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Abstract

Viral bronchiolitis is a common respiratory infection during infancy, but the
severity of the disease varies greatly depending on inherited and environmental
factors. Bronchiolitis in infancy has been associated with the risk of obstructive
lung diseases. It is likely that the reduction in lung function seen in asthma or
chronic obstructive pulmonary disease has its origin in early childhood, but
scientific evidence on the reduction of lung function before school age is scarce in
children with a history of bronchiolitis.

Healthy, term children with a hospitalisation due to bronchiolitis before the age
of six months were enrolled and followed-up prospectively to the age of 5-7.5
years with aim of finding possible risk factors for lung dysfunction tested with
impulse oscillometry (I0S). The virus actiology of bronchiolitis was obtained from
nasopharyngeal aspirates during hospitalisation, and was found to be predominated
by respiratory syncytial virus (RSV) in 60% of the cases.

Of the 103 children with full data available, 20% had a pathological low lung
function at baseline IOS and 16% showed abnormality in response to exercise or
bronchodilation. Irreversible lung function pathology was seen in only one child.
No significant differences were found in lung function or hyperreactivity results
between bronchiolitis cases with different viral aetiologies. Baseline lung function
did not show any associations with allergic rhinitis or skin prick test-positivity. The
children with previous, remitted asthma showed the lowest lung function by
reactance compared to children with current preschool asthma or without asthma
and a subsequent wheezing history after bronchiolitis at the age of six to seven
years. Some preliminary associations were found between interleukin-10- or toll
like receptor-gene polymorphisms and lung function or hyperreactivity.

Our main results suggest that the reduction in lung function seen in children
with a history of early viral bronchiolitis is characterised by obstruction of the small
airways, which was mostly reversible with a bronchodilator, as assessed by IOS. In
addition, obstructive findings in IOS may partly result from obesity at preschool

age.
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Tiivistelma (Abstract in Finnish)

Viruksen aiheuttama ilmatichyttulehdus eli bronkioliitti on yleinen infektio
imeviisilld, joskin taudin vaikeusaste vaihtelee suuresti riippuen yksilén perimisti ja
ympiristotekijoistd. Imeviisidn bronkioliitti on yhdistetty riskiin sairastua
ahtauttaviin keuhkosairauksiin. On todennikdisti ettd keuhkojen toiminnan
heikentyminen astmassa tai keuhkoahtaumataudissa alkaa jo varhaislapsuudessa,
mutta tutkimusndyttéd keuhkofunktio-ennusteesta ennen kouluikdd on vain vihin.

Tutkimukseen otettiin terveet, tdysiaikaisena syntyneet lapset, jotka joutuivat
bronkioliitin vuoksi sairaalahoitoon ennen puolen vuoden ikdd ja heitd seurattiin
prospektiivisesti 5-7-vuotiaiksi etsien riskitekijoitd keuhkojen toimintahiiridlle
arvioituna impussioskillometrian (IOS) avulla. Bronkioliitin aiheuttanut virus
midritettiin nendnielu-imundytteistd sairaalassa ja tirkein taudinaiheuttaja oli
respiratory syncytial virus (RSV) 60%:ssa tapauksista.

Niistd 103:sta lapsesta, josta kaikki tutkimusdata oli saatavilla, 20%:lla oli
patologinen perusvaiheen keuhkofunktio ja 16%:lle tuli merkittdva vaste rasitus- tai
bronkodilataatio-kokeessa. Palautumaton keuhkofunktion alenema 16ytyl vain
yhdeltd lapselta. Eri virusten aiheuttamien bronkioliittitapausten vililld ei 16ytynyt
merkittdvid eroja keuhkofunktiossa tai hyper-reaktiviteetissa. Perusvaiheen
keuhkofunktio ei ollut yhteydessi allergiseen nuhaan tai ihon prick testi-
positiivisuuteen. Astmasta parantuneilla lapsilla oli matalin keuhkojen reaktanssi
verrattuna lapsiin, joilla oli esikouluidn astma sekd niihin, joille ei ilmaantunut
lainkaan astmaa tai bronkioliitin jilkeistd vinkunaa 5-7 vuoden ikddn mennessa.
Esitimme lisdksi alustavia tuloksia interleukiini 10- ja toll like receptor-geenien
polymorfismien yhteydestd keuhkofunktioon ja hyper-reaktiviteettiin.

Tutkimuksen pddtulokset viittavat sithen, ettd imeviisend bronkioliitin
sairastaneilla lapsilla esiintyy pieniin hengitysteihin painottuva keuhkofunktion
hiiri6 5-7-vuotiaana, joskin 16ydds on vield palautuva mitattuna 1OS:la. Lisiksi

lihavuus esikouluidssi on yhteydessd poikkeaviin IOS tuloksiin.
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1 Introduction

Viral bronchiolitis is a common lower airway infection affecting children especially
during the first six months of life, with the respiratory syncytial virus (RSV)
accounting for most cases (1,2). RSV-associated lower airway infections are a
significant cause of mortality in developing countries, but they also cause a
substantial burden to children in industrialised countries (3,4). Roughly estimated,
one third of all children experience such an infection during their first year of life
(3,5). In a recent study from Finland, 3.7 per 100 children under the age of six
months were annually admitted to the emergency department due to bronchiolitis,
and 70% of them had to be hospitalised (6).

There is a link between bronchiolitis and asthma. One third of children develop
recurrent wheezing symptoms after bronchiolitis that mostly resolves during first
three years of life (7), but also approximately 40% of children with a history of
bronchiolitis tend to develop persistent asthma (8). It is largely unknown if this is
causal to the bronchiolitis, or if the bronchiolitis reveals individuals predisposed to
wheezing or asthma (9). Several early-life environmental and genetic risk-factors
have been identified in studies following the development of asthma after viral
bronchiolitis (10-14), recently also from this cohort (15). However, it seems that
the outcome after bronchiolitis is not only linked to asthma, and characterised by
atopic inflammation and bronchial hyperreactivity, but also to non-atopic chronic
airway disease that could manifest symptoms much later in life.

Lung function is a continuous trait from development in utero to the
exponential development of the alveoli during the first life years and the linear
growth of lung size from birth to early adolescence (16). There is increasing
evidence that lung function in later life is developed already in utero and in early
infancy, with several possible altering factors, such as obstacles to mechanical
growth or exposure to smoking during pregnancy (17-19). Early-life bronchiolitis
again has been proposed to play a dual role in this: children with congenitally small
airways or increased airway tone might be prone to wheeze during lower airway
infections, and bronchiolitis might damage the lung structure and/or the growth
process (20). In addition, a continuous subsequent inflammatory process leading to

lung function reduction, such as airway remodelling in atopic asthma, could explain
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a part of the pathology (21). There is, however, limited evidence on the causal
association of bronchiolitis with lung function decline in children.

It is important to note when studying factors altering lung function in children
that despite the treatment of atopic inflaimmation in asthmatic airways with inhaled
corticosteroids (ICSs), while often leading to the relief of symptoms and less
hyperreactivity, the decline in lung function continues (22,23). This suggests that
the processes controlling lung function may differ from the mechanisms
responsible for hyperreactivity in atopic asthma. Another key finding is that the
long-term outcome after early viral bronchiolitis is an irreversible lung obstruction
in adulthood (24-20), suggesting that the similar lung function decline as seen in
chronic obstructive pulmonary disease (COPD) has its onset already in infancy.

Reliable lung function testing in young children is challenging due to the varying
level of co-operation and technical difficulties, often leading to unreliable,
unrepeatable measurements. We have used a novel method of impulse oscillometry
(IOS), a modification of the forced oscillations method (FOT)(27), in studying lung
function during tidal breathing in a cohort of five- to seven-year-old children
hospitalised for viral bronchiolitis before the age of six months. Prior to our study,
the FOT method was applied only in two short-term post-bronchiolitis follow-up
studies (28,29). IOS has only been used in one long-term follow-up comparable to
our study; it was utilised in one selected cohort study of children with a high risk of
asthma (30). In children with bronchiolitis at this age, no studies focusing on lung
function before school age have been published.

With this study, we aimed to evaluate the overall lung function prognosis after
carly-life bronchiolitis, and to study possible factors predicting lung function
decline. We focused on testing associations between the viral aetiology of
bronchiolitis, current obesity, genetic factors of innate immunity, and also the
development of the united airways disease (UAD) — consisting of atopic
sensitisation, allergic rhinitis, and asthma — with lung function at the mean age of
6.3 years investigated by 1OS after bronchiolitis before the age of six months.

14



2 Review of the literature

2.1 Viral bronchiolitis

2.1.1  Bronchiolitis: Definition, prevalence, and epidemiology

Bronchiolitis is the pathological description of the inflimmation of the smallest
airways, the bronchioles. Bronchiolitis is characterised by increased mucus
production due to inflammation, oedema, and necrosis of the epithelial cells of the
small airways. The diagnosis is clinical (31-33). The disease course often begins
with a coryzal phase with nasal obstruction, progressing to lower respiratory tract
symptoms, such as persistent cough, tachypnoea and/or chest recession, and
wheezing or crackling in the breathing sounds; it is also often associated with mild
fever and feeding difficulty (31-33).

There is a discrepancy in upper age limits in bronchiolitis guidelines and studies
(34). Current US (AAP) and UK (NICE) guidelines take children under the age of
24 months into account (32,33), whereas in most European countries bronchiolitis
is often considered a first wheezing episode before the age of 12 months (1,2).
There are notable differences in viral aetiology and atopic characteristics of
bronchiolitis affected by age and previous wheezing episodes (34,35), thus stricter
age limits of less than 12 months have been proposed to distinguish children with
bronchiolitis from children with recurrent virus-associated wheezing (15,30).

Bronchiolitis is a common respiratory infection in children, and approximately
one in three suffer from it during their first year of life (3,5,7). However, only 1—
3% of all infants during an epidemic have a more severe disease course leading to
hospitalisation; these infants are often aged under six months (1,2,0).

Post-Bronchiolitis Lung Function 15



2.2 Viruses causing early-life bronchiolitis

2.21 RSV bronchiolitis

RSV is a major pathogen causing acute respiratory infection in children during the
first five years of life; it is associated with 3.4 million hospitalisations worldwide
every year (4). RSV is a single-strand RNA virus (ssRNA) belonging to the
paramyxoviridae family. Lower respiratory tract infections (LRTI) associated with
RSV are a common cause of mortality in developing countries (4), but RSV also
causes substantial morbidity in Western countries in both outpatient and inpatient
settings (3).

Approximately 2-3% of children under the age of six months are hospitalised
because of RSV bronchiolitis, and peak hospitalisation rate occurs in infants aged
under three months (5). RSV is the most common causative vitus in infant
bronchiolitis, and hospital cohort studies have shown that 50-70% of children
admitted to hospital due to bronchiolitis test RSV-positive (37-39).

Most infants with an RSV infection are previously healthy and born at term.
Male sex, low socio-economic status, low birth weight, and young age in particular
have been identified as risk-factors for RSV-associated hospitalisation (3,5). A
congenital heart or neurological condition, prematurity, and chronic lung disease
due to prematurity are known risk-factors for a severe disease course of
bronchiolitis that often needs intensive care (40). The first encounter does not
provide immunity, and re-infections are common despite the production of
antigens to RSV (41). Mixed infections with respiratory picornaviruses (thino- and
enteroviruses) are observed in 10-20% of RSV bronchiolitis cases (39). Predictable
seasonal epidemics are characteristic to RSV (42). In countries with a temperate
climate, the annual epidemics usually occur in the winter months, but in
subtropical areas, they occur in the cool, rainy season. Previously, two-phased RSV
outbreaks were observed to take place every second year (39).

On the cellular level, the superficial epithelial cells of the upper airways, the
epithelium of the bronchioles, and pneumocytes in the alveoli are infected with the
RSV (43). In lung biopsies archived from fatal bronchiolitis cases, acute
bronchiolitis was profound in the medium and small bronchioles, where the
airways were covered with the mucus of cell debris plugs (43).

Toll like-receptors (TLRs) are pattern recognition receptors (PRRs) that have an
important role in virus recognition in the airways, leading to onset of innate and

16



adaptive immune response (41,44). Chemokines and pro-inflimmatory cytokines,
such as interferons, are produced and large amounts of neutrophil leucocytes are
attracted to the site of infection, as are eosinophils and lymphocytes to a lesser
extent (41). In the early stage of infection, the IFN-y produced by natural
killer-lymphocytes is important in activating the antigen-presenting cells and
priming the T-cells (41).

Susceptibility to severe RSV is thought to be partly genetic (41). Both Thl- and
Th2-type responses are observed during RSV infection, and some evidence exists
for a Th2-skewed allergic-type inflaimmation in infants with severe RSV
bronchiolitis (45,46). The suggested principal innate immunity factors involved in
the neonatal susceptibility to severe RSV infection are illustrated in Figure 1.

L m’hm eosinophil
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RSV
Y e
"mat I1gG” A IL-17
maternal Ig ~ Il @@
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Figure 1. The “impaired” neonatal immune response to RSV infection. A schematic illustration,
modified from (41). © Eero Lauhkonen
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2.2.2  Rhinovirus and other non-RSV bronchiolitis

Rhinovirus infection is the dominant cause of the common cold in all age groups,
but it is also the second most causative virus in infant bronchiolitis. Rhinovirus
belongs to the picornaviridae family, and is also an ssRNA virus. Rhinovirus
pathogenesis in bronchiolitis is less studied compared to RSV, partly because it was
not until the development of a better identification method for rhinovirus by PCR
that it was also increasingly noted as a lower airway pathogen (38,47).

Rhinovirus is a very common virus circulating in the population year-round, and
non-symptomatic carriage of the virus is common. The prevalence of
rhinovirus-associated wheezing increases with age and equals RSV prevalence in
children at the age of 12 months (34). The overall prevalence of rhinovirus
bronchiolitis is 20—40% (34,37,48), but in individuals with atopic predisposition
and recurrent wheezing during the first year of life, the prevalence has been as high
as 50-80% (49). In addition to age and atopy, low IFN-y levels and IL-10 gene
polymorphisms have been described as risk factors for rhinovirus (50,51). The
clinical characteristics of rhinovirus bronchiolitis are similar to RSV, although
recently rhinovirus aetiology was associated with a shorter length of hospital stay
compared to RSV bronchiolitis (52).

The known 148 rhinovirus serotypes can be classified according to phylogenesis
into groups A, B, and C (53). The majority belong to groups A and B and use
ICAM-1 receptors when entering the epithelial cells of the airway, while group C
uses LDL-receptors. In contrast to RSV, rhinovirus bronchiolitis does not cause
significant cell destruction, but instead alters the epithelial barrier function,
especially in the tight junctions, leading to vascular leaking and mucus production
(54). Rhinovirus is detected by PRRs and importantly by TLRs, which in turn
induce innate immunity cytokine expression, including interferons 1L-8, IL-10, and
a wide range of chemokines attracting neutrophils, eosinophils, and lymphocytes to
the site (54).

Other respiratory viruses account for a minority of infant bronchiolitis cases
and their role in the disease course is not yet fully established. Human
metapneumovirus has been described in 4-7% of bronchiolitis cases in children
under 24 months of age, parainfluenza 1, 2, and 3 viruses similarly in 4-7%,
adenoviruses in 3%, and influenza viruses in 1-2% (39,52). These viruses, along
with rhinovirus, are referred to in this dissertation under the term “non-RSV
aetiology of bronchiolitis”.

18



2.3  Cytokine dysregulation and rhinovirus vs RSV infections

The development of atopy is thought to be multifactorial, depending on genetic
factors like cytokine dysregulation (Th1/Th2 imbalance) and environmental factors
— such as viral infections — interacting at a susceptible age (9) (Fig. 2). In adults,
rhinovirus infections in asthmatic subjects are strongly linked to increased Th2 and
impaired Th1 and Treg (IL-10) responses (55).

The causality is unclear, as some studies have suggested that innate cytokine
responses reflect the predisposal to early virus infections (56,57), and only a few
studies have followed the development of innate immunity cytokine responses
from birth over time.

(5]

Genetjo factg;s )

(lung function
deterioration)

Congenital
lung function
(or hyperreactivity)

Figure 2. Schematic illustration of suggested factors contributing to the development of asthma.
Modified from (9).

The innate immune response of the infant is primed to be Th2-oriented at birth
(58). The innate Th2 cells produce IL-4, IL-5, IL-9, and IL-13, and the Thl-
oriented response (production of IFN-y, IL-2, IL.-12) is decreased in neonates
(58,59). According to the hygiene hypothesis (60), the increase in atopic disease,
such as asthma, might be caused by inadequate environmental exposure to
micro-organisms during a critical period in infancy that would normally develop
the immune system towards a Th1/Th2 balance.

In early infancy, viral infections might play a role in disturbing the maturation
process of the developing immune system (61). As a marker of genetic
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predisposition to virus infection, early viral bronchiolitis could serve as a trigger
leading to Th2-dominated (and Thl-impaired/undeveloped) imbalance and
increase in immunoglobulin-E (IgE) secretion and atopic inflammation, thus
creating the basis of chronic airway disease and abnormal lung function
development (1,8).

From the Childhood Origins of Asthma (COAST) cohort study (62), there is
evidence that low IFN-y cytokine levels at birth from cord blood show an inverse
correlation with an increased number of viral infections at the age of one year,
suggesting genetic predisposition to viral infections. There was a measurable effect
of the increase in the IFN-y responses associated with frequent infections and
daycare attendance during the first year of life, suggesting that viral infections can
influence IFN-y responses (63). In the same cohort study, the IL-5 and IL-13
responses increased and were associated with blood eosinophilia and elevated IgE
levels by the age of one year (64). In addition, reduced cord blood IL.-10 and IFN-y
responses were associated with egg-specific IgE sensitization (64).

In a Finnish study, innate cytokine responses of type Thl, Th2, and Treg (IL-
10) were compared during the acute and convalescent phases of rhinovirus or RSV
infection in 3-36-month-old children and asymptomatic controls. The
rhinovirus-infected children had higher Th2 (IL-5 and 1L-13) cytokines but also
higher Thl (IFN-y, IL-12) cytokine levels in their serum compared to the RSV
cases. Furthermore, 2-3 weeks later, the rhinovirus patients had higher IFN-y, IL-
13, and IL-10 levels compared to the RSV patients, and higher IFN-y and IL-2
levels compared to the controls (65). The authors conclude that rhinovirus and
RSV differ from their early-age cytokine response profiles, which do not strictly
follow the Th1/Th2 classification, and that the augmented Th2 cytokine levels in
rhinovirus infection might reflect a genetic predisposal to atopy and vulnerability to
rhinovirus (65).

Thus, the complex, non-exclusive relationship of pre-existing innate immunity
as a predisposing factor to viruses and the possible alteration of Th1/Th2 balance
by virus infections — and the possibility that the long-term sequelae afterwards is a
result from this interaction — needs further clarification and confirmative studies.
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2.4 Lung structure of the newborn infant and postnatal lung
growth

In the fully developed lung, the conducting airways divide in 23 generations from
the trachea to the alveoli. From the level of the 10th to 15th generations, the term
bronchioles is used when the cartilaginous support of the airway wall diminishes
and the diameter of the airway lumen is less than 1mm. In the 16th to 19th
generations, the terminal bronchioles narrow to an average of 0.5mm, and the basal
membrane is in direct connection with the lung parenchyma. The cilia and mucous
glands disappear and the bronchioles interconnect with each other and form the
end of the conducting airways before the respiratory zone (Fig. 3).
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Figure 3. Prenatal bronchial tree development phases in utero (modified from www.embryology.ch,
chapt. 18.1, Fig. 12).

Prenatally, the final generations of the airway start developing in the 24th to
25th gestational weeks, forming alveolar ducts and beginning surfactant
production. The alveoli start developing in the 32nd to 36th gestational weeks, and
it is estimated that some 15% of the alveoli are fully developed at birth (16).
During this alveolarisation phase, the alveoli develop from the alveolar sacculi,
grow larger, and form subdivided cavities with internal septae lined with a thin
epithelium surrounded by a capillary network (16). In the first six months after
birth, alveolarisation continues as the number of alveoli increases massively to the

age of two to three years, and thereafter a slow increase continues during
childhood into early adulthood (66-68).
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From autopsy studies, it has been shown that compared to gitls, boys have a
greater number of alveoli shortly after birth as a consequence of larger lung volume
and a slightly greater alveolar surface area in relation to body surface area (606).
With increasing age, boys tend to have larger lungs per units of length (66). For
both sexes, the diameter of the alveoli continues to increase by 30%, which
approximately doubles the lung volume by the age of 13 years, thus halving the
number of alveoli per unit volume (67,68).

Despite the larger lung size and greater number of alveoli, studies have
suggested that in infancy boys tend to have lower lung function than girls (69),
which is due to smaller airway calibre relative to lung size (70).

Known factors disturbing intrauterine lung growth include mechanical
anatomical obstacles (chest wall anomalies, hernias, etc.), maternal hypoxia, toxic
substances (alcohol, drugs), and exposure to maternal nicotine (16,17). As most of
the alveoli develop in the post-natal period, several external factors including
exposure to tobacco smoke, respiratory infections in infancy, and asthma have
been suggested to inhibit lung growth also after birth (16,17).

2.5  Impact of bronchiolitis on lung function: Short-term sequelae

It can be hypothesised that lung injury due to bronchiolitis could result in
decreased alveolarisation, but no firm evidence for this exists. There is also limited
data on the functional changes of the lung during acute bronchiolitis and in the
convalescent phase. Due to intraluminal obstruction in the small airways caused by
mucus and cell debris, the functional residual capacity increases: the lungs become
hyperinflated and the dynamic compliance falls. Air trapping leads to the collapse
of the alveoli due to gas absorption, and further to localised atelectasis (2).

Most of children remain symptomatic shortly after bronchiolitis, and the most
common short-term lung function abnormalities have been hyperinflation — lasting
for the convalescent period in 77%, after three months in 43%, and after one year
in 17% (28,29,71) — and hyperreactivity, reported in up to 75% shortly after
bronchiolitis (72,73). Adenoviruses have been documented as a cause of
post-infectious bronchiectasis, due to obliterating bronchiolitis (74).
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2.6 Airway remodelling

In asthma and chronic obstructive pulmonary disease airway remodelling, a
complex process of evolving structural airway changes in the bronchial wall is
considered a characteristic pathological process (75-77). Although airway
remodelling has been thought to be a consequence of chronic inflammation,
non-inflammatory factors have gained increasing interest in recent research (78,79).

