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Summary

Background: Asthma is an inflammatory disease of the airways of the lung. There has been an
increase in the prevalence of asthma and other allergic diseases over the past decades and, due
to its high prevalence, it is of major public health concern. The reasons for this increase are still
largely unknown, but interactions between various types of environmental exposures in
populations with different genetic backgrounds have been proposed. Complicating matters,
childhood asthma is not one disease but rather a syndrome characterised by several distinct
wheezing phenotypes, rendering research even more challenging. The best way to research risk
and protective factors is with birth cohorts that follow children from birth over the first years
of their life, allowing temporal sequence of exposure and the development of asthma or allergic
diseases to be analysed.

Aim: The aim of the present thesis was to achieve an overview of birth cohorts on asthma and
allergic diseases; to investigate potential risk and potential protective factors for the
development of asthma in childhood; and to determine whether a tool to help monitor children
with respiratory diseases throughout their life would be necessary and helpful.

Methods: The overview of birth cohorts was achieved with a systematic PubMed search of all
existing birth cohorts on asthma and allergic diseases. Vitamin D was investigated as a potential
protective factor within the Protection against Allergy-Study in Rural Environments
(PASTURE) birth cohort, which is an ongoing observational birth cohort on the development
of allergic diseases in 5 European countries. Over 1,100 pregnant women were enrolled and
their offspring is being followed up to the age of 6 years.

Allergic rhinitis was investigated as a potential risk factor within the German Multicentre Atopy
(MAS) study which is another observational birth cohort on the development of atopic diseases
in early childhood in five German cities. Over 1,300 children were followed from birth to the
age of 13 years.

Lung function reference equations were developed using data from the LuftiBus project,
(Germany, Switzerland, Austria, Finland and France)which is a mobile bus equipped with flow-
sensing spirometers that tours the greater Zurich (Switzerland) area and offers spirometry
measurements to the general population. Spirometry data are recorded electronically along with
data on basic health and lifestyle information.

Results: An overview of birth cohorts on asthma and allergic diseases with special emphasis

on risk and protective factors is presented.



Within the PASTURE cohort, vitamin D supplementation during pregnancy was shown to
increase cord blood mMRNA levels of Immunoglobulin-Like Transcripts (ILT)3 and ILT4, which
are two inhibitory receptors on tolerogenic dendritic cells. This finding may point towards an
early induction of tolerogenic immune responses by maternal vitamin D intake, potentially
influencing the prenatal immune system and possibly the development of atopic diseases.
Within the MAS cohort, allergic rhinitis in preschool children was shown to be a predictor for
subsequent wheezing onset. Preschool children with rhinitis might thus benefit from early
assessment of allergic sensitization to identify the children at high risk of wheezing.

Within the LuftiBus project, the lung function data allowed the development of spirometry
reference equations for a central European population between 8 and 90 years of age that can
be implemented in a wide range of clinical settings.

Conclusion: During the last decades many risk and protective factors for the development of
asthma were identified but only a few have enough evidence to issue population based
recommendations. As protective factor, vitamin D supplementation during pregnancy may
influence the prenatal immune system and play a role in the development of atopic diseases. As
risk factor, allergic rhinitis was found to be a precursor for subsequent wheezing onset. Both
factors can be influenced and prospective studies are needed to determine whether they may
change the prevalence of asthma and other allergic diseases. The spirometry reference equations
developed are a useful tool for clinicians working in central Europe and following patients over
years. As they spans across all ages they are practical to track disease progression from
childhood to adulthood and assess effectiveness of therapy over time.

The PhD thesis allowed a few more insights to be added to the complex entity of respiratory
diseases in childhood, helping to understand risk and protective factors. The spirometry tool
developed may help clinicians monitor children with respiratory diseases throughout their life.
In the years to come, more research is needed to determine whether the protective and risk
factors studied can be influenced and whether their alteration has any effect on the incidence of

asthma.



Chapter I: General introduction and background

Asthma is a chronic inflammatory disease of the airways of the lung that causes recurrent
episodes of breathlessness, cough, wheezing and chest tightness in susceptible individuals. [1].
It is a heterogeneous condition with variable signs and symptoms in patient groups, as well as
variability within each individual patient over time [2]. Small children begin with wheezing
symptoms, and, based on the time of onset, the different risk factors and determinants, the
wheezing either resolves or can progress into asthma and may persist into adulthood [2]. Taking
into account these different phenotypes, it can be postulated that asthma may not be one disease
but rather a syndrome and that distinct mechanisms underlie the apparently equivalent clinical
manifestations. Current asthma therapies are effective in cases of mild asthma, but severe
asthma remains very difficult to treat. Around 80% of the cost arises from the 20% of
individuals with severe disease. According to the Asthma and Allergy Foundation of America,
asthma is among the most common chronic condition of children, producing the greatest
number of school absences, and is the third ranking cause of childhood hospitalization [3]. In
Europe around 30 million adults and children suffer from asthma [4]. In 2007, the total
incremental cost of asthma to society in the USA was estimated at $56 billion, with productivity
losses caused by morbidity accounting for $3.8 billion and productivity losses caused by

mortality accounting for $2.1 billion [5].

Epidemiology of childhood asthma

The fact that the prevalence of asthma and allergic diseases increased at a higher than expected
rate over the past 40-50 years [6-8] resulted in a great amount of research, mainly due to the
public health concerns of this intriguing phenomenon.

In 1976 Gerrard et al. proposed that it was “the price to be paid by the white community ...for
their relative freedom from diseases due to viruses, bacteria and helminths” [9] and in 1989
Strachan introduced the idea of the nowadays well known hygiene hypothesis, after observing
a decreased risk of hay fever with increasing birth order [10]. The initial definition of the
hygiene hypothesis has since been broadened, because of the observation that the
“industrialized way of life” at large, with its reduced microbial exposure, may be responsible
for the increased prevalence of atopic diseases. As a result, an increasing number of studies
were performed, focusing not only on risk but also on protective factors for the development of
atopic diseases and asthma with the aim of finding the cause of the diseases and the reason for

their increase. Research groups have focused on understanding their onset, their risk and



protective factors, their pathogenesis and finally on finding treatments [11]. However, after
decades, the reasons for the increase are still largely unknown, but interactions between various
types of environmental exposures in populations with distinct genetic backgrounds have been
proposed [7].

Research has focused on a number of environmental contributors such as stress [12], nutrition,
[13] or second-hand smoke [14] to name a few, but also on the lung [15] or the immune system
[16] development or on genetic factors [17]. Achieving an overview of the potential causes for

the development of asthma is challenging but was one of the aims of the present dissertation.

Types of studies

The study of any disease begins with its description, the identification of the population at risk
and the disease’s natural history. Epidemiology then aims at uncovering the intrinsic and
extrinsic determinants of the disease [11].

Research often starts with cross sectional studies which allow the identification of risk and
protective factors. Cross sectional studies measure simultaneously the prevalence of exposures
and diseases in a given population. They are useful to generate hypotheses but cannot
definitively give answers on a time sequence between a potential risk or protective factor and a
disease. The advantage of cross sectional studies is that they can be done in a short period of
time with, potentially, very large populations.

Prospective studies have the advantage of documenting temporal sequences, meaning that the
cause precedes the disease begin. Conclusions on causal relations are thus facilitated. Typically,
a group of individuals is recruited before the onset of a disease and they are followed commonly
for years. The incidence of the disease is then documented. These groups of individuals are
commonly called cohorts and the studies, cohort studies. A cohort can be drawn from a general
population or a population at high risk of developing the disease. Recruiting high risk
populations reduces the number of individuals needed, increases the participation rate of the
probands thus reducing the cost of the study.

Cohort studies can be either observational or interventional. An observational cohort study is
an epidemiologic study of subjects who are exposed in different degrees to a risk or protective
factor hypothesized to influence the occurrence of a given disease or outcome. The probands
are followed over a period of time and the natural evolution of the disease is observed. The
study can either observe one population or different populations in parallel (farmers vs.
reference children [18]). In interventional cohort studies, the probands are allocated into groups

to evaluate the efficacy and safety of a preventive or therapeutic regimen. At least one group is



left to its natural course and is used as a control. The probands are then followed for a given
period of time [19]. The term birth cohort study is generally used to describe a cohort in which
children are either recruited pre- or post-nataly and observed over the next years to examine
associations between early-life exposures and childhood outcomes.

The advantage of cohort studies is the discovery of risk and protective factors, the disadvantages
are the cost of the follow-up and the years necessary for the study completion both on the
probands and on the researcher’s side. Additionally a proper randomization and double blinding
is not always possible, often for ethical reasons (randomized studies on parachute use to prevent

death and major trauma is not possible [20])

Vitamin D and the immune system

The idea of dietary manipulation to prevent a disease is interesting as it would be a simple and
cheap manner to influence health. Additionally, many nutriments ingested by mothers cross the
placenta and may, therefore, influence the child prenatally. Vitamin D has gained interest in
asthma research as it has been associated with disease control [21, 22] and disease prevention
when taken during pregnancy [23].

Vitamin D is also known to have strong immunomodulator properties inducing tolerogenic
dendritic cells. Dendritic cells are specialized antigen-presenting cells of the immune system
that process antigen material and present it on the cell surface to the T helper (Th) cells [24]. In
response to the antigens, the T helper cells communicate with B cells to mediate appropriate
immune responses. Immunoglobulin-Like Transcripts (ILT)3 and ILT4 are two inhibitory
receptors that can be up-regulated on tolerogenic dendritic cells in response to external
stimulation [25] (Fig. 1). After up-regulation of ILT3 and ILT4, a possible pathway in which

dendritic cells influence T cells is by the enhanced secretion of Interleukin (IL)-10 [26, 27].



Figure 1: Proposed action of ILT3 and ILT4 on the immune system

Tolerogenic antigen presenting cells

IL-10
Vitamin D3 T cell immune response l
/ IFN-o Thi: IFN=y
n s
. T (Th)_ =L g “/
naive Anergy Thz o
\ : - ™~ gE
. CD80/86 + V
\
- Th2: IL-4, IL-5, IL-13
IL-10 Sk
ILT3 ¢ 4.
ILT4 ¢ x TGF-p
ILT3 and ILT4 Treg

inhibit cell activation

CD: Cluster of Differentiation; DC: dendritic cells; ILT: Immunoglobulin-Like Transcripts; IFN-
a: Interferon alpha; IL: Interleukin; T: T cell; Th: T helper cell; TGF-B: Transforming growth

factor; Treg: T regulatory cell

Whether the effect of vitamin D on the development of allergic diseases is mediated by

tolerogenic dendritic cells or through the enhanced secretion of IL-10 is unknown.

Rhinitis and the united airway concept

Allergic rhinitis is clinically defined as a symptomatic disorder of the nose induced after
allergen exposure and mediated by an immunoglobulin E (IgE) inflammation of the membranes
lining the nose [28]. It was defined in 1929 by Hansel as “The three cardinal symptoms in nasal
reactions occurring in allergy are sneezing, nasal obstruction and mucous discharge” [29]. The
link between upper and lower respiratory tracts has been observed in the past decades but only
studied during the last years [30]. Particular attention has been paid to the relationship between
rhinitis and asthma, i.e. between the upper and lower inflammation of the airways. The
increasingly detailed knowledge of the mechanisms sustaining allergic inflammation in the

respiratory tract (i.e. antigen presentation, cytokines, chemokines and adhesion molecules) have
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partly clarified the functional relationships between nose and bronchi. Therefore, it is logical to
expect that allergy is not a disease of a specific target organ, but rather a disorder of the whole
respiratory tract with a broad spectrum of clinical manifestations [30]. These observations lead
to the “united airways concept” which suggests that the respiratory system functions as an
integrated unit. Mostly adult studies have suggested that there may be a causal effect between
rhinitis and asthma [31], with the former being a risk factor the later. Studies in children on a
link between rhinitis and asthma are sparse and in small children lacking. Complicating matter,
in early childhood, there are several wheezing phenotypes, with some resolving after a few
years but some persisting into adulthood [32]. However, by the age of six years patterns of
wheezing prevalence and levels of lung function appear to be established and seem to track to
adulthood [33, 34]. The idea of a risk factor, such as rhinitis, in early childhood that could

possibly alter these patters is tempting and warrants further research.

Lung functions to track disease progression

Establishing a diagnosis of asthma involves a careful process of history taking, physical
examination and diagnostics especially in the pediatric population. Once a diagnosis is
confirmed, disease progression needs to be monitored, often over years. Lung functions are
used for the diagnosis and the monitoring of patients with asthma. Their interpretation relies on
the comparison of data from the patient with reference values based on healthy subjects from a
general population. Reference values should be obtained from studies of “normal” or “healthy”
subjects with the same anthropometric (e.g. sex, age and height) and, where relevant, ethnic
characteristics of the patient being tested and should not be extrapolated beyond the published
age-range [35]. Such reference equations are hard to obtain as most reference equations are
either outdated, derived from a different population or do not span across all ages [36, 37].
Additionally, a major challenge in reference equations are the complex statistical models
needed to develop them, as there is a steep increase of lung function throughout childhood,
followed by a regular decline until old age [38]. Therefore, most studies have published
reference equations either for children or for adults. However, in every day practice, reference
equations spanning across all ages, including the transition point from childhood to adulthood

would be of great use.
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Aims of the present PhD

The overall aim of the thesis was to achieve an overview of risk and protective factors in birth
cohorts on asthma; and, among the abundance of them, to analyse two different ones in
separate ongoing observational birth cohorts. An additional aim was to determine whether a

tool could be developed to help children with asthma.

In particular, the following research questions were addressed:

1. What are the known risk and protective factors for the development of childhood
asthma.

2. What questions still remain to be investigated?

To answer those questions, an extensive research was performed in PubMed with words such
as “birth cohorts” and “asthma”, “childhood asthma”, “asthma development”, “risk factors for
asthma development” or “protective factors for asthma”. The results are presented in chapter

Among other health benefits, maternal vitamin D intake during pregnancy has been associated
with a reduced risk of wheeze in early childhood. One next research step is to determine which
pathway is used, as this may lead to a better understanding of the protective mechanism and
bring us one step closer to a treatment possibility. Therefore, in chapter IV, the following

questions were addressed:

3. Does vitamin D supplementation during pregnancy influence the immune system of the
new born child, specifically the mRNA levels of ILT3 and ILT4?
4. Is the effect of vitamin D mediated by IL-10?

Rhinitis, which is a disease of the upper airways, has been shown to be a predictor for adult-
onset asthma, but whether this is true for childhood wheezing is not known. Rhinitis would
therefore be a risk factor and its treatment could potentially lead to a diminution of the number

of children developing asthma. In chapter V, three specific questions were addressed:

5. What are the temporal sequences of the development of rhinitis and wheezing?
6. Does sensitization play a role in the development of rhinitis and wheezing?

7. Is rhinitis a risk factor for wheezing onset in children?

12




Once children develop asthma, they need regular clinical follow-up over years. Lung function
measurements help clinicians manage the asthma. Their interpretation relies on reference

equations that need to be as similar to the patient tested as possible.

8. Are there such reference equations for Central European children and adults?
9. If not, is it possible to develop practical ones that can be used by clinicians in their daily

practice?

These questions were addressed in chapter V1.
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Chapter II: Methods

Overview of birth cohort studies

For the overview of birth cohorts studies on asthma a PubMed search was performed. From the
reference section of the papers identified additional cohorts were found, which finally gave an
extensive overview of the existing cohorts. After studying the papers selected, an overview was

attempted and is presented in chapter Il

The Protection against Allergy-Study in Rural Environments (PASTURE)

The PASTURE study is funded through a European Commission Framework 5 grant and is
composed of a multidisciplinary team of clinicians, epidemiologists, immunologists, experts in
genetics and microbiologists from 6 European countries. It’s main aim is to investigate the
temporal sequence of immunological and genetic mechanisms involved in the determination of
individual responses to environmental influences leading to the development of allergies [18].
It is a longitudinal birth cohort study in rural areas of 5 European countries (Germany,
Switzerland, Austria, Finland and France). Over 1°100 pregnant women were enrolled and their
offspring are currently being followed up to the age of 6 years.

Exposure assessment: The main exposure categories are identified through comprehensive

questionnaires and interviews. Sources of exposures such as stables, stable animals, barns,
fodder, farm milk, harvesting etc. were assessed in great detail through interviews. Potential
confounding factors such as socio-economic status, family size, maternal smoking, and the
family history of allergic illnesses were also asked. Blood sampling was performed for genetic
polymorphism and immunological studies. Dust, milk and stool samples were collected.
Measures of microbial exposures such as levels of endotoxin from gram negative bacteria and
extracellular polysaccharides from fungi were performed and will also serve as reference for
the questionnaire/ interview assessed exposures. Immunologic pathways are being investigated.

Outcome assessment: The incidence of asthma, hay fever and atopic eczema are assessed via

standardized interviews to the parents. The cumulative incidence of symptoms of the respective
diseases is the main outcome variable. In addition, a physical examination of the children at age
1,4.5 and 6 years is available as objective outcome measures. Allergic sensitisation was defined
as the presence of specific IgE antibodies towards inhalant and food allergens in the serum at

ages 1 and 4.5 years.
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The German Multicentre Atopy (MAS-90) study

The MAS study, an observational birth cohort, followed children from birth until 13 years old.
Its main aims were to evaluate the predictive value of various clinical and immunological
parameters as well as the significance of early environmental exposures to allergens and trigger
factors for the development of atopic diseases in early childhood [39].

A questionnaire on atopic diseases, symptoms, as well as sociodemographic variables was
distributed in the delivery wards to the parents of infants born in 5 German cities (Berlin
Dusseldorf, Freiburg, Mainz, Miinchen) between the 1.1. and the 31.12.1990. For the parents
who accepted the study cord blood IgE was determined. A total of 1’314 children were recruited
into the study, 499 new-borns with risk factors for atopy and 815 newborns with no atopy risk
factors. Regular follow-up visits were organized when the children were 1, 3, 6, 12, 18, 24
months and then yearly until the age of 13 years.

Exposure assessment: At the controls questionnaires were completed on a number of subjects

such as health symptoms, nutrition, development, environmental factors, housing conditions,
psychological problems and demographic features. Additionally parents kept a diary in which
details of the infant’s diet, diseases and important events were recorded. The infants had a
standardized physical examination by a physician with special emphasis on skin conditions.
Carpet dust samples were analysed for allergens at 6, 18 and 36 months of age. Blood samples
were taken at 12 and 24 months for the determination of total IgE against 9 common food and
inhalant allergens. Spot urine samples for cotinine determinations were collected at 12 and 24
months of age.

Outcome assessment: Clinical manifestations of atopic diseases and atopic sensitisation were

treated separately. The diagnosis of the family physician, of the examining doctor and,
additionally, a statistical analysis of the relevant symptoms or signs were used to define an
obvious or probable atopic manifestation in the first 24 months of life. Consistent vomiting,
diarrhoea and colic without infection after consumption of allergenic foods, were regarded as
symptoms and signs for food intolerance. The child was considered sensitized, when the IgE

antibody concentration against at least 1 of 9 common allergens was higher than 0.35 kU/1.

