants answering the SOLAR II questionnaire agreed to the test.

Because of the adoption of the nickel directive in 1994, the nickel release of consumer objects should be
limited and pierced ears should not be associated with nickel allergy anymore. After the nickel legislation,
there was indeed a decrease in the observed prevalence of nickel allergy in females aged 18–35 years and
in dermatitis patients [39]. Unfortunately, there was no further decrease. Investigation has shown that ear
piercings still exceed the nickel release threshold and therefore, nickel allergy remains highly prevalent [39,
40]. Pierced ears can still be considered an indirect measurement for nickel allergy. In our analysis, the
statistical power of pierced ears in females was very low as piercing ears was common among them. This
may explain why we observed an association of pierced ears with incident wheezing only in male
participants. Contrary to our expectations, no effect modification could be proven due to overlapping

TABLE 4 Adjusted and unadjusted multiple logistic regression model for the association of self-reported nickel allergy and
pierced ears with incident rhinoconjunctivitis for males and females; imputed data, excluding those with rhinoconjunctivitis at
baseline

Male (n=666) Female (n=912)

Incident
rhinoconjunctivitis#

cOR (95%CI) aOR¶ (95%CI) Incident
rhinoconjunctivitis#

cOR (95%CI) aOR¶ (95%CI)

Nickel
allergy
Never 84 (13.8%) out of 607 1 1 89 (14.3%) out of 622 1 1
Ever 8 (18.2%) out of 44 1.33

(0.60–2.99)
1.29

(0.56–2.94)
41 (15.4%) out of 267 1.12

(0.75–1.67)
1.14

(0.76–1.71)
Pierced ears
No 79 (14.4%) out of 547 1 1 9 (11.2%) out of 80 1 1
Yes 16 (13.09%) out of 115 0.97

(0.54–1.73)
1.08

(0.58–2.02)
122 (14.7%) out of 830 1.35

(0.65–2.77)
1.43

(0.69–2.97)

cOR: crude odds ratio; aOR: adjusted odds ratio. #: obtained from nonimputed data; ¶: adjusted for potential confounders (smoking status,
parental socioeconomic status (SES), participant’s SES, study centre and parental history of asthma).
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confidence intervals. Furthermore, the participants were asked whether they have pierced ears and not if
they wear earrings. This may lead to systematic bias in our analysis.

Unmeasured confounding should be limited but cannot be excluded in our study. We adjusted for the
most important confounders known from literature. Occupation could be considered an additional
confounder. The literature concerning occupational risk factors for nickel allergy is based on just a
number of jobs with very specific nickel exposures. Therefore, and since our study population consisted of
a young age group that was just at the beginning of work life, we did not consider occupation as a
potential confounder [19, 41]. Because we analysed data from young German adults, our results are not
fully generalisable to other age groups and countries.

Overall, our results indicate that self-reported nickel allergy is associated with incident wheezing in young
German males and females. Even though nickel allergy and asthma belong to two different
hypersensitivity types with different mechanisms, our results indicate an association. It is important to
further investigate whether this association is due to environmental or genetic predisposition, or due to an
overlap of the mechanisms.
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SUPPLEMENTARY MATERIAL 

S1: Adjusted and unadjusted multiple logistic regression model for the association of nickel 
allergy or pierced ears with incident wheezing for males and females, non-imputed data, 
excluding those with wheezing at baseline 
  male (n=759) female (n=1009) 
  n=736 n=715 n=972 n=913 

  cOR*  95 %CI aOR** 95 %CI cOR*  95 %CI aOR** 95 %CI 
nickel allergy                 
never  1 1 1 1 
ever 3.08 1.41-6.72 2.71 1.17-6.30 1.78 1.10-2.88 1.64 0.99-2.72 
         
pierced ears                 
no 1 1 1 1 
yes 2.24 1.20-4.18 2.22 1.07-4.62 1.56 0.62-3.97 1.23 0.47-3.18 
OR: odds ratio; CI: confidence interval; SES: socioeconomic status 
*cOR: crude (unadjusted) Odds Ratio 
**Odds Ratio adjusted for potential confounders: smoking status, parental SES, participant's SES, study centre 
and parental history of asthma 
 

S2: Adjusted and unadjusted multiple logistic regression model for the association of nickel 
allergy or pierced ears with incident asthma for males and females, non-imputed data, 
excluding those with asthma at baseline 
  male female 
  n=767 n=743 n=1073 n=1006 
  cOR*  95 %CI aOR** 95 %CI cOR*  95 %CI aOR** 95 %CI 
nickel allergy                 
never  1 1 1 1 
ever 5.25 1.61-17.08 5.01 1.42-17.70 1.01 0.41-2.49 0.97 0.38-2.47 
         
pierced ears                 
no 1 1 1 1 
yes 3.03 1.06-8.64 2.95 0.86-10.11 1.02 0.24-4.45 0.94 0.21-4.22 
OR: odds ratio; CI: confidence interval; SES: socioeconomic status 
*cOR: crude (unadjusted) Odds Ratio 
**Odds Ratio adjusted for potential confounders: smoking status, parental SES, participant's SES, study centre 
and parental history of asthma 
 