In asthma, thickening of the reticular basement membrane (RBM), increased
large airway smooth muscle (ASM) mass, and ecosinophilic inflaimmation with
CD4+ helper T-cells are characteristic; as in COPD, small airway metaplasia,
fibrosis, increased smooth muscle mass, and the infiltration of CD8+ cytotoxic T-
cells are observed (21). The causal relationship between the inflaimmation and the
structural changes is unclear, and it has been speculated that both the inflammation
and the remodelling are outcomes from distinct processes seen in the same
individual (78). Although anti-inflammatory treatment has a good effect on asthma
symptoms, it is largely unknown how the remodelling of the airways is altered in
children (80). In adult studies, some experimental evidence of steroidal treatment
having a direct beneficial effect on remodelling processes exists (78), which is
further supported by evidence of improving lung function by early-onset steroidal
treatment (81,82).

In adults, the positive association of eosinophilia with RBM thickening has been
shown (83), yet it is unclear when the structural changes seen in asthma first
appear. In studies obtained with endoscopic biopsies, RBM thickening and
eosinophilia are not yet present in symptomatic infants with reversible airway
obstruction at the median age of 12 months (84), but they are demonstrable in
preschool children at the median age of 29 months with a history of wheezing (85).
It has been suggested that RBM thickness reaches its maximum at school age,
where it is similar in children and adults with severe asthma (86).

In a recent follow-up study, the histologic findings of RBM thickness, ASM,
and eosinophilia obtained in infancy did not correlate with asthma symptoms or
lung function at eight years of age, but in the same cohort, low lung function
measured in infancy was associated with reduced lung function and the use of
asthma medication at school age (87). This suggests that the process of asthma
onset in infancy differs from the pathology of the later established disease, thus
perhaps requiring different treatment approaches to prevent the remodelling of the

airways.
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There is only limited evidence of early respiratory virus infections and their
direct association with the growth factors involved in airway remodelling.
Rhinovirus has been reported to enhance the airway epithelial cell production of
Amphiregulin, vascular endothelial growth factor (VEGF), and Activin A in vitro,
and to increase the VEGF protein measured from nasal wash in patients with a
confirmed natural infection (88). RSV has also been associated with the
upregulated production of VEGF in vitro (89).

In an animal model, Th2-skewed Brown Norway (BN) rats developed a chronic
asthma phenotype with reversible airway obstruction associated with
transepidermal growth factor (TGF-P) expression when exposed to parainfluenza
virus, but the Thl-skewed line of rats did not (90,91). Further, the BN rats were
observed to have an impaired IFN-y response to virus infection (92), and the
development of asthma was preventable with selective IFN-y administration during
the infection (93).

Repeated bronchoconstriction without additional inflammation was shown to
lead to remodelling in adults with asthma (79). This suggests that prevention of the
repeated airway narrowing could be a target in treating patients with asthma and
also wheezing in children. However, there is no long-term evidence on this in
children with repeated wheezing due to respiratory infections.

2.7 Exposure to smoking and childhood lung function

There is supporting evidence that prenatal and, in particular, exposure to maternal
smoking in utero has adverse effects on infant lung function (94,95). In the
majority of studies — but not all — reduced expiratory flow measurements
(VmaxFRC) after birth are found in infants whose mothers reported smoking
during pregnancy (96-98). There is, however, less evidence that prenatal smoking
exposure increases airway reactivity in infancy (94,95). This could mean that
prenatal exposure impacts lung development, resulting in diminished airway size,
which is not due to increased smooth muscle tone.

Airway hyperreactivity is a more established finding accompanying lung
function impairment associated with parental smoking exposure later in childhood
and early adulthood (18,99,100). In a Finnish study, exposure to post-natal
maternal smoking, which correlated well with measured cotinine levels, associated
significantly with reduced lung function and increased FeNO levels in three- to
seven-year-old children with multiple-trigger wheeze (100). In the Tucson
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Children’s Respiratory Study (TCRS) cohortt, reported antenatal maternal smoking

associated with the transient wheezing phenotype (11).

2.8  Birth cohort studies: Evidence of reduced lung function
before any lower respiratory tract infection and follow-up
thereafter

There is previous evidence that a proportion of term and otherwise healthy infants
show premorbid lung function measurements already after birth, predisposing
them to bronchiolitis and later wheezing symptoms and asthma (101-100).

Within a community-based birth cohort of the TCRS cohort (7), a subgroup of
124 children from 1,246 in total were tested for lung function shortly after birth
(101). The risk of parent-reported wheezing at the age of 1.0 year was 3.7-fold in
children with airway conductance in the lowest third compared to children with
airway conductance in the upper two thirds. A 10-fold increase of parent-reported
wheezing was observed in boys with initial conductance levels in the lowest third.
In girls with a lung volume at the end of tidal expiration in the lowest third, a
16-fold increase in wheezing symptoms was seef.

In the same birth cohort study follow-up at six years of age, reduced lung
function at birth by VmaxFRC (107) was associated with the transient wheezing
phenotype (at least one parent reported LRTI before age <3 years, no wheezing at
six years of age), presenting lowered lung function despite being symptom-free.
The group of children with persistent wheezing symptoms beginning before the
age of three years showed the lowest lung function measurements at the age of six,
but normal values at birth (11) (Fig. 4).
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Figure 4. Lung function VmaxFRC Z-scores measured after birth and at the age of six years in
TCRS subjects with different wheezing phenotypes. Modified from (11).

The TCRS also observed that the transient wheezing phenotype was associated
with maternal smoking during pregnancy, but not with a family history of asthma
or atopy, whereas the persistent wheezing phenotype was associated with higher
IgE levels and also maternal asthma (11). There is further evidence from the TCRS
that having a low lung function at birth predicts low lung function in adulthood
(19).

A community-based birth cohort from Perth, Australia (108) investigated the
lung function of 246 infants at the age of five, 27, and 55 weeks with a two-year
follow-up of wheezing symptoms and bronchiolitis outcome; 17 of the children
developed doctor-diagnosed bronchiolitis during the two years. There was a
non-significant association of increased risk of bronchiolitis with lowered
VmaxFRC at the age of five weeks (OR 3.16, 95%CI 0.87-11.6, p<0.06) during
their first year of life, but no association during their second year of life (108). The
same cohort study also found that cases with lowered lung function at five weeks
of age and wheezing symptoms only during the first year of life also improved their
lung function by the age of 12 months, but the cases with persistent wheezing
symptoms during the first and second year also showed persistent lung function
reduction both at five weeks and 12 months of age (109). Male gender and
maternal smoking during pregnancy were associated with lower VmaxFRC values
throughout the first year of life (110). In a long-term follow-up of this cohortt,
reduced lung function before and after bronchiolitis was maintained to the age of
11 years in 16 hospitalised children compared to 178 controls, and there were no

differences in asthma, wheezing, or atopy between these groups (103).
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In a study from Manchester, UK (111), a population-based birth cohort of over
one thousand children and a subgroup of 69 children with atopic parents were
recruited and studied for their lung function at the age of one month. In a one-year
follow-up, parent-reported wheezing and cough were associated with reduced
neonatal VmaxFRC (102). Decreased lung function shortly after birth was also
associated with male gender, but no significant associations were seen with parental
asthma or antenatal exposure to smoking (102). This birth cohort study on a wider
scale followed the lung function as specific airway resistance (sRaw) measured by
whole body plethysmography at the ages of three, five, eight, and 11 years, and
demonstrated strongly that children with the persistent wheezing phenotype,
frequent asthma exacerbations, and early atopy had consistently lower lung
function and also a higher rate of lung function deterioration from the age of three
onwards up to 11 years compared to children who never wheezed; these effects in
lung function reduction were greater in boys (112).

In a Dutch prospective birth cohort study (WHISTLER), neonatal lung
function was measured in 2,133 infants at a median age of two months. In a small
subgroup of 18 hospitalised RSV-positive children, lowered neonatal lung function
before the infection was associated with a more severe course of RSV bronchiolitis
and post-RSV bronchiolitis wheezing compared to non-hospitalised RSV-positive
children (105). In this study, decreased respiratory system compliance (Crs) in
particular was associated with hospitalisation due to RSV bronchiolitis. From the
same cohort, in 202 children with rhinovirus-associated wheezing in the first year
of life, premorbid lung function was associated with the occurrence and duration
of the wheezing episodes (113). Interestingly, in the neonatal lung function
measurement, increased respiratory system resistance (Rrs) — but not Crs — was
associated with wheezing. In addition, maternal smoking during pregnancy
increased the risk of rhinovirus-associated wheezing. WHISTLER is the only birth
cohort study addressing neonatal lung function before any lower respiratory tract
infection and its association with either confirmed RSV bronchiolitis and
post-bronchiolitis wheezing or rhinovirus-related wheezing.

In the WHISTLER cohort follow-up, a prospective cohort of 155 hospitalised
RSV bronchiolitis patients from a previous study were compared to non-
hospitalised healthy controls at the age of six years from the unselected birth
cohort. Hospitalised patients had a lower mean FEV1, FVC, and FEV1/FVC ratio,
and in addition interrupter resistance (Rint) was higher compared to the non-
hospitalised children (114).
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The most comprehensive prospective follow-up study addressing the
relationship of reduced innate lung function and the progression of lung function
deterioration later to school age is the Danish COPSAC study (106), where lung
function in a high-risk birth cohort of 317 children with asthmatic mothers was
followed to the age of seven years. Compared to children without asthma, the
children who developed asthma by the age of seven years had a significantly lower
neonatal FEF50% that progressed from Z-scores of -0.34 to -0.82 and a lower
neonatal FEV0.5/FEV1-ratio Z-scores decreasing from -0.29 to -0.73 during
childhood, respectively, suggesting that 40% of the lung function reduction seen by
the age of seven is constituted by neonatal lung function reduction, and 60% is due

to later disease (Fig. 5).
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Figure 5. The COPSAC study observed the reduction of forced expiratory flow (FEF50%) rate from
the age of one month (p=0.03) to seven years (p=0.001) in children without (solid line) and with
(dashed line) current asthma. Modified from (106).

In the COPSAC study, the negative association of lung function growth with
asthma was independent of atopy and aerogen allergen sensitisation at the age of
six years (100), suggesting that in the development of lung function disorders,
non-atopic factors also play a role. In addition, a sub-group of 34 children studied
at one month of age who were later hospitalised due to severe bronchiolitis before
the age of 24 months appeared to have increased neonatal hyperresponsiveness
preceding hospitalisation compared to non-hospitalised children. No difference
was, however, found in neonatal lung function between these groups (115).

In the COAST study (30) a high-risk selected cohort of 289 children with at
least one atopic parent was followed after birth to the age of eight years.
Outpatient visits with six months intervals and lung function testing annually from
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the age of four to eight years with both FVS and IOS were performed. Although
not addressing the preceding lung function in infancy, the study demonstrated that
children wheezing with rhinovirus infections during the first three years have an
impaired lung function at the age of eight years compared to children without RV
wheezing, as measured by decreased FEV1 and FEV1/FVC ratio in spirometry
and by a more negative Xrs5 and larger AX in IOS. Lung function in RSV
wheezing was no different from the children not experiencing wheezing at all. In
this study, asthma diagnosis at six or eight years of age was associated with lung
function by spirometry as moderately lowered FEV0.5/FVC ratio and FEF25-75,
but not with IOS indices (30).

2.9  Hospital-cohort studies: Lung function outcome after early
bronchiolitis and recurrent wheezing episodes

Previous prospective hospital cohort studies have studied the long-term prognosis
after viral bronchiolitis, pneumonia, or wheezing, but lung function outcome has
not been addressed before school age.

In a Norwegian prospective cohort study, 57 bronchiolitis patients hospitalised
under the age of 11 months were compared to age-matched controls at seven years
of age. Reduced lung function by FVS was observed in the bronchiolitis patients
compared to the controls, but no significant difference between the RSV and
non-RSV groups was found (1106).

In a Finnish prospective cohort of children hospitalised due to wheezing LRTI
at the ages of 1-23 months, lung function was measured with spirometry at a
median age of 7.2 years; 23% had a decreased lung function and 13% showed a
rhinovirus-associated bronchial responsiveness to exercise (117). Later, from the
same cohort at a median age of 11 years, virus-specific differences in bronchial
responsiveness to exercise were absent, but RSV aetiology of early-life wheezing
was associated with a restrictive pattern in lung function measured by FVS (118).

In a Swedish cohort study, children with a history of obstructive bronchitis
during their first 24 (median 10.0) months of life were studied at the age of four to
five years and revisited at the age of 10 years (119,120). Half of the children were
symptom-free in the preschool follow-up, one third had mild asthma, and 15% had
a moderate to difficult asthma (119); there was no neonatal or later lung function
measurement at this study phase. At the age of ten years, 70% of the children were

asthma-free, and persistent asthma was associated with an early start of wheezing,
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marks of atopic predisposition other than asthma, and exposure to household
smoking in infancy. RSV aetiology of bronchitis, present in 28% of cases, was not
associated with persistent asthma (120). The children underwent histamine
provocation that correlated well with persistent asthma, as 19% of the children had
a mild, 12% a moderate, and 6% a severe reactivity to histamine (120). In a long-
term follow up at 17-20 years, risk factors for asthma, present in 43%, were
current allergy, female gender, and bronchial hyperreactivity (121). The subjects
with a history of early wheezing had a significantly lower FEV1/FVC ratio and
FEF50 compared to age-matched controls, both in pre- and post-bronchodilator
measurements, but lowered baseline lung function was seen also in symptom-free
subjects (121).

In another Swedish bronchiolitis cohort, 47 subjects, of which 43 were less than
six months old during hospitalisation for RSV bronchiolitis, and 89 age-matched
controls were prospectively followed to the mean age of 7.5 years. RSV actiology
had a significant association with atopic asthma, ze. asthma with allergic
sensitisation, compared to the control group (13). At the age of 13 years, similar
associations with asthma and allergies persisted in children with a history of RSV
bronchiolitis, and they also showed a lower FEV1/FVC ratio and FEF75 before
and after bronchodilator compared to the controls (122). The asthma and allergy
pattern persisted to the age of 18 years, when the RSV group also showed lower
pre-bronchodilator FEV1, FEV1/FVC ratio, and FEF25-75 compated to the
controls (25). In the dry air challenge, the fall in FEV1 was slightly greater in the
RSV group, but in the post-bronchodilator measurement there was no difference
in FEV1 between the RSV and control groups, though a statistically significant
lower FEV1/FVC ratio and FEF25-75 were seen (25).

In the foremost long-term prospective bronchiolitis and pneumonia cohort
from Finland (10), bronchial asthma was present by the age of eight years in 15%
of bronchiolitis cases and in 2% of pneumonia cases. Decreased mid-expiratory
flows were present in 29% of bronchiolitis patients and 21% of the pneumonia
patients, and both groups had an increased bronchial response to methacholine. As
young adults at 18-20 years of age, the bronchiolitis patients had lower baseline
FEV1, FEV1/FVC, FEF50, and FEF25 compated to the controls, and the
subgroup of 35 RSV-positive patients had lower FEV1 and FEF25 compared to
the controls. Bronchial reactivity to methacholine was present in 48% of
bronchiolitis cases and 41% of pneumonia cases vs 32% in the control subjects

(123). Recently, in a long-term follow-up study of these former bronchiolitis and
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pneumonia patients, 21% had an irreversible airway obstruction at the age of 28-31
years compared to the controls (20).

In conclusion, lung function abnormalities after bronchiolitis, defined by less
strict age-limits compared to our study, have been documented in 23-29% of cases
in studies with spirometry in seven- to eight-year-old children (10,117). Virus-
specific differences in lung function outcome at this age have not been found
(116,117), but some have suggested a rhinovirus-associated increase in bronchial
hyperrreactivity (117). Lung function reduction at 11-13 years of age measured by
FVS has been associated with the RSV-aetiology of bronchiolitis (118,122),
persisting in two follow-up studies into early adulthood (25,123), but otherwise the
long-term outcome of early bronchiolitis in terms of virus-specific lung function
remains to be determined.

210  Lung function development and weight

It is often clinically suspected that obesity is the cause of dyspnoea and wheezing
symptoms in children. In adults, evidence of an obesity-related asthma phenotype
with increased bronchial hyperreactivity is controversial (124-1206). It is worthwhile
to investigate if such a phenotype exists in children, as it could be that obesity
causes symptoms that only mimic asthma. A recent large-scale systematic review
suggests that overweight BMI in childhood increases the risk of non-atopic asthma
(127), and hypothetically it could be due to non-allergic inflammation or other
metabolic abnormalities.

The studies on assessing the role of obesity in increased airway reactivity seem
conflicting in children (128-130), but airway responsiveness to exercise rather than
to methacholine has been increasingly associated with obesity (126). Somewhat
more established is the finding of an association of obesity with reduced lung
function by FVS in school-aged children (131-134). There is also data showing that
obesity continuing from childhood to adulthood results in poorer lung function
compared to normal-weight children who do not become obese until adulthood,
although they also have a reduced lung function compared to normal-weight
adults, addressing the importance of maintaining normal weight during growth
(135).

Obesity has a negative effect on lung function in adults, as the obese tend to
have an elevated diaphragm and increased extrathoracic compression of the thorax.
This is thought to lead to airway narrowing due to reduced functional residual
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capacity (FRC) and expiratory reserve volume (ERV) (136,137), as well as distal
airway dysfunction and poorer bronchodilator response, as reflected by increased
pre- and post-BD frequency dependency of resistance by 10S (137). In the only
IOS study in unselected preschool-aged children, no association between
increasing BMI and reduced lung function was found (138). Otherwise, the studies
assessing obesity and pulmonary function have been done at school age; they show
results mostly comparable to those in adults, i.e. negatively impacted lung function
by FVS (131-134).

According to Barker’s hypothesis (139), reduced intrauterine growth might
result in increased cardio-pulmonary morbidity in later life. The effect of
intrauterine insults on catch-up growth trajectories has been established in animal
studies, but it has been mainly retrospectively observed in humans (140,141).

It is important to highlight the relationship of the body and airway growth: the
airway structure develops by mid-pregnancy (Fig. 3), and after that the bronchial
structure may not be able to catch up with other somatic growth, resulting in
relatively small airways compared to body size. The imbalance with pulmonary and
other somatic growth is referred to as “dysanapsis”. Indirect evidence for this
comes from a prospective cohort of 1,232 children in Chile, where increased gain
in weight and length during infancy was associated with asthma symptoms at the
ages of 23-29 years (142).

There is some evidence on the effect of low birth weight on increased asthma in
adulthood, though a longitudinal aspect of post-natal rapid growth has shown
morte consistent results on the association with asthma in later life, with reduced

lung function only in infancy, not in adulthood (143).

2.11  Genetics of bronchiolitis

In the neonatal period, the defence against infections is based on innate immunity
and maternal inherited antibodies. Adaptive immunity takes several days to start
before the clonal expansion of the lymphocytes and antigen-specific cell-mediated
response take effect, and during that time any infection has to be controlled by the
innate system. Genetic variance in innate immunity genes is common in different
populations (144).

The epithelial cells and the overlying mucosal layer of the airway form a
protective physical barrier for the first contact with inhaled foreign organisms
(145). This serves as an important environment for adhesion of the microbe
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surface structures or PAMPs (pathogen-associated molecular patterns), and as a
response to that, direct antimicrobial compounds (lysozyme, lactoferrin) defend the
host and many receptors signal to start a cascade leading to inflammatory response

(145).

2.11.1  Toll-like receptors

Toll-like receptors (TLRs) are evolutionally conserved germ-line encoded
molecular pattern recognition receptors (PRRs) of most crucial importance to the
onset of innate immunity response and the following adaptive immunity (140).
There are 10 known TLRs in humans that recognise a large number of different
microbial components (TLRs 1, 2, 3, 6, and 10 encoded on chromosome 4, TLR4
on chromosome 9, TLLRs 7 and 8 on the X chromosome, and TLRY9 on
chromosome 3).

TLRs are trans-membrane proteins; TLRs 1, 2, 4, 6, and 10 are located on the
plasma membrane, while TLRs 3, 7, 8, and 9 are located in the endoplasmic
reticulum, where they are transferred to lysosomes (145). Simplified, ligand
attachment to TLRs starts a signalling cascade leading to the transcription of
proinflammatory cytokines and type I interferons (147). According to the hygiene
hypothesis, TLRs have been proposed to have a role in the development of
Th1/Th2-imbalance, as the activation of TLRs leads to Thl-balanced cytokine
production and might act as a counterbalance to Th2 cytokines (148). TLRs are
able to distinguish host tissue from pathogens, but even though playing a vital part
in the onset of acute inflammation, TLRs have been associated with chronic and
autoimmune inflammation (149) and asthma (148). There are no previous
post-bronchiolitis studies examining the associations of lung function and the
genetic variation of TLRs.

Supporting the hygiene hypothesis, eatly childhood exposure to environmental
house dust endotoxin has been associated with a decreased incidence of asthma in
later life in several studies (150,151). TLR4 can recognise several unrelated
structures like endotoxin (Lipopolysaccharides; LPS) and also the F protein of RSV
(147). Originally, the TLR4 154986790 (Asp299Gly) polymorphism was first
associated with decreased airway reactivity to inhaled LPS in adult volunteers, and
to a decreased TLR4 signalling cascade in vitro (152). This polymorphism has been
confirmed to modify the effect of endotoxins in adults: when exposed to house

dust endotoxin, carriers of at least one mutant allele were significantly less
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asthmatic and airway reactivity was lower compared to the carriers of the wild-type
allele (153).