The LuftiBus project

In an effort to improve health care in the Zurich metropolitan area, the ongoing ,,LuftiBus®
project was initiated in 1993 as a joint venture between the Zurich Lung Association and the
Medical Society of Zurich [40] (,,LuftiBus“ may be translated into “AirBus”). The bus tours
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the Zurich area allowing the population to have their lung function tested. It can either be
encountered in random public places in the greater Zurich area or be leased by schools, sport
teams/events or any other given group. In the first case, passers-by pay a fee of 10 Swiss Francs
for adults and 5 Swiss Francs for children (half the cost of a light meal) to get their lung function
tested. If the bus is leased, the test and the counselling are free of charge for all participants.
The bus is equipped with two computer assisted spirometers that allow accurate lung function
measurements to be performed. Specially trained lung function technicians perform the
spirometry, instruct and supervise the people being tested, and subsequently counsel them.
After the spirometry tests have been performed, the participants receive a comprehensive report
of their lung function results, are advised to get professional medical advice when the results
are pathological (i.e. FEV1%pred <80%) and are shortly counselled on general health as well
as specific pulmonary issues. Additionally, the ,,LuftiBus*“-team collects epidemiological and
basic health data from each person tested. Subsequently, all results are rendered anonymous
and entered into a general database from where they can be extracted for statistical analysis. As
0f 1998, the ,,LuftiBus* team has been active in children and adolescents health care prevention

and has therefore actively gone to schools and youth events.
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Chapter III

Birth Cohort Studies for Prevention of Allergy, New Perspectives,

where do we go from now?

This book chapter has been published:
Rochat MK, von Mutius E. Birth Cohort Studies for Prevention of Allergy, New Perspectives,

where do we go from now?

In: Springer, editor. Allergy Frontiers: Therapy and Prevention. Japan: Springer; 2010.
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Birth Cohort Studies for the Prevention
of Allergy: New Perspectives—Where Do
We Go from Now?

Mascha Rochat and Erika von Mutius

Introduction

There has been an increase in the prevalence of asthma and other allergic diseases
in both industrialized and developing countries over the past decades [1]. In popula-
tion based studies, prevalence estimates of asthma, atopic dermatitis, and allergic
rhinitis vary from 7-10%, 15-20%, and 15-20%, respectively [2, 3], and different
increase rates of each of these diseases have been reported in countries around the
world [1, 4]. The reasons for this increase are still largely unknown, but interactions
between various types of environmental exposures in populations with distinct
genetic backgrounds have been proposed [1]. Allergic diseases have therefore
become a major public health problem as well as a burden to health care resources,
and they not only adversely affect the quality of life of millions of children and
adults, but most importantly can be life-threatening in their most severe form. An
urgent need to formulate strategies, leading to a reduction of their morbidity and
mortality is thus required. This reduction could be achieved through primary or
secondary prevention, and much research in both areas has been undertaken.

Study Design

A necessary prerequisite for effective primary prevention measures is to know the
different determinants of allergic diseases. Many determinants have been studied,
discovered and defined through different study types during the last decades; but as
described below, each of these study designs has distinct advantages and disadvan-
tages, and should be adopted after due consideration.

M. Rochat and E. von Mutius (<)
University Children’s Hospital, Lindwurmstr. 4, 80337, Munich, Germany
e-mail: Erika.Von.Mutius @med.uni-muenchen.de

R. Pawankar et al. (eds.), Allergy Frontiers: Therapy and Prevention, 397
DOI 10.1007/978-4-431-99362-9_24, © Springer 2010



398 M. Rochat and E. von Mutius

Cross-Sectional Studies

Most of the risk and protective factors such as housing conditions (dampness),
allergen exposure, active and passive smoking, pet keeping, breastfeeding or viral
infections were primarily identified through cross-sectional or retrospective studies.
The term cross sectional study is used to describe a study design that measures the
prevalence of exposures and diseases in a given population simultaneously. The
potential of cross-sectional studies is to generate hypotheses and, in case of consis-
tent findings across numerous studies, suggest causal relations, particularly, if dose-
response patterns can be observed. They are, however, limited in their capacity to
describe a time sequence between potential risk factors and health effects. The fact
that they can be done in a relatively short period of time and are less expensive than
cohort studies confers advantages.

Cohort Studies

To assess whether a time sequence, meaning the necessity for the cause to precede the
outcome, is present, the study design should be prospective and include accepted well-
defined diagnostic criteria and outcome measures, a sufficient duration of follow-up,
and a proper sample size for adequate statistical evaluation [5]. In Ancient Rome, a
cohort was one of ten divisions of a Roman military legion and was constituted with
young men of similar age coming from one region. Members were often injured or
killed in service but were not replaced. The cohort was then disbanded when the term
of enlistment was over [6]. Historically, the term “cohort” was introduced into epide-
miological studies in 1935 by Dr. Wade Frost, the leading US-American epidemiolo-
gist of the time [7]. He used the term to describe what would now be called generation
studies. Over the years, its current meaning slowly emerged and a cohort study is now
a well defined study design. A cohort study tracks outcome(s) forward in time. At the
beginning of the observation period, the probands can be divided into two or more
groups based on exposure, treatment, and/or risk factors. The groups are then followed
for a period of time and the incidence of the outcome(s) is documented. The cohort
can be drawn from the general population or a population at high risk for developing
the respective disease. A birth cohort is a cohort of individuals born within a given
period of time. It is often used to define a cohort of children followed since birth
(or since pregnancy). Unfortunately cohort studies are very expensive and time
consuming, and absence of follow-up may cause major problems.

Observational Birth Cohort Studies

Observational cohort studies are considered “natural” experiments where the natural
course is observed. Several observational birth cohort studies investigating allergies
were initiated during the last decades. The aims were to identify risk factors that
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could be modified to prevent or limit the development of allergic diseases; and
predictors to target potential prevention strategies in the susceptible population.

Interventional Birth Cohort Studies

For conclusive proof of evidence for causal relationships, well-designed, double-
blind randomised controlled trials or interventional cohort studies including a con-
trol for confounders, as well as proper registration of compliance and follow-up of
dropouts are required [5]. In interventional studies, two or more groups are recruited
at the beginning of the trial and one or more interventions are initiated. At least one
group is left to its natural course and is used as a control. All groups are then fol-
lowed for a given period of time. Unfortunately, interventional studies with proper
randomisation and double blinding are not always possible. The effect of breast-
feeding or maternal smoking, for example, cannot be tested by means of ran-
domised controlled trials for obvious ethical reasons.

Even though interventional studies can address either the general population
or children at high risk of developing allergic diseases, most of them have been
performed on high risk children to maximize the benefits, reduce the expense of
recruiting a large population, and obtain maximum co-operation from the parents.
The definition of high risk is, however, very heterogeneous. Some studies used a
questionnaire based approach asking about allergy or asthma in first degree rela-
tives (mother, biological father, siblings). Others confirmed the diagnosis with
laboratory tests (specific IgE, skin-prick test or elevated cord blood IgE). Similarly,
hereditary was defined either as single or multiple.

In general, interventions aiming at the prevention of allergies can be categorized
into two aspects: “avoidance” and “immune deviation”. The “avoidance” concept
is based on the expectation that by avoiding allergens during the critical period of
sensitization, the immune system will not react to these allergens later on and aller-
gic diseases will not occur. The “immune deviation” concept postulates that the
immune system can be “educated” to develop tolerance to environmental allergens.
During the last decades, there have been an increasing number of prospective inter-
ventional birth cohorts, testing either one or multiple of the known risk or protective
factors. Most of them have been based on the avoidance concept.

Defining Allergies

As mentioned above, the determinants of allergic diseases are a prerequisite for
preventive measures, but a precise definition of the disease is equally mandatory.
Even though such a statement seems obvious, it is in fact a challenge to define an
allergic “outcome”, as the term allergy describes various diseases among which
asthma, allergic rhinitis and atopic dermatitis are the most common. But other dis-
eases such as urticaria or food allergy can also be found under this umbrella term.
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Therefore, different research groups reporting on allergies may actually be reporting
on very different disease entities. Atopic diseases were originally grouped under
one term because they are associated with an elevation of either total or specific
immunoglobulin E (IgE) (also termed “atopy”). This association is, however, loose
and many patients with “atopic” illnesses have normal IgE levels and lack specific
IgE antibodies in their serum. The relevance of allergic sensitization as an outcome
is furthermore to be debated since not many children with a positive allergy test
either as prick or RAST test are asymptomatic [8]. Given this ambiguity, the
EAACI recently revised the nomenclature and proposed standard definitions in
2001 and subsequently in 2004 [9]. But, as these have not always been used, com-
parisons between the different studies are often difficult, if not impossible. This
may partly explain why controversial results emerge from different studies.

To complicate matters even further, some diseases have been divided into differ-
ent phenotypes. Asthma, for example, which is a chronic inflammatory disorder of
the airways that can cause recurrent episodes of wheezing, breathlessness, chest
tightness, and cough in susceptible individuals has been shown to begin in early life
with wheezing symptoms. Based on the time of onset, the natural course and the
different risk factors and determinants, wheezing children can be grouped into at
least three different phenotypes: transient wheezers (present only in the first 3 years
of life); persistent wheezers (beginning in the first 3 years and persisting beyond
3 years of age); and late-onset wheezers (beginning between 3 and 6 years of age)
[10]. Taking into account these different phenotypes, it can be postulated that
asthma may not be one disease but rather a syndrome and that distinct mechanisms
underlie the apparently equivalent clinical manifestations.

Natural Course of Allergic Illnesses

It is very important to take into consideration the natural course of the disease when
evaluating potential preventive measures. Even though no clinical symptoms are
detectable at birth, recent studies show evidence that food and inhalant allergens
can reach the fetal circulation [11]. However, the role of this exposure in determin-
ing subsequent patterns of immunologic memory and disease is conflicting [12,
13]. In infancy, the main allergic outcomes are atopic dermatitis, gastrointestinal
symptoms and recurrent wheezing, whereas asthma and allergic rhinoconjunctivitis
are the main diseases later in childhood [14]. Adverse reactions to foods, mainly
cow’s milk, hen’s egg, peanut, wheat and soy protein are most common in the first
years of life, whereas allergy to inhalant allergens such as house dust mites, animal
dander and pollen mostly occurs later [15]. Recent findings from the German
Multicentre Allergy Study (MAS) birth cohort suggest that in most cases asthma
does not follow a first manifestation of atopic dermatitis claimed as “atopic march”.
Rather, in most cases both conditions are either manifest in an individual child or
the infant is only affected by one illness. The combination of conditions results in
more severe asthma as well as more severe eczema, and lung function parameters
are significantly reduced in these children at school age [16].
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Risk Factors and Protective Exposures

Prospective birth cohorts have helped us greatly to understand the natural history
of allergic diseases by following a cohort of either high risk children or children
representative of the general population for various periods of time. Additionally,
most of them have studied, and reported specific risk or protective factors. These
factors are briefly detailed below, with an emphasis on the ones that have been
studied 1in interventional studies.

Nutrition

Maternal Diet

There is strong evidence that maternal dietary allergens can cross the placental barrier
and pass into the breast milk [17, 18]. The hypothesis, that reduced maternal aller-
gen intake may reduce fetal allergen exposure and thus avoid early sensitization
was therefore tested in a number of studies. Mothers were asked to refrain from
consuming a varying number of allergenic products (cow’s milk, eggs, peanuts,
fish, citrus fruits) [19-21] either during pregnancy, lactation or both [19-22] for a
period of time ranging from four weeks to a few months. Despite the variety of
study approaches, no conclusive evidence of a preventive effect of maternal dietary
restrictions during pregnancy or lactation on the development of allergic diseases
was observed [19-23]. On the contrary, potential adverse effects on maternal nutri-
tional status and on gestational weight gain, fetal growth and preterm birth have
been observed [23].

As maternal dietary interventions did not have an effect on the development of
allergic diseases, other dietary habits were investigated. The substantial shift in
dietary fatty acid intake in many populations around the world favouring n-6
polyunsaturated fatty acid (PUFA) (margarine, vegetable oil) over n-3 PUFA (oily
fish) resulted in the hypothesis that the intake of certain fatty acids may increase the
risk of developing allergies. Observational studies assessing maternal dietary intake
during the last 4 weeks of pregnancy [24] or the PUFA content of breast milk [25]
concluded that low levels of n-3 PUFA intake correlated with the development of
allergic diseases or atopic eczema during the first two years of life. These findings
were, however, not confirmed when using skin test reactivity as an outcome [26].
Interventional studies are needed before any firm recommendation can be issued.

Breastfeeding

A recent review of the literature [27] reported a protective effect of exclusive breast-
feeding on the development of allergic diseases especially among high risk children.
Even though one long-term prospective birth cohort confirmed these findings [28],
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several recent long-term observational birth cohort studies not included in the previously
published meta-analyses have shown breastfeeding to be a risk factor for the develop-
ment of allergic diseases mainly in high risk children [29]. Matheson et al [30] fol-
lowed a cohort from childhood to middle-age and concluded that “in high risk
children, breast-feeding, although important for the protection of the infant against
early wheezing illness (asthma), eczema, and food allergies, does not appear to pro-
tect against the development of asthma, allergic rhinitis, or food and inhalant allergies
in the long term”. Truly randomised interventional birth cohorts on exclusive breast-
feeding cannot be performed for ethical reasons, but Kramer et al [31] used a similar
approach and performed a cluster randomised trial by selecting at random study areas
in Bellarussia where breastfeeding was promoted. The investigators followed 13,889
children up to the age of 6 years. Children in the interventional sites were signifi-
cantly more likely to be breastfed and by the age of 6 years no protective effect of
prolonged and exclusive breastfeeding on asthma or allergy was found.

Hypoallergenic Infant Formula

It breastfeeding is not possible, products with highly reduced allergenicity based on
hydrolysed protein or amino acid mixtures can be used as a substitute. A number
of interventional cohort studies on different formulas have been undertaken. Most of
the studies were performed in high risk populations, only a few were in the general
population. The study designs and formulas under investigation differed consider-
ably between the studies, which rendered comparisons difficult [32]. Cow’s milk
was compared to hydrolyzed or extensively hydrolyzed casein formula or to par-
tially hydrolyzed or extensively hydrolyzed whey formula in different combina-
tions. Taken together, the results indicate that a hydrolysed formula is not superior
to exclusive breastfeeding for the prevention of allergy. Among high risk infants
who cannot be exclusively breastfed, there is some evidence to suggest that pro-
longed feeding with a hydrolysed formula as compared to a cow’s milk formula
reduces transiently the incidence of infant and childhood atopic dermatitis, but not
asthma in the first years of life [33]. Longitudinal studies following children up to
school age are needed to see whether there is any prolonged benefit from such
interventions.

Infantile Diet

The evidence that introduction of solid foods to infants before 4 months of age
increases the risk of allergic diseases is conflicting. In general, there is insuffi-
cient evidence to suggest that on its own, the early introduction of solids to
infants is associated with an increased incidence of asthma, food allergy and
allergic rhinitis. Unfortunately, many studies lack a rigorous design and are thus
susceptible to multiple biases. No evidence was found to support a delayed introduction
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of solid foods beyond the sixth month of life for the prevention of atopic dermatitis
or atopic sensitization [34]. However, there is a consistent association between
the persistence of eczema and the introduction of solid foods before age 4 months
that is supported by long term follow-up studies and the dose-dependent nature
of the association. Furthermore, it is also noteworthy that the preventive effect of
breastfeeding and hydrolyzed formulas was only observed in studies including
avoidance of complementary foods during at least the first 4 months of life [35].
Clearly, additional evidence from well designed randomised longitudinal studies
is needed to endorse recommendations on delayed solid food introduction in
infancy.

Prospective studies investigating the potential effects of other dietary factors
such as fish oil, omega-3 fatty acids, antioxidants (vitamin C, vitamin E and selenium),
magnesium or sodium which have been found to be either protective or risk factors
in cross-sectional studies are still awaited.

Probiotics

Observational studies have found a correlation between the colonization of the
gastrointestinal tract with lactobacillus as well as eubacteria and a decrease in aller-
gic diseases [34]. During the last years, interventional birth cohorts have therefore
examined the effect of different doses of probiotics (live microbial food ingredi-
ents) on the development of allergic diseases. All studies were conducted on high
risk infants and each studied a different probiotic bacterial strain.

After administering either the probiotics Lactobacillus GG, Lactobacillus reuteri
or a mixture of four probiotics and one prebiotic to pregnant women and subse-
quently to their offspring for the first 6 [36, 37] and 12 [38] months, three studies
saw a protective effect on the incidence of eczema [36] and atopic eczema [37, 38]
up to the age of 2 [37, 38] and 7 years [36]. One survey administered Lactobacillus
acidophilus to infants during the first 6 months, but not to their mothers during preg-
nancy [39]. The authors found an increase in atopic eczema, but did not see an effect
on the cumulative incidence of eczema at the age of 12 months. Whether these con-
trasting results are attributable to different bacterial strains or to the postnatal admin-
istration remains unclear. Moro et al. showed a beneficial effect of a mixture of
prebiotic oligosaccharides (GOS/FOS) added to bottle fed infants in reducing the
incidence of atopic eczema during the first six months of age [40]. Taken together,
the current evidence suggests that probiotics might have a preventive effect on the
development of eczema. However, in our opinion, a number of issues remain unan-
swered which preclude firm recommendations on the use of probiotics for the pre-
vention of allergies: which is the best probiotic strain? What is the optimal dose? Is
there any effect among children from the general population without a family history
of atopic diseases in first degree relatives? Is this preventive effect prolonged into
childhood years? Are other allergic illnesses such as asthma and hay fever also ame-
nable to prevention by the administration of probiotics?



404 M. Rochat and E. von Mutius

Environmental Factors

As mentioned above, two concepts prevail with respect to potential preventive
strategies. One concept is based on the rationale of risk factor avoidance, particu-
larly of allergen avoidance. The other complementing concept is based on the
identification of protective factors, in particular the hygiene hypothesis postulating
that “allergies may be the result of a misdirected immune response in the absence
of infection” [41]. Many, mostly cross-sectional studies aiming at the identification
of harmful and protective environmental exposures for the development of allergies
have been performed. In the following sections we will focus on cohort studies
investigating either avoidance or immune modulation pathways.

Environmental Tobacco Smoke

Environmental tobacco smoke (ETS) exposure either during pregnancy or early life
is one of the most consistent risk factors for the development of respiratory symp-
toms, wheezing and asthma [1]. Active smoking has been associated with the onset
of asthma in adolescents and adults in a number of studies [1]. Exposure to ETS is
therefore the most important preventable inducer and trigger of asthma. Because of
the consistence of findings across numerous populations worldwide, the avoidance
of ETS is warranted for the prevention of asthma and other respiratory diseases.
There is less evidence, however, to suggest that ETS exposure also affects the inci-
dence of atopic sensitisation.

Traffic Related Pollution

While it is well accepted that air pollution in general can trigger symptoms in children
with established asthma [42], its influence on the development of allergies is not clear.
Cross sectional studies have shown strong evidence to support an association between
air pollutants associated with traffic exposure and respiratory health, however, the
evidence is conflicting regarding the development of allergic diseases and atopic sensi-
tization. To our knowledge there are only two observational cohort studies among
children investigating traffic pollution and health outcome at the ages of two and four
years, respectively. As acknowledged by the authors, the short duration of follow-up,
limits the interpretation of the results, and the positive relation with wheezing, asthma,
and sensitization to food allergens must therefore be interpreted with caution [43, 44].