2 

 

S4: Effect estimates for potential confounders, multiple logistic regression model for the 
association of self-reported nickel allergy and incident wheezing, asthma and 
rhinoconjunctivitis for males and females, imputed data, excluding those with † wheezing, ‡ 
asthma and § rhinoconjunctivitis at baseline 

incident wheezing † 
  male (n=759) female (n=1009) 
  OR  95 %CI OR  95 %CI 
ever smoking 2.27 1.22-4.24 2.34 1.43-3.86 
low parental SES¶ 0.97 0.51-1.86 1.12 0.67-1.89 
low participant's SES¶ 0.87 0.45-1.69 1.49 0.89-2.52 
study centre (Dresden) 0.65 0.35-1.18 0.93 0.57-1.50 
present parental history of asthma+ 3.30 1.55-7.02 1.13 0.49-2.60 

incident asthma ‡ 
  male (n=801) female (n=1124) 
  OR  95 %CI OR  95 %CI 
ever smoking 1.71 0.56-5.16 1.24 0.51-3.00 
low parental SES¶ 0.71 0.22-2.24 1.60 0.62-4.15 
low participant's SES¶ 2.00 0.59-6.74 1.38 0.54-3.54 
study centre (Dresden) 0.61 0.21-1.78 1.18 0.49-2.81 
present parental history of asthma+ 7.50 2.47-22.79 2.86 0.90-9.02 

incident rhinoconjunctivitis § 
  male (n=666) female (n=912) 
  OR  95 %CI OR  95 %CI 
ever smoking 1.19 0.72-1.95 0.94 0.63-1.40 
low parental SES¶ 0.84 0.52-1.38 0.86 0.57-1.30 
low participant's SES¶ 0.84 0.51-1.38 1.20 0.79-1.82 
study centre (Dresden) 0.71 0.45-1.10 1.03 0.71-1.50 
present parental history of rhinitis+ 1.49 0.95-2.34 1.43 0.97-2.12 
OR: odds ratio; CI: confidence interval; SES: socioeconomic status  
¶SES (socioeconomic status) high: at least 12 years of school attendance for participant or at least one parent 
+ At least one parent ever had asthma or rhinitis 
 

S3: Adjusted and unadjusted multiple logistic regression model for the association of nickel 
allergy or pierced ears with incident rhinoconjunctivitis for males and females, non-imputed 
data, excluding those with rhinoconjunctivitis at baseline 
  male female 
  n=643 n=619 n=872 n=832 

  cOR*  95 %CI aOR** 95 %CI cOR*  95 %CI aOR** 95 %CI 
nickel allergy                 
never  1 1 1 1 
ever  1.41 0.63-3.14 1.46 0.64-3.33 1.11 0.75-1.67 1.01 0.66-1.55 
         
pierced ears                 
no 1 1 1 1 
yes 0.96 0.54-1.71 1.03 0.54-1.94 1.36 0.66-2.79 1.40 0.67-2.91 
OR: odds ratio; CI: confidence interval; SES: socioeconomic status 
*cOR: crude (unadjusted) Odds Ratio 
**Odds Ratio adjusted for potential confounders: smoking status, parental SES, participant's SES, study centre 
and parental history of rhinitis 
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S5: Effect estimates for potential confounders, multiple logistic regression model for the 
association of earpiercing and incident wheezing, asthma and rhinoconjunctivitis for males 
and females, imputed data, excluding those with † wheezing, ‡ asthma and § 
rhinoconjunctivitis at baseline 

incident wheezing † 
  male (n=759) female (n=1009) 
  OR  95 %CI OR  95 %CI 
ever smoking 2.08 1.12-3.87 2.42 1.48-3.96 
low parental SES¶ 0.87 0.44-1.71 1.13 0.67-1.92 
low participant's SES¶ 0.81 0.41-1.60 1.51 0.90-2.54 
study centre (Dresden) 0.64 0.35-1.16 0.90 0.56-1.46 
present parental history of asthma+ 3.36 1.59-7.12 1.19 0.52-2.74 