During RSV infection, TLR4 is increasingly expressed in dendritic cells and
macrophages. Mutation in the TILR4 receptor gene has been shown to lead to
attenuated signalling of the pathway and weak innate immune response to RSV
(154). Studies have confirmed that the TILR4 polymorphisms — and the
hyporesponsiveness to endotoxin in particular — increase the risk of a severe RSV
infection in infancy (155,156). However, some evidence suggests a RSV group and
virulence dependency, since the association with a severe disease has varied
between epidemics (157). It can be hypothesised that the TI.R4 polymorphism
might serve as a risk factor for severe RSV infection in infancy, but, seen from a
different point of view, also as a marker for a window of opportunity for
environmental factors — such as endotoxins or viruses — to modulate the immune
system away from the Th1/Th2-imbalance (148).

TLRs 1, 2, 6 and 10, the TLR2 subfamily, share a common signalling pathway
(158). Signalling through TLR2 occuts as the heterodimers TLR2/TLRI,
TLR2/TLRG, and TLR2/TLR10 (159). The TLR2 subfamily has a major role in
the recognition of the lipoproteins of bacteria, viruses, and fungi (147). The genetic
variation of the TLR2 subfamily has been associated with childhood asthma and
allergies in several studies, though the direction of the association has varied (160-
163). However, as the TLR2 subfamily is a heterodimeric group of different
receptors, some studies have found associations with asthma only in haplotype-
combinations within the TLR2 subfamily (164,165). Only TLR6 rs5743810
(Ser249Pro) polymorphism has been linked to asthma in a few studies
(162,166,167), and functionally this polymorphism alone has been linked to
decreased IL-6 production in response to lipoproteins and mycobacterium (168).
Increased IL-6 levels have been found in the lower airways of infants during RSV
bronchiolitis (169). Eatlier in this cohort, TI.LR2 subfamily polymorphisms did not
show significant associations with bronchiolitis severity or post-bronchiolitis
wheezing (170), but at preschool age there was a significant association of atopic
eczema with TILR6 1s5743810 polymorphism and an increased risk of asthma
associated with variant alleles in TI.LR 7, 2, and 6 haplotype analysis (171).

The TLRs 3, 7, 8, and 9 are specialised in recognising the nucleic acids of
foreign DNA and RNA belonging to bacteria and viruses. To gain access to
endosomal TLRs, the ligand has to be delivered into the cell by endocytosis (147).
Concerning these TLRs, very little data has accumulated on associations with
bronchiolitis or post-bronchiolitis sequelae, even though RSV and rhinoviruses
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being single-strand RINA viruses plays an important role of these TLRs. Earlier
from this cohort, TLLR3 wvariant polymorphism was associated with post-
bronchiolitis wheezing (172). In vitro, TLR3 has been shown to be upregulated to
ASM cells following contact with viral dsSRNA (double-stranded RNA, TLR3
ligand) (173), but no studies focusing on childhood asthma or airway reactivity
have been published.

In experimental animal studies with BN rats suffering from chronic asthma, a
synthetic TLR7/8 ligand proved to have a potent anti-inflammatory effect and
prevented airway remodelling (174). Only one study so far has linked the
X-chromosomally located gene TLLR7 and & polymorphisms to childhood asthma
(175); in another study no significant associations were found (162).

2.11.2 Interleukin-10

Interleukin-10 is a key cytokine having multiple regulatory effects on limiting the
inflammatory response. IL-10 is produced in a variety of monocytes, macrophages,
dendritic cells, and B-lymphocytes, but most importantly in regulatory naturally
occurring Treg-cells and antigen-driven IL-10-secreting T-cells (176). IL-10
protects the host from an abnormally strong response to infections as well as
autoimmune inflaimmation. The anti-inflammatory effects focus on activated
mactrophages/monocytes and dendritic cells, downregulating the production of
IL-12, IL-18, IL-1, and TNF, reducing the function of Natural killer (NK) T-cells
and the maturation of naive T-cells to Th1 cells (Fig 6).
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Figure 6. A schematic illustration of common sites for IL-10 in regulating innate and adaptive
responses to infection. Modified from (177). © Eero Lauhkonen
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In experimental studies, RSV infection has been shown to induce IL-10-
producing CD4+/CD8+ T-cells in the lungs during the infection, and IL-10
deficiency in mice has been shown to lead to a more severe disease course and
worse recovery, suggesting I1.-10 has an inhibitory role controlling inflammation,
especially during the recovery phase of the infection (178). In transgenic mice, an
induced overexpression of the IL-10 gene and the presence of the IL-10 protein
during the acute phase of the RSV infection attenuated the acute inflaimmation and
also protected from late inflammatory changes (increased Th2 cytokine expression)
(179). When the IL-70 gene overexpression was delayed and artificially induced
later, after the acute response to the RSV infection, the effect was more activating
than inhibitory. In addition, in the mice without the RSV infection, increased IL-70
expression led to Th2 cytokine and chemokine up-regulation (179). In vitro studies
in children with RSV bronchiolitis have shown that IL-10 production is increased
in the convalescent phase three to four weeks after the infection, and this was
significantly associated with recurrent post-bronchiolitis wheezing (180). Thus, it
could be that IL-10 has a dual role that can be either protective at the acute phase
or pro-inflammatory in a later recovery phase of the infection, but this needs
turther clarification.

Interleukin-10 has become an interest in research also due to its role in the
regulation of allergic inflammation, and experimental data suggest that in allergy,
the regulatory T-cell populations might be impaired, perhaps leading to attenuated
IL-10-mediated control of the allergic mechanisms (177,181).

In the highly polymorphic IL-10 promoter region, there are four functional
single nucleotide polymorphisms (SNPs) influencing IL-10 production. In the
proximal promoter area, three SNPs (-592 C/A, —-819 C/T, and —1082 G/A) are
in high linkage with each other. The common haplotypes GCC, ACC, and ATA
have been recognised in Caucasian populations (182) and a fourth haplotype —
GTA — in Asian populations (183). In vitro studies have suggested that the
haplotype ATA is associated with low IL-10 production (184), or just the mutation
at —1082 G/A regardless of the two other SNPs (182). Likewise, an SNP in the
distal promoter region —3575 T/A has been associated with low IL-10 levels (185),
but overall there is limited data concerning single-point mutations and the
regulation of IL-10 production.

Two SNPs very close to our study at —1117 and —3585 have been previously
associated with the severity of RSV bronchiolitis (186). From this cohort, severe
rhinovirus bronchiolitis and preschool asthma were associated with the II.-70 —
1082 G/A polymorphism (51,187). In the only IL-10 study addressing lung
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function in 518 asthmatic children at a mean-age of 8.1 years, the haplotype ATA
was associated with a low level of FEV1 and the haplotype GCC with high FEV1
(188), ie. the low-IL-10-producing haplotype was associated with low lung
function. The polymorphism of —1082 G/A has been associated with adult asthma
in a large meta-analysis of 11 studies (189). Supporting the significance of low IL-
10 levels, at least in adult asthmatics, reduced I1.-10 levels have been determined
from bronchoalveolar fluid (190).

2.12  The united airways disease (UAD) hypothesis

According to the atopic march theory, atopic eczema, allergic rhinitis, and asthma
share a common genetic background, but the disease manifestations and onset vary
according to age (191). It is well-known that the first allergic sensitisation in life
often concerns food allergens, commonly cow’s milk allergy in infancy, often
remitting by the age of two years. Thereafter, the IgE-mediated sensitisation to
inhaled allergenes takes place, manifesting as allergic rhinitis. Childhood allergic
rhinitis, airway hyperreactivity, and asthma have a well-known association (192-
194).

Delineating the atopic march theory, the UAD hypothesis postulates that upper
and lower airways diseases have a shared pathophysiological background, and that
allergic rhinitis and asthma therefore develop jointly, co-exist, and have an effect
on each other when manifested, and likewise respond the other way round when
treated (195-197). Thus, according to the atopic march theory and the UAD
concept, it can be hypothesised that lung function deterioration results from
chronic atopic inflammation leading to airway remodelling changes. There is,
however, limited evidence on this hypothesis contributing to lung function

development.

2.13  Pulmonary function testing in young children

In pulmonary function testing, flow-volume spirometry (FVS) has been the
standard in adults. However, this needs good patient compliance and skill in order
to achieve deep inspiration and sufficiently strong expiratory blows. Preschool and

school-aged children often show a poor success rate in spirometry (198,199) and
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there is a high degree of variance in the results, especially in the parameters
representing small airways (200).

In addition, spirometry measures only the air flow limitation, which is an end
outcome of several factors involved in obstructive lung diseases. Alternative,
non-invasive methods needing only little co-operation have been developed to
obtain objective lung function measurements from young children (201). Direct
measurement of airway resistance to airflow gives additional information on deeper
lung mechanics and the surrounding thorax (202).

Common methods in clinical use measuring airway resistance are whole body
plethysmography, deriving airway resistance (Raw), specific airway resistance
(sRaw) and specific airway conductance (sGaw), the measurement of interrupter
resistance (Rint), and the method of forced oscillations (FOT) (201).

2.13.1  Airway resistance in lung function

In obstructive lung diseases, the hallmark change in the airways is increased airflow
resistance (202). This is determined by several factors, including length and lumen
of the airway, gas density, and flow turbulence. It can be characterised by pressure
change in relation to airflow, being inversely proportional to the fourth power of
the radius of the airway lumen (r):

AP 1

—_—
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In addition, the human airways are flexible and divided downwards into 23
generations (Fig. 3), so the total airway resistance is the reciprocal sum of the parts
of the airways. In studies modelling the human lung, the airway resistance lowers in
the trachea and the first four bronchial tree generations until it rises to its
maximum level at 6—8 generations and starts to lower again continuously, being
very low at the alveolar level (77). In all, the conducting airways up to the 16th
generation of the bronchial tree (Fig. 3) account for the majority of airway
resistance. Only a small part of the total lung resistance comes from the peripheral

small airways (77) and as much as 40% comes from the surrounding lung tissue
and thorax (203).
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2.13.2 Airway responsiveness and bronchodilator response

The limited airflows in response to different external stimuli can be gathered under
the umbrella term of airway hyperresponsiveness (204). The mechanisms leading to
airway narrowing are not fully understood, but they probably consist of increased
mass and constriction of airway smooth muscle (ASM), airway inflammation and
remodelling, and neurogenic control of the airway tone (205).

External factors contributing to airway constriction can be divided into direct
and indirect stimuli; direct mechanisms act through effector cells, such as ASM
cells or mucus producing cells, and indirect mechanisms act through intermediary
cells, such as mast cells or neuronal cells, which further stimulate the effector cells
leading to bronchoconstriction (206). Methacholine and histamine inhalations are
direct stimuli that can be used in bronchial provocation tests. Physical exercise and
inhaled cold air are indirect stimuli that work by releasing inflammatory mediators
and by neural activation in the bronchial provocation test. Administration of
adenosine (cAMP) or bradykinin, for example, present pharmacologically induced
indirect stimuli (2006).

Bronchodilator responsiveness is defined as the reversibility of the airway
obstruction achieved by bronchodilator administration. Such reversibility is an
essential characteristic of asthma, as may also be bronchial hyperresponsiveness.
Basically, bronchodilator responsiveness and bronchial hyperresponsiveness
represent different physiological phenomena that often do not correlate, not even
in all patients with asthma (207).

In this study, the term “bronchial hyperreactivity” (BHR) has been used in
certain analyses combining exercise- and bronchodilator-induced responses, which
differs from the exact use of the term BHR in previous literature.

2.14  Impulse oscillometry (IOS)

The use of the forced oscillations technique (FOT) in the measurement of airway
impedance was introduced already in 1956 (27). The mechanical basis of
oscillometry lies in external pressure signals conducted to the airways during the
spontaneous breathing of the subject (208).

Impulse oscillometry (IOS) (209) is a quite recently introduced modification of
FOT, where short time-discrete impulse-like external signals are conducted to the

airways during tidal breathing through an open mouthpiece (208). The oscillation
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amplitude and phase differences in the pressure and flow output signal are analysed
to measure the total airway input impedance (Zrs) and further derive the resistance
(Rrs) and reactance (Xrs) of the airways. Resistance reflects the energy loss due to
resistive forces to the air flow in the airways. Reactance is an imaginary component,
constituting the mass-inertia energy of the moving air column (inertance) and the
clastic properties of the lung tissue and describing energy storage (capacitance).
The resistance and reactance of the respiratory system change as a function of the
oscillation frequency depending on standing height and age (210).

During the measurements, the child is seated and breathes normally, without
crying or coughing. To prevent loss of pressure to the upper airways, a nose-clip is
used and the child’s cheeks are supported by the technician’s hands. The input
signal of harmonic oscillations at 1-35Hz is conducted through a mouthpiece to
the bronchial tree as the child breaths normally. The oscillometric input impedance
is recorded from the output airflow, and the resistance (Rrs) and reactance (Xrs)
curves are calculated as a function of oscillation frequency (Fig. 7).
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Figure 7. lllustration of the 10S curves as a function of oscillation frequency. dRrs/df=Frequency
dependency of resistance; Fres=Resonant frequency, ©Eero Lauhkonen
Low frequencies (<15Hz) are thought to describe the peripheral (small) airways,
and higher frequencies the central (larger bronchi) airway. Rrs increases as the
airway lumen decreases in bronchoconstriction, inflaimmation, and oedema,
resulting in increased (more negative slope) frequency dependency of resistance,
dRrs/df. In asthmatic patients, bronchodilation may decrease Rrs in both high and

low frequencies, but usually relatively more in low frequencies (small airways)
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associated with a decrease in dRrs/df (208). The point at which reactance equals
zero represents the equal magnitude of inertance and capacitance, and is called the
resonant frequency (Fres). Reactance at low frequencies represents the capacitive
properties of the peripheral lung, ie. alveolar volume and compliance of the lung
tissue including the thorax. Xrs decreases due to peripheral stiffening as a result of
small airways obstruction, lung tissue fibrosis, or peripheral lung hyperinflation in
emphysema (208).

2.14.1 Application of IOS

The method is non-invasive and relatively inexpensive, and one cycle of IOS
measurement is relatively quick, which is a clear benefit in the paediatric setting,
though often the measurements may take some time to practice and to ensure the
patient’s adequate co-operation. In contrast to spirometry, IOS is performed
without deep inhalation and is therefore unlikely to alter the bronchial tone and
confound the analysis (201,211).

1OS has been considered suitable for children as young as two to three years old
(212-215). Finnish population-based references for two- to seven-year-old children
are available, and the method can be used in analysing reactivity to exercise or
bronchodilation (201,210,216). IOS is very sensitive to upper airway artefacts, such
as glottis closure and the upper airway shunt, thus multiple measurements are
needed to obtain reliable results (208).

The IOS method has been evaluated in multiple studies in comparison to other
pulmonary function tests, and it has demonstrated high sensitivity to peripheral
lung pathology, as in asthma or COPD (208). In a recent study with three- to
17-year-old asthmatic children and non-asthmatic controls, IOS was found to be
superior in showing reversible obstruction compared to spirometry (217). IOS also
classifies with an >80% accuracy an uncontrolled asthma status from asthmatic
children and healthy controls with peripheral small airway parameters Rrs5-20
(difference in resistance from Rrs5 to Rrs20), Xrs5, Fres, and AX (low frequency
reactance area) (218). Xrs5 has been shown to have a good diagnostic value in
testing  bronchial hyperresponsiveness with methacholine challenge in
preschool-aged children and also in differentiating clinical severity of asthma in
school-aged children (219,220). It has been suggested that reactance at low
frequencies is a more sensitive marker of peripheral obstruction than respiratory

system resistance (208).
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In clinical studies, the use of 10S is not yet fully established, and it has been
debated how the values correlate with the ones obtained with spirometry at the
same age (30,221). In a high asthma-risk cohort study by Guilbert et al., asthma
diagnosis at six or eight years of age was supported by moderately decreased lung
function by FVS, but not by IOS measurements at the same timepoints (30). Thus,
more comparable clinical studies are needed to clarify the relationship of
flow-volume measurements by FVS and measurements of 10S.

In addition, the prognostic value of IOS lung function measurements in young
children is not well known, though recently in asthmatic children IOS wvariables
Rrs5 and dRrs/df at preschool age correlated with spirometric FEV1 at
adolescence (222). Overall, the interpretation of IOS results needs careful
consideration and more research is needed.

The normal limits of 1I0OS values can be presented as height-adjusted Z-scores
(210), with an upper reference limit (95th percentile) at +1.65, and the lower
reference limit (5th percentile), respectively, at -1.65. In practice, a deviation of 1.65
above the predicted reflects a minor, >2.0 a moderate, and >4.0 a severe pathology
in IOS parameters, ze. in pathological conditions, the main parameter Rrs rises
above +1.65 and Xrs decreases below -1.65 (208).

In the evaluation of bronchial reactivity, no clear consensus of the pathological
limits exists. A Finnish study suggested a 35% limit for an Rrs5 increase after ECT
(216). Furthermore, in the current Finnish 1OS reference values, the decrease of
37% in Rrs5 was suggested as a pathological response in a post-bronchodilator test
in two- to seven-year-old children (210). Others have suggested slightly
stricter -40% to -42% limits as a pathological response in post-BD test Rrs5 in the
same age group (223,224). In Denmark, a 37% increase in Rrs5 in a cold air
challenge distinguished asthmatic and non-asthmatic two- to five-year-old children
measured by IOS (225). The current ATS/ERS guidelines and Finnish current-care
guidelines — as used in the present study — propose a minimum 35% change in
resistance in response to exercise or bronchodilation to be suggestive of asthma
(201).
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3 Aims of the study

The principal aims of this study were to describe the lung function before school

age in children hospitalised for bronchiolitis and to explore environmental and

genetic factors possibly influencing the lung function outcome. To summarise, the

more specific aims were:

To evaluate lung function and bronchial reactivity using 10S at the age of
five to seven years after hospitalisation for bronchiolitis at the age of less
than six months.

To assess the role of weight gain before school age as a risk factor for lung
function reduction or bronchial hyperreactivity in post-bronchiolitis
settings.

To clarify the role of the polymorphisms of the four interleukin-10
encoding genes (rs1800896, rs1800871, rs1800872, and rs1800890) in
post-bronchiolitis lung function and bronchial reactivity.

To explore whether the polymorphisms of the nine toll-like receptor
encoding genes (TLRs 71, 2, 3, 4, 6, 7, &, 9, and 10) are associated with
post-bronchiolitis lung function or bronchial reactivity.

To find evidence for or against the hypothesis of the united airways disease
in this post-bronchiolitis cohort.
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4  Materials and methods

4.1 Patient enrolment

At the Department of Paediatrics, Tampere University Hospital (Finland), 187
children were recruited during hospitalisation due to bronchiolitis. The enrolled
children were previously healthy, born at term, and less than six months old.
Bronchiolitis was diagnosed on the basis of history and physical examination of the
infant as having LRTI with wheeze or inspiratory crackles, cough, tachypnoea,
increased respiratory effort, and/or feeding problems (32). The children were
enrolled during three subsequent epidemics between 1 December 2001 and 21 May
31 2004.

The aetiology of bronchiolitis was determined from nasopharyngeal aspirates
analysed for antigen detection using indirect immunofluorescence and genome
detection with reverse-transcriptase PCR for RSV, Influenza A and B virus,
adenovirus, and parainfluenzaviruses 1 and 3. In addition, PCR covered
human-metapneumovirus, rhinovirus, and bocavirus recognition, since there is no
antigen detection in use for these. Altogether, combined results of nine different
respiratory viruses were available, as was PCR for the bacterium Bordetella pertussis.

The participants’ weight was measured during the hospital stay using a
calibrated scale. The information on birth weight data was acquired from the
hospital’s register. Weight gain before hospitalisation was calculated as gram/week
units. Parental history of smoking, asthma, and allergies were registered during
hospitalisation.

4.2  Follow-up visit
A total of 127 children attended a follow-up visit at the age of 5-7.5 years. The
control visits were organised outside the main pollen seasons in October 2008,

January and March 2009, and October 2009. In case of a respiratory infection in
the preceding two weeks, the follow-up was rescheduled.
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Prior to the follow-up visit, the parents answered a structured questionnaire
(published previously by Koponen P, Doctoral dissertation 2014, Appendix 1) to
examine the child’s previous wheezing episodes, prolonged cough (>4 weeks), or
coughing during the night without having an infection, doctor-diagnosed asthma
and the age of asthma-onset, as well as the use of bronchodilators and inhaled
corticosteroids. In addition, data on atopic eczema in infancy and during the last 12
months, prolonged rhinitis or allergic conjunctivitis during the last 12 months,
doctor-diagnosed parental asthma or allergy, maternal smoking during pregnancy,
parental smoking before and after the age of one year, and the keeping of
household pets was collected. The pre-filled questionnaire was revised together
with the child and parents to avoid any misunderstandings and to add to the
history of the child. Continuous asthma medication was not interrupted. The use
of beta-agonists had to be stopped a minimum of 12 hours before the lung

function testing.

43 Clinical data collection

At the control visit, all the children were physically examined by a paediatrician.
Height and weight at the control visit were measured using standard techniques
with scales and stadiometers.

In 124 children, data on skin prick test-sensitisation to cat and dog dander;
birch, timothy grass, and mugwort pollens; house dust mites (D.pteronyssimus and
D.farinae); and spores of the mould Alternaria alternate was available. The test was
regarded as positive if the skin wheal increased to a diameter of 3mm and the
negative control showed no reaction. Antihistamine medication had to be stopped
for five days before the control visit.

Prolonged rhinitis was considered to be present if the child had experienced
sneezing, rhinorrhoea, or a blocked nose outside infection in the preceding 12
months, with seasonal or animal contact onset, or if the child had been diagnosed
with allergic rhinitis by a doctor.

In all, 107 children aged less than seven years performed lung function testing
with impulse oscillometry (10S, Master Screen 10S; Jaeger, Héchberg, Germany)
followed by the exercise challenge test (ECT) and post-bronchodilator (post-BD)
testing. Four were excluded from the lung function analysis due to following
reasons: two refused to run on the ECT propetly, a different IOS device was used
in testing one child, and data from hospitalisation was missing in one case. Thus,
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preschool-age follow-up data and complete lung function testing were available
from 103 (55%) of the original study subjects.

Bronchial hyperreactivity (BHR) was considered present if the child had a 35%
rise in response to exercise or a 35% decrease in response to bronchodilation in
Rrs5, calculated as a change from the baseline Rrs5.