Inhaled Allergens

The level of aeroallergen exposure varies according to the geo-economic situation.
House dust mite (HDM) is the most important allergen in humid climates; pet aller-
gens might be more relevant in colder countries; Alternaria species prevail in dry
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climates and cockroach is one of the dominant allergens in inner-city areas in the
US. These allergens have been investigated in numerous studies over the past
decades, because their exposure affects a persons risk of developing IgE antibodies
against them [45]. Without allergens in the environment, specific sensitization
towards that allergen cannot occur. In a German birth cohort, the levels of HDM
and cat allergen concentrations in domestic carpet dust were strongly related to the
development of atopic sensitization towards these allergens in the first 3—7 years of
life [46]. A clear dose-response relationship was found as well as a strong effect
modification by the familial background, for atopic diseases. In the group of chil-
dren with a positive family history of atopy, mite allergen concentration below
750 ng/gm dust resulted in a 3% sensitization rate, whereas in the group of children
without a positive family exposure up to 25,000 ng/mg dust was associated with a
sensitization rate of 3%. These findings indicate that no general exposure threshold
for allergic sensitization can be proposed. As might be expected HDM exposure
was not related to the propensity of mounting IgE responses towards other environ-
mental antigens. Likewise, the propensity to develop asthma may not be affected
by levels of environmental allergen exposure. This notion is supported by findings
from prospective cohort studies where no relation between the level of exposure to
HDM and the incidence of asthma and persistent wheeze was found [45]. However,
the interaction of higher indoor allergen exposure and the development of atopic
sensitization towards these allergens in the first 3 years of life resulted in more
severe asthma [47].

Recent findings from a number of interventional studies have further corrobo-
rated these notions. In the interventional studies, HDM reduction measures were
initiated either during pregnancy or at birth, and the children were followed until
the ages of 7-8 years old. Although a reduction of HDM could be documented after
radical allergen reduction measures were undertaken, the results of one study
showed an increased risk in mite sensitization at the age of 3 years, an increase in
atopic dermatitis and no significant differences in respiratory symptoms between
the interventional and the control groups by the age of 8 [48]. Other studies, using
more practical interventional measures such as mattress covers, showed no protec-
tive effect on the prevalence of asthma and atopic sensitization up to the age of
2 years [49, 50]. In inner-city areas in the US comprehensive environmental inter-
ventions to decrease indoor allergen levels, including cockroach and dust-mite
allergens, resulted in reduced asthma-associated morbidity among 5 to 11 year old
children [51].

Pets

As with other allergens, exposure to pet allergen increases the risk of subsequent
specific sensitization and thus potentially increases the incidence of allergic dis-
eases. This notion was challenged in 1999 by studies showing that early life
exposure to pets was associated with a lower prevalence of allergic rhinitis and
asthma at school age and reduced cat sensitization as well as atopy in adulthood.
A review of the associations between pet exposure, asthma and asthma like
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symptoms was therefore undertaken by Apelberg in 2001 who concluded that in
children over 6 years of age there was a significant increase in the risk of asthma
or wheezing, but in children younger than 6 years, exposure to pets had a protec-
tive effect [52]. Since then, there have been a number of prospective studies
showing a reduced risk of allergic diseases or allergic sensitization in children
exposed to cats or dogs in infancy, but consistency among these studies is lacking.
Parental, mostly maternal history of asthma or atopy seems to exert significant
effect modification with pet exposure being a risk factor in high risk children and
a protective factor in low risk children. Additionally, there seems to be marked
differences between different animal species, with exposure to dogs showing a
more consistent pattern of protection than exposure to cats [53]. An interesting
question in analyzing the relationship between pet exposure and allergic sensiti-
zation or allergic disease is whether it is exposure to high levels of allergens given
off by the pet or exposure to an undefined environmental factor(s) related to the
pet that contribute(s) protectively to the determination of the outcome, presum-
ably by effects on the maturation of the immune system [54]. Furthermore, these
results must be regarded with caution because of the possibility of reverse causa-
tion due to already implemented avoidance strategies in families with atopic
heredity. As of today, the available literature does not provide conclusive guidance
regarding the effects of pet exposure early in life.

Family Size/Day Care

Among the most consistent associations is Strachan’s original observation that
exposure to siblings reduces the risk of developing allergic diseases such as hay
fever and eczema [55]. Whether this effect is attributable to an increase of the num-
ber of infections transmitted by “unhygienic” contact with older siblings or due to
other unknown factors associated with an increased number of pregnancies is
unknown. In the absence of a large family, exposure to children in early child care
seems to have a similar protective effect [56]. Several observational studies have
confirmed these findings in recent years [57, 58].

One cross-sectional study from Kramer et al. found an association between day-
care attendance in the first year of life and the development of allergic diseases in
single child families [59]. Positive associations were reported in two prospective
birth cohorts. Celedon et al. found an inverse association between day care atten-
dance in the first year of life and total serum IgE levels at the age of two [60], and
eczema, as well as asthma and recurrent wheezing in the first 6 years of life among
high risk children. This effect was not seen among offsprings of mothers with a
history of asthma, where day care attendance was associated with an increased risk
of wheezing [61]. In the Tucson birth cohort, young children’s exposure to other
children in or out of the home was found to result in more frequent wheezing in the
first few years of life and subsequently to decreased levels of serum IgE concentra-
tions, skin test reactivity and to protection against the development of asthma and
frequent wheezing later in childhood [62].
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Infections

Few prospective birth cohorts have investigated the potential effect of early infections
on the development of atopy [63-66]. Three studies showed a protective effect,
while no effect was seen in one survey. With respect to wheeze and asthma, studies
investigating the effect of early life respiratory tract infections must be interpreted
with caution. Bias by reverse causation is likely to occur since viral infections are
the most potent trigger of asthma exacerbations. Respiratory syncitial virus (RSV)
may, however, be particularly associated with asthma. A number of studies have
consistently shown that children with a history of RSV bronchiolitis have an
increased risk of developing repeated wheezing and asthma up to school age.
Whether the RSV infection is the culprit or whether the determining factor is an
asthmatic’s susceptibility to develop (severe) bronchiolitis after RSV infection
remains unresolved. A recent cohort study provided some evidence that both argu-
ments may be justified [67].

Findings from cross-sectional studies, mainly based on serological results, have
suggested that other infectious agents such as hepatitis A, herpes, EBV, salmonella,
helicobacter pylori, mycobacteria and lactobacilli [68] may be linked to the devel-
opment of allergies. However, little is known from prospective studies.

Microbial Exposures in the Environment

There is increasing evidence from cross-sectional studies to suggest that an environ-
ment rich in microbial compounds may protect from the development of allergic
diseases. So far, few prospective studies have investigated the role of such exposures
and these studies have focussed on assessing endotoxin, the cell wall component of
gram negative bacteria. Two prospective birth cohorts found that endotoxin exposure
in infancy among high risk children was associated with an increased incidence of
wheeze and inconsistently with an increased incidence of atopic dermatitis, but not
rhinitis or atopy in the first years of life [69, 70]. In contrast, another study showed
that prenatal exposure to endotoxin was associated with a reduction in cord blood
immunoglobulin E production suggesting that maternal cytokine production modu-
lates the foetal immune cells [71]. But the infant’s exposure to endotoxin had no
protective effect on the development of atopy until the age of 2 years [72]. These
discrepancies between studies might be explained by recent data from a birth cohort
showing that exposure to endotoxin exerts a protective effect only in individuals with
a particular genetic background (CC genotype for CD14/_159) [73].

Antibiotics/Vaccinations/Paracetamol
Antibiotics and vaccinations have been postulated to interfere with the immune

response in the developing immune system and thus to enhance the development of
allergic diseases. But here again, results from observational cohort studies are conflicting.
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While no association has been found between antibiotics and the subsequent
development of asthma in a number of prospective birth cohorts and recently sum-
marised in a meta-analysis [74], some prospective birth cohorts have shown a posi-
tive association between antibiotics administered during pregnancy or lactation and
the development of allergic diseases in the offspring [75, 76].

According to the hygiene hypothesis, infections might confer protection from
the development of allergic illnesses. Following this argument, it was proposed that
vaccinations may play a role in the incidence of allergic disorders. However, two
recent reviews of the literature came to the conclusion, that there is no epidemio-
logical evidence to suggest an association between infant vaccinations and the
development of allergic diseases [77, 78].

Since 2000, cross sectional, case control and ecologic studies have analysed and
consistently reported a dose response association between paracetamol (acetaminophen)
use and the development of wheeze and asthma. One possible mechanism might be
mediated by an imbalance in the oxidant/antioxidant equilibrium leading to oxidant
damage in the lung [79]. Reverse causation may, however, significantly bias these
associations. Since paracetamol is given for fever and infectious diseases, the
reported associations may merely reflect the strong relation between viral infections
and asthma. In this context it is interesting to note that a prospective birth cohort found
an association between paracetamol administered during late pregnancy and the
development of asthma, wheeze and elevated total IgE by the age of 67 years [80].

Multifaceted Interventional Studies

The studies described above used a monofaceted approach, studying one protective
exposure or one preventive measure. Overall, the results of theses studies are rather
disappointing. One explanation might be that the development of complex diseases,
such as allergic illnesses, is attributable to a number of environmental influences.
Accordingly, the avoidance of one single factor may not be sufficient. Some studies
have therefore used a multifaceted approach, asking the parents to avoid or elimi-
nate various known risk factors. All were performed among high risk children.
The Isle of Wight study started the intervention postnatally. The investigators
combined dietary restrictions in the lactating mothers and their children during the
first year of their life with HDM reduction measures. The results at the age of 8 years
suggest that such a combined approach is mostly effective for reducing atopy and
may prevent some cases of childhood asthma depending on the phenotypic charac-
teristic of the child [81]. The Canadian Childhood Asthma Primary Prevention Study
used a combination of dietary restrictions in the mothers during pregnancy and lacta-
tion and encouraged them to breast-feed and delay the introduction of solid foods
during the first year of life of their children. Additionally, intervention measures
introduced before birth and during the first year of life included avoidance of HDM,
pets, environmental tobacco smoke and day care facilities. The results showed a
significant reduction in the prevalence of asthma and asthma symptoms, but not
allergic rhinitis, atopic dermatitis, atopy or bronchial hyperresponsiveness at 7 years
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of age. Since there was no difference between the groups for the objective parame-
ters and since the controls could not be blinded towards the intervention, the preven-
tive effect may at least in part be attributable to some underreporting in the active
arm [82]. The Prevention of Asthma in Children study (PREVASC) combined pre-
natal HDM and pet allergen avoidance strategies with dietary interventions and
restrictions in passive smoking. The results showed no effective reduction in asthma-
like symptoms at the age of two years [83]. The Australian Childhood Asthma
Prevention Study (CAPS) combined a reduction in HDM allergen measures with
dietary fatty acid supplementation. The results at 5 years showed that the measures
did not prevent the onset of asthma, eczema or atopy. As in other studies the reduc-
tion of HDM increased the risk of eczema [84].

Secondary and Tertiary Prevention in Cohort Studies

There have been a number of studies investigating the potential of secondary and
tertiary preventive measures through medications aiming at either preventing the
onset of disease among predisposed subjects such as the Early Treatment of the
Atopic Child (ETAC) study or at the prevention of a chronic course of asthma. The
ETAC study, a multi-centre European double-blind, randomised, placebo-controlled
study, investigated the potential of cetirizine (antihistamine) to prevent the develop-
ment of asthma in infants with atopic dermatitis. However, this trial failed since no
effect on asthma prevention was seen in the active arm [85]. The hypothesis that the
treatment with inhaled corticosteroids at the onset of infant asthma might improve
long-term asthma outcome is built on the observation that in many asthmatic chil-
dren an ongoing chronic inflammatory process is associated with a loss of lung
function by early childhood which extends into adult life. Within a birth cohort, a
subsample of infants was randomised after either one prolonged (>1 month) or two
medically confirmed wheezy episodes to a treatment with Fluticasone propionate
twice daily or to a control group. At the age of 5 years, the results showed that the
early use of inhaled corticosteroids had no effect on the natural history of asthma
or wheeze later in childhood and did not prevent lung function decline or reduce
airway reactivity [86]. Likewise, a nested interventional study of another cohort
showed that early intermittent inhaled budesonide therapy had no effect on the
progression from episodic to persistent wheezing and no short-term benefit during
episodes of wheezing in the first three years of life [87].

Conclusion

Birth cohort studies investigating determinants of allergic illnesses have substantially
contributed to our understanding of the natural course of allergic diseases and associ-
ated features. They have identified a number of potential harmful and protective deter-
minants, but consistency across populations is often lacking. Recommendations on a
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population level, based on these findings, can in our opinion, only be issued for tobacco
smoke avoidance for the prevention of asthma and other respiratory conditions. With
respect to eczema and food allergy, the administration of hypoallergenic milk formula
can be recommended for high risk children if prolonged breastfeeding is not possible.
All other strategies have to be scrutizined in view of the results obtained so far.

Where do we go from now?

The lack of understanding of the significant determinants of allergic illnesses may be
attributable to a number of reasons [1]. A basic requirement for the demonstration of a
causal relation between an exposure and a disease 1s the temporal sequence of events.
Only exposures occurring before the first symptoms of an illness can influence its incep-
tion. Birth cohorts have the advantage of documenting temporal sequences and thus
facilitating conclusions on causal relations. But the disparity and heterogeneity of find-
ings in the literature are remarkable, and reflect the complexity of allergic diseases.

Environmental exposures potentially causing the new onset of allergies are
likely to occur during fetal life and early childhood. Any potential risk factor is
likely to interact with an underlying, genetically determined pathway resulting in
the manifestation of disease. But the mechanisms underlying allergic illnesses are
not fully understood. This lack of understanding may in part be attributable to the
fact that allergic illnesses are a syndrome of many diseases rather than one entity.

The context in which exposures occur and interact with a subject’s individual
pathophysiological pathways is another important factor in the causation of aller-
gies. Variation in these pathways is determined by genes. Environmental exposures
interact with these pathways. However, these interactions do not occur in isolation.
Pathways have more than one component and the function of each component is
determined by the gene or genes contributing to and regulating the processes. If in
fact more than one pathway leads to the development of allergies, then not only
many genes with small individual contributions, but also many environmental fac-
tors and gene—environment interactions will eventually be found to contribute to
disease manifestation. Hence, different contexts in which a number of different
exposures interact with various genetic backgrounds in a range of racial or ethnic
groups will eventually result in changes in the incidence of allergies.

The challenge in the years to come will be to integrate complex interactions
between multiple exposures and numerous genetic variants to achieve an under-
standing of the causation of asthma.
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Summary

Background Recent studies indicate that prenatal vitamin D intake may protect against the
development of atopic diseases in young children. Vitamin D has been shown to induce
tolerogenic antigen-presenting cells such as dendritic cells. Whether the allergy-protective
potential of prenatal vitamin D is mediated through such mechanisms is, however, unknown.
Objective To evaluate the association between prenatal vitamin D supplementation and
tolerogenic antigen-presenting cells in cord blood (CB) as determined by mRNA
measurement of immunoglobulin-like transcripts (ILT)3 and ILT4.

Methods A prospective multi-centre birth cohort was established in rural areas of five
European countries. Information on maternal exposures including vitamin D intake was
collected by questionnaires during pregnancy. The gene expression of ILT3 and ILT4 was
analysed by real-time PCR in the CB of 927 children. Maternal vitamin D supplementation
was assessed in Finland and France (n = 349).

Results Maternal vitamin D supplementation during pregnancy was associated with an
increase in the gene expression of ILT3 (P=0.012) and ILT4 (P<0.001). This association
remained significant for ILT4 (P=0.020) and showed a positive trend for the gene expression
of ILT3 (P=0.059) after multivariate analysis controlling for various confounders.
Conclusions Vitamin D supplementation during pregnancy may increase the mRNA levels of
ILT3 and ILT4 in CB. This finding may point towards an early induction of tolerogenic
immune responses by maternal vitamin D intake.
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Introduction

Increasing evidence suggests that gestational exposures
interacting with distinct genetic backgrounds influence
the development of atopic diseases. Several mechanisms
have been proposed, suggesting that a variety of immune
cell types and maturational processes may be involved
[1, 2].

Recent studies indicate that prenatal, but not postnatal
[3], vitamin D intake protects from the development of
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wheeze and atopic diseases in 3- [4] and 5- [5, 6] year-old
children. These data may point towards different effects of
vitamin D on the prenatal and postnatal immune system
and possibly the development of atopic diseases. In turn,
others have suggested that vitamin D supplementation
may be a cause for atopic diseases [7, 8].

Yet, vitamin D, a known immunomodulator, has been
shown to induce tolerogenic dendritic cells (DC) [9]. A
general feature of tolerogenic DCs is the up-regulation of
the two inhibitory receptors immunoglobulin-like tran-
scripts (ILT)3 and ILT4 [10]. The expression of these two
receptors results in the inhibition of nuclear factor (NF)-
kB activation, a main transcription factor for inflamma-
tory responses [11, 12]. Beyond their ability to induce
regulatory T cells (Treg) [13], tolerogenic DCs render naive
T cells anergic, inhibiting their capacity to respond [11].
Tolerogenic DCs are therefore interesting candidates in the
development of atopic diseases.

We hypothesized that prenatal vitamin D supplementa-
tion could induce tolerogenic DC at birth. To evaluate this
hypothesis in an epidemiological setting, we quantified
the gene expression levels of ILT3 and ILT4 in cord blood
(CB) samples of a population-based birth cohort of farm
and reference children.

Materials and methods

Study population

The Protection against Allergy-Study in Rural Environ-
ments (PASTURE) is an ongoing multi-centre birth cohort
in rural areas of five European countries (Austria, Finland,
France, Germany and Switzerland) designed to assess the
role of exposure to various microbial products for the
development of childhood asthma and allergies. The aims
of the study as well as the study design have been
described in detail elsewhere [14]. Briefly, women were
contacted in the third trimester of pregnancy. Women who
lived or worked on family-run farms where any kind of
livestock was kept were assigned to the farm group. The
reference group was composed of women from the same
rural areas not living or working on a farm. Exclusion
criteria were living on farms without livestock, maternal
age below 18 years, twin pregnancies, home births, pre-
mature deliveries, genetic disease in the offspring, absent
telephone connection, insufficient knowledge of the
country’s language, intention to move away from the
study area and commuting to a metropolitan area. The
main exposure categories were identified through com-
prehensive questionnaires and interviews derived from
internationally validated questionnaires. Maternal and
paternal variables were assessed during the third trimester
of pregnancy. Supplementation with vitamin D during
pregnancy was assessed by the following question: ‘Do
you currently take any vitamin, minerals or other dietary
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supplements? Vitamin D yes/no,” followed by a list of
other vitamins and multivitamin preparations. Vitamin D
supplementation was only analysed in the Finnish and the
French populations as they were the only two populations
included in the PASTURE study with recommendations for
vitamin D supplementation during pregnancy (Finland:
10pug of vitamin D supplementation per day between
November and the end of March. France: a single par-
enteral dose of 2500 ug of vitamin D is recommended in
the seventh month of pregnancy). Birth and early child-
hood variables were assessed when the child was 2 months
of age. The study was approved by the national ethical
boards of the five study centres and informed consent was
obtained from the children’s parents for questionnaires
and blood samples.