incident asthma ‡ 
  male (n=801) female (n=1124) 
  OR  95 %CI OR  95 %CI 
ever smoking 1.40 0.45-4.37 1.24 0.51-3.01 
low parental SES¶ 0.54 0.16-1.80 1.63 0.64-4.15 
low participant's SES¶ 1.84 0.54-6.27 1.35 0.53-3.46 
study centre (Dresden) 0.59 0.20-1.76 1.25 0.53-2.95 
present parental history of asthma+ 7.36 2.45-22.05 3.39 1.06-10.87 

incident rhinoconjunctivitis § 
  male (n=666) female (n=912) 
  OR  95 %CI OR  95 %CI 
ever smoking 1.16 0.70-1.94 0.96 0.65-1.44 
low parental SES¶ 0.82 0.49-1.37 0.87 0.57-1.32 
low participant's SES¶ 0.86 0.52-1.41 1.16 0.77-1.75 
study centre (Dresden) 0.70 0.45-1.09 1.05 0.72-1.52 
present parental history of rhinitis+ 1.49 0.95-2.33 1.42 0.95-2.11 
OR: odds ratio; CI: confidence interval; SES: socioeconomic status  
¶ SES (socioeconomic status) high: at least 12 years of school attendance for participant or at least one parent 
+ At least one parent ever had asthma or rhinitis 
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S6: Adjusted and unadjusted multiple logistic regression model for the association of nickel 
allergy (never/persistent/ remittent/ incident) and pierced ears with incident wheezing, asthma 
and rhinoconjunctivitis for males and females, imputed data, excluding those with † wheezing, 
‡ asthma and § rhinoconjunctivitis at baseline 

incident wheezing † 
  male (n=759) female (n=1009) 
  cOR*  95 %CI aOR1 95 %CI cOR*  95 %CI aOR1 95 %CI 
nickel allergy   

 
  

 
  

 
    

never  1 1 1 1 
persistent 4.87 1.70-13.93 4.31 1.47-12.62 1.25 0.64-2.44 1.07 0.54-2.12 
remittent 3.68 1.19-11.40 3.81 1.16-12.52 2.60 1.20-5.63 2.51 1.14-5.53 
Incident ¶        2.51 1.23-5.10 2.26 1.09-4.69 
pierced ears   

 
  

 
  

 
    

no 1 1 1 1 
yes 2.22 1.19-4.15 2.26 1.10-4.62 1.56 0.61-3.96 1.27 0.49-3.27 

incident asthma ‡ 
  male (n=801) female (n=1124) 
  cOR*  95 %CI aOR2 95 %CI cOR*  95 %CI aOR2 95 %CI 
nickel allergy   

 
  

 
  

 
    

never  1 1 1 1 
persistent 6.39 1.32-30.78 6.12 1.21-30.89 0.83 0.24-2.90 0.74 0.21-2.62 
remittent 3.42 0.42-27.97 3.16 0.35-28.87 0.70 0.09-5.35 0.65 0.08-5.06 
incident 6.33 0.74-53.86 5.20 0.45-60.11 1.90 0.53-6.79 1.68 0.47-6.08 
pierced ears   

 
  

 
  

 
    

no 1 1 1 1 
yes 3.19 1.11-9.11 3.19 0.91-11.15 1.03 0.24-4.47 0.96 0.21-4.33 

Incident rhinoconjunctivitis § 
  male (n=666) female (n=912) 
  cOR*  95 %CI aOR3 95 %CI cOR*  95 %CI aOR3 95 %CI 
nickel allergy   

 
  

 
  

 
    

never  1 1 1 1 
persistent 0.45 0.06-3.63 0.40 0.05-3.25 0.96 0.56-1.65 0.99 0.57-1.70 
remittent 1.51 0.44-5.11 1.56 0.45-5.39 1.14 0.52-2.51 1.14 0.51-2.52 
incident 4.05 1.12-14.69 4.45 1.19-16.67 1.50 0.79-2.84 1.55 0.82-2.94 
pierced ears   

 
  

 
  

 
    

no 1 1 1 1 
yes 0.97 0.54-1.73 1.08 0.58-2.02 1.35 0.65-2.77 1.43 0.69-2.97 
OR: odds ratio; CI: confidence interval; SES: socioeconomic status 
*cOR: crude (unadjusted) Odds Ratio 
1,2 adjusted for potential confounders: smoking status, parental SES, participant's SES, study centre and parental 
history of asthma 
3 adjusted for potential confounders: smoking status, parental SES, participant's SES, study centre and parental 
history of rhinitis  
¶ Due to a lack of male participants, incident nickel allergy was excluded from the regression models in males 
 

 

 