A new asthma diagnosis was made if a child had wheezing or prolonged cough
(>4 weeks) or night cough apart from infection and simultancous BHR
documented in the IOS. One child had wheezing symptoms and a pathological
ECT, and one child had prolonged cough symptoms and a pathological decrease in
the BD test.

Current asthma was considered present when the child had been on continuous
or intermittent ICS medication during the last 12 months or was newly diagnosed
with asthma at the follow-up. Use of ICS medication for longer than three months
before the preceding 12 months — but not during the 12 months — was classified as
previous asthma.
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4.4  Lung function testing by IOS

At the control visit, the children performed lung function measurement at the
Department of Clinical Physiology, Tampere University Hospital. The tests were
performed in October 2008 (27 children), January and March 2009 (16 children),
and October 2009 (60 children). The mean outside temperature was +5 degrees
Celsius, with a range from -8 to +17 degrees Celsius. The majority of the children
(87/103) were tested in October in fair conditions. Some were tested during the
winter months due to practical reasons. In all, 18/103 study subjects ran the ECT
in a temperature below 0 degrees Celsius.

An experienced clinical physiologist judged the IOS curves to be graphically
sound and artefact-free for the whole 30-second measurement time. Three
acceptable IOS curves were demanded to accomplish each stage of the study
protocol. The results were used to calculate the mean values and further the height-
adjusted deviations as Z-scores for each parameter.

The ECT was performed after the baseline measurements. The children ran for
8 minutes outdoors reaching 290% of expected heart rate (205-age/2) for =2 min,
which was monitored with a heart rate monitor (Polar Ltd, Kempele, Finland).
Post-exercise 10S curves were measured straight after running and at 5-, 10-, and
15-minute timepoints after running. A clinical physiologist screened the
appropriate measurements to be analysed, selecting three acceptable IOS curves,
free from artefacts, mostly from the 5- or 10-minute timepoints after running.

The children then went through a modification of the post-bronchodilator
(post-BD) test. After the ECT, the children were given 300ug salbutamol
(Ventoline®, GSK) administered by inhalations through a spacer (Babyhalet®,
GSK), and again, 15 minutes after the inhalation, three acceptable 10S curves were
obtained, now representing the post-BD values.

The study protocol for each child was completed during one day. In all,
baseline, post-exercise, and post-bronchodilator respiratory system impedance
(Zrs), resistance (Rrs) and reactance (Xrs) at 5Hz, resonant frequency (Fres), and
frequency dependency of resistance (dRs/df) measurements were acquired.

45 Genetic methods

Altogether, 135 whole blood samples were collected during hospitalisation and
frozen for further DNA analysis. DNA was extracted from whole blood using a
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commercial kit (QIAGEN Inc., USA) at the Department of Clinical Microbiology
(Tampere University Hospital) and at the Department of Medical Microbiology
and Immunology (Turku University Hospital).

46  Genotyping of IL-10 gene promoter polymorphisms

PCR and allelic discrimination in genotyping of the IL70 1rs1800896 single
nucleotide polymorphism (SNP) was carried out by using the ABI PRISM® 7000
Sequence Detection System (Applied Biosystems, CA, USA). A commercial kit
(Assay On Demand, C_1747360_10 IL10) was wused according to the
manufacturer’s protocol. The universal PCR thermal cycling conditions for ABI
were as follows: 50°C for 2 min, then 95°C for 10 min, and then 40 cycles at 95°C
for 15 s and 60°C for 1 min. The PCR reaction was performed in a 25 ul
volume-containing TagMan® Universal PCR Master Mix with AmpErase® UNG
(ABI, CA, USA), 1x Assay Mix (primers and probes: ABI, CA, USA), and 10-100
ng of template DNA. The genotypes were selected manually from the allelic
discrimination tab.

I1.70 11800890 genotypes were determined by pyrosequencing (PSQTM 96MA
Pyrosequencer, Biotage, Uppsala, Sweden) using a PSQTM 96 Pyro Gold Q96
reagent kit according to the manufacturer’s protocol. Primers are designed to
recognise the polymorphic site in the IL-10 promoter region (A changes to T).

The detection of II.70 polymorphism sites rs1800871 and rs1800872 were
performed using PCR and sequencing of the amplified region. The SNPs were
detected simultaneously in one PCR reaction. The sequence of PCR primers were:
forward: 5-TAGGTCTCTGGGCCTTAGTT-3 and
reverse: 5-AAGGCCAATTTAATCCAAGGTT-3. The correct PCR product size
(440 bp) was verified with agarose gel electrophoresis. The forward primer was also
used for the sequencing reaction. Sequencing reactions were performed at the
Institute for Molecular Medicine Finland (FIMM, Helsinki). All PCR reactions
were performed in the following conditions: initial denaturation at 95°C,
denaturation at 95°C for 2 minutes, annealing at 60°C for 30 seconds, and
extension at 72°C for 40 seconds. After 40 cycles, there was a final denaturation at
72°C for 7 minutes.

Data on the SNPs of I1.70 rs1800896, rs1800871, and rs1800872 were available
for 99 of the children with 1OS data, and data on the SNP I1.70 rs1800890 wete
available for 98 of the children with IOS data.
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The individual haplotypes of rs1800896, rs1800871, and rs1800872 were
counted from unphased genotype data using the Clark’s algorithm (226), where all
homozygote and single-site heterozygotes were identified and haplotypes resolved
by direct counting. The SNPs rs1800871 and rs1800872 were co-segregating. In
this way, 87% of the haplotypes were unambiguous, and the remaining 13% could
be resolved using the haplotype frequencies. All four studied SNPs are highly
linked (Fig. 8), but we were not able to resolve all four allele haplotypes, thus
rs1800890 was omitted from the haplotype analyses.

rs1800872
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rs1800890
coding strand  -C--C--A----------m-m-m-- A-
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Figure 8. R2 values for the studied IL-10 polymorphisms in Finnish population-based data. The
formation of ACC(A)/ATA(A) genotype from the parental DNA strands are described as an
example. Greyscale=R2-correlation, all pairs D"=1. Adapted from original article 1.

4.7 Genotyping ofthe TLR 1, 2, 3,4, 6,7, 8, 9,and 10
polymorphisms

The genotyping of TLLR7 rs5743618, TI.LR2 1s5743708, TLLR3 rs3775291, TLLR6
rs5743810, and TL.RS rs2407992 was performed by pyrosequencing (PSQ™96MA
Pyrosequencer, Biotage, Uppsala, Sweden). PCR products with potential SNPs
were recognised as the template in the pyrosequencing reactions using a PSQ™?96
Pyro Gold Q96 reagent kit according to the manufacturer’s protocol.

The genotyping of TI.LR4 rs4986790 was performed by pyrosequencing with the
ABIPRISM 7000 Sequence Detection System (Applied Biosystems, CA),
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supplemented later with pyrosequencing (PSQ™O96MA Pyrosequencer, Biotage,
Uppsala, Sweden) using a PSQ™96 Pyro Gold Q96 reagent kit.

For TLLR7 15179008, the PCR products were first purified with a QIAquick
PCR Purification Kit (Qiagen, Hilden, Germany) according to the manufacturet's
protocol. PCR products with low DNA content were eluted to 30ul with elution
buffer. After the purification, the PCR products were pipetted into a 96-well plate
(5ul) together with TI.LR7 rs179008 forward primer (1.6ul), and the 96-well plate
was sent for full service sequencing at FIMM (Institute for Molecular Medicine)
seqlab, Helsinki, Finland.

TILRY 15187084 genotyping was performed by using BspTT restriction enzyme
(ThermoFischer Scientific, Waltham, USA) for the digestion of PCR product. High
resolution melting analysis (HRMA) (Roche Diagnostics Light Cycler 480, Basel,
Switzerland) was used for the genotyping of TILR70 rs4129009. HRMA PCR
reactions were run at 95°C for 10 min followed by 45 cycles of amplification at
95°C for 10 s, then 59°C for 10s, and then 72°C for 15s. After the PCR process,
the final melting cycle conditions were as outlined by the manufacturer: first
heating to 95°C and holding for 1 min, followed by cooling to the pre-hold
temperature (40°C) to make sure that all PCR products were re-associated and to
encourage heteroduplex formation. The melting interval for collecting fluorescence
was from 60°C to 95°C at a ramp rate of 0.02°C per second. In each run, known
TI.R70 54129009 standards (wild type, heterozygote, and homozygote) were used.
All the primers were purchased from SIGMA-ALDRICH, Finland.

The PCR and sequencing primers used for TILLR7 rs179008 and TILRS

152407992 are located on the X chromosomes.
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48 Statistical methods

The structured questionnaire data and clinical data including the viral aetiology of
bronchiolitis, SPT results, genetic data, and measured 10S variables were collected
on an Excel spreadsheet (Microsoft, Redmond, USA).

The three selected I0OS measurement curves were used to calculate mean values,
which were transformed into height-adjusted standard residuals (Z-scores) using a
prediction equation from recently published Finnish population-based reference
material (210). The upper reference limit for the Z-scores was set to +1.65 (95th
percentile), and the lower reference limit, respectively, to -1.65 (5th percentile).

Bronchial reactivity was studied calculating exercise-induced changes and
bronchodilator-induced changes in Zrs5, Rrs5, Xrs5, and Fres in continuous Z-
score changes but also as the categorised pathological change of Rrs5. An
exercise-induced increase of 35% from baseline Rrs5 and correspondingly a
bronchodilator-induced decrease of 35% from baseline Rrs5 were considered
pathological.

Using Finnish national population-based weight and height data as a reference
(227), current weight and height data were transformed into age- and sex-specific
height-related body mass index-for-age Z-scores (zBMI). The cut-off value of the
zBMI for overweight was 1.16 for girls and 0.78 for boys (corresponding to a BMI
of >25 kg/m?2 in young adults) and the cut-off value of the zZBMI for obesity was
2.11 for gitls and 1.70 for boys (corresponding to a BMI of >30 kg/m2 in young
adults).

The statistical significance of the differences were analysed using SPSS
Statistical Package version 21 (IBM, NY, USA). A result was considered statistically
significant if the p-value was less than 0.05. Analysis of variance (ANOVA) was
used in the analyses of continuous data. The chi-squared and Fischer’s exact tests
were used in the analyses of categorised data. The analyses were adjusted for age,
sex, maternal asthma, atopic eczema, RSV and non-RSV aetiology of bronchiolitis
during hospitalisation, weight status, and maternal smoking during pregnancy,
when appropriate. The results are represented as mean values, standard deviations
(SD), and 95% confidence intervals (95%CI) for continuous variables, and as
numbers and frequencies for categorised variables.

The correlation between weight status (zBMI) and IOS parameters was studied
with multivariate linear regression, and the results are represented as Pearson’s R,
Pearson’s R2, and adjusted p.
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49 Ethics

The study was conducted according to the guidelines of the Finnish Advisory
Board on Research Integrity and the Declaration of Helsinki. The study was
approved by the Pirkanmaa Hospital District Ethics Committee (approval number
R13025).

Study participation was approved by the parents, who gave written, informed
consent. It was highlighted that participation was not mandatory and the families
could decide to withdraw at any phase of the study. The families did not receive
any payment for participating in the study.

As the children were five to seven years old, the parents received a written
information letter before the control visit. Contact information for the study nurse
was provided if they had any questions. The parents were asked to complete a
structured questionnaire at home and to bring it with them or post it in case they
were not able to participate any further. The children participated voluntarily at the
control visit, where they were orally informed and written informed consent was
obtained from the parents.

The use of the genetic data was limited to asthma research by the Ethics
Committee permit. The blood samples were coded with numbers and analysed
anonymously in the genetics laboratory. In practice, only the principal investigator
had access to the personalised genetic data, which was stored separately from other
data.

The study project did not receive any commercial funding associated with
medical or pharmaceutical companies. The main funding was received from
Finnish state research funding and non-profit research foundations. The
researchers had no conflicts of interest during the study process or regarding the
published scientific work.
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5 Results

5.1 Background factors

Follow-up data and complete lung function data were available from 103 children
at a median age of 6.3 years (Table 1).

Half of the study subjects were boys (49.5%). Parental smoking during the first
12 months of life was reported in 52.4% of cases, and maternal smoking during
pregnancy in 20.6% of cases. Wheezing symptoms were reported in 22%,
prolonged rhinitis in 26%, and atopic eczema in 30% of the study subjects in the
preceding 12 months. Bronchodilator use was reported in 17.5% and 13 (12.6%) of
the children had used inhaled corticosteroids during the 12 months prior to the
follow-up visit. Three children received new diagnoses at the follow-up visit, one
of them was symptomatic and already using ICS medication without a proper
diagnosis, one had preceding wheezing symptoms and BHR in the ECT, and one
had prolonged cough symptoms apart from infection and BHR documented in the
post-BD test. In 15 children, current ongoing asthma was considered present, and
a history of transient previous asthma was present in 12 children.
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Table 1.  Characteristics of study population.

Male, n (%) 51 (49.5)

Age (y), mean (range) 6.3 (5.5-7.0)

Weight (kg), mean (range) 24 (16-39)

Rhinovirus bronchiolitis, n (%) 16 (15.5)

-Including RV in 16 and influenza A in 5, parainfluenza in 5,
metapneumovirus in 3, adenovirus in 2, Bordetella pertussis in 1, and
negative in 9 cases

Previous transient asthma, n (%) 12 (11.7)

Use of bronchodilators during the last 12 months, (%) 18 (17.5)

Prolonged rhinitis during the last 12 months, n (%) 27 (26.2)

SPT-positivity, n (%) 32 (31.1)

Parental smoking during infancy (<12 months age), n (%) 54 (52.4)

Paternal asthma, n (%) 5(4.9)

RSV = Respiratory syncytial virus; ICS = Inhaled corticosteroids; SPT = Skin prick test

o
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5.2 Clinical post-bronchiolitis lung function and airway reactivity
data (1)

IOS results of the 103 children with complete data for the baseline, post-exercise,
and post-bronchodilator (post-BD) measurements are published in original article I
as absolute values (units kPa/l/s) and relative height-adjusted values (Z-scores).
When compared to the baseline values, the post-BD values were significantly
better, but there were no significant differences in the baseline and post-exercise
measurements (I). Boys had lower post-exercise reactance values, but otherwise
there were no sex-specific differences in the IOS values (I). Exposure to parental
smoking during infancy was not associated with lung function, ECT, or post-BD
108 values. Maternal smoking during pregnancy or infancy was associated with less
response in Xrs5 after bronchodilation (I).

One fifth (20.4%) of the study subjects had either pathological Rrs5 or Xrs5 in
the baseline measurements. Xrs5 was pathological in 19 of the cases and Res5 was
pathological in eight of the cases, and both were pathological in six children. After
bronchodilator administration, all but one case returned to normal values (Table 2).

Table 2. Numbers of study subjects with increased airway resistance (Rrs5) and decreased airway
reactance (Xrs5) at 5 Hz in baseline and post-bronchodilator values (Z-scores), and mean Rrs5
and Xrs5 values (Z-scores) in 103 former bronchiolitis patients at a mean age of 6.3 years.

Parameters* Baseline values Post-bronchodilator values
n (%) n(%)

Rrs5 = +1.65 (pathologic) 8(7.8) 0(0)

Rrs5 < +1.65 (normal) 95(92.2) 103 (100)

Xrs5 < -1.65 (pathologic) 19 (18.4) 1(1.0)

Xrs5 > -1.65 (normal) 84 (81.6) 102 (100)

Rrs5 or Xrs5 pathologic 21(20.4) 1(1.0)

Rrs5 and Xrs5 pathologic 6 (5.8) 0 (0)

Mean Rrs5 (95%Cl) -0.09 (-0.29-0.12) -1.72 (-1.96--1.56)

Mean Xrs5 (95%Cl) -0.74 (-0.98--0.50) 0.33 (0.20-0.47)

Rrs = resistance; Xrs = reactance, *in Z-scores based on the Finnish reference material (210)

In Rrs5, a pathological =35% increase in response to exercise was present in
five children and a significant decrease of 35% in response to bronchodilator was
present in 11 children (Table 3).
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Table 3.  Exercise- and bronchodilator-induced changes in 10S (Z-scores), percentage and
categorised Rrs5 change in 103 former bronchiolitis patients at the mean age of 6.3 years.

Parameter Exercise-induced change Bronchodilator-induced change
Mean (95% Cl) Mean (95% Cl)

AZrs5 0.66 (0.21, 1.10) 0.10 (-0.08, 0.28)

ARrsb 0.51(0.16, 0.87) 0.12 (-0.05, 0.28)

AXrs5 -0.35 (-0.60, -0.11) 0.09 (-0.11, 0.30)

AFres 0.49 (0.07, 0.88) -0.46 (-0.71, -0.21)

ARrs5 (%) +4.9% (range -25.6% - 70.7%) -21.7% (range 9.1% — -45.2%)

ARrs5 235% 5 (4.9%) 11 (10.7%)

Zrs =Total impedance; Rrs=Resistance; Xrs=Reactance; Fres=Resonant frequency

When analysed as categorised variables, of the eight children with a pathological
Rrs5 in baseline I0OS, none had a pathological increase in Rrs5 in the ECT, and
four (50.0%) had a pathological decrease in Rrs5 in the post-BD test (p=0.004,
against those 95 (7.4%) with normal baseline Rrs5).

In the 19 children with a pathological Xrs5 in baseline 1OS, none had a
pathological increase in Rrs5 in the ECT, and similarly four (21.4%) had a 35%
decrease of Rrs5 in the post-BD test (p=0.120 against those 84 (16.5%) with a
normal baseline Xrs5).

5.3  Virus aetiology of bronchiolitis (1)

The aetiology of bronchiolitis was RSV in 60.2% (n=28 former RSV A and 34
RSV B) of the subjects. In five RSV cases, co-infections with other viruses were
found, mainly with rhinoviruses. In the non-RSV cases, rhinovirus was positive in
16, influenza A in five, parainfluenza in five, adenovirus in two, and
metapneumonvirus in three. In one case, Bordetella pertussis was found and in nine
children the pathogen could not be detected. There were no significant differences
in lung function or bronchial reactivity to ECT or in response to the post-BD test
between RSV and non-RSV cases, or between RSV A and RSV B cases (I).
Rhinovirus aetiology of bronchiolitis was associated with lower baseline resistance
at 20 Hz compared to the RSV cases (I).
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5.4  Asthma and the 10S outcome (I, V)

Current asthma (n=15) or previous transient asthma (n=12) did not associate
significantly with baseline lung function (V) (Table 4). Between the current asthma,
previous asthma, and no asthma groups, there was a non-significant trend towards
increased Rrs5 and decreased Xrs5 in the children with a history of asthma, and the
children with previous transient asthma in particular had the lowest reactance at
5Hz (Xts5 -1.50 Z-scores) when compared to children with current asthma (Xrs5 -
0.83, p=0.44), and no asthma (Xrs5 -0.60, p=0.04).

Current asthma was associated with BHR (V), as 38.5% of the cases with
current asthma had pathological hyperreactivity in ECT or response in the
post-BD test compared to 10.9% of children with no asthma (»=0.042). The
children with previous asthma did not differ from those with no asthma regarding
BHR (Table 4).

Table 4.  Association of baseline impulse oscillometry and bronchial hyperreactivity with the
presence of current asthma, previous asthma, and no asthma.

Asthma status  Baseline Rrs5 or p-value* Bronchial p-value*
Xrs5 pathological hyperreactivity present

Current 4/15 (26.7%) 0.604 5/13** (38.5%) 0.042

asthma

Previous 4/12 (33.3%) 0.358 112 (8.3%) 1.00

asthma**

No asthma 13/75 (17.3%) 8/75 (10.9%)

Rrs5 was pathological (>+1.65 SD) in eight and Xrs5 was pathological (<-1.65 SD) in 19 cases. BHR
was defined as a >35% increase in resistance at 5Hz in the ECT (n=5) or a >35% decrease in the
post-BD test (n=11).

* The p-values are calculated against the no asthma group with Bonferroni correction.

** The asthma diagnosis was partially based on BHR documented by 1OS in two cases, and these
cases are not included in the analyses between BHR and asthma.

*k Children with current asthma not included.
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In the 13 former bronchiolitis patients who had used ICSs, post-exercise values
in all IOS parameters were significantly higher (and Xrs and dRs/df lower)
compared to those 90 who had not used ICSs during the preceding 12 months (I)
(Table 5).

The use of ICSs during the last 12 months did not associate with baseline lung
function or response to bronchodilation. ICS use was associated with pathological
categorised ECT, as three out of five children with a positive ECT had ICS use
(»p=0.014). When exercise induced changes were analysed as continuous variables,
the ICS medication was associated significantly with Rrs5 and Xrs5 compared to
non-ICS users (I) (Table 5).

Table 5.  Post-exercise |0S values (Z-scores) and exercise-induced changes (Z-scores and
percentages) in the 13 former bronchiolitis patients who had used ICSs regularly during the
preceding 12 months, compared to those 90 who had not used them.

Parameter ICS use p-value* No ICS use
Mean (SD) Mean (SD)
Rrs5 0.92 (1.22) <0.01 0.05 (1.11)
Xrs5 -2.36 (1.90) <0.01 -0.90 (1.28)
Fres 2.94(0.79) <0.01 2.30 (0.84)
dRrs/df -2.52 (1.36) <0.01 -1.18 (1.29)
ARrs5 1.67 (2.79) 0.01 0.35 (1.59)
%ARrs5 +16.7 (25.8) <0.01 +3.3 (12.7)
AXrs5 -1.65 (2.19) <0.01 -0.16 (0.95)

Rrs = Resistance; Xrs = Reactance; Fres = Resonant frequency; dRrs/df = Frequency dependency
of resistance, ICS = Inhaled corticosteroid, *adjusted for atopic eczema, maternal asthma, and RSV
bronchiolitis
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5.5  Atopic sensitisation, rhinitis, and respiratory allergy (V)

Skin prick tests (SPT's) were positive in 32 (31.4%) of the study subjects, and there

was a significant association in both outdoor and indoor allergen SPT-positivity

with current asthma and prolonged rhinitis, most commonly with birch or timothy

pollen and cat or dog dander (V). However, only 62.9% of children with rhinitis

were SPT-positive (Table 06).