Blood sampling

Blood samples were collected from the umbilical cord at
birth. For the assessment of mRNA, the blood was col-
lected in a PAXgene® Blood RNA tube containing an
RNA-stabilizing solution (PreAnalytiX/Qiagen, Hilden,
Germany) and then frozen to —80°C within 24h. In a
central laboratory (Zurich, Switzerland), the RNA was
isolated using the PAXgene 96 Blood RNA Kit (PreAnaly-
tiX/Qiagen) supplemented with RNase-free DNase (Qia-
gen). The RNA was then quantitatively measured using the
NanoDrop ND-1000 UV/VIS-Spectralphotometer (PeqLab
Biotechnologie GmbH, Erlangen, Germany). Next, the
mRNA was retro-transcribed into cDNA using the TagMan
Reverse Transcription Reagents (Applied Biosystems, Wei-
terstadt, Germany). A pre-developed assay with quantita-
tive real-time PCR (TagMan, Applied Biosystems,
Rotkreuz, Switzerland) was used to measure gene expres-
sion levels for ILT3 and ILT4 (Applied Biosystems;
Hs00275975_m1, Hs00429000_m1), as well as for two
housekeeping genes (18S-ribosomal RNA; Applied Bio-
systems; Hs99999901_s1 and f-2-microglobulin; Applied
Biosystems; B2M-Hs99999907_m1) as endogenous
controls. From the values of the respective target genes,
the geometric mean threshold cycle (C) value of the two
housekeeping genes was subtracted, resulting in delta G
values. Calibrating the delta C; values on the first refer-
ence child with detectable C; values for all genes produced
delta C; values, which were used for statistical analysis
[15, 16].

Allergen-specific IgE against 20 common inhalant and
food allergens was measured using the Allergy Screen test
panel for atopy (Mediwiss Analytic, Moers, Germany) in a
central laboratory (Marburg, Germany). This test panel
has previously been validated against the in vitro IgE CAP
system (Pharmacia, Freiburg, Germany) [17].

After stimulation of whole CB cells at the local study
centres with a standardized protocol that has been de-
scribed elsewhere [18], cytokines were measured in the
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supernatants in one central laboratory (Marburg, Ger-
many). Briefly, after stimulation with phorbol 12-myristate
13-acetate (5 ng/mL) and ionomycin (1 mg/mL) (P/I) (both
from Sigma, Deisenhofen, Germany) for 24 and 48 h at
37 °C, cell-free supernatants were obtained by centrifuga-
tion. Cytokine concentrations were measured using ELISA
techniques (Opteia, BD, Heidelberg, Germany) according to
the manufacturer’s instructions. The French study group
did not contribute to the cytokine data at birth.

Statistical analyses

Statistical analysis was performed using SAS 9.2 (The SAS
Institute, Cary, NC, USA).

The frequencies of the population characteristics were
compared between farm and reference children using the
x>-test for nominal or categorical variables and the t-test
for continuous variables. B estimates from linear regres-
sion models are given with 95% confidence intervals (CI).
Reported P-values are two-sided. P-values<0.05 were
considered significant. Homogeneity of effects was tested
by adding multiplicative interaction terms to the regres-
sion models following a pre-specified protocol.

In epidemiological studies, adjustment of P-values for
multiple testing is not performed usually ‘because it will
lead to fewer errors of interpretation when the data under
evaluation are not random numbers but actual observa-
tions on nature.’ [19]

mRNA data were analysed as continuous values after
log transformation of the delta C, values. This resulted in a
satisfactory approximation to a normal distribution.

Vitamin D, farming status, gender as well as the other
variables analysed were selected due to their known
association with atopic diseases as well as their potential
immunomodulatory function. As < 3% of the total mRNA
values were below the detection limit, the analyses were
performed with multiple linear regressions models includ-
ing all observations according to a pre-specified analysis
protocol. Statistical methods for censored data such as
Tobit regression models were explored in sensitivity
analyses, but did not reveal major differences.

Specific CB IgE levels were dichotomized at their
detection limit of 0.2 IU/mL. Levels of cytokine production
after P/I stimulation were standardized on the number of
leucocytes. Log transformation of the detectable values
gave satisfactory approximation to a normal distribution.
The analysis was performed using a multivariable Tobit
regression model where left censored cytokine values
were taken into account.

Results

Of the 2871 pregnant women contacted for the PASTURE
study, 62% were eligible, and of these 1133 agreed to
participate in the study [14]. CB samples were available for

the gene expression analysis in 927 subjects (Fig. 1).
Vitamin D supplementation during pregnancy differed
significantly between the countries [Finland: 53 (28.2%),
France: 26 (16.2%), Germany: 11 (5.9%), Switzerland: 2
(1.0%), and Austria: 1 (0.6%), P-value = <0.001], but did
not differ between farm and reference mothers (P-
value=0.346). In Germany, Switzerland and Austria,
further analyses on vitamin D supplementation were not
possible because of low exposure frequencies. Therefore,
all vitamin D supplementation analyses were performed in
the Finnish and the French populations. Table 1 shows the
general characteristics of mothers taking vitamin D sup-
plementation in these two populations. In the Finnish and
the French populations, children with and without CB
mRNA measurements did not differ, with the exception of
a lower proportion of caesarean section in the children
with mRNA measurements (10% vs. 29%, P =0.025).

When analysing the associations between vitamin D
supplementation during pregnancy and the mRNA levels
of ILT3 and ILT4 in Finland and France, higher levels were
seen for ILT3 (f=0.18, P=0.059) and ILT4 (B=0.21,
P=0.020) in neonates whose mothers had supplemented
vitamin D during pregnancy (Fig. 2). The association was
independent of farming status, gender and centre as well
as all potential confounders with a P-value below 0.15 in
Table 1 (gestational age, birth weight, primigravida,
maternal age, season of birth and current smoking of
mothers). Interestingly, vitamin D was also significantly
associated with gestational age and birth weight in a
bivariate analysis (Table 1). After adjustment for potential
confounders, however, the association between vitamin D
and gestational age was no longer significant (B =0.06,
P=0.721), whereas the relation with birth weight re-
mained highly significant (f = 161.64, P=0.005).

In the Finnish population, vitamin D supplementation
occurred more frequently during the winter months as

I Contacted: 2871 ]

Inclusion criteria not
fulfilled or missing data

|Eligible: 1772 (62%) |

x“l Not willing to participate

[Recruited: 1133 (64%) |

Missing gene expression
values

[ Analysed: 927 (82%) |

Farm: 443 (48%) Reference: 484 (52%)
AT|FR| Fl |DE|CH ||AT |FR | FI |DE [CH
85| 80|101| 85 |92 || 90 | 94 | 88 [ 104|108

Fig. 1. Recruitment of the study population. AT, Austria, FR, France, Fl,
Finland, DE, Germany, CH, Switzerland.
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Table 1. Population characteristics

Maternal intake of vitamin D during pregnancy in the Finnish and French population

Yes (n=79) No (n=270)
No. percentage No. percentage P-value

Female sex 43 [54.00%)] 134 [49.63%)] 0.453
Gestational age (weeks)™ 40[1.2] 40 [1.09] 0.117
Birth weight (g)* 3720 [523] 3543 [449] 0.002
Mode of birth

Spontaneous 64 [82.05%)] 227 [84.70%) 0.290

Vaginal with complications 7 [8.97%] 12 [4.48%)]

Caesarean section 7 [8.97%)] 29 [10.82%)]
Pregnancy complications 7 [9.00%)] 35 [12.96%] 0.324
Season of birth

Dec/Jan/Feb 30 [37.97%)] 65 [24.07%)] <0.001

Mar/Apr/May 30 [37.97%)] 72 [26.67%)]

Jun/Jul/Aug 12 [15.19%] 47 [17.41%)

Sept/Oct/Nov 7 [8.86%)] 86 [31.86%)]
Primigravida 23 [29.00%] 47 [17.41%)] 0.022
Child with more than two siblings 25 [32.0000] 107 [39.63%)] 0.198
Maternal age

<30 years old 37 [46.84%)] 102 [37.78%)] 0.009

Between 30 and 35 years old 34 [43.04%)] 96 [35.56%)]

Older than 35 8 [10.139%] 72 [26 67%]
Mother smoking currently 3 [4.00%)] [11.4800] 0.043
Parental atopy 58 [81.00%] 207 [84.84%] 0.386
Mother living or working on a farm 34 [43.0000] 138 [51.119] 0.207
Exposure to pets during pregnancy 55 [70.000%] 171 [63.33%%) 0.304
Exposure to a stable during pregnancy 37 [47.009%)] 130 [49.62%)] 0.735
Farm milk consumption during pregnancy 27 [34.00%] 101 [37.41%)] 0.600
Mother lived on a farm during childhood 38 [48.00%)] 113 [41.85%] 0.324

*Mean (standard deviation). Significant P-values (<0.05) are in bold.

The frequency is compared between mothers with and without vitamin D intake using Pearson’s y;’-test for categorical variables and the t-test for

continuous variables.

Gene expression of ILT3

Gene expression of ILT4

Finland o
France p——-
Pooled
analysis | ¢ '

F——

——

(na

05 0 05

—05

0

05

Relative gene expression standardized on house keeping genes

Fig. 2. Association between vitamin D intake during pregnancy and gene expression of ILT3 and ILT4 in Finland and France (n = 349). B-estimates and
95% confidence intervals (CI) are shown. A B-estimate greater than 0 indicates a higher gene expression of ILT3 and ILT4, whereas a 3-estimate smaller
than O indicates a lower gene expression of ILT3 and ILT4 in children whose mother supplemented vitamin D during pregnancy. An association with a CI
including 0 is not statistically significance at a 0.05 significant level. The models were adjusted for gender, farming status, gestational age, birth weight,
primigravida, maternal age, season of birth, current smoking of mothers, and in the pooled analysis, additionally for centre. Reported P-values are

two-sided.

compared with the summer months (winter months
37.4%, summer months 17.9%; P=0.003). Because of a
lower frequency of vitamin D supplementation in the
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French population, the seasonal distribution could not be
assessed. As vitamin D effects strongly depend on sunlight
exposure, we additionally analysed the direct association
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between season of birth (Winter = December-February;
Spring = March-May; Summer: June-August; Autumn:
September-November) and ILT3 or ILT4. For ILT3, no
association was found (P=0.2023), and for ILT4 the
association was significant (P= 0.001). However, the asso-
ciation between farming or vitamin D supplementation on
ILT4 was not substantially modified by season of birth
(change in estimate < 10%).

The mRNA levels of ILT3 and ILT4 differed between
farm and reference children, with considerable hetero-
geneity across the countries as determined by a P-value
for homogeneity of effects of 0.01 for ILT3 and 0.009 for
ILT4. In Austria, Germany and France, gene expression
was increased among farm children, whereas in Switzer-
land, farm children had lower levels than reference
children. In Finland, mRNA levels did not vary between
farm and reference children. Heterogeneity of associations
of TLT3 and ILT4 with farming was formally shown
between Switzerland and the other countries (ILT3: P-
value 0.002, ILT4: P-value 0.004), but not between the
remaining countries (data not shown). In Switzerland, an
inverse association was seen hetween mRNA levels of ILT3
(p=—0.28, P=0.066) and ILT4 (f =—0.14, P=0.069) in the
CB of farm children as compared with reference children.
In turn, in all countries other than Switzerland, significant
increases in the mRNA levels of ILT3 (ILT3: B=0.14,
P=0.014) and ILT4 (3=0.15, P=0.003) were scen in the
CB of farm children as compared with reference children.
These analyses were adjusted for gender, vitamin D
supplementation during pregnancy and, in the
pooled analysis with all countries except Switzerland, for
centre. In all countries other than Switzerland, farm and
reference children differed substantially in many aspects.
However, none of the prenatal exposures assessed
explained the farming effect on the mRNA levels of ILT3
and ILT4.

Gene expression of ILT3

In boys, mRNA levels were lower for ILT4 (p=0.09,
P=0.032) and for ILT3 (B: 0.10, P=0.059) than in girls
across all countries and independently of farming, centre
or supplementation with vitamin D during pregnancy.

No association was found between specific IgE to
inhalant or food allergens in CB and the mRNA levels of
ILT3 or ILT4 either in all the countries together (Fig. 3) or
in Finland and France (data not shown). Furthermore, no
association was found between the mRNA levels of ILT3 or
ILT4 and the production of the cytokines IL-12, IL-5, TNFa
and IFNy (data not shown). IL-10 production, however,
was inversely associated with mRNA levels of ILT3 and
ILT4 after 24 and 48 h of stimulation (Fig. 4). When IL-10
production was dichotomized at the detection limit of
11.4 pg/mL, similar results were obtained for mRNA levels
of ILT3 and ILT4 (data not shown).

Discussion

The present analysis revealed a positive association be-
tween maternal vitamin D supplementation during preg-
nancy and mRNA levels of ILT3 and ILT4 in CB.
Additionally, prenatal exposure to a farming environment
in some countries and female gender in all countries were
found to be positively associated with mRNA levels of
ILT3 and ILT4. The ILT3 and ILT4 mRNA levels were
inversely associated with IL-10 production after stimula-
tion. No relation was found either with IL-5, [L-12, TNF-o,
IFN-v or with CB IgE.

ILT3 and ILT4 transcripts were quantified in whole CB.
Therefore, the cellular origin of the transcripts is un-
known. However, it has been shown that ILT3 and ILT4
are expressed on DCs, macrophages, monocytes and
endothelial cells [10, 20]. As macrophages and endothelial
cells are not present in peripheral blood, the mRNA of the

Gene expression of ILT4

Any IgE l——.—l
Food IgE - -+
Inhalant IgE I—Q—'

e
e
-+

T T
-0.5 0 0.5

T T
05 0 05

Relative gene expression standardized on house keeping genes

Fig. 3. Association between IgE levels and gene expression of ILT3 and ILT4 (n =843). -estimates and 95% confidence intervals (CI) are shown. A 3-
estimate greater than O indicates a higher gene expression of ILT3 and ILT4, whereas a -estimate smaller than 0 indicates a lower gene expression of
ILT3 and ILT4. An association with a CI including 0 is not statistically significant at a 0.05 significant level. The models were adjusted for farming status,
gender, vitamin D intake during pregnancy and centre. Reported P-values are two-sided.
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Gene expression of ILT3

Gene expression of ILT4

IL-10
24 h stimulation

IL-10
48 h stimulation

|_._|
.

-
=

-05 0 6.5

+

-0.5 0 0.5

Relative gene expression standardized on house keeping genes

Fig. 4. Association between IL-10 cytokine levels and gene expression of ILT3 and ILT4 (n = 522). Continuous IL-10 cytokine values are shown after 24
and 48 h, respectively, after stimulation with P/I. B-estimates and 95% confidence intervals (CI) are shown. A 3-estimate greater than 0 indicates a higher
gene expression of ILT3 and ILT4, whereas a B-estimate smaller than 0 indicates a lower gene expression of ILT3 and ILT4. An association with a CI
including 0 is not statistically significant at a 0.05 significant level. The models were adjusted for farming status, gender, vitamin D intake during

pregnancy and centre. Reported P-values are two-sided.

two inhibitory receptors is most likely derived from
monocytes and DCs.

The association of vitamin D supplementation with
markers of tolerogenic DCs is interesting because the
activated form of vitamin D, 1,25(0H),D3, has pro-
nounced immunoregulatory properties [7-9]. The bio-
logic effects of 1,25(0H),D3 are mediated by the vitamin
D receptor, which is expressed on antigen-presenting
cells such as DCs [21]. A number of studies have shown
that in vitro treatment with vitamin D induces tolero-
genic DC [22], up-regulates ILT3 [10] and - in combina-
tion with dexamethasone - up-regulates ILT4 [23]. ILT3
has been suggested to act as a master switch in the
regulation of antigen-specific responses mediated by
CD8+and CD4+T-cells in transplantation as well as
cancer immunology, autoimmunity and allergy [24].
The tolerogenic effects of 1,25(0H),D3 and its analo-
gues have been observed on murine DCs in vitro and
in vivo [25].

Despite an established link between maternal vitamin D
intake during pregnancy and a reduced risk of wheeze in
early childhood [4-6] as well as emerging data on an
association between vitamin D intake and food allergy
[26], only a few studies have investigated the effects of
prenatal vitamin D on the human fetal immune system.
One study reported a suppression of Th1 as well as Th2-
associated cytokine production after in vitro treatment of
human CB with 1¢,25(0H)2D3 [27], thereby supporting
the idea of an immunomodulatory effect of vitamin D on
the human developing immune system. Another study
found a positive association between human CB [L-10 and
vitamin D levels [28]. This finding is contrary to what may
be expected from our data. Both studies, however, are not
comparable at many levels. One major difference is that
we did not measure IL-10 levels directly after exposure to
vitamin D as in the study by Zittermann et al. [28] but
measured the cellular capacity to produce IL-10 after
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stimulation with P/I in neonates whose mother had or
had not been exposed to vitamin D. The inverse associa-
tion between ILT3 and ILT4 mRNA levels and IL-10 found
in our study should, nevertheless, be interpreted with
caution because it is not in line with other studies. For
example, the study by Pedersen et al. [23] showed a
positive association between ILT3 and ILT4 gene expres-
sion and IL-10 production by vitamin D-stimulated DCs.

As a potential predictor for the development of atopic
diseases, we assessed whether the detection of specific IgE
antibodies was associated with ILT3 and ILT4 mRNA
levels. No association was found. Although high total IgE
levels in CB have been shown to be risk factors for the
development of allergic diseases [29], < 5% of the neonates
in the PASTURE study had IgE levels above 0.35kU/L [30].
As the predictive value of specific IgE in CB for the
incidence of allergic illnesses later in life is currently
unknown, subsequent analyses of the PASTURE cohort
are needed to determine the significance of this lack of
association.

Findings from a recently published Finnish birth cohort
showed an inverse association between maternal vitamin
D intake during pregnancy and the risk of asthma and
allergic rhinitis in 5-year-old children [6]. In this more
urban population, enriched for susceptibility to type 1
diabetes, the effects were linked to common dietary intake
of vitamin D and not to supplementary intake. Therefore,
it remains to be seen whether ILT3 or ILT4 mRNA levels
will be predictive of atopic disease.

A number of epidemiological studies have shown that
prenatal and early childhood exposure to a farming
environment protect from the development of atopic
diseases [31, 32]. Different pathways by which farm-
related environmental exposures might affect immune
responses have been suggested [1, 33-35] but the
mechanisms remain unclear. We assessed whether ILT3
and ILT4 mRNA levels were associated with prenatal
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exposure to a farming environment and found a positive
association in most study areas.

Although previous studies have shown that the protec-
tive farming effect is mediated by specific farm character-
istics [36], in the present analysis, none of the assessed
individual farm-related exposures accounted for the dif-
ferent gene expression levels between farm and reference
children in all countries except for Switzerland. Unknown
exposures not covered by the questionnaires may there-
fore be relevant for ILT3 and ILT4 gene expression. Sun-
light exposure, which was not assessed by the
questionnaire, might be such an exposure. Farmers are
regularly exposed to sunlight during various outdoor
activities and sunlight is known to induce the production
of vitamin D in the skin [28, 37]. However, if sunlight
would account for the farming effect, the levels of ILT3
and ILT4 expression should show seasonal fluctuations
and confound the association between farming and ILT3
or ILT4 gene expression. Even though the child’s season of
birth was significantly associated with [LT4 expression, it
did not change the estimate of the associations between
farming or vitamin D with ILT4 expression. We therefore
suggest that the observed farm effect cannot merely be
attributed to increased sun exposure of pregnant farming
women.

As in many multi-centre studies, heterogeneity was
observed between study centres. Contrary to the other
countries, Swiss farm children had lower levels of ILT3 and
ILT4 compared with their reference children. Although the
protective effect of living on a farm has clearly been
shown in Switzerland for specific IgE and clinical symp-
toms of allergic rhinitis [38], no effect was seen for asthma
[36]. Furthermore, maternal exposure during pregnancy
was only weakly associated with protection from atopic
sensitization [35]. Therefore, farm exposures in Switzer-
land may differ from other countries. It remains to be seen
whether the centre heterogeneity in the CB gene expres-
sion of ILT3 and ILT4 will lead to differences in disease
manifestation in the different countries.