S7: Adjusted and unadjusted multiple logistic regression model for association between 
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nickel allergy and pierced ears with incident wheezing, asthma and rhinoconjunctivitis, 
imputed data, excluding those with † wheezing, ‡ asthma and § rhinoconjunctivitis at 
baseline 

incident wheezing † (n=1768) 
  cOR*  (95% CI) aOR 1 (95% CI) 
nickel allergy         
   never  Reference Reference 
ever 1.99 (1.35-2.96) 1.75 (1.15-2.68) 
pierced ears         
no Reference Reference 
yes 1.55 (1.05-2.30) 1.60 (0.91-2.80) 

incident asthma ‡ (n=1925) 
  cOR*  (95% CI) aOR 2 (95% CI) 
nickel allergy         
   never  Reference Reference 
ever 1.55 (0.75-3.19) 1.36 (0.62-2.95) 
pierced ears         
no Reference Reference 
yes 1.58 (0.78-3.23) 1.95 (0.72-5.27) 

incident rhinoconjunctivitis § (n=1578) 
  cOR*  (95% CI) aOR 3 (95% CI) 
nickel allergy         
   never  Reference Reference 
ever 1.14 (0.81-1.61) 1.16 (0.81-1.66) 
pierced ears         
no Reference Reference 
yes 1.05 (0.79-1.40) 1.17 (0.75-1.82) 
OR: odds ratio; CI: confidence interval; SES: socioeconomic status 
*cOR: crude (unadjusted) Odds Ratio 
1,2 adjusted for potential confounders: smoking status, parental SES, participant's SES, study centre and 
parental history of asthma 
3 adjusted for potential confounders: smoking status, parental SES, participant's SES, study centre and parental 
history of rhinitis  
 

S8: P-values of the adjusted multiple logistic regression model with interaction term for 
association between nickel allergy and pierced ears with incident wheezing, asthma and 
rhinoconjunctivitis, imputed data, excluding those with † wheezing, ‡ asthma and § 
rhinoconjunctivitis at baseline 

 p-value of the adjusted 
multiple logistic regression 
model with interaction term 
nickel allergy*sex 

p-value of the adjusted 
multiple logistic regression 
model with interaction term 
pierced ears*sex 

Incident wheezing † 0.38 0.70 

Incident asthma ‡ 0.06 0.35 

Incident rhinoconjunctivitis § 0.73 0.45 

 



6 

 

S9: Adjusted multiple logistic regression model for the association of nickel allergy and 
pierced ears with incident wheezing, asthma and rhinoconjunctivitis for males and females, 
stratified for smoking status, imputed data, excluding those with † wheezing, ‡ asthma and § 
rhinoconjunctivitis at baseline 

incident wheezing † 
  Never  smoker Ever smoker 
 male (n=537) female (n=647) male (n=217) female (n=353) 
  aOR1 95 %CI aOR1 95 %CI aOR1  95 %CI aOR1 95 %CI 
nickel allergy   

 
  

 
  

 
    

never  1 1 1 1 
ever 5.50 1.94-15.59 1.56 0.74-3.30 1.31 0.28-6.10 1.57 0.82-3.00 
pierced ears   

 
  

 
  

 
    

no 1 1 1 1 
yes 2.04 0.35-11.89 0.90 0.30-2.69 4.74 1.89-11.91 2.84 0.37-21.97 

incident asthma ‡ 
  male (n=557) female (n=692) male (n=239) female (n=423) 
  aOR2  95 %CI aOR2 95 %CI aOR2  95 %CI aOR2 95 %CI 
nickel allergy ¶    

 
  

 
  

 
    

never  1 1 1 1 
ever 7.40 1.32-41.50 3.58 1.11-11.58 4.22 0.61-29.0 

 
- 

pierced ears ¶   
 

  
 

  
 

    
no 1 1 1 1 
yes 3.53 0.57-3.24 

 
- 2.04 0.35-11.89 0.23 0.04-1.22 

Incident rhinoconjunctivitis § 
  male (n=469) female (n=571) male (n=193) female (n=336) 
  aOR3  95 %CI aOR3 95 %CI aOR3  95 %CI aOR3 95 %CI 
nickel allergy   

 
  

 
  

 
    

never  1 1 1 1 
ever 2.39 0.94-6.08 1.07 0.63-1.83 0.32 0.04-2.41 1.24 0.64-2.39 
pierced ears   

 
  

 
  

 
    

no 1 1 1 1 
yes 1.07 0.35-3.24 1.50 0.65-3.46 0.87 0.35-2.16 1.37 0.30-6,28 
OR: odds ratio; CI: confidence interval; SES: socioeconomic status 
1,2 adjusted for potential confounders: smoking status, parental SES, participant's SES, study centre and parental 
history of asthma 
3 adjusted for potential confounders: smoking status, parental SES, participant's SES, study centre and parental 
history of rhinitis 
¶ In our study population were no female smoker with incident asthma and nickel allergy, as well as no female 
nonsmokers with incident asthma and pierced ears  
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