Table 6.  Skin prick test results in relation to current asthma and prolonged rhinitis in 102 former
bronchiolitis patients at five to seven years of age.

Skin prick test results Current p-value vs no Prolonged p-value vs
asthma current rhinitis no rhinitis
(n=15) asthma (n=27)

Indoor allergens (n=18) 7 (46.7%) 0.005 10 (37.0%) 0.004

Cat dander (n=12) 6 0.002 8 0.002

Dog dander (n=13) 7 <0.001 8 0.005

Dust mites (n=4)* 0 0.542 1 0.715

Outdoor allergens (n=28) 8 (53.3%) 0.020 14 (51.9%) 0.001

Birch (n=20) 6 0.042 11 0.002

Timothy (n=19) 7 0.007 9 0.026

Mugwort (n=4) 2 0.102 2 0.285

Alternaria alternata (n=3) 2 0.056 2 0.170

Positive to indoor and outdoor 7 (46.7%) 0.001 9(33.3%) 0.002

allergens (n=14)

Positive to at least one indoor 8 (53.3%) 0.049 17 (62.9%) 0.002

or outdoor allergen (n=32)

*D. farinae in zero cases, D. pteronyssimus in four cases; Current asthma = Continuous or intermittent
ICS medication during the last 12 months (n=13) or current symptoms and BHR (n=2).
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SPT positivity was not associated with baseline lung function, but showed a
significant association with hyperreactivity, as 56.3% of the 16 cases with BHR had
at least one positive SPT (Table 7) (V). Prolonged rhinitis during the last 12
months, present in 27, was not associated with baseline lung function by 10S (V).
Rhinitis was not associated with a pathological categorised ECT or post-BD test,
(Table 7) but when analysed with continuous 1OS wvariables, it showed a
pathological trend in Rrs5 and Xrs5 in ECT, but not in the post-BD test
(Unpublished data).

When combined with SPT-positivity, 31.3% of the hyperreactive cases had both
rhinitis and SPT-positivity, but the association was not statistically significant
(Table 7). However, 68.8% of the cases with BHR had either rhinitis or SPT
positivity compared to 11.3% of the cases with no BHR (p=0.02) (Table 7).

Table 7. Baseline impulse oscillometry and bronchial hyperreactivity (BHR) in relation to prolonged
rhinitis and/or skin prick test (SPT) positivity to inhaled allergens.

Rhinitis and/or Baseline Rrs5  p-value vs Bronchial p-value vs

SPT positivity  or Xrs5 baseline Rrs5 hyperreactivity  bronchial
pathological and Xrs5 normal  present (n=16)  hyperreactivity
(n=21) absent

Prolonged 5(23.8%) 0.498 7 (43.8%) 0.084

rhinitis (n=27)

SPT-positivity 6 (28.6%) 0.756 9 (56.3%) 0.020

(n=32)

Rhinitis and 3 (14.3%) 0.629 5(31.3%) 0.057

SPT-positivity

(n=15)

Rhinitis or 8 (38.1%) 0.601 11 (68.8%) 0.024

SPT-positivity

(n=44)

Rrs5 was pathological (>+1.65 SD) in eight and Xrs5 was pathological (<-1.65 SD) in 19 cases. BHR
was defined as a >35% increase Rrs5 in the ECT (n=5) or a >35% decrease in the BD test (n=11).
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In the children with current asthma, we constructed four groups defined by the
presence or absence of rhinitis and the presence or absence of SPT-positivity
(Table 8). None of these groups showed significant associations with lung
function. BHR was associated with the first group having the strictest definition
(current asthma, rhinitis, and SPT-positivity present) and with two other groups
having less strict definitions (Table 8)(V).

Table 8.  Baseline impulse oscillometry and bronchial hyperreactivity in the groups constructed on
the basis of respiratory allergy and current asthma.

Respiratory allergy Baseline Rrs5  Baseline Rrs5  Bronchial Bronchial

group or Xrs5 and Xrs5 hyperreactivity hyperreactivity
pathological normal present** absent**
(n=20)* (n=80)* (n=14)* (n=86)*

Current asthma plus 1(5.0%) 5(6.3%) 3(21.4%) 3(3.5%)

rhinitis and p=0.833 p=0.034

SPT-positivity (n=6)

Current asthma plus 2 (10.0%) 6 (7.5%) 3 (21.4%) 5 (5.8%)

rhinitis or p=0.712 p=0.081

SPT-positivity (n=8)

Current asthma or 5(25.0%) 16 (20.0%) 6 (42.9%) 15 (17.4%)

rhinitis and p=0.623 p=0.041

SPT-positivity (n=21)

Current asthma or 9 (45.0%) 39 (48.8%) 12 (85.7%) 36 (41.9%)

rhinitis or p=0.764 p=0.002

SPT-positivity (n=48)

* The current asthma diagnosis was partially based on BHR documented by IOS in two cases, and
these cases are not included in the analyses (n=100). ** For the definition, see the methods.
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5.6  Weight gain: Effect on the 10S outcome (ll)

For the 99 children with weight data available in full, at the control visit at the age
of five to seven years, 22 (22.2%) children were overweight and seven (7.1%) were
obese according to the newly published height-adjusted BMI Z-scores (Table 9).

Table 9. Weight parameters of 99 preschool children hospitalised for bronchiolitis in infancy.

Weight (kg), mean (median; range) 24 (24; 16-39)
zBMI (Z-score), mean (range) 0.39 (-2.2-2.5)
Overweight by zBMI, n (%) 22(22.2)
Obese by zBMI, n (%) 7(7.1)

Birth weight (kg), mean (range) 3.5(2.3-4.6)
Age at hospitalisation (weeks), mean (range) 11 (1-24)
Weight at hospitalisation (kg), mean (range) 5.5(2.8-9.7)
Weight gain before hospitalisation (g/week), mean (range) 190 (-150-580)

zBMI = Body mass index-for-age Z-score

There was no association in current weight status with baseline or post-exercise
impulse oscillometry results, however in the seven obese children, the post-BD
results remained statistically higher in Zrs5 (-0.94 Z-scores, p=0.03) and Rrs5 (-
0.87, p=0.02) and lower in dRrs/df (-0.49, p=0.04) compared to normal-weight
subjects (respectively -1.86, -1.83, and 0.14) (II). In multivariate linear regression
analysis, there were statistically significant modest or low correlations between
weight zBMI score and IOS parameters, showing a trend towards obstructive
changes (II) (Table 10). There were no significant associations between birth
weight and weight gain in infancy and lung function by IOS (II). Obesity or
overweight did not associate significantly with BHR in the ECT or post-BD test

(1D).
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Table 10. Impulse oscillometry vs weight by BMI Z-scores in 99 preschool children after bronchiolitis

in infancy.
10S Mean (SD) Pearson’s R Pearson’sR2 Crudep Adjusted p*
parameter
Baseline
Zrs5 -0.03 (1.15) 0.32 0.10 0.01 0.02
Rrs5 -0.10 (1.06) 0.33 0.11 0.01 0.01
Rrs20 -0.95 (1.14) 0.27 0.08 0.55 0.58
Xrs5 -0.70 (1.21) -0.14 0.02 0.17 0.21
Fres 2.22(0.83) 0.24 0.06 0.03 0.03
dRs/df -1.00 (1.11) -0.29 0.08 <0.01 <0.01
Post-exercise
Zrsb 0.26 (1.27) 0.27 0.07 0.02 0.02
Rrs5 0.16 (1.16) 0.28 0.08 0.02 0.02
Rrs20 -0.91 (1.20) 0.29 0.08 0.63 0.70
Xrs5 -1.05 (1.45) -0.21 0.04 0.05 <0.05
Fres 2.37 (0.87) 0.20 0.04 0.08 0.08
dRs/df -1.34 (1.37) -0.29 0.08 0.01 <0.01
Post-BD
Zrs5 -1.77 (1.00) 0.20 0.04 0.06 0.07
Rrs5 -1.73(0.99) 0.22 0.05 0.04 <0.05
Rrs20 -2.02 (1.18) 0.20 0.04 0.45 0.53
Xrs5 0.35 (0.65) -0.13 0.02 0.23 0.26
Fres 0.85(0.99) 0.23 0.05 0.04 0.04
dRs/df 0.05 (0.75) -0.27 0.07 0.04 0.03
Zrs =Total impedance; Rrs=Resistance; ~Xrs=Reactance; Fres=Resonant frequency;

dRrs/df=Frequency dependency of resistance *adjusted for atopic eczema, maternal asthma, and
RSV-bronchiolitis. Correlations: R (R2) > 0.60 (>0.36) or < —0.60 (>0.36) = strong; 0.3-0.6 or -0.3—
0.6 (0.09-0.36) = modest; 0-0.3 (<0.09) or 0—-0.3 (<0.09) = low.
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5.7 Innate immunity genetics and IOS outcome (llI, IV)

Four functional point mutations in IL-10 (chromosome 1) and nine in a panel of
TLR-encoding genes (TLRs 1, 2, 3, 6, and 10 on chromosome 4, TLR4 in
chromosome 9, TILRs 7 and 8 on the X chromosome, and TIL.LRY on chromosome
3) were analysed against lung function and hyperreactivity measurements. All the
SNPs were in Hardy-Weinberg equilibrium (HW p-value >0.05) and the genotype
and minor allele frequencies (MAF) were comparable to Finnish population data in
the 1000 genomes project (228).

5.7.1  Interleukin-10

The three adjacent (proximal) promoter polymorphisms were analysed as
combined IL-10 rs1800896 (—1082G/A), rs1800871 (-819C/T), and rs1800872 (—
592C/A) genotypes and haplotypes. The haplotype GCC (major alleles) was
present in 71.7%, ACC was present in 59.6%, ATA (minor alleles) was present in
21.2%, and GTA was present in 10.1% (III) (Table 11). The haplotype GCC with
major alleles was associated with normal IOS results both in genotype and
haplotype analyses (I11).
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Table 11. The IL-10rs1800896, rs1800871, rs1800872, and rs1800890 polymorphism numbers,
haplotype carrier rates, and frequencies in 99 cases hospitalised for bronchiolitis.

Genotype n (%)

GCC/GCC (GG+CC+CC 16 (16.2

GTA/GTA (GG+TT+AA) 3(3.0)

GCC/ATA (GA+CT+CA)* 13 (13.1

ACC/ATA (AA+CT+CA 7(7.1

IL10 rs1800890
NA ey
AT 50 (51.0

Haplotype carrier rate n (%

GCC 71(71.7)

ACC

IL10 rs1800890

T-allele 63 (64.3

Combined IL-10 rs1800896, rs1800871, and rs1800872:

GTA 0.07

ATA 0.11

A-allele 0.61

*GTA/ACC or ACC/GTA not present as estimated from the study population frequencies.

(@)}
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The genotype GTA/GTA (n=3) was associated with a lower baseline Xrs5 (-
2.52, SD 1.42, p=0.01) and post-exercise Xrs5 (-3.15, SD 1.48, p=0.01) compared
to other genotypes (-0.67, SD 1.17, and -1.00, SD 1.42, respectively). The
haplotype GTA did not show any associations with decreased lung function (III).

At baseline, the IOS genotype ACC/ATA (n=7) was associated with a higher
Rrs5 (0.72, SD 0.68, adjusted p=0.04) compared to other genotypes (-0.12, SD
1.05) in crude and adjusted analyses, and lower Xrs5 (-1.55, SD 2.30, adjusted
$=0.03) compared to other genotypes (-0.66, SD 1.09), but not in the crude
analyses (p=0.06) (III). The haplotype ACC was associated with normal IOS
results, but the haplotype ATA with minor alleles showed a trend towards the
highest baseline Rrs5 (0.29, SD 1.01, crude p=0.08, adjusted p=0.03) and the lowest
Xrs5 (-1.08, SD 1.69, crude p=0.13, adjusted p=0.07) compared to other
haplotypes (-0.16, SD 1.05 and -0.63, SD 1.05, respectively).

To conclude, in the analysis of the combined IL.-70 151800896, rs1800871, and
rs1800872, the genotypes and the haplotype GCC with the major alleles showed
normal baseline 1OS results, while the genotypes and haplotype ATA with minor
alleles showed some decreased baseline IOS results. There were no significant
associations with BHR between any of these IL-70 SNP combinations and 10§
measurements (I1I).

In I1.70 £s1800890 (—3575A/T), the A/A-genotype was associated with lower
baseline Xrs5 (-1.02, SD 1.25, crude p=0.04, adjusted p=0.03) compared to other
genotypes (-0.52, SD 1.12). The carriage of the major allele A was associated with
lower baseline Xrs5 (-0.79, SD 1.18, crude p=0.04, adjusted p=0.04) compared to
the non-carriers (-0.06, SD 1.08). The carriage of the minor allele T was associated
with higher Xrs5 (-0.52, SD 1.12, crude and adjusted p=0.04) compared to
non-carriers (-1.02, SD 1.25). Carriers of the T-allele also showed lower baseline
Rrs5 (-0.18, SD 1.04, adjusted p=0.04) and lower post-exercise Rrs5 (0.05, SD 1.13)
compared to non-carriers of allele T (0.10, SD 1.03 and 0.37, SD 1.12, respectively)
but only in the adjusted analysis (p=0.03) (11I).

In conclusion, in II.70 £s1800890 the genotype A/A and the major allele A were
associated with decreased reactance in baseline 1OS, but there were no significant
associations with BHR (I1I).
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5.7.2  Toll-like receptors

Analysis of TLR protein-encoding gene polymorphisms were done separately for
each SNP, and in addition for the TLLR 1, 2, 6, and 10 genotype combinations. The
X chromosomal TLLR7 and TLLRS SNPs were analysed separately for boys and
girls. The genotype and minor allele distributions of the analysed TILR genes are
presented in Table 12.

Table 12. Toll-like receptor 1, 2, 3,4, 6, 7, 8, 9, and 10 genotype and minor allele frequencies in 98
children hospitalised for bronchiolitis and in the Finnish population data.

SNP (Major>Minor) Major/Major Major/Minor Minor/Minor MAF FIN
(Wild*) (Variant*) (Variant*)
TLR1rs5743618 (G>T) 0.78 0.18 0.04 0.13 0.17
TLR2 rs5743708 (C>T) 0.94 0.06 0 0.03 0.03
TLR3rs3775291 (C>T) 0.49 0.41 0.10 0.31 0.33
TLR4 rs4986790 (A>G) 0.85 0.15 0 0.08 0.12
TLR6 rs5743810 (C>T) 0.31 0.45 0.24 0.47 0.42
TLR7 rs179008 (A>T) 0.62 (girls) 0.32 (girls) 0.06 (girls)  0.27 (all)  0.31
0.81 (boys) 0 0.19 (boys)

TLR8 rs2407992 (G>C) 0.38 (girls) 0.42 (gils) 0.20 (gils) ~ 0.42(al)  0.36

0.56 (boys) 0 0.44 (boys)
**TLR9 rs187084 (T>C) 0.30 0.44 0.26 0.48 0.45
*TLR10rs4129009 (A>G)  0.85 0.14 0.01 0.08 0.08

*Wild genotype means that the minor allele is not presented and the variant genotype that minor
allele presents is either heterozygous or homozygous, **n=97 for TL.LR9 and TL.R70; MAF=minor
allele frequency, FIN=Finnish MAFs as in (228).

Toll-like receptor-encoding gene polymorphisms showed some preliminary
associations with BHR in the ECT (IV). The TLR4 rs4986790 wild A/A-genotype
was associated with a greater increase in Rrs5 in response to ECT compared to the
variant A/G genotype (Table 13a). In TILR6 rs5743810, the variant genotype (CT

or TT) was associated significantly with a greater increase in Rrs5 and a greater
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decrease in Xrs5 compared to the wild CC-genotype (Table 13b). There were,
however, no significant associations with post-BD test results (IV).

Table 13. TLR4 rs4986790 genotypes (a) and TLR6 rs5743810 genotypes (b), presented as
wild/variant genotypes, and exercise-induced changes (Z-scores) in the 98 former bronchiolitis

patients.
a) Wild genotype (n=83) Variant genotype (n=15)
Parameter Mean (SD) p-value* Mean (SD)
ARrs5 0.72 (1.81) 0.03 -0.42 (1.84)
AXrs5 -0.39 (1.35) 0.40 -0.10 (0.90)
b) Wild genotype (n=30) Variant genotype (n=68)
Parameter Mean (SD) p-value* Mean (SD)
ARrs5 -0.03 (1.61) 0.04 0.80 (1.90)
AXrs5 0.05 (0.98) 0.08 -0.52 (1.37)

Rrs5 = Resistance at 5 Hz; Xrs5 = Reactance at 5 Hz; Fres = Resonant frequency; dRes/df =
Frequency dependency of resistance, *adjusted for age, sex, RSV aetiology of bronchiolitis, BMI Z-
score, atopic eczema, and use of inhaled corticosteroids during the preceding 12 months

In the joint analysis of TLR7 rs5743618, TL.R2 1s5743708, TL.R6 rs5743810,
and TLR70 £s4129009, we found that 20 children had the combination of four wild
homozygous genotypes, and this combination was associated with a smaller
response to exercise in Rrs5 (-0.17 vs 0.73, p=0.049) compared to those 77 with a
combination of one or more variant genotypes; it also showed a trend in improving
Xrs5 (0.12 vs -0.48, p=0.07), but the association was not statistically significant. In
addition, the combination that included the wild TLR7 1s5743618, TI.R2
rs5743708, and TI.R70 rs4129009 genotypes, together with the variant TI.R6
rs5743810 genotype, was present in 50 children and was associated with a greater
response to exercise in Rrs5 (0.91 vs 0.16, p=0.043) compared to those 47 children
with other genotype combinations. Any other combination of genotypes, including
one, two, three or four variant genotypes, did not show significant associations
with IOS results (Table 14).
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Table 14. The joint analyses of the TLR1 rs5743618, TLR2 rs5743708, TLR6 rs5743810, and TLR10
rs4129009 genotype combinations and baseline (Z-scores) and hyperreactivity I0S
measurements (AZ-scores) in 97 children hospitalised for bronchiolitis.

TLR1/TLR2/TLR6/TLR10 n Rrs5 Xrs5 Fres  dRrs/df ARrs5  AXrs5
genotype combination Mean Mean Mean Mean Mean Mean
(SD)  (SD)  (SD)  (SD) (SD) (SD)
wild/wild/wild/wild 20 014 081 231 -1.22 017 0.12
(1.19)  (1.19)  (1.05)  (1.40) (1.70)  (1.16)
variant/wild/wild/wild 3 -021 -064 212 094 0.20 -0.21
(0.77) (0.39) (0.12) (0.31) (1.07)  (0.68)
wild/wild/variant/wild 50 -0.26 -0.71 223  -1.01 0.91*  -0.53
(1.08) (1.38) (0.69) (1.09) (1.87)  (1.30)
variant/wild/variant/wild 3 08  -1.38 3.02 1.93 1.47 -1.44
(1.07)  (0.75) (0.93) (0.80) (2.83)  (3.44)
variant/wild/wild/variant 7 031 -071 169 -0.35 0.25 -0.06
(0.74) (143) (142) (0.86) (1.67)  (0.44)
wild/variant/variant/wild 5 064 064 229 -0.89 -0.37 0.17
(0.41) (0.91) (0.50) (1.18) (0.98)  (0.87)
variant/wild/variant/variant 8 014 052 228 -1.20 0.65 -0.48
(0.93) (0.94) (0.72) (0.95) (242)  (1.36)
variant/variant/variant/wild 1 089 -0.85 259 -1.09 0.81 -0.78

Rrs5 = Resistance at 5 Hz; Xrs5 = Reactance at 5 Hz; Fres = Resonant frequency, dRs/df =
Frequency dependency of resistance; ¥*p=0.049 and **»=0.043 vs all other genotype combinations, as
adjusted for age, sex, RSV aetiology of bronchiolitis, current BMI Z-score, atopic eczema, and use of
inhaled corticosteroids during the preceding 12 months.

There were no significant associations with baseline lung function
measurements by 10S in the TLRs 1, 2, 3, 4, 6, 8, 9, or 10; however, some
associations were found in the X-chromosomally inherited TI.LR7 rs179008 in gitls,
but not in boys (IV). The gitls with the A/'T genotype had the highest baseline Fres
(adjusted p=0.02) and lowest dRrs/df (adjusted p=0.01) compared to other
genotypes. The girls with the A allele had higher baseline Fres (2.28 vs 0.89 in non-
carriers, adjusted p=0.01) and lower dRrs/df (-1.03 vs 0.61 in non-cartiers, adjusted
»=0.01).
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In conclusion, no significant associations were seen in the analyses of TLLR 1-4
and 6-10 polymorphisms with baseline lung function, except for minor changes in
TLR7 rs179008 in girls (IV). The TLR4 rs4986790 and TILR6 155743810
polymorphisms were associated with hyperreactivity in response to exercise, and
the TILR6 1s5743810 variant genotype in particular showed significant associations
with ECT changes, including when analysed together with the TLLR2 subfamily
polymorphisms (IV).
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6 Discussion

6.1 Lung function outcome after viral bronchiolitis in infancy

In 103 children hospitalised at less than six months of age due to bronchiolitis
caused predominantly by RSV, a pathological (>95th percentile) lung function
decline measured by IOS was present in 20% at the age of five to seven years. In
the baseline measurement, eight cases had an increased resistance and 19 cases a
lowered reactance measured at a frequency of 5Hz. These results can be
characterised as peripheral, small airway obstruction. In addition, this was mostly
reversible by bronchodilation, as only one child with a pathological reactance did
not return to normal values, at least as reflected by IOS measurements.

This is a preliminary study addressing lung function by IOS at preschool age,
but the results seem comparable with previous studies using FVS. In Finland,
abnormal baseline parameters have been found in 23-33% of slightly older
children at the age of 8-11 years after bronchiolitis (10,118). In particular, the RSV
aetiology of bronchiolitis has been associated with decreased lung function
parameters in several studies at the age of 7-13 years (104,114,116,122,229), and
although the symptoms remit by age, the loss of lung function after bronchiolitis
persists into early adulthood (24,25,123).