Boys had lower levels of ILT3 and ILT4 mRNA than girls
at birth. This underlines the potential biological relevance
of ILT3 and ILT4 expression. However, whether the higher
incidence of atopic sensitization and atopic disease ob-
served in boys during the first years of life [39, 40] is
related to this finding remains to be elucidated.

The main strengths of the PASTURE study are a well-
defined prospective birth cohort study population and
well-specified laboratory outcomes. However, some po-
tential limitations exist. The gene expression association
with vitamin D could only be assessed in Finland and with
some limitations in France. The association with vitamin
D remained after controlling for different factors includ-
ing gestational age, birth weight, primigravida, maternal
age, season of birth and current smoking of mothers.
Therefore, major confounding by these factors is unlikely.

In Finland, vitamin D supplementation during pregnancy
is officially recommended. The current recommendations
for pregnant women are 10pg (400IU) of vitamin D
supplementation per day between November and the end
of March. Every pregnant woman should therefore sup-
plement vitamin D during 2-5 of her pregnancy months.
The questionnaires, which were administered at recruit-
ment at the end of pregnancy, assessed current oral
vitamin D supplementation. This partly explains the low
(28%) overall point prevalence of vitamin D supplementa-
tion in Finland. Nevertheless, the recommendation is
reflected in our data, with more women supplementing
vitamin D during the winter months than during the
summer months. Moreover, the percentage of mothers
taking vitamin D supplementation is similar to that of
another Finnish birth cohort [6], which strengthens the
plausibility of the questionnaire-based answers. Quantifi-
cation of 25(0H)Vitamin D3 would have reduced
non-differential misclassification, which would have
strengthened the association and minimized potential bias
towards the null. However, in our analysis, the association
was still detectable with a relevant and significant esti-
mate. Furthermore, the mothers answered the question-
naire blindly because at the time of data collection (before
birth) they were unaware of the ILT3 or ILT4 levels.

In France, a single intramuscular dose of 2500 pg
(1000001U once) of vitamin D is recommended in the
seventh month of pregnancy. Thus, the question on oral
supplementation may have led to underreporting of
vitamin D supplementation in the French population. In
the other countries, there are no recommendations for
vitamin D supplementation during pregnancy. Hence,
specific vitamin D supplementation was only reported
sporadically in the other centres rendering the assessment
of a potential association of vitamin D with gene expres-
sion of ILT3 and ITL4 in Germany, Austria and Switzer-
land impossible. In Austria and Switzerland, multivitamin
supplementation was reported more frequently. However,
multivitamin supplementation was not associated with
either ILT3 or ILT4 (data not shown). Additionally, as we
did not assess the specific formulations of multivitamins
in the different countries, we do not consider multivitamin
supplementation an adequate substitute for vitamin D
intake. Apart from cod-liver oil preparations, no other
dietary sources of vitamin D were assessed in the ques-
tionnaire. Cod-liver oil intake was reported scarcely,
rendering association analyses for gene expression
impossible.

In summary, the present analysis of the PASTURE birth
cohort showed vitamin D supplementation during preg-
nancy to be associated with an increased level of CB gene
expression of ILT3 and ILT4, two hallmarks of tolerogenic
DCs. Exposure to a farming environment and female
gender were independent determinants of increased CB
gene expression of ILT3 and ILT4. These factors may
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therefore be involved in the induction of tolerogenic DCs
and consequently of Tregs, ultimately impacting on the
Th1/Th2 balance. Whether this hypothesis can be ex-
tended to disease manifestation, and possibly to its
prevention, will be left to the follow-up of the PASTURE
birth cohort, when, at school age, atopic disease will have
become manifest.
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Background: Rhinitis in older children and adults has been
shown to be a predictor for adolescent- and adult-onset asthma.
These findings suggest an interaction between the upper and
lower airways. Whether rhinitis is a predictor for childhood-
onset asthma is unknown.

Objective: We sought to investigate whether rhinitis in early
childhood is an independent predictor for wheezing between the
ages of 5 and 13 years in the German Multicentre Allergy Study
birth cohort.

Methods: The German Multicentre Allergy Study cohort
initially included 1314 healthy children. They were followed
from birth to the age of 13 years with regular questionnaires
and interviews. Specific IgE levels were measured at yearly
intervals. Airway hyperresponsiveness was assessed at 7 years.
Results: Allergic rhinitis until the age of S years was found tobe a
predictor for developing wheezing between the ages of 5 and 13
years, with an adjusted relative risk of 3.82 (P <.001). This
association was not attributable to the type of sensitization, the
severity of sensitization, or atopic dermatitis during the first 2 years
of life. In this group of children, 41.5% of all new cases of wheezing
occurred among children with preceding allergic rhinitis.
Conclusions: The first manifestation of allergic rhinitis occurs in
preschool children in whom it is a predictor for subsequent
wheezing onset. Preschool children with rhinitis might thus
benefit from early assessment of allergic sensitization to identify
the children at high risk of wheezing. (J Allergy Clin Immunol
2010;126:1170-5.)
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Rhinitis, even in the absence of atopy, has been shown to be a
strong predictor for adult-onset asthma, " suggesting an interac-
tion between the upper and lower airways. This link has been ex-
plored in a number of studies,® leading to the “united airways
concept,”4 which suggests that the respiratory system functions
as an integrated unit. Support for this concept can be found in
studies showing that pathophysiological processes involving the
upper airways generally occur in conjunction with lower airway
diseases and that diffuse inflammation often affects the respira-
tory mucosa at different sites simultaneously.’

Rhinitis until the age of 7 years has also been shown to be
a strong predictor for adolescent- and adult-onset asthma.® It
is, however, unknown whether rhinitis is associated with
childhood-onset asthma. Childhood asthma is not one disease
but rather a syndrome characterized by several distinct wheezing
phenotypes.”” The new onset of most wheezing phenotypes oc-
curs in the first and second years of life,'” too early for other
symptoms to precede them. Yet other wheezing phenotypes begin
after the age of 2 years or even later.'®

These phenotypes are strongly associated with atopy and
airway hyperresponsiveness (AHR) later in life.'”!! Furthermore,
pulmonary function abnormalities associated with persistent
wheezing become established during early childhood and track
to adult life.'>!* The identification of a potential predictor for
wheezing onset in early childhood, an age at which wheezing phe-
notypes might still be altered or progression to asthma halted, %
might thus lead to new therapeutic strategies and possibly influ-
ence asthma morbidity."

Therefore we investigated whether rhinitis in early childhood
was an independent risk factor for childhood-onset wheezing in
the German Multicentre Allergy Study (MAS) population-based
birth cohort.

METHODS

Study population

The MAS, a birth cohort, recruited 1314 healthy mature infants born in
1990 in 5 German cities. A detailed description of the sampling method
and the study participants has been published elsewhere.'* Briefly, 499
newborns with risk factors for atopy (increased cord blood IgE levels
[>0.9 kU/L], >2 atopic family members, or both) and 815 newborns without
these risk factors were included in the cohort and the presented analyses
(see the Methods section in this article’s Online Repository at www.
jacionline.org).
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Blood sampling

Serum samples were obtained from the childrenat 1, 2,3,5,6, 7, and 10 years
of age. Specific IgE antibodies to food allergens (cow’s milk, egg white, soy
bean, and wheat) and inhalant allergens (house dust mites Dermatophagoides
pteronyssinus, cat dander, mixed grass, birch pollen, and dog dander from age
3 years on) were determined with ImmunoCAP (Phadia, Freiburg, Germany).

Definition of rhinitis, sensitization, and wheezing

Current rhinitis was defined as parents answering yes to the question “Has
your child had a congested or runny nose since our last follow up?” and no to
the question “Were these symptoms during a cold?” until the age of 2 years.
After this time, it was defined as answering yes to the following question: “Did
your child have sneezing attacks (at least 5 consecutively) or a congested or
runny nose without a cold or an infection during the last 12 months?” To avoid
underreporting of rhinitis and to increase the probability of not only assessing
children with severe rhinitis,"” we included parent-reported rhinitis and not a
physician’s diagnosis of rhinitis. Sensitization was defined as specific IgE
levels of 0.35 kU/L or greater to at least 1 allergen.

In accordance with international guidelines,'® children were stratified into
4 rhinitis phenotypes at each follow-up depending on the presence of rhinitis
or sensitization until the age at the respective follow-up. First, children were
stratified into the group of allergic rhinitis if they had rhinitis and were sensi-
tized. Second, children with rhinitis but without sensitization were stratified
into the group of nonallergic rhinitis. Third, children sensitized but without
rhinitis were stratified into the group of atopy without rhinitis. Finally, the chil-
dren with neither rhinitis nor sensitization formed the control group.

Current wheeze was defined as answering yes to the following question:
“Has your child wheezed during the last 12 months or since our last visit?”

AHR

At the age of 7 years, an airway challenge was performed in 647 of the 800
children whose lung function had been measured. According to a standard
procedure, the airway challenge was performed with a body plethysmograph
(Master-Lab; E Jaeger, Wiirzburg, Germany), with doses of histamine ranging
from 0.5 to 8.0 mg/mL."” A histamine concentration of 0.85 mg/mL or less
caused a 20% decrease in FEV (PCyy FEV 1) in 10% of the population. There-
fore AHR was defined as a PCpq FEV value of less than this. A dichotomous
variable was used for the analysis. A sensitivity analysis has been performed
and described elsewhere.!”

Statistical analyses

Cumulative incidence was defined as the number of new cases within the age
range divided by all children at risk (without the symptom) at the beginning of
the age range. Period prevalence refers to the time period from birth to the
respective age. It was defined as the sum of cases in the respective time period
divided by the number of children at the end of the time period (ie, the respective
age). The occurrence of rhinitis, wheezing, or sensitization was assessed when
the children were 2 and 5 years old. We distinguished 2 time periods.

First, rhinitis, wheezing, or sensitization until a given age (ie, 2 or 3 years)
was defined as having rhinitis, wheezing, or being sensitized at least once until
the given age. For example, a child beginning to wheeze at the age of 3 years
was coded as negative for wheezing until the age of 2 years but positive for
wheezing until the age of 5 years.

Second, for the purpose of the study, we defined incidence of rhinitis or
wheezing as having rhinitis or wheezing at least once after the given age but
not before. For example, a child beginning to wheeze at the age of 3 years was
coded as positive for incidence of wheezing after the age of 2 years but
negative for incidence of wheezing after the age of 5 years. Each reference
group was composed of children present at more than 50% of all follow-up
visits until the given age.

Cox proportional-hazard regression models were used to study the relation
between rhinitis, wheezing, or sensitization and the new onset of wheezing or
rhinitis. The association between rhinitis and sensitization with AHR at the
age of 7 years was performed by using multivariate logistic regression
analysis. For both approaches, study center, parental atopy, sex, parental
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TABLE I. Temporal relation between rhinitis, wheeze, and atopic
sensitization

Relation Age Adjusted RR 95% Cl P value
Rhinitis before At2y 0,95 0.56-1.63 .862
wheezing onset At5y 1.83 1.06-3.17 030
Wheezing before At 2y 1.22 0.96-1.56 104
rhinitis onset AtS5y 1.12 0.78-1.60 .550
Sensitization before ~ At 2y 1.62 1.12-2.33 009
wheezing onset AtS5y 2.24 1.26-4.01 006
Sensitization before At2y 1.89 1.49-2.39 <.001
rhinitis onset At5y 1.92 1.36->2.71 <.001

Cox regression models are mutually adjusted within the model, as well as adjusted for
at least 2 first-degree family members with atopic diseases, parental education,
maternal smoking during pregnancy, at least 1 older sibling, sex, and center.
Significant P values (<.05) are shown in boldface.

education, maternal smoking during pregnancy, and 1 or more older siblings
were forced into the model as potential confounders.

The population-attributable risk fraction (PARF) was calculated by using
the population prevalence of the different rhinitis phenotypes (p) and the
adjusted relative risk (RR) associated with the exposure as follows: p(RR — 1)/
(1 + p[RR — 1]). The 95% CI for the PARF was estimated by using a
substitution method described by Daly.lg

RESULTS
Study population

Of the 1314 children recruited at birth, 1092 (83.1%) were
followed to the age of 2 years, 1004 (76.4%) to the age of 5 years,
939 (71.5%) to the age of 7 years, and 766 (58.3%) to the age of
13 years.

Prevalence and incidence of rhinitis, wheezing,
sensitization, and AHR

Rhinitis point prevalence was highest at 3 years at 9.2% and
ranged between 2.5% and 7.7% throughout the other years. By the
age of 13 years, the cumulative incidence of rhinitis was 47.8%.
Wheezing point prevalence was highest at the end of the second
year, with a value of 19.8% decreasing to less than 7% throughout
the following years. The cumulative incidence of wheezing was
40.5% by the age of 13 years. Proportions of 89.1% and 93.7% of
all children with wheezing beginning after the ages of 2 and 5
years, respectively, were sensitized to at least 1 allergen during
the whole follow-up period. The cumulative incidence of sensi-
tization was 41.2% by the age of 10 years. In the high-risk stratum
it was 46.3%, and in the low-risk stratum it was 38.0%. At the age
of 7 years, the prevalence of AHR was 16.1%.

Predictors for wheezing and rhinitis onset

To explore the temporal sequence of wheezing and rhinitis
onset, we analyzed whether these 2 symptoms predicted each
other at the ages of 2 and 5 years (Table I). Rhinitis significantly
predicted the incidence of wheezing only at the age of 5 years,
whereas wheezing was not a predictor for the incidence of rhinitis
at either age considered. Independent of the age considered, sen-
sitization was a predictor for the incidence of wheezing and rhi-
nitis onset (Table I).

To better characterize the association between sensitization and
rhinitis on the incidence of wheezing, we defined the following 4
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Period prevalence of wheezing after stratification into rhinitis phenotypes at different ages

Stratification at the age of 2 years

Stratification at the age of 5 years
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FIG 1. The period prevalence of wheezing (sum of the incidences until each age divided by the number of
children in the follow-up at that age) after stratification in the 4 rhinitis phenotypes at different ages is
shown. The 4 rhinitis phenotypes are allergic rhinitis, nonallergic rhinitis, atopy without rhinitis, and the

control group.

rhinitis phenotypes: allergic rhinitis, nonallergic rhinitis, atopy
without rhinitis, and control groups.

Period prevalence of wheezing stratified by rhinitis
phenotypes at different ages

The period prevalence of wheezing varied depending on the
rhinitis phenotypes and the age of stratification (Fig 1). When de-
fining the stratum at the age of 2 years, the period prevalence of
wheezing was lower both in the control group and in the group
with nonallergic rhinitis compared with that seen in the other 2
groups, suggesting a difference between children sensitized and
nonsensitized to any allergen. This difference reached statistical
significance at the age of 6 years (Fig 1).

When defining the stratum at the age of 5 years, the 4 rhinitis
phenotypes tracked proportionally along the initial values, with
significant differences throughout the follow-up period. Contrary
to the definition at 2 years, nonallergic rhinitis showed significantly
higher period prevalences than atopy without rhinitis (Fig 1).

Baseline characteristics and selected outcomes
according to rhinitis phenotype

At the age of 2 years, there were 604 children in the control
group, 197 with atopy without rhinitis, 68 with nonallergic
rhinitis, and 34 with allergic rhinitis. A comparison of baseline
characteristics and selected outcomes did not differ among the
rhinitis phenotype strata when these were defined at 2 years of age
(data not shown). At the age of 5 years, there were significantly
more boys, more children with a family history of atopy, and more
children with asthma or AHR at the age of 7 years in the group
with allergic rhinitis compared with the control group. Addition-
ally, the children with allergic rhinitis were sensitized to more
outdoor and indoor inhalant allergens compared with the group
with atopy without rhinitis (Table IT).

Stratified analysis of new-onset wheeze

Fig 2 shows the probability of remaining free of wheezing for
each rhinitis phenotype at the ages of 2 and 5 years, respectively.
The probability of remaining free of wheezing is the inverse of the
probability of wheezing onset. When assessing the probability of
wheezing onset after the ages of 2 and 5 years, respectively, dis-
tinct patterns emerged. At the age of 2 years and relative to the
control group, a significant increase in the incidence of wheeze
was seen for children with atopy without rhinitis (adjusted RR,
1.70; P = .007) but not for the other strata. Even though an
increased risk was seen for allergic rhinitis (adjusted RR, 1.37;
P = 496), the association was not significant, possibly because
of small numbers in this group.

‘When analyzing the probability of wheezing onset after the age
of 5 years, however, only the children with allergic rhinitis had a
significantly increased probability (adjusted RR, 3.82; P <.001).
This association was not attributable to specific allergens because
the risk of subsequent wheeze was increased consistently for all al-
lergens tested (see Table El in this article’s Online Repository at
www.jacionline.org). Additionally, the association was not attrib-
utable to the severity of sensitization (additionally adjusting for to-
tal IgE: RR, 3.23; P = .002) or atopic dermatitis during the first 2
years of life (additionally adjusting for atopic dermatitis during the
first 2 years of life: RR, 3.44; P <.001; additionally adjusting for
both total IgE and atopic dermatitis: RR, 2.86; P = .008). As can
be seen in Fig 2, at the age of 5 years, the group with allergic rhi-
nitis varied substantially from the other 3 groups. Therefore we an-
alyzed the effect of allergic rhinitis compared with a pooled group
of the 3 other phenotypes on the risk for subsequent wheezing on-
set and found a significant increase (adjusted RR, 3.37; P <.001).

PARF

The PARF of rhinitis phenotypes on the incidence of wheezing
was highest for allergic rhinitis until the age of 5 years (41.5%;
95% CI, 20.0% to 61.3%), followed by sensitization to any
allergen until the age of 5 years (39.0%; 95% CI, 10.2% to
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TABLE Il. Characteristics of children at the age of b years according to rhinitis phenotype
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Total (n= 699)

Control group
(n= 235)

Nonallergic rhinitis

(n=79)

Atopy without rhinitis

(n = 207)

Allergic rhinitis
(n = 178)

Girls

High parental education

Maternal smoking during pregnancy
One or more older siblings
Early-life exposure to cats (< 3 y)
Early-life exposure to dogs (<3 y)

Family history of atopy

Outdoor sensitization until 5 y
Food sensitization until 5 y
Indoor sensitization until 5 y
Inhalant sensitization until 5 y

Asthma at 7 y
AHR at 7 y

331/699 (47.4%)
367/662 (55.4%)
166/697 (23.8%)
326/699 (46.6%)
74/683 (11.6%)
431639 (6.7%)
150/697 (21.5%)
204/326 (62.6%)
271/353 (76.8%)
140/319 (43.9%)
267/349 (76.5%)
50/649 (7.7%)
83/496 (16.7%)

1217235 (51.5%)
126/222 (56.8%)
51/235 (21.7%)
113/235 (48.1%)
32/219 (14.6%)
15/221 (6.8%)
40/234 (17.1%)

71222 (3.2%)
17/169 (10.1%)

42/79 (53.2%)
34176 (44.7%)
15/79 (19.0%)
36/79 (45.6%)
5/72 (6.9%)
7/71 (9.9%)
22179 (27.8%)*

1/74 (1.4%)
7160 (11.7%)

95/207 (45.9%)
110/195 (56.4%)
52/205 (25.4%)
102/207 (49.3%)
20/188 (10.6%)
17/189 (9.0%)
38/207 (18.4%)
94/172 (54.7%)
149/196 (76.0%)
66/173 (38.2%)
131/186 (70.4%)
9/191 (4.7%)
23/146 (15.8%)

73/178 (41.0%)*
97/169 (57.4%)
48/178 (27.0%)
75/178 (42.1%)
17/159 (10.7%)
4/158 (2.5%)
50/177 (28.2%)+
110/154 (71.4%)§
122/157 (77.7%)
74/146 (50.7%)%
136/163 (83.4%)§
33/162 (20.4%) T
36/121 (29.8%)F

The frequency between the 4 rhinitis phenotypes is compared by using the Pearson X test.
*P < .05 compared with the control group.