Several studies have suggested that some children are predisposed to
bronchiolitis already after birth due to pre-existing low lung function (101,103,105),
but whether this is due to permanent small airway calibre or increased airway tone
is not known because the reversibility of the bronchial constriction cannot be
evaluated at this age. In addition, there is evidence that bronchial
hyperresponsiveness, not low lung function, precedes severe bronchiolitis (115).
This paradigm of predisposal is indirectly supported by studies on premature
infants showing an increased risk of severe RSV infection (3,230). Our study design
was not planned to evaluate this, and it is clear that neonatal lung function
abnormality may contribute to the risk of hospitalisation and later lung function
reduction also in term infants. The causality of this predisposition is not well
established, as studies supporting this hypothesis appear to use experimental

techniques as a measurement of infant lung function (101,108) or they have a very
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low number of study subjects (103,105). Our current results challenge the idea of
pre-existing small airways as a major causal factor leading to hospitalisation during
bronchiolitis. In this RSV cohort consisting of children born at term, the lung
function reduction was mostly reversible after bronchodilation, suggesting
increased but reversible airway tone.

In the current study, bronchial responsiveness to exercise challenge or in
response to bronchodilation was present in 16%, which is relatively little. The
hyperreactivity to exercise challenge showed surprisingly low numbers (5%), and a
pathological response to bronchodilation was more common (11%), reflecting
increased baseline small airway obstruction in the children. These results are,
however, well explainable with the different, stricter selection of our study
participants compared to previous studies. Wheezing due to rhinovirus during the
first two years of life has been connected increasingly to airway hyperreactivity at
school age (30,117). In the COAST study children with atopic predisposition and
outpatient rhinovirus-induced wheezing episodes during the first three years of life
were associated with hyperreactivity and low lung function at the age of eight years,
as RSV-induced wheezing did not show any significant differences compared to
children without wheezing (30).

It seems that admission to hospital due to bronchiolitis and outpatient
treatment due to early-life wheezing are somewhat separate entities with different
predisposing factors, where age at disease onset plays a particular role (34,231).
Previous hospital cohort studies on virus-induced wheezing often lack a strict
definition of bronchiolitis, as studies have included children less than 12 to 24
months old, leading to the possibly confounded analysis of different wheezing
phenotypes. In addition, birth-cohort studies have not been able to collect high
enough numbers in hospitalised bronchiolitis cases within the birth cohort to
compare these entities. In the Dutch WHISTLER cohort of 2,133 unselected
children, only 18 were hospitalised due to confirmed RSV bronchiolitis before 12
months of age (105). In a follow-up study, 159 hospitalised RSV bronchiolitis
cases, mostly from a previous hospital cohort, were compared to 549 healthy
non-hospitalised unselected controls from the birth cohort, showing an impaired
lung function at the age of six years associated with the RSV bronchiolitis in
infancy (114). However, even then, the optimal study design comparing children
hospitalised due to RSV or non-RSV bronchiolitis to non-hospitalised healthy
controls within an unselected population was not achieved.

We were not able to confirm any significant differences in the lung function or
ECT or post-BD test outcomes between RSV, non-RSV, or rhinovirus aetiologies
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of bronchiolitis. This result parallels the study from Fjaerli (116), where no
differences in lung function decline were observed between RSV and non-RSV
cases in children hospitalised under 12 months of age, although hospitalisation for
bronchiolitis in general was associated with lower lung function compared to
non-hospitalised healthy controls at the age of seven years.

The reversibility of lung function parameters has not been studied before at this
carly age, but our finding seems to be in line with the Tucson cohort result, where
reduced lung function by FVS after RSV-associated non-atopic wheezing was still
reversible after the use of a bronchodilator at 11 years of age (12). However, a
history of early RSV bronchiolitis has been associated with mild obstruction even
after bronchodilation at the age of 13 years, suggesting this age is pivotal for the
development of irreversible lung function changes (122). In children with
persistent wheezing with an onset before the age of three years and likely
development of atopic asthma, the lung function reduction has been demonstrable
already at the age of six to seven years in the Tucson and Denmark birth cohorts
(11,100), but neither of these studies assessed reversibility due to bronchodilation
at this age, making comparison to our post-bronchiolitis results difficult.

6.2  Weight trajectories and obesity in the IOS analysis

We found that lung function by IOS associated with current obesity in an expected
way, reflecting obstruction with emphasis on small airways by increased Rrs5 and
frequency dependency of resistance, and increased resonant frequency. This
finding is in line with the abnormalities of lung mechanics previously observed in
association with obesity (136,137).

We did not find any associations between overweight or obesity at preschool
age and airway reactivity measured by 10S, which does not support the association
of obesity and asthma found by others (232,233). In baseline and post-exercise
measurements, there were no differences between the obese, overweight, and
normal-weight children, but obese children showed more obstructive values in IOS
after bronchodilation. This suggests an irreversible element in the lung function
measurement, and could be of mechanical basis, as in obese adults, lung volumes
tend to be smaller due to microatelectasis in the peripheral lung (136,137). In line
with this, in children at the age of 7.2 years studied with FVS, some reduced
FEV1/FVC ratios associated with obesity have been found (133), and in cleatly
older children at a mean of 11.8 years of age, increasing weight has been
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thoroughly assessed to be associated with impaired lung function as shown in a
decreased FEV1/FVC ratio and lower end expiratory volumes measured with
spirometry (134).

There is very little evidence comparable to our study, and thus far the only lung
function study at preschool age on the effect of obesity by body mass-index on
lung function measured with similar methods — but without adjusting the BMI for
age — did not show any associations (138). In our study, lung function parameters
were associated significantly with weight BMI Z-score in multi-adjusted analyses,
though the correlations were mainly low, less than R2=0.10. As both the I10S
variables and the BMI-score were age- and height-adjusted, this should be a close
estimate of the effect of weight on lung function at preschool age. Again, in adults,
distribution of body fat, rather than BMI, has been associated with lung function
parameters (1306), so it can be speculated that our child population may differ in
their body composition, confounding the results. According to our results, obesity,
not overweight, at preschool age is a modest predictor of lung function, and
without evidence of any association with hyperreactivity, it contributes to 10S
measurements mainly by altered lung mechanics.

6.3  Genetic factors of innate immunity and lung function
development

Our study was able to produce indirect evidence on the association of [I.-70
polymorphisms and lung function abnormalities in a post-bronchiolitis setting. We
did not measure IL.-10 zz vivo but relied on previous literature on the functionality
of studied polymorphisms. The phenotypes that were previously associated with
low IL-10-production showed increased resistance and decreased reactance values
in baseline IOS. This delineates the clinical findings from the CAMP birth cohort
(188), where the low IL10-producing phenotype ATA had a negative association
with FEV1 at school age, but since it was also associated with hyperreactivity to
histamine, our results differ partly. However, previously from this cohort an
association of the IL.70 ts1800896 G/A polymorphism with preschool asthma was
found (187). Thus, it is possible that our present results might carry a risk of
type-two error due to the somewhat low numbers in hyperreactivity.

We claim that the functional II.-70 polymorphisms contribute to later lung
function after viral bronchiolitis in infancy, but the causality cannot be clarified by
our study. It could be that the IL-10-deficient individuals were susceptible to a
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more severe course of bronchiolitis leading to excessive lung damage, or it could
be the ability to produce IL-10 is associated with the reparative or harmful
processes after the injury. We propose that IL-10 does not contribute to baseline
lung function only by altering mechanisms behind atopic inflaimmation, though it
has been suggested to be a major regulatory cytokine in allergy (181). It seems that
our cohort derives from distinct phenotypes of post-bronchiolitis wheezing, which
could equally have an impaired IL-10 production contributing to bronchiolitis
admission, but a different outcome in later life. As the children with previous
asthma have a low lung function, it could result from lung injury partly due to the
impaired anti-inflammatory response. In turn, the children with persistent atopic
asthma also seem to associate with low IL-10 production and have an obviously
genetic atopic predisposition. This group might develop a loss of lung function
later than at the age of six years due to chronic inflammation.

The analysis of Toll-like receptors’ genetic associations with lung function was
limited to one SNP in each studied TLR. There was no significant associations
with baseline lung function in the majority of the studied SNPs, except in TLR7
rs179008 in gitls. The TLLR4 154986790 (A>G) and the TLR6 rs5743810 (C>T)
polymorphisms showed inverse associations with hyperreactivity parameters in
response to exercise, which is interesting because activation with infectious ligands
through both TLR4 and TLRG receptors have been noted to induce somewhat
similar cytokine profiles (234).

The RSV infection has been shown to upregulate the airway epithelial cells’
TLR4 expression, thus sensitising the cells to endotoxin (235). The now studied
TLR4 encoding TL.R4 154986790 (A>G) polymorphisms cause an Asp299Gly
substitution that alters the extracellular domain of the receptor interfering with the
signal cascade, resulting in airway hyporesponsiveness to environmental
lipopolysaccharide (152). Thus, our finding that the variant allele in TILR4
rs4986790 results in less airway reactivity in response to exercise suggests a similar
phenomenon occurring in individuals hospitalised due to bronchiolitis. The
biological basis for this would be that RSV infection increases hyperreactivity in
the airways to environmental factors in those with a common receptor function,
and the individuals with the receptor mutation show a hypo-responsiveness that
could continue after the infection. Intriguingly, the Asp299Gly polymorphism has
been associated with a more severe course of RSV bronchiolitis (154), which could
mean that the children who have a less effective response to the infection and

likely have a more severe course of the disease could be at risk from lung function
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problems after bronchiolitis. Our study was, however, restricted in conducting
more stratified analyses, so we cannot confirm this hypothesis.

Results from Swedish children with asthma seem to be in conflict with our
results, as especially the school-aged children with atopic asthma had an association
with the TLR4 rs4986790 polymorphisms (236), though in this study the children
with non-atopic asthma showed very low numbers, decreasing the comparability to
our study population. On the other hand, in a large family-based cohort of 756
families from North America, TL.R4 polymorphisms showed no associations with
the development of asthma or atopy in adults (237). As our analyses were robust to
multi-adjustment, including current atopic eczema at preschool age, our results
suggest that the TILR4 rs4986790 polymorphism independently differentiates
outcomes in terms of airway hyperreactivity after bronchiolitis in infancy.

The TLR6 rs5743810 (C>T) polymorphism causes a Ser249Pro amino acid
substitution in the DNA transcript, and has been associated in experimental studies
with decreased interleukin-6 production, which can be caused by impaired ligand
recognition directly in the receptor (168). The IL-6 is a pro-inflammatory cytokine
that promotes the production of acute-phase proteins in the liver and neutrophils
in the bone marrow during infection (176). Thus, it could be postulated that the
variance in TL.LR6 rs5743810 could decrease inflammatory response to infection,
perhaps resulting in decreased viral clearance and a longer duration of infection, or
perhaps a turn into a Th2-oriented imbalance. However, there is to our knowledge
no data on how TLR6 polymorphisms alter IL-6 levels during RSV infection,
though this cytokine is important during bronchiolitis (169). It is therefore clear
that we cannot draw strong conclusions on the now-observed increased
hyperreactivity in the bronchiolitis cases with TI.LR6 rs5743810 variant T-allele
carriage. However, this association was also confirmed in joint analyses with other
TI.R2 subfamily SNPs, increasing the reliability of our results.

Previous clinical associations between asthma and this polymorphism seem to
be conflicting, as it has been found that the variant allele T was associated with a
decreased risk of asthma in African-American adults (166). However, on the
contrary, in a German population a preliminary association between the T-allele
and childhood asthma was found (167). This population resembles the Finnish
population much better, as the African-Americans showed a significantly lower
minor allele frequency of 0.08 in asthmatics compared to our study population
(0.47). Our results are preliminary observations in a bronchiolitis cohort, but seem

to delineate the previous results regarding the increased risk of asthma in children.
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6.4  Evidence for united airways disease after bronchiolitis

Our results suggest that current asthma, IgE-mediated SPT-positivity, and rhinitis
develop jointly and have an association with airway hyperreactivity, supporting the
UAD hypothesis in a post-bronchiolitis setting. In children with current asthma,
53.3% had prolonged rhinitis, and BHR was present in 38.5%, compared to 22.6%
and 10.9% in the children with no asthma, respectively. The 12 children with
previous transient asthma, now at least in remission, showed indirect evidence for
the UAD hypothesis: none of the children were SPT-positive and only one of the
12 showed airway hyperreactivity. However, lung function measured by 10S
showed no significant differences between the children with current asthma,
previous asthma, and no asthma, suggesting that the development of lung function
may not be driven by the same mechanisms as in the UAD concept, or that lung
function abnormalities within the UAD develop later in life. The previous transient
asthma cases showed the lowest values of baseline reactance compared to the
current asthma and no asthma groups, suggesting this phenotype is a risk group for
lung function abnormalities, though atopy and allergies did not develop and
symptoms remitted before school age. These findings are in line with the paediatric
transient asthma phenotype described in the Tucson cohort, but their observations
in children with persistent wheezing and lung function reduction at the age of six
could not be confirmed by our study (11).

In the Manchester birth cohort, multiple-trigger atopy showed a constant
association with decline in lung function from the age of three to 11 years,
especially in boys with persistent wheezing (112). However, in the CAMP-cohort,
treatment of asthma symptoms with anti-inflammatory budesonide or nedocromil
during the ages of five to 12 years was no better than placebo in terms of lung
function outcome (238). Similarly, as seen in the PEAK project, a decline in lung
function was not preventable after two years of ICS use in children with a high
asthma-predictive index (23). In the Danish COPSAC cohort, lung function
decline in asthmatic children continued from infancy to school age independent of
atopy (1006), suggesting that other mechanisms than atopic inflammation may play a
role in the development of lung function reduction.

Ultimately, as our results suggest that lung function does not relate to the UAD
concept, we should keep in mind that in a predominantly RSV-enriched and very
young cohort such as ours, the patients tend to be highly selected and — according
to our knowledge — likely not to be prone to develop atopy. Thus, our study might
be underpowered to evaluate lung function development in patients with atopic
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inheritance. This, however, gives an interesting view of the lung function reduction
seen in our population, and thus we speculate that the mechanisms leading to RSV
infection-associated lung function decrease, before or after bronchiolitis, should be
actively studied, and the prevention of RSV infections in early life could play a role
in reducing the burden of COPD in later life.

6.5  Methodological aspects of the study

Our study carries in general a risk of selection bias, as the children hospitalised due
to bronchiolitis are likely — though born at term and considered otherwise healthy
— high-risk individuals with genetic, structural, and different environmental
predisposing factors compared to children not hospitalised due to bronchiolitis
with a less serious course of the disease. Therefore, drawing conclusions on the
risk factors affecting lung function outcome at preschool age in the general
population requires careful consideration. As a significant shortcoming, we did not
recruit control patients to our study population, but often in prospective studies
control population selection bias can also be problem. We have tried to minimise
the effects of these factors by comparing our outcome variables in lung function to
recently published age- and height-specific Finnish reference data with healthy
kindergarten children investigated with similar IOS methods, but without atopic
predisposition or previous wheezing illnesses. This can be counted as a strength of
this study, but the ideal study design was not met. It is clear our results need
further confirmation from unselected birth cohort studies to evaluate the causal
association of bronchiolitis with lung function, and the conclusions now drawn
cannot be strongly generalised to the whole population.

The use of 10S is not well established, and as it is a sensitive method to
artefacts and can show variance in the measurements, one must be careful not to
over-estimate lung function or ECT or BD test findings by IOS. On the other
hand, it seems that IOS parameters can provide a complex profile on deeper lung
mechanics, and not enough is known about how they correlate with FVS and other
lung function methods.

We used I0S in measuring post-exercise and post-bronchodilation values one
test after another, which might have affected the latter phase results. However the
post-BD values were in general significantly better than the baseline values, which
suggests that the exercise challenge between these measurements did not markedly
confound the analysis. In addition, the very short-term exercise-induced
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bronchoconstriction, observed sometimes in children only straight after running,
might not be recognised by our measurements, as the IOS curves often showed
artefacts when obtained during the first minutes. This might partially explain our
low numbers in response to ECT. Due to these somewhat low numbers in
pathological exercise-induced changes and responses to the use of a
bronchodilator, we combined these in certain analyses under the term “bronchial
hyperreactivity”’, which differs from the exact use of this term in previous
literature.

The ideal measurement of bronchial hyperresponsiveness would consist of
using multiple provocations, and now only indirect provocation with an exercise
challenge was applied. It is possible — though not very likely — that some reactive
cases were not seen in the children by this method. In addition, a significant
proportion of children ran the exercise challenge in temperatures below zero
Celsius. Cold, dry air, to our understanding, should increase rather than decrease
hyperresponsiveness in the ECT. Nevertheless, we acknowledge the possible
sources of bias due to weather circumstances in exercise challenge testing.

For a genetic association study, our population was without a doubt small in
numbers, increasing the likelihood of type-two errors in the statistical analysis. Our
data on SNP polymorphisms was, however, comparable to the Finnish public in
data for Finland from the 1000 genomes project, and the study design allowed
multi-adjusted analysis, increasing the reliability of our results. As our analysis
involved multiple SNPs, we acknowledge the risk of multiplicity and admit that
most of our genetics results would not have sustained multiple-testing correction.
However, our analysis on genetics and lung function can mostly be considered
exploratory and rather hypothesis-generating than confirmatory. Our results call
for further studies on genetic associations in immunity and lung function.

As the most significant strength compared to previous post-bronchiolitis
studies, our study population was well characterised to have a virally confirmed
“pure” bronchiolitis before the age of six months, increasing the homogeneity of
the group. Using novel techniques, the causative virus was identified in 92% of
cases, characterising our study group as an “RSV cohort”, which also gave us the
opportunity to evaluate the role of non-RSV viruses in lung function development.
The IOS method is feasible in studying lung function in this age-group of children,
and the measurements went through a highly professional analysis, as they were
collected by experienced nurses and pre-analysed by a clinical physiologist, thus

increasing the reliability of our lung function results. We limited the IOS analysis to
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children less than 7.0 years old, which reduced the numbers of the study
participants, but added to the homogeneity of the group.

As methodological strengths, the clinical data was in all cases collected with a
structured questionnaire and further confirmed with a clinical interview. In the
analysis with parent-reported prolonged rhinitis, objective evidence on atopic
sensitisation from skin prick tests were included to assess the role of “allergic
rhinitis”. In addition, measurements of weight and new height- and gender-
adjusted relative values by Z-scores were available, increasing the accuracy of our
results.

The relatively long follow-up over five years after bronchiolitis in infancy to the
crucial preschool-age control visit gives a good perspective for evaluating the
outcomes after bronchiolitis in comparison to previous cohort studies. Although
the number of drop-outs was rather high, we were able to obtain all data from 55%
of the original bronchiolitis cases at the control visit, which is an acceptable figure
in long-term follow-up studies. Nevertheless, the limited adherence of follow-up

patients reduces the power to generalise from the results.
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7  Conclusions

After a “pure” viral bronchiolitis in infancy caused predominantly by RSV leading
to hospitalisation before the age of six months, one fifth of the children had a
pathological baseline lung function and one sixth were reactive to ECT or post-BD
test as measured by 1OS and compared to reference data at the mean age of 6.3
years. This result is in line with previous numbers presented in post-bronchiolitis
studies, though the prevalence of reactivity to exercise or responsiveness to
bronchodilation were rather low. This might depend on the fact that previous
bronchiolitis studies have included older children in their analyses, with an
increased atopic predisposition confounding the true effect of bronchiolitis and
showing higher numbers in hyperreactivity. Reduced baseline lung function in this
study concentrated on lowered reactance and increased frequency dependency of
resistance — thought to reflect small airways obstruction — that was mostly
reversible to normal limits by IOS in response to bronchodilation. Thus, the
changes seem to be caused by increased airway tone and not by permanently
narrowed airways at this age.

As obesity and asthma are both increasing epidemics, it is important to know
how they are related to each other at the level of objectively measured lung
function in order to avoid over- and under-diagnosis of asthma in children
presenting with wheezing symptoms and overweight. According to our results,
hyperreactivity measured by IOS at preschool age is not associated with obesity,
but obesity may contribute to the obstruction seen in lung function parameters,
reflecting especially obstruction in the peripheral small airways. Thus,
hyperreactivity, the hallmark of asthma, should not be considered a consequence of
obesity; obese children likely might tend to mimic symptoms of asthma due to
altered lung mechanics.

The genotypes formerly associated with normal production of IL-10 did not
show any significant associations with lung function or hyperreactivity, which
suggests I1L-10 plays a protective role during bronchiolitis and also a potentially a
modifying role in the development of post-bronchiolitis lung function. The
predisposition to a more severe disease course could be due to an impairment in

the IL-10 response. It remains to be determined how IL-10 contributes to
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increased airway tone and reversible lung function decline after bronchiolitis. Most
of the studied TLRs did not associate with lung function, though it has been
proposed that TLRs play a pivotal role in the recognition of pathogens and the
onset of innate immunity response to RSV infection. Therefore, it seems that
airway TLR function does not determine the lung function outcome in a post-
bronchiolitis setting. However, the TILR4 and TILR6 polymorphisms might
contribute to the development of hyperreactivity, or reflect a predisposition already
present during and modifying the course of the bronchiolitis. In conclusion, the
genetic associations between II-70 polymorphisms and post-bronchiolitis lung
function or TLR4 and TLR6 polymorphisms with airway hyperreactivity are
preliminary and indirect findings, suggesting a genetic predisposition to impaired
responses to viral bronchiolitis, but the causal associations with genetic factors
leading to the loss of lung function need further confirmatory studies.

In addition, we found new evidence regarding the UAD hypothesis, giving new
insight into the atopic march theory. According to our results, post-bronchiolitis
lung function reduction might develop independently from atopy-related disorders.
We were able to distinguish a group of children with previous transient childhood
asthma and without atopy who showed the lowest lung reactance values compared
to the other children. This result delineates previous findings that loss of lung
function after bronchiolitis continues to adulthood, even though the symptoms
might remit, and therefore the children with a history of eatly bronchiolitis should
be considered a risk group for COPD. On the other hand, according to the UAD
concept, the children with allergic rhinitis and skin test positivity should be actively
investigated for asthma symptoms and airway hyperreactivity, and vice versa. The
mechanisms behind post-bronchiolitis lung function deterioration by preschool
age, however, should be investigated also apart from the presence of markers of
atopy.
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Lung Function by Impulse Oscillometry at age 5-7 Years

After Bronchiolitis at Age 0—6 Months

Eero Lauhkonen, mp,'* Petri Koponen, mp," Kirsi Nuolivirta, wp, php,2 Marita Paassilta, mp, php,>

Jyri Toikka, wp, php,*° and Matti Korppi, mp, php'

Summary. Background: Viral bronchiolitis in infancy has been associated with increased
bronchial reactivity and reduced lung function in later childhood and even in adulthood. However,
lung function at preschool age is less studied, mainly due to technical difficulties. The purpose of
the study was to evaluate lung function and bronchial reactivity at preschool age in children who
were hospitalized for bronchiolitis in early infancy. Subjects and methods: Airway resistance
and reactance, and bronchial reactivity to exercise were studied with impulse oscillometry (10S)
at the mean age of 6.3 years in 103 children hospitalized for bronchiolitis at less than 6 months
of age. Results: In baseline lung-function measurement, resistance (n =8; 7.8%) or reactance
(19; 18.4%) at 5 Hz were pathological in 20% of children compared to Finnish population-based
height-adjusted reference values. Increased bronchial reactivity by exercise challenge
(5; 4.9%) or bronchodilatation (11; 10.7%) tests was present in 16%. Irreversible changes
were revealed in only one case. Conclusions: Though reduced lung function and increased
airway reactivity were rather common, evidence for persistent lung function reduction was rare,
less than 1%, at preschool age in children hospitalized for bronchiolitis caused mainly by

respiratory syncytial virus at age less than 6 months. Pediatr Pulmonol.

© 2014 Wiley Periodicals, Inc.

Key words: pulmonary function testing; bronchial hyper-reactivity; viral bronchiolitis;

asthma & early wheeze.
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INTRODUCTION

An increased risk of asthma in childhood and even in
adulthood after bronchiolitis in infancy is well-docu-
mented.'™ In addition, increasing evidence has been
accumulated that bronchiolitis in early life is associated
with reduced lung function and increased airway
reactivity at school age “° and even in adulthood.”®
However, less data are available from lung function in
preschool-aged children, mainly due to difficulties in
measuring lung function at that age. For example,
measurements with flow—volume spirometry require
maximal blows to get forced expiratory flows necessary
for diagnostic interpretations.

We have prospectively followed-up until the age of 5-7
years 166 children, who were hospitalized for bronchioli-
tis at less than 6 months of age.” Out of them, 127 attended
the clinical follow-up study at the mean age of 6.3 years.
Current asthma was present in 21 (12.7%) children: in
8.2% of the 110 former respiratory syncytial virus (RSV)
versus in 24% of the former non-RSV patients. Atopic
dermatitis, non-RSV bronchiolitis, and maternal asthma
were independently significant early-life risk factors for
asthma in adjusted analyses.”
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Impulse oscillometry (IOS), an application of the
forced oscillation technique,'” is a quite recently
introduced promising method for lung function measure-
ment during tidal breathing.'''* The method has been
successfully used from the age of 2-3 years onwards.
Population-based reference values are available for
Finnish 2—7 years old children."?

At the post-bronchiolitis control visit at the mean age of
6.3 years, lung function was studied with IOS in those
who were less than 7 years old. Both baseline, post-
exercise, and post-bronchodilator values were measured.
There are no previous studies focusing on lung function at
preschool age in children with bronchiolitis at less than
6 months of age. Likewise, an application of forced
oscillations has been used in only two post-bronchiolitis
follow-up studies before school age.'*!”

The purpose of the present study was to evaluate lung
function, with a special focus on airway resistance,
reactance, and reactivity to exercise by 10S at the age of
5-7 years in children hospitalized for bronchiolitis at less
than 6 months of age, and to study if there are early-life
factors involving with later lung function. Our hypothesis
was that airway resistance and airway reactivity may be
increased, and airway reactance decreased in the former
bronchiolitis patients compared to the Finnish population-
based reference values.

MATERIALS AND METHODS
Design and Background Factors

In all, 187 healthy, full-term infants were hospitalized
for bronchiolitis at less than 6 months of age in Tampere
University Children’s Hospital, between December 1,
2001, and May 31, 2002, and between October 28, 2002,
and May 31, 2004. Bronchiolitis was defined as lower
respiratory tract infection with rhinitis, cough, and diffuse
wheezes or crackles. The aetiology of bronchiolitis was
assessed in nasopharyngeal aspirates by immunofluores-
cence for seven viruses including RSV and by polymerase
chain reaction (PCR) for nine viruses, including RSV and

ABBREVIATIONS:

10S Impulse oscillometry

RSV Respiratory syncytial virus
PCR Polymerase chain reaction
BHR Bronchial hyper-responsiveness
ECT Exercise challenge test

SD Standard deviation

CI Confidence interval

ICS Inhaled corticosteroid

Rrs Resistance

Xrs Reactance

Fres Resonant frequency

dRs/df  Frequency dependency of resistance
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rhinoviruses, and in addition, by PCR for the bacterium
Bordetella pertussis."®

In 2008-2009, 127 children attended a clinical control
visit and 39 were interviewed by phone at the mean age of
6.5 years, as published recently.”

Lung function was measured by IOS in 107 children
who were less than 7 years old. Four children were
excluded; two refused, one child was studied with a
different IOS device than others, and in one case, other
data were missing. Thus, altogether 103 children form the
subjects of the present I0S study.

Impulse Oscillometry

IOS is measured during quiet tidal breathing when the
child is sitting still at upright position. The nose is sealed
with a clip and the cheeks are supported with hands by the
technician to minimize pressure loss through the upper
airway shunt. The input oscillatory signal containing
harmonics at 5-35Hz is conducted into the airways, and
output pressure, and flow signals are analyzed for their
amplitude and phase differences to determine the resistance
(Rrs) and reactance (Xrs) of the airways, both being
components of the total airway impedance (Zrs).'>"”

Both Rrs and Xrs are dependent on height of the child
and frequency of the signal. Low frequencies (<15 Hz)
are considered to describe the small, peripheral airways,
and higher frequencies (>20 Hz) the larger, more central
airway.'® In proximal or peripheral obstruction, Rrs
increases above normal values. In peripheral obstruction,
as in asthma, Rrs tends to rise in low frequencies; the
frequency dependency of resistance strengthens and dRs/
df shows more negative values. Xrs decreases as a result
of peripheral restriction due to fibrosis or hyper-
inflation.!” Resonant frequency (Fres) represents the
point where the Xrs equals zero and increases both in
restrictive and obstructive conditions."’

Measurements

At baseline measurements, IOS (Master Screen 10S;
Jaeger, Hochberg, Germany) was repeated until three
acceptable 10S curves were obtained. The IOS results
were pre-analyzed by an experienced clinical physiologist
(JT), and the IOS curves had to be graphically appropriate
and free from artefacts for the whole 30 sec measurement
time. The curves with the best coherence (threshold >0.6
at 5Hz and >0.9 at 10Hz) ' were obtained.

After baseline measurements, the children performed
exercise-challenge test (ECT) including 8min free
running outdoors at >90% of expected heart rate (205
minus age divided by 2) for >2 min using a heart rate
monitor (Polar Ltd., Kempele, Finland). Similarly to the
baseline measurements, post-exercise IOS curves were
measured 5—-10 min after running until three representa-
tive curves were obtained.



Thereafter, children received 300uwg salbutamol
(Ventoline®™, GSK, Brentford, UK) administered by inhala-
tion through a spacer (Babyhaler@‘?‘, GSK, Brentford, UK),
and again three good quality IOS curves were collected
15 min after the inhalation. These values are used as post-
bronchodilator values. This modification of the broncho-
dilatation test allowed the completion of the study protocol
for each child in 1 day.

Thus, baseline (pre-exercise), post-exercise, and post-
bronchodilator values were measured, and among them
Rrs, Zrs, and Xrs at 5 and 20 Hz, Fres and dRrs/df were
recorded.

Since national, height-adjusted reference values were
available,'® the measured mean crude values were
transformed using a prediction equation ' to standard
residuals (z-score) describing the deviation from the
height-adjusted predicted values. For the standard
residual (z-score), the upper reference limit (95th
percentile) is at +1.65, and the lower reference limit
(5th percentile), respectively, at —1.65.

Bronchial reactivity was studied calculating exercise-
induced changes and bronchodilator-induced changes in
Zrs, Rrs, and Xrs at 5 Hz, and resonant frequency z-score
changes.

Rrs at 5 Hz was categorized as pathological if exercise-
induced change in mean crude values was +35% or
more,?® or if bronchodilator-induced change in mean
crude values was —35% or more.'**°

Statistics

SPSS™® Statistical Package Version 21 (IBM™, Helsinki,
Finland) was used in the statistical analyses of the data. The
results are expressed as means, standard deviations (SD),
and 95% confidence intervals (95% CI) for continuous
variables, and numbers, and frequencies for categorized
variables. Analysis of variance, adjusted for maternal
asthma, atopic eczema in infancy, and RSV etiology of
bronchiolitis during hospitalization when appropriate, was
used in the analyses of continuous and Chi square and
Fisher’s exact tests in the analyses of categorized data.

Ethics

The Ethics Committee of the Tampere University
Hospital District approved the study. Informed consent
was obtained from parents both before enrolling the
children in infancy and at the clinical control visit.

RESULTS
Background Factors

The mean age of the study subjects was 6.3 years (5.5—
7.0 years), and 49.5% were boys. Thirteen (12.6%) study
subjects were on continuous medication for asthma with
ICS. The aetiology of bronchiolitis in infancy had been
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RSV in 60.2%. There were 28 former RSV A and 34
former RSV B cases. Over half (52.4%) had been exposed
to parental smoking during infancy and 20.6% to maternal
smoking during pregnancy (Table 1).

Lung Function

When baseline and post-exercise values were com-
pared, there were no significant differences (Table 2).
When baseline and post-bronchodilator values were
compared, post-bronchodilator values were significantly
better than baseline values (Table 2). The results were
similar irrespective whether expressed as absolute or
relative values.

Post-exercise Xrs at 5 Hz was lower in boys (—1.39, SD
1.64; P =0.03) than in girls (—0.78, 1.16). There were no
significant differences in IOS parameters between boys
and girls in baseline or post-bronchodilator values (data
not shown).

There were no significant differences in baseline, post-
exercise, or post-bronchodilator IOS parameters between
the former RSV positive and negative patients (data not
shown). Likewise, there were no significant differences
between former RSV A and RSV B cases. There were no
significant differences in baseline, post-exercise, or post-
bronchodilator IOS parameters between the former
rhinovirus positive and negative patients (data not
shown). The post-exercise Rrs at 20Hz was lower in
the former rhinovirus positive (mean —1.43, SD 1.73;
P =0.04) than in the former RSV positive cases (—0.72,
0.97).

There were no significant associations between tobacco
smoke exposure during pregnancy or during infancy and
baseline, post-exercise, or post-bronchodilator IOS
parameters (data not shown).

When the 13 former bronchiolitis patients who had
used and those 90 who had not used ICS regularly

TABLE 1— Characteristics of Study Population

No. of subjects 103

Male, n (%) 51 (49.5)

Female, n (%) 52 (50.5)

Age (y), mean (range) 6.3 (5.5-7.0)

Height (cm), mean (range) 120 (107-136)

Weight (kg), mean (range) 24 (16-39)

RSV-bronchiolitis, n (%) 62 (60.2)

Non-RSV-bronchiolitis, n (%) 41 (39.8)

Human rhinovirus-bronchiolitis, n (%) 16 (15.5)

Maternal smoking during 19 (20.6)
pregnancy, n (%)

Parental smoking during infancy 54 (52.4)
(<12 months age), n (%)

Regular use of ICS during preceding 13 (12.6)

12 months, n (%)

ICS, inhaled corticosteroid; RSV, respiratory syncytial virus.

Pediatric Pulmonology
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TABLE 2—Baseline, Post-Exercise and Post-Bronchodilator Impulse Oscillometry Results as Relative (z-Scores) and
Absolute (kPa/L/sec) Values in 103 Former Infantile Bronchiolitis Patients at the Mean Age of 6.3 years

Baseline values

Post-exercise values

Post-bronchodilator values

Parameter Mean 95% CI Range Mean 95% C1 Range Mean 95% CI Range

(z-scores)
Zrs 5Hz —-0.01 -0.23,0.22 —2.45, 2.68 0.27 0.03, 0.52 —2.64, 3.38 —-1.75 —1.96, —1.56 —4.48,1.23
Rrs 5Hz  —-0.09 —0.29, 0.12 —2.43,2.14 0.16 —0.06, 0.39 —2.60, 3.08 —-1.72 —-1091, —1.53 —4.43,1.24
Rrs 20Hz —-0.94 —1.16, —0.72 —3.95, 1.45 —091 —1.14, —0.68 —4.67, 1.75 —2.01 —2.23,-1.78 —4.78,1.79
Xrs 5SHz  -0.74 -0.98, —-0.50 —6.26, 2.00 -1.08 —1.37, -0.80 —5.79, 1.48 0.33 0.20, 0.47 —1.71, 2.05
Fres 2.23 2.07, 2.40 —1.17, 4.08 2.38 221, 2.55 —0.64, 4.56 0.87 0.68, 1.07 —1.92, 2.76
dRrs/df —-1.02 -1.23, -0.80 —4.51, 1.09 —-135 -1.62, -1.09 —5.65,0.97 0.04 —0.10, 0.19 —3.12, 1.56

(kPa/L/sec)
Zrs SHz 0.81 0.78, 0.85 0.49, 1.31 0.85 0.82, 0.89 0.48, 1.34 0.63 0.60, 0.65 0.35, 0.95
Rrs 5Hz 0.77 0.74, 0.80 045, 1.22 0.80 0.77, 0.83 0.45, 1.26 0.60 0.58, 0.62 0.33, 0.92
Rrs 20Hz 0.58 0.56, 0.61 0.32, 0.91 0.59 0.56, 0.61 0.31, 0.89 0.50 0.48, 0.52 0.28, 0.85
Xrs 5Hz  -0.26 -0.27, -0.24 -0.61, -0.10 -0.28 -0.30, —-0.26 —-0.55, —-0.12 —-0.19 —-0.20, —0.18 —0.35, —0.10
Fres 21.9 21.2,22.6 9.84, 30.9 22.6 21.8,23.5 11.0, 33.6 16.7 16.1, 17.4 8.44, 24.7
dRs/df -0.01 -0.01, -0.01 —0.03, 0.00 —-0.01 —-0.02, —=0.01 —0.04, 0.00 -0.01 -0.01, —0.01 —0.02, 0.00

Zrs, total impedance; Rrs, resistance; Xrs, reactance; Fres, resonant frequency; dRrs/df, frequency dependency of resistance.

TABLE 3— Post-Exercise 10S Values (z-Scores) and Exercise Induced Changes (z-Scores) in the 13 Former Bronchiolitis
Patients Who Have Used ICS Regularly During the Preceding 12 months, Compared to Those 90 Who Have Not Used

Parameter Regular ICS use mean (SD) P value* No regular ICS use mean (SD)
Zrs SHz 1.20 (1.39) <0.01 0.14 (1.09)
Rrs 5Hz 0.92 (1.22) <0.01 0.05 (1.11)
Rrs 20Hz —-0.91 (1.21) 0.58 —0.89 (1.00)
Xrs S5Hz —2.36 (1.90) <0.01 —0.90 (1.28)
Fres 2.94 (0.79) <0.01 2.30 (0.84)
dRrs/df —2.52 (1.36) <0.01 —1.18 (1.29)
AZrs 5Hz 2.40 (3.73) <0.01 0.40 (1.89)
ARrs 5Hz 1.67 (2.79) 0.01 0.35 (1.59)
AXrs 5Hz —1.65 (2.19) <0.01 —0.16 (0.95)
AFres 1.96 (2.85) <0.01 0.26 (1.87)

Zrs, total impedance; Rrs, resistance; Xrs, reactance; Fres, resonant frequency; dRrs/df, frequency dependency of resistance, ICS, inhaled

corticosteroid.
*Adjusted for atopy, maternal asthma, and RSV bronchiolitis.

during the preceding 12 months were compared, post-
exercise values in all IOS parameters except in Rrs at
20Hz were significantly higher (and Xrs and dRs/df
lower) in the ICS users (Table 3). Instead, there were no
significant differences in any baseline or post-bron-
chodilator IOS parameters between the ICS and non-
ICS users.

In baseline measurements, either Rrs at 5Hz was
>+1.65 or Xrs at 5SHz was <—1.65 in 20.4% of the
children (Table 4) By these criteria, Xrs at 5 Hz picked-up
more cases than Rrs at 5 Hz. In the post-bronchodilator
measurements, however, there was only one pathological
result suggesting persistent lung function deficit.

Bronchial Reactivity

Bronchial reactivity was studied with exercise chal-
lenge and bronchodilatation tests, presented as Zrs, Rrs,
Xrs at 5Hz and Fres changes (Table 5).

Pediatric Pulmonology

There were no statistically significant differences
between boys and girls, or former RSV positive and
negative, former rhinovirus positive and negative, and
former RSV positive and rhinovirus positive bronchiolitis
patients (data not shown).

There were no statistically significant associations
between bronchial reactivity and exposure to parental
smoking during infancy (data not shown). However, the
bronchodilator-induced change in Xrs at 5 Hz was smaller
(mean —0.35, SD 0.87; P=0.04) in children exposed to
maternal smoking during pregnancy than in the non-
exposed children (0.19, 1.04). Likewise, the 32 children
exposed to maternal smoking during infancy had a lower
bronchodilator-induced change in Xrs at SHz (mean
—0.26, SD 0.82; P=0.02) than the 71 non-exposed
children (0.26, 1.08).

Children who had used ICS regularly during 12 months
before 10S measurement had larger changes in all four
parameters used in the exercise challenge test (Table 3).



TABLE 4—Numbers of Study Subjects With Increased
Airway Resistance (Rrs) and Decreased Airway Reactance
(Xrs) at 5 Hz in Baseline and Post-Bronchodilator Values
(z-Scores)

Baseline Post-bronchodilator
Parameters* values, n (%) values, n (%)
Rrs 5Hz >+1.65 (pathologic) 8 (7.8) 0 (0)
Rrs 5Hz <+1.65 (normal) 95 (92.2) 103 (100)
Xrs 5Hz <—1.65 19 (18.4) 1 (1.0)
(pathologic)
Xrs 5Hz >—1.65 (normal) 84 (81.6) 103 (100)
Rrs 5Hz or Xrs SHz 21 (20.4) 1(1.0)
(pathologic)
Rrs 5Hz and Xrs 5Hz 6 (5.8) 0 (0)
(pathologic)

Rrs, resistance; Xrs, reactance.
*In z-scores based on the Finnish reference material.'®

However, there were no statistically significant differ-
ences in bronchodilator-induced changes between ICS
users and non-users (data not shown).

Increased bronchial reactivity was diagnosed in 15.6%
of the cases. Rrs 5Hz change >35% in the exercise
challenge test was found in 4.9% and in the bronchodi-
latation test in 10.7% (Table 5), and in both 0%.

DISCUSSION

There are four main results in the present prospective,
5- to 7-year post-bronchiolitis study focused on lung
function by impulse oscillometry at preschool age. First,
resistance at 5SHz was >1.65 or reactance at 5 Hz was
<—1.65 in z-scores compared to Finnish age-specific
population-based references in 20% of the former
infantile bronchiolitis patients in baseline values, but
both were abnormal in only 6%. Post-bronchodilator
values were abnormal in only one child. Thus, evidence
for persistent lung function deficit was rare, less than 1%.
Second, increased bronchial reactivity was diagnosed in
16% of the children. Resistance at 5 Hz increased >35%

TABLE 5— Exercise- and Bronchodilator-Induced Changes
in 10S (z-scores) and Categorized Rrs5 Mean Crude Value
Change in 103 Former Bronchiolitis Patients at the Mean Age
of 6.3 years

Exercise-induced Bronchodilator-induced

Parameter change mean (95% CI) change mean (95% CI)
AZrs 5Hz 0.66 (0.21, 1.10) 0.10 (—0.08, 0.28)
ARrs 5Hz 0.51 (0.16, 0.87) 0.12 (—0.05, 0.28)
AXrs 5Hz —0.35 (—0.60, —0.11) 0.09 (—0.11, 0.30)
AFres 0.498 (0.07, 0.88) —0.46 (-0.71, —0.21)

ARrs 5Hz >35% 5 (4.9%) 11 (10.7%)

Zrs, total impedance; Rrs, resistance; Xrs, reactance; Fres, resonant
frequency.
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in the exercise challenge test in 5% and decreased in the
bronchodilatation test in 11% of the children. Third, no
significant association was found with RSV or rhinovirus
etiology of bronchiolitis in baseline, post-exercise, or
post-bronchodilator values, or in bronchial reactivity.
Fourth, children exposed to maternal smoking during
pregnancy or infancy had lower bronchodilator-induced
changes in reactance.