+P < .01 compared with the control group.

P < .05 compared with the atopy without rhinitis group.

§P < .01 compared with the atopy without rhinitis group.

Probability of remaining free of wheezing stratified by rhinitis phenotypes at different ages

Stratification at the age of 2 years

Stratification at the age of 5 years
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FIG 2. Kaplan-Meier plots of the probability of remaining free of wheezing stratified by the 4 rhinitis
phenotypes at the ages of 2 and 5 years. The 4 rhinitis phenotypes were allergic rhinitis, nonallergic rhinitis,
atopy without rhinitis, and the control group. The probability of remaining free of wheezing decreases over
time. In the figure the probability ranges from 0.55 to 1. One represents a 100% probability of remaining free
of wheezing in the corresponding year. A probability of 0.75, for example, represents a 75% probability of

remaining free of wheezing, meaning a 25% probability of wheezing onset.

61.1%). The PARF for the other rhinitis phenotypes ranged
between 0.7% and 24.1% depending on age and the phenotype
analyzed.

DISCUSSION

rhinitis until the age of 5 years had the highest risk for AHR at the
age of 7 years (Table III).

AHR The findings of this study suggest that the first manifestation of

When analyzing the prevalence of AHR at the age of 7 years, a
similar pattern as for wheezing emerged. Children with allergic

allergic rhinitis occurs in preschool children. In this age group
allergic rhinitis is a risk factor for subsequent wheezing onset. In
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TABLE lll. Multivariate analysis of the effect of rhinitis and
sensitization on AHR at the age of 7 years

OR 95% Cl P value
Any sensitization until age 2 y 2.61 1.58-4.33 <.001
Ever rhinitis until age 2 y 0.85 0.39-1.88 .69
Stratified analysis
Control until age 2 y 1
Atopy without rhinitis until age 2y  2.32 1.35-3.97 002
Nonallergic rhinitis until age 2 y 050  0.15-1.73 276
Allergic rhinitis until age 2 y 337 117973 025
Any sensitization until age 5 y 2.09 1.22-3.60 008
Ever rhinitis until age 5 y 1.68  1.01-2.79 047
Stratified analysis
Control until age 5 y 1
Atopy without rhinitis until age 5 y 1.53 0.77-3.10 221
Nonallergic rhinitis until age 5 y 0.99  0.38-2.56 977
Allergic rhinitis until age 5 y 3.30 1.71-6.38 <.001

Multivariate logistic regressions are mutually adjusted for at least 2 first-degree family
members with atopic diseases, parental education, maternal smoking during
pregnancy, at least 1 older sibling, sex, and center.

Significant P values (<.05) are shown in boldface.

OR, Odds ratio.

contrast, neither the rare manifestation of allergic rhinitis in the
first 2 years of life nor nonallergic rhinitis up to the age of 5 years
was associated with the onset of wheezing in childhood. These
findings suggest that some childhood wheezing phenotypes are
associated with rhinitis in children.

Rhinitis in the first 2 years of life was not associated with
wheezing thereafter. As reported in a previous analysis of the
MAS cohort,]9 as well as in other studies,-"z"‘21 sensitization is a
driving risk factor for the development of wheezing in this age
group. This finding contrasts with the concept of united airways,4
which implicates an association between rhinitis and wheezing.
Additionally, the discrepancy between the cumulative incidence
of rhinitis (47.8%) and its peak period prevalence (9.2%) suggests
that rhinitis is a transient phenomenon in early childhood and
manifests years before wheezing begins. However, the effect of
rhinitis on the incidence of wheezing might require a certain
amount of time to become clinically apparent and might thercfore
not be detectable before school age. This notion is supported by
the fact that although allergic rhinitis until the age of 2 years
was not associated with subsequent wheeze, it was associated
with AHR at the age of 7 years, which might precede the clinical
manifestation of wheeze. Indeed, AHR has been suggested as an
intermediate factor between allergic rhinitis and asthmain adults."
In children allergic rhinitis has also been shown to increase the
prevalence of AHR,** and the presence of AHR with concomitant
atopic manifestation increases the risk of asthma.”***

Rhinitis in preschool children is a risk factor for wheezing
onset after the age of 5 years, but only when associated with atopic
sensitization. Although this finding goes in line with the concept
of united airways,* nonallergic rhinitis would also be expected to
be associated with wheezing onset in this concept. As reported
previously in the MAS cohort, only the atopic children wheeze
beyond the ages of 5 to 7 years. The nonatopic children stop
wheezing around that age.m Therefore this cohort might not
have the power to detect the effect of nonallergic rhinitis on the
incidence of nonallergic wheezing.

Together, these findings suggest that in young children, as in
adults, a progression from rhinitis to wheezing can be found. This
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progression could possibly be mediated by common features or
by an interaction between the upper and lower airways. Several
potential mechanisms might explain the observed association.
One potential mechanism implies impaired mucosal function.
An impaired mucosal barrier leads to an increased allergen uptake
and a mounting of IgE responses, which eventually results in
allergic airway inflammation, AHR, and asthma.® Conversely,
impaired mucosa of the upper and lower airways might be more
susceptible to viral infections, which could interact with the pro-
cess of allergic sensitization and thereby increase the risk of
asthma.?® This hypothesis is supported by studies showing that
mutations in the gene encoding filaggrin, a protein known to
have an important role in the integrity of the epithelial barrier,”’
were also associated with the prevalence of allergic rhinitis.?®
Additionally, recent studies have shown that asthma is also
associated with polymorphisms in genes expressed in the airway
mucosa, indicating that events at epithelial cell surfaces might be
driving disease pr(:n:esse's,.29
Another hypothesis linking the upper and lower airways implies
a shared airway inflammation throughout the respiratory system.
The mucosa of the different parts of the respiratory system being
structurally and physiologically uniform, disorders of the entire
respiratory system present with similar inflammatory responses.*
Additionally, stimulation of one part of the respiratory mucosa
with antigens has been shown to result in system-wide inflamma-
tory changes within hours.®’ These results suggest that infla-
mmatory crosstalk or immune communication throughout the
respiratory tract is responsible for system-wide changes, resulting
in an upregulation of airway inflammation.>'**? Therefore continu-
ous antigenic stimulation of the respiratory tract could lead to a cu-
mulative increase of airway inflammation, resulting in the observed
progression of airway inflammation from allergic rhinitis to
asthma.” Qur results support this hypothesis by showing a clear pro-
gression from rhinitis to wheezing but not from wheezing to rhinitis.
Independent of the underlying mechanism, the PARF of
wheezing incidence from allergic rhinitis in preschool children
in our study was substantial. Similar PARFs can be found in adult
populations. ' In adults, however, the second-hi ghest PARFis seen
for nonallergic rhinitis, whereas in children it is seen for atopy
without rhinitis. This, once more, illustrates the difference in
wheezing phenotypes between school-aged children and adults.
A considerable proportion of children with persistent asthma
are not identified until their disease has already consolidated, and
thus any potential benefits of early intervention are not achieved.®
If the association we found is truly causal, the question arises
whether the natural history of wheezing illnesses could be altered
or the progression to asthma could be halted by reducing child-
hood allergic rhinitis. Efforts at primary prevention of asthma
through rhinitis have concentrated on immunomodulation in chil-
dren already sensitized or immunoprophylaxis in children not yet
sensitized.® Allergen immunotherapy has been well established
as an effective treatment of allergic rhinitis,*>° yet few of these
studies have included children younger than 5 years.® Results
from studies with subcutaneous and sublingual immunotherapy
for secondary prevention of asthma have had mixed results.**-*’
Data are either lacking™ or inconclusive®® on other therapeutic
approaches, such as antihistamines, intranasal corticosteroids,
leukotriene receptor antagonists, or anti—IL-5.
Therefore more studies are required to further assess whether
early intervention can result in disease modification, especially in
preschool children.
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The main strengths of the MAS are a well-defined prospective
birth cohort study population, the use of standardized question-
naires, and objective sensitization measurements. As in all epide-
miologic studies, misclassification because of the outcome relying
on parental recall might have biased the results. However, similar
results were seen when analyzing the association between rhinitis
and AHR, which is an objective measure of lower airway disorders.

The diagnosis of rhinitis in early childhood presents several
diagnostic challenges because the symptoms might not be
distinguishable from those of the common cold. Although we
used a stepwise assessment of allergic rhinitis in 1- and 2-year-
olds, we cannot exclude that a considerable part of the symptoms
in the first years of life might be related to viral infections.
However, viral infections interacting with atopy in infancy have
been reported to promote asthma onset.”® Because we did not find
any association between rhinitis in infancy and the subsequent in-
cidence of wheezing, misclassification of rhinitis is improbable.

In conclusion, the present analysis suggests that the first
manifestation of allergic rhinitis occurs in preschool children,
in whom it is a risk factor for subsequent wheezing onset.
Preschool children with rhinitis might thus benefit from early
assessment of allergic sensitization to identify children at high
risk of wheezing. Identification of these children might help
targeted selection for clinical trials on secondary prevention of
asthma at school age and provide individual benefit by ensuring
they are actively monitored. However, because the outcome
cannot be predicted with certainty for an individual patient,
parents should be counseled cautiously.

We thank the study participants and their parents, as well as the data
manager, Andreas Reich (Berlin, Germany).

Clinical implications: Allergic rhinitis in preschool children is a
risk factor for subsequent wheezing onset. Preschool children

is might benefit from early ment of allergic

sensitization.
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METHODS

Study population

The MAS, a birth cohort, recruited 1314 healthy mature infants born in
1990 in 5 German cities. A detailed description of the sampling method and
the study participants has been published elsewhere.”" Briefly, 499 newborns
with risk factors for atopy (increased cord blood IgE level [>0.9 kU/L], >2
atopic family members, or both) and 815 newborns without these risk factors
were included in the cohort and the presented analyses. All children were fol-
lowed up at ages 1, 3, 6, 12, 18, and 24 months and from then on yearly until
the age of 13 years. The study was approved by local ethics committees. The
parents of each child provided written informed consent at the time of enroll-
ment. At each follow-up visit, parents either gave structured interviews to a
study physician or completed postal questionnaires (at ages 8, 9, 11, and 12
years). The main topics of these interviews were asthmatic and atopic symp-
toms and disease. From the age of 5 years onward, questions relating to
wheeze corresponded to the International Study of Asthma and Allergies in
Childhood core questions.™

To assess potential participation bias, we analyzed the number of attended
follow-up visits per child, testing whether some children participated in more
follow-up visits than other children based on data collected at birth. Of the
1314 children included in the study at birth, 52 attended only | follow-up visit,
and 454 attended the maximum number of 17 follow-up visits. Children who
have an atopic parent (P <.001 for trend), whose parents have a high level of
education (P <.001 for trend), or whose mothers did not smoke during preg-
nancy (P <.001 for trend) were significantly more likely to attend regular
follow-up visits than children without these characteristics. All multivariate
models were therefore adjusted for these variables, as stated in the statistics
section.

Statistical analyses

Statistical analysis was performed with SAS 9.2 software (SAS Institute,
Inc, Cary, NC).

Reported P values are 2-sided. P values of less than .05 were considered
significant. x Tests were used to compare the prevalence between groups.

Cumulative incidence was defined as the number of new cases within the
age range divided by all children at risk (without the symptom) at the
beginning of the age range. Period prevalence refers to the time period from
birth to the respective age. It was defined as the sum of cases in the respective
time period divided by the number of children at the end of the time period
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(ie, the respective age). The occurrence of rhinitis, wheezing, or sensitization
was assessed when the children were 2 and 5 years old. We distinguished 2
time periods.

First, rhinitis, wheezing, or sensitization until a given age (ie, 2 or 5 years)
was defined as having rhinitis, wheezing, or being sensitized at least once until
the given age. For example, a child beginning to wheeze at the age of 3 years
was coded as negative for wheezing until the age of 2 years but positive for
wheezing until the age of 5 years.

Second, for the purpose of the study, we defined incidence of rhinitis or
wheezing as having rhinitis or wheezing at least once after the given age but
not before. For example, the child beginning to wheeze at the age of 3 years
was coded as positive for the incidence of wheezing after the age of 2 years but
negative for the incidence of wheezing after the age of 5 years. Each reference
group was composed of children present at more than 50% of all follow-up
visits until the given age.

Cox proportional-hazard regression models were used to study the relation
between rhinitis, wheezing, or sensitization and the new onset of wheezing or
rhinitis. The timescale was the number of years from the given age until the
end of the follow-up period (age 13 years). All possible interactions between
potential confounders and rhinitis, sensitization, and the different rhinitis
phenotypes were tested and found to be nonsignificant. The proportional-
hazard assumption was checked by testing the time dependence of all
variables in the regression model. In the stratified analysis we only considered
results with a cell frequency of 10 or more children.

The association between rhinitis and sensitization with AHR at the age of 7
years was performed by using multivariate logistic regression analysis. For
both approaches, study center, parental atopy, sex, parental education,
maternal smoking during pregnancy, and 1 or more older siblings were forced
into the model as potential confounders.

The maximum number of subjects with available data was used for all
analyses, resulting in varying sample sizes.
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Risk for new onset of wheezing after age 2 y

Atopy without rhinitis

Allergic rhinitis

RR 95% ClI P value RR 95% Cl P value
Birch 2.02 0.87-4.67 102 *
Cat 2.28 1.09-4.77 028 *
Egg 1.67 1.03-2.70 038 1.49 0.54-4.09 441
Grass 1.47 0.76-2.83 252 *
Milk 1.93 1.18-3.17 009 0.49 0.07-3.54 477
Mite 2.08 0.90-4.81 0.089 ¥
Soy 5.14 2.39-11.03 <.001 ¥
Wheat 1.71 0.79-3.72 173 ®
Risk for new onset of wheezing after age 5 y

Atopy without rhinitis Allergic rhinitis

RR 95% Cl P value RR 95% Cl P value
Birch 2.57 0.95-6.99 064 5.51 2.50-12.11 <.001
Cat 1.88 0.42-8.36 405 3.04 1.11-8.36 031
Egg 0.96 0.32-2.86 944 3.68 1.74-7.80 001
Grass 3.26 1.42-7.48 005 6.57 3.29-13.10 <.001
Milk 122 0.49-3.06 .665 3.70 1.73-7.89 001
Mite 2.38 0.89-6.36 084 3.52 1.30-9.55 013
Soy 1.27 0.17-9.80 .816 9.15 4.00-20.92 <.001
Wheat 2.95 1.08-8.06 035 7.26 3.13-16.84 <.001

Cox regression models are mutually adjusted within the model, as well as adjusted for at least 2 first-degree family members with atopic diseases, parental education, maternal

smoking during pregnancy, at least 1 older sibling, sex, and center. Significant P values (<.05) are shown in boldface.
*Estimation was not possible because of low cell numbers (n < 10).
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Abstract

Background: Spirometry reference values are important for the interpretation of spirometry results. Reference values should
be updated regularly, derived from a population as similar to the population for which they are to be used and span across
all ages. Such spirometry reference equations are currently lacking for central European populations.

Objective: To develop spirometry reference equations for central European populations between 8 and 90 years of age.

Materials: We used data collected between January 1993 and December 2010 from a central European population. The data
was modelled using “Generalized Additive Models for Location, Scale and Shape” (GAMLSS).

Results: The spirometry reference equations were derived from 118’891 individuals consisting of 60’624 (51%) females and
58267 (49%) males. Altogether, there were 18211 (15.3%) children under the age of 18 years.

Conclusion: We developed spirometry reference equations for a central European population between 8 and 90 years of
age that can be implemented in a wide range of clinical settings.
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Introduction ages derived from a population most similar to that for which the
equations are to be used.

Such reference equations are statistically challenging as on the
one hand individual spirometry measurements are determined by
age, sex, height, health status, ethnicity, equipment and general
population characteristics (so called “cohort effect”} [1,4,6] and
the European Respiratory Society (ERS})/American Thoracic
Society (ATS) recommend taking these characteristics into account

“Spirometry measurements arc important in diagnosis and
follow-up of patients with respiratory diseases and their interpre-
tation rclics on the availability and use of appropriate reference
equations [1]. In Europe, the most commonly used reference
equations are outdated [2] and the continued publication of new
reference equations 3] reflects the widespread recognition of the

!imimtio.ns of the. existing ones. Most reference ec.luations are  ywhen developing and updating reference equations [1]. On the
indeed inappropriate fqr central European populations as they other hand, the lung volume changes according to height and age
have either been derived from a small or non-European  \:ip 5 skewed distribution [7,8]. Statistical methods taking
population [3] or used statistical methods that cannot adequately
model the complexity of age-dependent lung function [2]”.  phaye been developed and compared [9] in recent years. A possible
Additionally, published reference values are mostly derived from  ;55r0ach that has been applied to spirometry data are General-
healthy never-smoking populations of restricte(.:l age ranges [3] and ized Additive Models for Location, Scale and Shape (GAMLSS)
should not be extrapolated beyond the published range [1,45].  methods. GAMILSS allows modelling of data with skewed and
Practically, however, clinicians often track discase progression over 1 qtic distribution and is therefore ideal for spirometry reference

long periods or assess effectiveness of therapy over time in patients equations including transition from childhood to adulthood
who are not “healthy never-smokers”. There is, therefore, an [10,11].

important need for practical reference values spanning across all

multiple variables as well as this complex distribution into account

The aim of this study was to develop reference equations for a
central European Population between 8 and 90 year olds.

PLOS ONE | www.plosone.org 1 January 2013 | Volume 8 | Issue 1 | e52619



Materials and Methods

In this study we used data collected by the “LuftiBus’ which is a
project that has been described in detail previously [12,13].
Briefly, the “LuftiBus” is a mobile bus equipped with two flow-
sensing spirometers that tours the greater Zurich (Switzerland)
area and offers spirometry measurements to the general popula-
tion. Spirometry data were recorded electronically along with data
from a standardised interviewer-administered questionnaire col-
lecting basic information on health and lifestyle of the subjects.
Lung function tests were charged 10 CHF for adults and 5 CHF
for children if the bus was not leased by an organisation or a
community in which case the test was free of charge. When the bus
was leased by schools, entire classrooms were tested. In children,
weight (kg) and standing height (cm) were measured according to
WHO recommendations [14], in adults they were cither asked or
measured.

Study Population

For this analysis we used the data collected from volunteers
between January 1993 and December 2010. In the course of the
years the “LuftiBus™ visited each village of the Zurich County. In
each village a similar proportion of the population was tested. This
proportion ranged from 0.66% in Andelfingen to 2.05% in
Dielsdorf. Additionally, the age distribution of the “LuftiBus”
dataset is similar to the age distribution of the Swiss population
with the exception for an over-representation of teenagers [15].
Although the population tested was mainly of Western European
descent, ethnicity was recorded as of 2004 (33.7% of the whole
population). Non-Western European descent participants account-
ed for 375 (2.04%) men and 355 (1.98%) women and were
excluded from the analysis. They were the only individuals
excluded from the dataset. The Zurich population is representative
of Central and Western European populations [16], or North-
West/Central European populations [17].

Spirometry

The “LuftiBus” is equipped with two computerised pneumo-
tachographs (SensorMedics1 Vmax Legacy 20c spirometer run by
Vision 7-2b software; VIASYS, Yorba Linda, CA, USA). The
volume signal of the equipment was calibrated at least once daily
with a 3-L syringe. Tests were performed in a sitting position
according to American Thoracic Society (ATS) guidelines until
end of 2005 and ATS/European Respiratory Society (ERS)
guidelines as of 2006 without nose-clips and after oral instruction
by the technician [18,19]. Participants were assisted by trained
spirometry technicians who performed immediate on-screen
evaluation of major acceptability criteria (including start, duration
and end of test) in addition to the automated review performed by
the computer software. As recommended by the ATS/ERS task
force [19] subjects were asked to perform up to a maximum of
eight manoeuvres in an attempt to obtain reproducible results.
The largest forced vital capacity (FVC) and forced expiratory
volume in one second (FEV1) were selected. All other parameters
[FEV1/FVC ratio, peak expiratory flow (PEF), mean expiratory
flow at 75%, 50%, 25% of expired volume (MEF;5, 50, o5)] were
taken from the trial with the largest sum of FVC and FEVI.

Definition of variables

For the analysis we defined the two exploratory variables
“smoking” and “sick”. Smoking was defined as a cumulative self-
reported smoking history of more than one pack-year. A pack-year
being defined as years of smoking times the number of cigarettes
smoked per day divided by 20. For the exploratory variable
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“smoking” passive smokers were considered non-smokers. Sick
volunteers were defined as meeting one of the following criteria: 1)
common cold at the time of the measurement or ii) lung disease at
the time of the measurement, which included acute bronchitis or
respiratory symptoms (cough, wheezing, phlegm, shortness of
breath during rest or exertion); asthma medication at the time of
the measurement; history of asthma; history of chronic obstructive
pulmonary diseasce; chronic bronchitis or a history of other lung
diseases (e.g. lung surgery, pulmonary embolism). Volunteers with
non-respiratory diseases such as diabetes or heart diseases were
included in the healthy group. For the analysis we defined 4 health
groups: healthy/non-smoker, healthy/smoker, sick/non-smoker
and sick/smoker.

Statistical analysis

Statistical analysis was performed with the statistical software
“R” version 2.13.1 (R Development Core Team 2011) with the
packages ‘gamlss’ (version 4.0-8) and ‘gamlss.tr’ (version 4.0-4) for
the GAMLSS models [10,11,20] and with the package ‘quantreg’
(version 4.71) for the quantile regression models [21]. Within the
GAMLSS framework we used the four-parametric Box-Cox
power cxponential density distribution function (BCPE(p, o, v,
1)) as this distribution allows modelling of the expectation (p), the
variance (6), the skewness (V) as well as the kurtosis (t) [10] and a
truncated BCPE distribution for FEV1/FVC as that endpoint
cannot exceed 100%. Due to the non-linear relation between the
spirometry parameters and age we used a bent hyperbola model
for the p link with two change points and two transition
smoothness parameters. Further, the non-linear relation between
the spirometry parameters and a(?e for the ¢ link was modelled by
fractional polynomials of the 2" degree. The change points and
the transition smoothness parameters were estimated using the L-
BFGS-B algorithm and within the GAMLSS models framework
using the generalized Akaike’s information criteria (GAIC) with a
penalty of 3 and Bayesian Information Criterion (BIC). Contin-
uous variables are presented as median and inter-quartile range.
We modeclled the relation between the spirometry parameters and
the covariates age, height, sex, smoking status and disease status.
Besides, several models with interaction terms formed of the
variables age, sex and height were fitted and sclected using GAIC
with a penalty 3 and BIC.

Results

Study population

From a total of 128’568 measurements $°677 were excluded due
to age (<8 years, >90 years) incomplete data or non-Western-
European origin. The spirometry reference equations were
derived from 118’891 individuals consisting of 60°624 (51%)
females and 58’267 (49%) males. In total there were 18’211
(15.3%) children under the age of 18 years. The age distribution of
the study population is shown in Figure 1. The main character-
istics of the study population can be taken from Table 1. In adults
58.9% of the women and 43.8% of the men were never smokers.
All together 34.9% of the individuals under the age of 18 were
cither active (19.9%) or passive smokers (14.9%). Of all
individuals, 66.3% where healthy, 6.8% had a common cold at
the time of the measurement, 17.0% had a lung disease and 9.8%
a non lung-related disease such as diabetes or heart disease.

Reference equation modelled with GAMLSS

The lung function parameters FEVI, FVC, PEF, MEF25,
MEF50, MEF75 were modelled with the Box-Cox power
exponential density distribution function (BCPE(u, @, v, 1)). A
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Figure 1. Age distribution of the reference population. A comparison with the age distribution of the Swiss population in 2011 is made.

doi:10.1371/journal.pone.0052619.g001

truncated BCPE(p, o, v, 7} function was used to model the lung
function parameter FEV1/FVC. The BCPE distribution was
necessary as it was not possible to renounce modelling the kurtosis
{when using ¢.g. the BCCG distribution) as this would worsen the
model fit and increases the BIC (GAIC) in the models for all
endpoints. Residual analyses based on worm plot were done in
order to identify model inadequacies and were performed
graphically for all models (Figures S1 and S2). A good model fit
was achieved as only about 1484 (1.21%) individuals were not on
the QQ:-line. The BCPE(n, o, v, 1) function gives a distribution
from which the 5th quantile can be predicted. This is the quantile
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generally recommended for the lower limit of the normal range.
The reference values (5th quantile), according to the GAMLSS
model, can be calculated by the four functions in Table 2 and
transformed to z-scores as described by the formula 1 of reference

[10] (Figure S3).

Comparison between the four health groups

Our reference equations not only include information on age,
sex and height but also on health and smoking status. This allows
us to model the entire population and produce adaptable reference
equations, where smokers can be compared to a smoking
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Table 1. Characteristics of the study population,
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Female n=60624

Male n=58'267

N=118891
Adults Children (<18) Adults Children (<18)
52'245 (100%) 8'379 (100%) 48'435 (100%) 9'832 (100%)
Age 50 (25) 14 (3) 47 (27) 15 (3)
Smoking:
Never-Smokers 30'753 (58.9%) 5664 (67.6%) 21207 (43.8%) 6169 (62.7%)
Smokers/Ex- Smokers 18'419 (35.3%) 1'436 (17.1%) 25'769 (53.2%) 2'208 (22.5%)
Passive smokers 3073 (5.9%) 1°279 (15.3%) 1'459 (3.0%) 1'455 (14.8%)
Health status:
Healthy 33'256 (63.7%) 5'628 (67.2%) 33211 (68,6%) 6'770 (68.9%)
Common cold 2'610 (5.0%) 1'134 (13.5%) 3'040 (6.3%) 1263 (12.8%)
Lung diseases 9745 (18.7%) 1'479 (17.7%) 7’378 (15.2%) 1652 (16.8%)
Other diseases 6634 (12.7%) 138 (1.6%) 4’806 (9.9%) 147 (1.5%)

For age we reported medians and inter-quartile range (in brackets) since the distribution was skewed.

Other diseases include all non-lung diseases such as diabetes, heart diseases, etc.
doi:10.1371/journal.pone.0052619.t001

population. To illustrate this concept, Figure 2 shows a graphical
representation of four different populations: “healthy/non-smok-
er” (54488, 45.5%), “healthy/smoker” (36’760, 30.7%), “sick/
non-smoker” (17’127, 14.3%) and “‘sick/smoker” (11°391, 9.5%).
The biggest difference between these populations can be seen for
the 5™ quantle which is generally used as the lower limit of
normal. Not surprisingly, the individuals with the highest
prediction values are the “healthy/non-smokers”. The “sick”
individuals have the lowest values. A mean difference of 0.33 litres
in men and 0.27 litres in women is seen between healthy/non-
smokers and sick/smokers.

Quantile Regression reference equation and comparison
with GAMLSS

As equations modelled with GAMLSS are complex and cannot
be implemented in every spirometer we developed reference
cquations with quantile regression to increase the implementation
possibilities. However, residual analyses revealed a worse fit than
for the GAMLSS models for all endpoints (additional information
can be found in the supporting information onling).

Sensitivity analysis

A sensitivity analysis was performed for the following variables:

Compulsory measurement in children, In 66.5% of all
children and adolescents spirometry was done in a compulsory
setting. No significant difference was seen when excluding children
measured in a volunteer setting.

Years of data collection. As the data was collected over a
period of 17 years we analysed a linear time trend but did not find
any significant difference over time.

Body Mass Index (BMI). Only marginal differences were
found when comparing the reference equations for BMI cut-of
values of <25, 25-30 and >30 for adults and their equivalents for
children [22].

Common cold. Reference values for common cold alone
were only marginally different than reference values for healthy
individuals.

As only marginal differences were found in all sensitivity
analysis (data not shown) all individuals and years were included in
the final population.

PLOS ONE | www.plosone.org

Discussion

We developed spirometry reference equations for 8-90 year olds
from a very large, cross-sectional sample of a Central European
population.

“Spirometry reference values are important for the interpreta-
tion of individual spirometry measurements and may influence
clinical decision making. Most published reference equations use
statistical methods that cannot adequately model the complexity of
age-dependent lung function [2] and very few span across all ages
[3] introducing discontinuities at the transition points with
potential clinical implications for individuals with chronic lung
discases.”

One exception are the recently published spirometry reference
equations by Stangjevic et al., developed with complex statistical
methods for individuals aged 4-80 years of age [8]. As their
reference equations were derived from 4 pooled datasets collected
in 4 different countries (USA, Canada, UK and Belgium) their
reference values can be generalized to other mixed populations
with similar ethnic backgrounds. The reference equations we
developed are complementary to theirs as they also span from
school age to old age and use similar statistical methods. However,
they are derived from a single Central Furopean population with
homogenous local environmental factors and genetic background
and the data was collected using the same instruments and testing
procedures throughout the years. Nevertheless, both equations
result in similar values [8] (Figure 2: healthy non-smoker). In boys,
the peak lung function is reached at the age of 20 years with almost
4.5 | followed by an age-dependent decline to just under 2.75 1 at
the age of 80 years, In girls, the peak lung function is reached at 19
years with 3.4 1 followed by an age-dependent decline to 2 1 at the
age of 80 years. The decline is initially less steep in the LuftiBus
population with 3.2 1 at the age of 40 years compared to 3 1 in the
Stanojevic reference equations.

Spirometry reference equations should be derived from a
population as similar to the population from which the patient
originates as possible [23]. However, most spirometry reference
equations are derived from healthy non-smoking individuals [3]
who are generally a small subsample and have higher reference
values than the general population [24]. Some authors have
therefore included smokers in their reference population when the
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Figure 2. Comparison between the four health groups. The lung function parameter FEV1 is compared between the four health groups at
ages between 8-90 years old. For this comparison only men of 175 cm and women of 165 cm were included. The 5% quantile indicates the lower
limit of normal for each group. FEV1: forced expiratory velume in one second. The four health groups are: healthy/non-smoker, healthy/smoker, sick/

non-smoker and sick/smoker.
doi:10.1371/journal.pone.0052619.g002

smoking prevalence was high [25]. The statistical methods we used
permitted us to model the entire population while including
information on smoking and health status. This allows clinicians to
choose which reference values are most appropriate for a given
individual. Indeed, although in most situations reference values for
healthy-never-smokers will be used, reference values for healthy-
smokers might be more appropriate for certain patients when
tracking disease progression or assessing effectiveness of therapy
over time. By including information on disease the reference
equations allow a comparison between healthy and sick individ-
uals. As can be seen in Figure 2 our data confirm that individuals
with lung diseases have lower spirometry values than healthy
individuals. Even though individuals with common cold where
included in the “sick” group, they did not have significantly
different reference values than healthy individuals, suggesting as
recently published [24] that not all respiratory symptoms need to
be accounted for when performing spirometry in patients.
Practically, the reference values according to the GAMLSS
model can be calculated by the four functions in Table 2 and the
formula found in Figure S3 [10]. To begin with, the values age,
sex, and height of a person have to be known. Smoker and sick are
for the clinician to decide. If the clinician would like to compare a
person to a “healthy-non-smoker” population then “smoker” and
“sick” should be set to zero. The values calculated with the Table 2
must then be inserted in the function found in Figure 83 from
where the quantiles can be calculated. However, since these are
complex algebraic equations, the reference values are best
obtained by using the statistical software package R where the
function ‘qgBCPE’ implemented in the package ‘gamlss’ can be
used. R is a free language and environment for statistical
computing and graphics that can be downloaded from the

PLOS ONE | www.plosone.org

following internet site (http://www.r-project.org/). Additionally,
upon request, the authors will gladly provide the source code in R,
thus facilitating its implementation in spirometry devices.

To allow the reference equations to be implemented in a wide
range of spirometers we additionally developed reference equa-
tions with quantile regression [12,26,27] using the same endpoints
(Table S1). A comparison between GAMLSS and quantile
regression models was done in Figure S5. However, compared
to the GAMLSS models, residual analyses revealed a worse model
fit for all endpoints (Figure S1, 84). Therefore, while the GAMLSS
reference equations should be used whenever possible as they give
the most accurate reference values the quantile regression
equations can be implemented as an alternative.

The reference equations for 18-80 years old recently published
by Kuster et al [12] are derived from the same data set. However,
the two reference equations are not directly comparable. Indeed,
we included data spanning from school age to old age thus
modelling the growth spurt of puberty and the transition from
childhood to adulthood. The equations presented herein therefore
expand and complement the reference equations from Kuster at
al.

The ATS/ERS task force recommends that reference values be
derived from a “representative sample of healthy subjects in a
general population”; but, alternatively, can also be derived from a
“large group of volunteers, provided that criteria for normal
selection and proper distribution of anthropometric characteristics
are satisfied” [1]. Although the population visiting the “LuftiBus”
consisted mostly of volunteers and was thus possibly motivated by
personal health concerns we believe that the “LuftiBus” popula-
tion can be considered a “large group of volunteers” representa-
tive of the Zurich population. First, in the course of the 18 years
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the “LuftiBus” visited cach village of the Zurich County and a
similar proportion of the population of each village is represented
in the dataset. Second, the age distribution of the “LuftiBus”
dataset is similar to the age distribution of the Swiss population
apart from an over representation of teenagers [15]. Third, when
the “LuftiBus™ was leased by schools whole classrooms were tested
which allowed us to perform a sensitivity analysis between the
children being tested in a compulsory or a voluntary setting. No
significant difference was found. Lastly, we excluded all “sick” and
“smoking” individuals from our “healthy/non-smoking” reference
values, thus reducing possible biases caused by health concerns.

Lung function has been shown to be influenced by various
factors such as cohort effect [1], ethnicity [28] or BMI [29]. As
only marginal differences were found when performing sensitivity
analysis we did not exclude individuals or years tested but rather
considered them as part of our “general representative” popula-
tion.

We developed spirometry reference equations spanning from
school age to old age for a Central European population. The
equations were derived from a large general population and are
intended for every day clinical use as they can be implemented in
most clinical settings. Additionally they allow clinicians to choose
reference values depending on a given clinical situation.

Supporting Information

Supporting Information S1 Results S1; Quantile Regres-
sion reference equation and comparison with GAMLSS.
(DOC)

Table S1 Quantile regression reference equation.
(DOCX)

Figure §1 Residual plots for FEV1 from the GAMLSS
model. Residuals of FEVI from the GAMLSS model using
BCPT are shown: (a) against fitted values of p (b) against each
person (c) kernel density estimate (d) normal QQ plot. The Figures
show that the model is adequately fitted as the plots are
homogenous, compact, well centred around the zero in the
density estimate plot and only about 1484 individuals are not on
the QQ-line. GAMLSS: Generalized Additive Models for
Location, Scale and Shape. BCPE: Box-Cox power exponential
density distribution function. FEV1: forced expiratory volume in
one second. U: mean.

(T1F)

Figure 52 Worm plot of the residuals of the GAMLSS
reference equation for FEV1. The worm plot shows that the
model is well fitted at every age. The top bar shows the 20 age
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ranges tested (displayed in steps from 6 to 99 years). The 20
corresponding 20 QQ plots (quantile-quantile plots) are probabil-
ity plots, which is a graphical method for comparing the residuals
of the GAMLSS model. They read from bottom left to top right
and correspond to the 20 age ranges. GAMLSS: Generalized
Additive Models for Location, Scale and Shape. FEVI: forced
expiratory volume in one second.

(TTF)

Figure S3 Formula for calculating quantiles. Formule
taken from Rigby RA, Stasinopoulos DM (2004) Smooth centile
curves for skew and kurtotic data modelled using the Box-Cox
power exponential distribution. Stat Med 23: 3053-3076.

(TTE)

Figure 84 Residual plots for FEV1 for quantile regres-
sion. Residuals from the quantile regression model for the 50th
and the 5th quantile are shown. (a) against fitted values of L (b)
against each person (c) kernel density estimate (d) normal QQ) plot.
The residuals show a slight skewed distribution which is
accentuated in the 5th quantile. This can be seen by the plots
being less centred and less compact, having individuals at —4 but
non at +4 in the density estimate plot and having less individuals
on the QQ-line. FEV1: forced expiratory volume in one second. p:
mean,

(TTF)

Figure §5 Comparison between the GAMLSS and
Quantile Regression reference equations. The lung
function parameter FEV1 is compared between the GAMLSS
and the Quantile Regression model between the ages of 8-90
years old. For this comparison only healthy non-smoking men of
175 cm and women of 165 cm were included. The 5% quantile
indicates the lower limit of normal for cach group. GAMLSS:
Generalized Additive Models for Location, Scale and Shape.
Quantreg: quantile regression.

(TIF)
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Rochat et al 1

RESULTS S1

Quantile Regression reference equation and comparison with GAMLSS

As equations modelled with GAMLSS are complex and cannot be implemented in every
spirometer we developed reference equations with quantile regression to increase the
implementation possibilities. Within the framework of the quantile regression we estimated
the 5% and 50% quantiles for all spirometry values. The reference values (5th quantile) can
be calculated by the function in Table S1. Graphically based residual analyses were done in
order to identify model inadequacies (Figure S4). However, residual analyses revealed a
worse fit than for the GAMLSS models for all endpoints. A comparison between GAMLSS
and quantile regression models was done by comparing regression coefficients of the mean of
the GAMLSS model with the regression coefficients of the quantile regression models. In
Figure S5 the estimated values for the 50th and 5th quantiles for each age can be seen. As the
other covariates were fixed, only healthy non-smoking men of 175 cm and women of 165 cm
were included. Although the GAMLSS model shows a much better fit (Figure S1, S2) than
the quantile regression fit (Figure S4) the estimated values obtained by both methods were

similar (Figure S5).



Table S1: Quantile regression reference equation

Reference equation for the 50" quantile

g o = BO +Pq*age + fo* v ((age — a1)® +y1?) + |53’“ v ((age — ap)? +79%) + Pg*sex + lis*height + Bﬁ*smoker +
By*sick + Bg* age * sex + Bo* V ((age — a1)? +y1?) * sex + B1p* V ((age — ap)? +y2?) * sex + B11* height * sex

| FEViI | FVvC | FEV/FVC | PEF | MEF25 | MEF50 | MEF75

Regression parameters (p):

-3.757 -5.705 105,338 -0.113 0.799 -0.493 -2.671
B1 0.049 0.029 0.453 0.152 0.102 0.110 0.064
By -0.074 -0.047 -0.778 -0.211 -0.154 -0.159 -0.120
B3 -0.013 -0.022 0.162 -0.096 -0.065 -0.016 0.046
Bg 1.738 2.384 3.346 0.750 0.303 1.694 0.783
Bs 0.043 0.061 -0.146 0.073 0.049 0.028 0.012
-0.046 0.013 -1.450 -0.147 -0.062 -0.172 -0.122
-0.092 -0.065 -0.942 -0.188 -0.360 -0.297 -0.086
-0.029 -0.020 -0.104 -0.109 -0.077 -0.063 -0.033
0.033 0.026 0.010 0.123 0.094 0.074 0.034
Bio 0.002 -0.001 0.097 0.041 0.033 0.005 0.003
P11 -0.011 -0.016 -0.004 -0.017 -0.013 -0.008 -0.003
Changepoints (a)

al 18.735 21.359 15.989 19.838 19373 17.176 16.573
(7] 37.027 35.958 25.750 53.841 57.885 57.004 12.000

Transition smoothness (y)
vl 0.864 0.230 0.329 1.010 1.257 0.821 0.206
¥2 13.578 12,185 5.537 29.938 17.258 1.012 49328

Reference equation for the 5™ quantile

B ™ Bo +B1*age + Po* v ((age - 1) +y1) + P3* v ((age - 2)% +72%) + Pg¥sex + Ps*height + pg*smoker +
By*sick + Pg* age * sex + Pg* v ((age — a7)? +71?) * sex + P1o* v ((age — @) +y2?) * sex + P11 * height * sex

| FEVi | FVvC | FEVU/FVC | PEF | MEF25 | MEF50 | MEF75
Regression parameters (p)
Bo -3.335 -4.901 102.764 -3.120 0.041 -0.929 -12.466
By 0.032 0.024 0.338 0.102 0.080 0.064 0.058
B2 -0.065 -0.052 -0.722 -0.145 -0.142 -0.104 -0.075
[ -0.012 -0.017 -0.156 -0.076 -0.045 -0.009 0.075
B4 1.310 2129 2.612 2.056 0.866 1.359 1.972
Bs 0.038 0.052 0.139 0.067 0.035 0.021 0.008
Bs -0.094 -0.012 2.734 -0.283 -0.281 -0.257 -0.085
By 0.224 -0.131 -4.056 -0.338 -0.764 0.429 -0.095
Bs -0.019 -0.022 -0.115 -0.077 -0.046 -0.027 -0.022
[ 0.028 0.032 0.200 0.090 0.067 0.033 0.023
1o 0.004 0.001 0.095 0.025 0.021 0.004 -0.008
[ -0.009 -0.014 -0.020 -0.017 -0.008 -0.007 -0.002
Changepoints (a)
al 19.240 21.023 15.000 19.224 17.777 17.006 17.071
o2 43.283 41375 57.648 42.908 50.031 43.955 57324
Transition smoothness (y)
y1 0.532 0.000 0.000 0.000 1.139 0.000 0.116
¥2 5778 8.201 0.100 19.986 6.869 2.077 150.000




The variables are coded as followed:

Age: years; height: cm, sex: male = 0, female = 1; smoker: non-smoker = 0; smoker = 1#; sick: healthy
=0;sick=1*%

*definition of smoker and sick can be found in the methods section of the paper.

Note: to compare a patient with a “healthy-non-smoker” population, “smoker” and “sick” must be set

to “0” even if the patient is a smoker and has a pulmonary pathology.



Quantile Residuals

Density

Figure S1 Residual plots for FEV1 from the GAMLSS model
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Figure S2 Worm plot of the residuals of the GAMLSS reference equation for
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FEV1 (litres)

Figure S3 Formula for calculating quantiles
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Figure S4 Residual plots for FEV1 for quantile regression
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Chapter VII: General discussion and outlook

General aspects of the results from the birth cohort chapter

To begin, a summary of the main findings of the book chapter is presented which answers the

first question of the thesis, namely:

1. What are the known risk and protective factors for the development of childhood asthma?

In observational as well as interventional birth cohorts on asthma or allergies two major topics
have been investigated in the last years: nutrition and environmental factors.

Nutritional factor studies have concentrated on maternal diet, breastfeeding, infant formula and
the introduction of solid foods. Most studies were done in high risk children, many of these
studies were observational and some interventional studies could not be done in a proper
randomised way for obvious ethical reasons (breastfeeding). Taken together, no effect could be
seen on the development of allergic diseases except for the introduction of solid food after the
4™ month and probiotics given to pregnant mothers and their children for the first few months
after birth. Therefore, to be able to make recommendations, interventional studies with proper
randomization, following children into childhood or even adolescence would be needed.
Research on environmental factors have focussed on a number of subjects such as
environmental tobacco smoke, traffic pollution, house dust mites, pet exposure, family size or
early day care, infections, microbial exposures or medication. From all these studies only
environmental tobacco smoke can be conclusively seen as a risk factor for the development of
asthma.

Even multi-faceted studies, which have tried a combination of avoidance of known risk factors
and promotion of protective factors, have not been able to pin-point a combination of factors
that show conclusive evidence on the development of asthma. Additionally, studies on

secondary or tertiary prevention were not able to influence the disease outcome.

This brings us to the second question of the thesis, namely:

2. What questions still remain to be investigated?
Although the huge body of research on risk and protective factors seems rather disappointing
as only few recommendations can be made and disease incidence cannot yet be influenced, the

birth cohort studies have contributed substantially to the understanding of the natural course of

allergic diseases. And, even though consistency across populations is often lacking, they have
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identified a number of potential harmful and protective determinants, allowing the research
community to identify targets for treatment and preventive strategies. Nevertheless, these
hypothesis-generating observations must be validated with carefully designed interventional

birth cohorts before population based recommendations can be made.

Window of opportunity

Although different birth cohorts often have contradictory results an increasing amount of
research points towards a sensitive window of opportunity during pregnancy and early
childhood [3]. While genetic background, allergic status of parents, and predisposition for atopy
and inflammation play an important role, prenatal and early childhood environmental
conditions seem to be able to alter the course of the immune and respiratory system
development and thus influence the incidence of asthma [3]. The respiratory and immune
systems are functionally immature at birth and undergo prolonged periods of pre- and postnatal
development and, as such, are vulnerable to a variety of environmental exposures [41]. The
environmental influence may be mediated by alterations that maintain the Th2 bias seen during
gestation, blocking the maturation of innate immune cells and creating inflammatory
dysfunction in the infant that may provide the foundation for childhood asthma [3]. A potential
way to achieve conclusive evidence would thus be to concentrate future research on this

sensible time period, following the children subsequently until adulthood.

Gene-environment interaction

The observational and interventional birth cohort studies reported in the book chapter did not
investigate gene-environment interactions. As mentioned in the introduction, asthma is a
complex disease, and its incidence is probably determined by an interplay of genetic and
environmental factors [42]. There are possibly many genes with small effects that interact with
a person’s environment and determine the incidence of asthma [42]. Many studies have linked
genetics to characteristics of asthma helping to identify risk factors for specific phenotypes of
asthma [43], but gene-environment interactions introduce complications into these studies [44].
Complicating matters even more, recent studies have not only found gene-environment
interactions, but also environment-environment interactions (Table 2 in [3]). To be able to, not
only take gene-environment, but also environment-environment interactions into consideration,
future research would need to include an interdisciplinary group of researchers and a big
research population. This challenging task, however, may give an insight into the development

of asthma.
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Conclusion

Because asthma is connected to the risk of several comorbid chronic conditions, the benefit of
asthma risk reduction and prevention is greater than may be initially apparent.

No single risk factor can fully explain the increased prevalence of asthma in recent decades but
it is assumed that the rapid increase is due to environmental and/or epigenetic changes [3].
Research, therefore, should not focus on individual factors, genes or pathways but on the
combination of host, social and environmental factors in both disease inception and control
[11]. To achieve this, large, interventional, longitudinal studies following children into

adulthood, involving many research areas would be necessary.

General aspects of the results from the vitamin D study

To begin, a summary of the main findings of the paper is presented which answers the two

following thesis questions:

3. Does vitamin D supplementation during pregnancy influence the immune system of the new
born child, specifically the mRNA levels of ILT3 and ILT4?

Maternal vitamin D supplementation during pregnancy was found to increase significantly gene
expression of ILT3 and ILT4 in cord blood. The immune system of the new born can therefore
be influenced by maternal food intake. Their increase may point towards an early induction of
tolerogenic immune response. However, whether cord blood ILT3 and ILT4 mRNA levels are

of relevance for the allergy risk later in life is unclear.

4. s the effect of vitamin D mediated by IL-10?

ILT3 and ILT4 mRNA levels were found to be inversely associated with IL-10 production after
stimulation. This finding is contrary to what could be expected and should be interpreted with

caution as it contradicts other studies.

The potential effect of maternal supplementation of vitamin D on the new born immune system
is an interesting hypothesis and the results of the paper do seem to point towards an association.

However, there are several aspects that need to be taken into consideration:

Maternal vitamin D
In the PASTURE study, maternal vitamin D supplementation was assessed via a questionnaire

completed by pregnant mothers in their third trimester, as the serum (blood component)
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concentrations were not available. The question inquired about current vitamin D intake: ‘Do
you currently take any vitamin, minerals or other dietary supplements? Vitamin D yes/no.’
Very little is currently known about the effect of vitamin D on the immune system of an unborn
child. The results of the paper raise a series of research questions, namely:
— At what stage does vitamin D affect the immune system?
— Is there a window of opportunity where the immune system is particularly sensitive to
vitamin D influence (eg. in early or late pregnancy [45])?
— Is vitamin D deficiency a risk factor, or are high doses protective against allergic
diseases?
— Is there a dose-response effect of maternal vitamin D supplementation on cord blood
dendritic cells?
Answers to these questions would necessitate serial measurements of maternal serum vitamin
D throughout pregnancy and up until the time of birth. Such measurements were not done in
our study and could be suggested for future research.
In our study, only two populations recommend vitamin D supplementation during pregnancy
(France and Finland), and those countries do not recommend a daily dose during the whole
year. Due to the type of question asked (see above), the number of women supplementing
vitamin D during pregnancy was potentially underestimated. Additionally, there are three
sources of vitamin D: diet, supplements and sunlight [46]. As it was not possible to assess all
sources of vitamin D in the PASTURE study, different questions might have given different

prevalence’s and thus different results.

The role of IL-10

In our study the potential effect of vitamin D on the new born immune system was not mediated
by the cytokine IL-10 which is an astonishing result as it has been shown that 1,25(OH)2D-
treated human dendritic cells have the capacity to convert CD4 T cells into IL-10-secreting
Treg cells and suppress the proliferation of T cells [47]. The PASTURE study is not specifically
designed to evaluate the effect of vitamin D on the new born immune system [18] which is the
reason why IL-10 levels were not measured directly after exposure to vitamin D as in other
studies [48]. Rather, the cellular capacity to produce IL-10 was measured after stimulation with
phorbol 12-myristate 13-acetate and ionomycin (P/I). To answer the question of whether the
vitamin D effect is mediated by IL-10, future research on the subject, should be made with

direct blood measurements of both vitamin D and IL-10.
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The effect of tolerogenic dendritic cells on the development of asthma

Beyond a central role in calcium and bone physiology, vitamin D metabolism (specifically the
conversion of 25(OH)D to the active form vitamin D (1,25[OH]2D)) has effects on epithelial
cell, T-cell, B-cell, and dendritic cell functions that are important to innate and adaptive
immunity [49]. Although tolerogenic dendritic cells are interesting candidates for the pathway
in which vitamin D could influence the development of asthma, there are other mechanisms
that are just as plausible [46]. Therefore, whether the results correlate with asthma incidence
needs to await data from the cohort in a few years, when the children will, or will not, have

developed asthma.

Conclusion

The hypothesis generated by the results in our paper are interesting but do not allow for
definitive conclusions to be made. Future research is necessary to determine whether maternal
serum vitamin D levels during pregnancy are associated with tolerance induction of the neonatal
immune system and whether this association can be extended to disease manifestation in
school-age children. Due to the complexity of the pathogenesis of asthma, the questions would
require collaborative work among clinicians, epidemiologists, immunologists, and geneticists
and would have to be done in an interventional, randomized, double blind birth cohort study.
The results could help understanding the immunological mechanism of vitamin D on the
maturing human immune system. The implications could open new avenues into the
development of preventive, diagnostic and therapeutic strategies to reduce the burden of asthma

and allergies.

General aspects of the results from the rhinitis study

To begin, a summary of the main findings of the paper is presented which answers the three

following thesis questions:

5. What are the temporal sequences of the development of rhinitis and wheezing?

Rhinitis point prevalence was highest at 3 years with 9.2% and ranged between 2.5% and 7.7%
throughout the other years. By the age of 13 years, the cumulative incidence of rhinitis was
47.8%. Wheezing point prevalence was highest at the end of the second year with 19.8%,
decreasing to less than 7% throughout the following years. The cumulative incidence of
wheezing was 40.5% by the age of 13 years. Although both clinical manifestations appear

during the first years of life, rhinitis was not associated with wheezing during the first two years
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of life, but significantly predicted the incidence of wheezing by the age of 5 years, whereas

wheezing was not a predictor for the incidence of rhinitis at either 2 or 5 years.

6. Does sensitization play a role in the development of rhinitis and wheezing?

Independent of the age considered, sensitization was a predictor for the incidence of wheezing
and rhinitis. At the age of two years, sensitization to any allergen influenced the period
prevalence of wheezing. By the age of 5 years, allergic rhinitis was associated with the highest
period prevalence of wheezing, and non-allergic rhinitis showed significantly higher period

prevalence’s than atopy without rhinitis.

7. Isrhinitis a risk factor for wheezing onset in children?

The findings of the paper suggest that allergic rhinitis in preschool children is a risk factor for
subsequent wheezing onset. In contrast, neither the rare manifestation of allergic rhinitis in the
first two years of life nor non-allergic rhinitis up to the age of five years was associated with
the onset of wheezing in childhood. Therefore, some childhood wheezing phenotypes are
associated with rhinitis. Additionally, the discrepancy between the cumulative incidence of
rhinitis (47.8%) and its peak period prevalence at the age of 3 years (9.2%) suggests that rhinitis
is a transient phenomenon in early childhood and manifests years before wheezing begins.
Thus, the findings of the paper strongly suggest that a progression from rhinitis to wheezing

can be found.

Rhinitis in preschool children was found to increase the risk of wheezing in preschool children.
Wheezing is often a precursor to asthma, and asthma is a major risk factor for chronic
obstructive pulmonary diseases (COPD) [50]. Given the importance of the finding of a potential

risk factor, a few questions should be considered:

Mechanism for the progression from rhinitis to wheezing

As discussed in the paper, there are several potential mechanisms that might explain the
association found between rhinitis and wheezing. Elucidating the exact mechanism could help
understand the disease progression, pin-point windows of opportunity and aid in targeting
specific therapies to either slow down or halt the progression. Therefore, major areas of future
research might concentrate on similarities in histological structures, inflammatory mechanisms

and anatomical proximity [29].
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Secondary prevention of allergic rhinitis

The fact that allergic rhinitis in preschool children was found to be a risk factor for wheezing
onset in childhood is, of course, appealing as it opens the possibility for secondary prevention.
Secondary prevention has been tried in older children as allergic rhinitis is a known risk factor
for the development of asthma in school children and adults. One of the concepts tried is
immunological intervention [51]. The concept is to downgrade the overall propensity of the
immune system to produce Th2-skewed responses to environmental and innocuous antigens
[52]. This interesting prevention strategy is not allergen-specific as it influences the overall
innate immune response and, as a consequence, the polarization of the adaptive immune
responses. But research in this area has not yet been conclusive [53].

By contrast, allergen-specific approaches have been successful in tertiary prevention, showing
that allergic rhinitis treatment influences asthma control [54]; nasal inhaled steroid can modify
asthma symptoms as well as airways hyperreactivity; and antihistaminic drugs can reduce the
most relevant asthma triggers [55]. Allergen-specific immunotherapy is the only treatment
found that can modify allergic rhinitis progress and reduce the risk of asthma in patients with
allergic rhinitis [56]. Although these results are promising, most of the trials were open studies,
with the control groups receiving symptomatic medication alone and with limited follow-up
periods to assess any long-term effects [57], so clearly, more research is needed.

Another option could be an “immunoprophylaxis of atopy” targeted at children who are either
not sensitized or only sensitized to a few allergens but still healthy. It could be done at a very
early age when the immune response is more susceptible to be corrected or re-addressed. The
prophylactic intervention could even be tailored on the child’s molecular sensitization profile
to enhance efficacy [53, 58]. The target of the intervention could be, for examples, to prevent
the onset of seasonal allergic rhinoconjunctivitis, thus keeping the IgE response to grass pollen
at a subclinical level. Even if rhinitis were not prevented, its onset could be delayed and its

symptoms diminished and perhaps its progression to asthma halted. [53].

Conclusion

Allergic rhinitis was found to be a risk factor for the development of wheezing and asthma, and
treating the underlying allergy may represent an attractive method for asthma prevention. This
should be done in double-blind, placebo-controlled randomized trials to assess the preventive

effect of the different therapies on asthma development.
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General aspects of the results from the lung function study

To begin, a summary of the main findings of the paper is presented which answers the two

following thesis questions:

8. Are there such reference equations for Central European children and adults?

A PubMed research with words such as “lung function” and “spirometry” reference equations
revealed that there are many spirometry reference equations for different populations of

different age ranges, but none that span across all ages for Central European populations.

9. If not, is it possible to develop practical ones that can be used by clinicians in their daily

practice?

In the paper we present spirometry reference equations for 8-90 year olds that we derived from

a very large, cross-sectional sample of a Central European population.

Once asthma has been diagnosed, the follow-up of patients is extremely important, especially
in childhood, as any deterioration should lead to the adaptation of therapy to prevent long term
effects as much as possible. Lung functions are used as objective measures of control and their
interpretation relies on reference equations. The reference equations presented in the paper have

certain advantages and certain disadvantages that merit a short discussion.

Complicated statistics

While the GAMLSS method is a very good statistical method that allows modelling of data
with skewed and kurtotic distributions, it is not easily integrated in every lung function device.
The aim, when developing reference equations, is naturally that they be used. Although the
paper points out how they could be applied, the authors fear that the complicated statistics will
deter busy clinicians from integrating the reference equations in their devices. To broaden the
spectrum of potential users, the quantile regression equations were developed. They do not
model the data as precisely as the GAMLSS equations, but might be adopted by more clinicians.
Regardless of the equation selected, little is known about the real life application of the
spirometry reference equations presented in the paper. In future papers about reference

equations, thought might be given to practical dissemination of the equations.
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“Ideal” Reference equations

The “LuftiBus” collected an impressive amount of spirometry data that has been used to create
the reference equations. Nevertheless, the aim of the “LuftiBus” is not to create reference
equations but to offer a service to the population. In that regard, the population is not selected
to be representative, or healthy, but is probably skewed towards people who have health
questions. Future reference equations might be derived from a healthy, representative

population selected in view of creating reference equations.

Conclusions and outlook

In this thesis four chapters are presented and discussed. First, an overview of birth cohorts on
asthma was done, second and third a protective and a risk factor for the development of asthma
were studied and last spirometry reference equations were developed.

Thus, the thesis added a few more insights into the complex entity of respiratory diseases in
childhood, helping to understand risk and protective factors. The spirometry tool developed
may help clinicians monitor children with respiratory diseases throughout their life. The
challenge in the years to come will be to integrate all the knowledge acquired into complex
analysis taking, not only host, social and environmental factors into consideration but also their
interactions, to achieve a better understanding of the causes of asthma and possibly develop

treatments and implement prevention strategies.
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