Earlier studies have shown loss of lung function in 23—
29% of cases and increased airway reactivity in 13-62%
of cases 6-8 years after viral bronchiolitis in infancy.*™°
The present results are in line with these previous findings
obtained with spirometry. In the present study, the post-
bronchodilator measurements were done 10 min after the
exercise. In this time frame, there obviously is some
exercise-induced bronchoconstriction left in the airways,
and the post-bronchodilator values are expected to be
worse than without preceding exercise. However, all the
measured post-bronchodilator values were, on average,
significantly better than the baseline values. A persistent
reduction of lung function was documented in less than
1% of the cases. Thus, permanent lung function reduction
demonstrated after infantile bronchiolitis in youth " and
in young adulthood ** seems to develop at later school
age, though the process obviously has its origin in
infancy.23

Increased bronchial reactivity was diagnosed at the age
of 5-7 years in 16% of the former infantile bronchiolitis
patients, though 27% of them had current or earlier
asthma.” In addition, the average post-exercise values
were not lower than baseline values. Bronchial hyper-
reactivity was assessed by 35% or greater responses in
resistance at SHz to exercise and bronchodilator
administration. The exercise challenge test picked one-
third and the bronchodilatation test two-thirds of the
reactive cases. For both tests, five studies have suggested a
change of 35-40% in resistance at 5 Hz as diagnostic for
asthma. In a study from Finland,”® 130 wheezy children
and 79 non-atopic controls were evaluated at the age of 3—
7 years. Wheezing children differed significantly from
controls with the lower 95% CI limit for an Rrs 5Hz
increase being 32.5%. A Danish group 24 compared
different lung function measurement techniques in 38
asthmatic children and 29 non-asthmatic controls at the
age of 2-5 years, and showed that a 37% increase (three
SDw, i.e., three weighted SDs) in resistance in cold air
challenge separated asthmatic and non-asthmatic chil-
dren. In a study from Finland, bronchodilator responses
were studied in 108 healthy 2—7 years old children.'® The
95% CI based limit for the change in resistance at 5 Hz
was —36.9%. In a study from Belgium, bronchodilator
responses were studied in 228 healthy 2—7 years old
children.”> The 95% CI based limit for the changes in
resistance at 5 Hz was —41.4%. In a study from Australia,
bronchodilator responses were studied in 78 healthy and
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asthmatic 27 years old children.?® The asthmatic and
non-asthmatic children did not differ significantly. The
95% CI based limit for the change in resistance at 5 Hz
was —42%.

The patients exposed to maternal smoking during
pregnancy or infancy had lower bronchodilator-induced
changes in reactance at 5 Hz, suggesting loss of elastic
properties of lung tissue and poorer responses to
bronchodilatation. There is increasing evidence suggest-
ing that exposure to maternal smoking during pregnancy
and infancy, more than exposure to paternal smoking
during infancy, increases bronchial reactivity in child-
hood.””?® One-fifth of the children of the present study
had been exposed to maternal smoking during pregnancy
and one-third during infancy (31.4%).

In previous studies, bronchiolitis caused by RSV has
been associated with both increased airway reactivity and
reduced lung function.®? Bronchiolitis caused by
rhinoviruses has been associated with increased airway
reactivity.”*>! The present results were not able to
confirm these virus-specific associations. On the other
hand, the number of cases caused by other than RSV
might have been too small to get enough statistical power
in the analyses. However, there was a preliminary finding
that the post-exercise resistance at 20 Hz, that is, in central
airways,'® was lower in the former rhinovirus positive
patients. This may suggest a virus-depended influence on
later lung function.

The main strengths of the study are the prospective
design, homogeneity of the study group, careful data
collection, and long follow-up time. At recruitment
during hospitalization due to bronchiolitis, the patients
were less than 6 months old, and were thereafter
prospectively followed more than 5 years. Viral diagnosis
was found in the great majority of cases. Thirteen patients
were on regular ICSs for asthma, and the treatment was
not interrupted. Post-exercise values in the I0S param-
eters describing airway resistance were higher and those
describing reactance were lower in the ICS users. In
addition, ICS users had larger exercise-induced changes.
These findings mean that treatment with ICSs did not
confound the analyses.

There are some shortcomings in the present study. We
did not recruit controls, but instead, national population-
based age-specific height-adjusted references were
available. We think that the reference values, though
obtained from healthy children without a diagnosed
atopic disease, represent the Finnish population at this age
rather well. Despite this, the lung function and rate of
bronchial hyper-reactivity of an unselected age-matched
control group without a history of early bronchiolitis is
not known. The number of dropouts was rather high. In
addition, IOS was not done in those attendants who were
more than 7 years old. Technically, IOS succeeded well,
and finally, an appropriate result was obtained from 81%
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of those who attended the clinical study. However, the
exclusion of lung function measurements up to 5min
post-exercise may under-estimate bronchoconstriction at
pre-school age,** which may partly explain our low
figures. Bronchodilatation test was performed after the
children had performed the exercise challenge test.
Despite this, all the post-bronchodilator parameters
were, on average, significantly better than the baseline
ones. This means that the preceding exercise challenge
did not increase the risk of false-positive findings in this
modified bronchodilatation test, which allowed the
performance of the study in 1 day. Some of the subgroup
analyses, mainly concerning viral aetiology of bronchi-
olitis, were based on a small number of children.
Therefore some of the results may be biased by type II
error.

In conclusion, lung function deficit was revealed in
20% and increased airway reactivity in 16% by IOS in 5-
to 7-year-old children who had been hospitalized for
bronchiolitis at less than 6 months of age. No significant
association was found with RSV or rhinovirus etiology of
bronchiolitis in baseline, post-exercise, or post-broncho-
dilator values. Children exposed to maternal smoking
during pregnancy or infancy had less bronchodilator-
induced improvement of reactance, suggesting decreased
lung compliance.
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Obesity and Bronchial Obstruction in Impulse
Oscillometry at Age 5-7 Years in a Prospective
Post-Bronchiolitis Cohort

Eero Lauhkonen, mp,'* Petri Koponen, mp," Kirsi Nuolivirta, mp, php,? Marita Paassilta, mp, php,>
Jyri Toikka, mp, php,*° Antti Saari, mp, Php,® and Matti Korppi, mp, php’

Summary. Background and Aims: Obesity has been linked with asthma symptoms, need for
asthma treatment and reduced lung function but not with increased bronchial reactivity in children.
The aim of this study was to evaluate the association between previous or current weight status
and current lung function and bronchial reactivity to exercise at early school age. Methods: Ninety-
nine children hospitalized for bronchiolitis at the age of less than 6 months were studied with
impulse oscillometry (I0S) at the mean age of 6.3 years. Data on birth weight and weight gain in
infancy before hospitalization were collected during hospitalization. Current weight and height
data were transformed into age- and sex-specific height-related body mass index z scores (zBMI)
using the Finnish national population-based weight and height data as reference. Results: Some
significant though only low or modest correlations were found between current zZBMI and baseline,
post-exercise and post-bronchodilator I0S values in adjusted linear regression analysis. Seven
obese children by zBMI had higher post-bronchodilator airway impedance (Zrs) and resistance
(Rrs) at 5Hz and lower post-bronchodilator frequency dependency of resistance (dRrs/df) than
normal weight children. There were no significant differences in responses to exercise or to
bronchodilators between currently obese or overweight children and normal weight children. Birth
weight less than 3,000 g was associated with larger exercise-induced changes in Zrs and Rrs at
5Hz, and in reactance (Xrs) at 5 Hz, than those with birth weight more than 3,000 g. Conclusions:
Preliminary evidence was found that obesity may be associated with airway obstruction, but not
with bronchial hyper-reactivity. Pediatr Pulmonol. © 2014 Wiley Periodicals, Inc.

Key words: obesity; pulmonary function testing; asthma and early wheeze; impulse

oscillometry.

Funding source: none reported.

INTRODUCTION

A simultaneous increase in both childhood obesity and
asthma prevalence suggests a link between obesity and
pediatric asthma.'™ A specific obesity-related asthma
phenotype has been identified in adults, with wheezing
symptoms and reduced lung function without any
prominent bronchial hyper-reactivity as typical fea-
tures.*> However, few studies support the existence of
this phenotype in childhood.® Both preceding and current
childhood obesity have been associated with asthma
symptoms and need for asthma treatment in children with
both atopic and nonatopic asthma.””

In adults, obesity causes changes in pulmonary function
with reduced expiratory reserve volume (ERV) and small
airways obstruction as typical features.'® Recent studies
on childhood obesity and lung function have suggested
a presence of reduced lung function by flow-volume
spirometry (FVS) also in school-aged children,''™"* but
the association of obesity with increased airway reactivity
has been controversial.'”>'7 In a recent study, obese
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children who became obese adults had poorer lung
function than those normal weight children who became
obese in adulthood.'® No association with reduced lung
function has been found in overweight preschool-aged
children,'? but this age group is poorly studied.

A reliable measurement of lung function is challenging
before school age, since the methods like FVS need
forced expiratory blows. Impulse oscillometry (I0S)* is
a noninvasive method for lung function measurement
during tidal breathing from the age of 2-3 years
onward.>'"* Population-based reference values have
been published for Finnish 2-7 years old children.**

In our recent study on lung function by IOS at the mean
age of 6.3 years in 107 children who were hospitalized for
bronchiolitis at age less than 6 months, 20% had
pathological resistance (Rrs) or reactance (Xrs) at 5 Hz,
and 16% had bronchial hyper-reactivity documented with
diagnostic Rrs at 5Hz or Xrs at 5Hz changes in the
exercise challenge test (ECT) or bronchodilatation test.?

We hypothesized that high or low birth weight, rapid
weight gain in infancy, and current overweight or obesity
may be associated with reduced lung function at pre-
school age after hospitalization for bronchiolitis in
infancy. The aim of the present study was to evaluate
the association between previous or current weight status
and lung function with special focus on airway resistance
and reactance, and airway reactivity to exercise and
bronchodilator administration, at the mean age of
6.3 years in children who were hospitalized for
bronchiolitis at less than 6 months of age.

MATERIALS AND METHODS

As published previously, 187 healthy, full-term infants
were hospitalized for bronchiolitis at less than 6 months of

ABBREVIATIONS

10S impulse oscillometry

FVS flow-volume spirometry

zBMI body mass index-for-age z-score
RSV respiratory syncytial virus

ECT exercise challenge test

SD standard deviation

CI confidence interval

ICS inhaled corticosteroid

Rrs resistance

Xrs reactance

Fres resonant frequency

dRs/df frequency dependency of resistance

RV residual volume

FRC functional residual capacity

ERV expiratory reserve volume

FEV, forced expiratory volume in one second

FVC forced vital capacity

FEF;5 759, mean forced expiratory flow at 25-75% of FVC
MEFsq, maximal expiratory flow at 50% of FVC
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age in Tampere University Children’s Hospital, between
December 1, 2001, and May 31, 2002, and between
October 28, 2002, and May 31, 2004.*° During
hospitalization weight and height were measured from
all of the 187 children. Birth weight data were obtained
from the hospital’s register, and weight gain before
hospitalization was calculated as gram/week units.

In 2008-2009, 127 children attended the clinical control
visit including pulmonary function testing.”’ I0S was
measured in 107 children less than 7 years old. Four children
were excluded; two refused to run on the exercise test, one
measurement was done with a different IOS device, and in
one case some other data were missing. Thirteen children
(12.6%) had used inhaled corticosteroids (ICSs) regularly
for asthma during the preceding 12 months. Data on birth
weight, weight gain in infancy before hospitalization, and
weight and height at the control visit were available from
100 of these 103 children. One boy was excluded from the
analyses due to pathological under weight (zBMI<-2.35
corresponding BMI <16kg/m2 in young adults). Thus,
99 children with complete weight and lung function data
available form the subjects of the present study.

First, base-line IOS (Master Screen I0S, Jaeger,
Hochberg, Germany) measurements were repeated until
three acceptable curves were obtained. An experienced
clinical physiologist (JT) pre-viewed the curves to be
graphically appropriate and free from artifacts for the
whole 30 sec time. Coherence threshold was set to >0.6 at
5Hz and >0.9 at 10Hz.*®

Second, the children performed outdoors an 8-min
free running ECT at >90% of expected heart rate
[(205 — age)/2] for > 2min confirmed with a heart
rate monitor (Polar Ltd, Kempele, Finland). The post-
exercise IOS values were measured after running.

Thereafter, the children were given albuterol 300 g
(Ventg]ine‘k), GSK) inhalation through a spacer (Baby-
haler™, GSK) and after 15 min the post-bronchodilator
IOS values were measured. This allowed the children to
perform the study protocol in 1 day.

Thus, baseline, post-exercise, and post-bronchodilator
airway impedance (Zrs), resistance (Rrs) and reactance (Xrs)
at 5 Hz, resonant frequency (Fres) and frequency dependency
of resistance (dRs/df) were studied and registered.

The measured mean 10S values were transformed into
height-adjusted standardized residuals (z scores) using
a prediction equation from the Finnish population-based
reference material.>* The upper reference limit for
z scores was set to +1.65 (95th percentile), and the lower
reference limit, respectively, to —1.65 (5th percentile).

Bronchial reactivity was studied calculating exercise-
induced changes and bronchodilator-induced changes in
Zrs, Rrs, and Xrs at 5 Hz, and Fres z-score changes. Rrs at
5Hz was categorized as pathological if exercise-induced
change in mean was +35% or more,29 or if bronchodilator-
induced change in mean was —35% or more.***’
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Current weight and height data were transformed
into age- and sex-specific height-related body mass
index-for-age z scores (zBMI) using the Finnish national
population-based weight and height data as reference.
The cut-off value of the zZBMI for overweight was 1.16 for
girls and 0.78 for boys (corresponding BMI of >25 kg/m2
in young adults) and for obesity 2.11 for girls and 1.70 for
boys (corresponding BMI of >30 kg/m2 in young adults).

Birth weight limits less than 3,000 g and more than
4,000 g were used in analyses, corresponding the Sth and
95th percentile of birth weight in Finnish newborns.*!
Weight gain before hospitalization was categorized as low
<25th percentile, medium 25th—75th percentile and high
>75th percentiles.

Statistics

SPSS™ Statistical Package Version 21 (IBM™) was used
in the statistical analyses of the data. The results are
expressed as means, standard deviations (SD), and 95%
confidence intervals (95% CI) for continuous variables, and
numbers and frequencies for categorized variables. Analy-
sis of variance, adjusted for maternal asthma, atopic eczema
in infancy, and maternal smoking during pregnancy and
respiratory syncytial virus (RSV) etiology of bronchiolitis
during hospitalization when appropriate was used in the
analyses of continuous variables, and Chi square and
Fisher’s exact tests in the analyses of categorized variables.
Multivariate linear regression was used to study the
correlation between weight and I0S parameters, and the
results are expressed as Pearson’s R, Pearson’s R?, and
adjusted p. R (Rz) more than 0.60 (>0.36) or less than
—0.60 (>0.36) means a strong correlation, between 0.3 and
0.6 or between —0.3 and —0.6 (0.09-0.36) a modest
correlation, and between 0 and 0.3 (<0.09) or 0 and —0.3
(<0.09) a low correlation.

Ethics

The Ethics Committee of the Tampere University
Hospital District approved the study. Informed consent
was obtained from parents both before enrolling the
children in infancy and at the clinical control visit.

RESULTS
Background Factors

The mean age of the study subjects was 6.3 years (5.5—
7.0), and 51.5% were girls. The mean zBMI at the control
visit was 0.39 (—2.2 to 2.4), and 22 (22%) of the
study subjects were overweight and 7 (7%) obese
(Table 1).

Lung Function

The mean (SD) values of the basic, post-exercise, and
post-bronchodilator (post-BD) IOS are presented in

TABLE 1— Characteristics of Study Population

No. of subjects 99

Male, n (%) 48 (48.5)
Female, n (%) 51 (51.5)

Age (years), mean (median; range) 6.3 (6.3; 5.5-7.0)
Height (cm), mean (range) 120 (107-136)
Weight (kg), mean (median; range) 24 (24; 16-39)
zBMI (z score), mean (range) 0.39 (—2.2 to 2.5)

Overweight by zBMI, n (%) 22 (22.2)
Obese by zBMI, n (%) 7 (7.1)
Birth weight (kg), mean (range) 3.5 (2.3-4.6)
Age at hospitalization (weeks), mean (range) 11 (1-24)
Weight at hospitalization (kg), mean (range) 5.5 (2.8-9.7)

Weight gain before hospitalization (g/week), 190 (—150 to 580)

mean (range)

zBMI, body mass index-for-age z-score.

Table 2. There were no significant differences in any
parameter between overweight and normal weight
subjects (data not shown). In crude analyses, post-BD
dRrs/df was marginally lower in the overweight than
normal weight subjects (—0.18 vs. 0.14, P=0.05), but
statistical significance was lost in analyses adjusted for
asthma in mothers, atopic eczema in children and RSV
etiology of bronchiolitis in infancy.

When obese children were compared with normal
weight or overweight children, there were no significant
differences in baseline or post-exercise IOS parameters
(data not shown). Instead, post-BD Zrs at 5Hz (—0.94 vs.
—1.84, adjusted P=0.03) and Rrs at 5Hz (—0.87 vs.
—1.80, adjusted P =0.02) were significantly higher, and
dRrs/df (—0.49 vs. 0.09, adjusted P =0.04) was signifi-
cantly lower in obese than in normal weight and/or
overweight children (Table 3). The findings in overweight
children were between those in normal weight and
obese children, but closer to the findings in normal weight
children.

There were no statistically significant differences
between birth weight and basic, post-exercise, or post-
BD IOS values (data not shown). Likewise weekly weight
gain before hospitalization for bronchiolitis at less than
6 months of age did not show any significant associations
with lung function parameters in crude (data not shown)
or in adjusted (Table 4) analyses.

As seen in Table 2, linear regression analysis revealed
statistically significant but only low or modest correla-
tions between zBMI and basic Zrs at 5Hz (R=0.32),
Rrs at 5SHz (R=0.33), Fres (R=0.24), and dRs/df
(R=-0.29). Likewise, there was a significant but low
correlation between post-exercise Zrs at 5 Hz (R =0.27),
Rrs at 5SHz (R=0.28), Xrs at 5SHz (R=-0.21), and
dRs/df (R = —0.29). Further, there was a significant but
low correlation between post-bronchodilator Rrs at 5 Hz
(R=0.22), Fres (R=0.23), and dRs/df (R=-0.27)
(Table 2). Birth weight <3,000g had a low though
statistically significant correlation with Zrs (R=0.25,
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TABLE 2—Linear Regression Analysis: 10S Values (z Scores) Versus zBMI

IOS parameter Mean® (SD) Pearson R Pearson R? Crude P Adjusted P°
Basic values
Zrs5Hz —0.03 (1.15) 0.32 0.10 0.01 0.02
Rrs5Hz —0.10 (1.06) 0.33 0.11 0.01 0.01
Rrs20Hz —0.95 (1.14) 0.27 0.08 0.55 0.58
Xrs5Hz —0.70 (1.21) —0.14 0.02 0.17 0.21
Fres 2.22 (0.83) 0.24 0.06 0.03 0.03
dRs/df —1.00 (1.11) —0.29 0.08 <0.01 <0.01
Post-exercise values
Zrs5Hz 0.26 (1.27) 0.27 0.07 0.02 0.02
RrsSHz 0.16 (1.16) 0.28 0.08 0.02 0.02
Rrs20Hz —0.91 (1.20) 0.29 0.08 0.63 0.70
XrsSHz —1.05 (1.45) —0.21 0.04 0.05 <0.05
Fres 2.37 (0.87) 0.20 0.04 0.08 0.08
dRs/df —1.34 (1.37) -0.29 0.08 0.01 <0.01
Post-BD values
Zrs5Hz —1.77 (1.00) 0.20 0.04 0.06 0.07
Rrs5Hz —1.73 (0.99) 0.22 0.05 0.04 <0.05
Rrs20Hz —2.02 (1.18) 0.20 0.04 0.45 0.53
Xrs5Hz 0.35 (0.65) —0.13 0.02 0.23 0.26
Fres 0.85 (0.99) 0.23 0.05 0.04 0.04
dRs/df 0.05 (0.75) —0.27 0.07 0.04 0.03

Zrs, total impedance; Rrs, resistance; Xrs, reactance; Fres, resonant frequency; dRrs/df, frequency dependency of resistance.
“Basic, post-exercise, and post-BD values (mean, 95%CI) have been published recently.”® The minor differences are due to differences in the

numbers of cases, 103 in previous and 99 in present analyses.

"Adjusted for atopic dermatitis, maternal asthma, and RSV-bronchiolitis.

adjusted P < 0.01), Rrs (R =0.24, adjusted P =0.01), and
Xrs (R=—-0.24, adjusted P =0.01).

Bronchial Reactivity

Bronchial reactivity was assessed by ECT and
bronchodilation test. There were no significant differ-
ences in changes of Zrs, Rrs, or Xrs at SHz or Fres
between the 29 overweight or obese study subjects
compared with 70 normal weight subjects, nor between
the 7 obese study subjects compared with normal weight

subjects or compared with 92 normal weight and
overweight subjects (data not shown).

In adjusted analyses, 17 children with birth weight
<3,000 g had larger Zrs (1.95 vs. 0.41, P <0.01), Rrs
(1.50 vs. 0.33, P=0.01), and Xrs (—1.03 vs. —0.23,
P =0.01) mean changes at 5 Hz in the ECT compared to
82 children with birth weight >3,000 g (Table 5).

The 13 children with birth weight more than 4,000 g did
not differ significantly from those 86 with birth weight
4,000 g or less in either crude or adjusted analyses (data
not shown). Likewise, weight gain in infancy had no

TABLE 3—Post-BD I0S Values (z Scores) as Categorized in Obese, Overweight, Normal Weight, and Non-Obese

Non-obese
Overweight (normal weight or Adjusted
Obese (n=7); (obese not included) Normal weight overweight) Crude P-values P-values'
Parameter mean (SD) (n=22); mean (SD) (n=70); mean (SD) (n=92); mean (SD) (obese vs. non-obese) (obese vs. non-obese)
Zrs5Hz —0.94 (1.12) —1.74 (1.34) —1.86 (0.84) —1.84 (0.97) 0.02 0.03*
RrsSHz —0.87 (1.05) —1.69 (1.32) —1.83 (0.82) —1.80 (0.95) 0.02 0.02°
Rrs20Hz  —1.37 (0.87) —2.14 (1.69) —2.04 (1.00) —2.07 (1.19) 0.14 0.18
Xrs5Hz 0.10 (0.70) 0.26 (0.69) 0.41 (0.63) 0.37 (0.64) 0.28 0.28
Fres 1.38 (0.86) 0.98 (1.05) 0.75 (0.98) 0.81 (0.99) 0.14 0.14
dRrs/df —0.49 (0.55) —0.09 (0.76) 0.14 (0.75) 0.09 (0.75) 0.05 0.04*

Zrs, total impedance; Rrs, resistance; Xrs, reactance; Fres, resonant frequency; dRrs/df, frequency dependency of resistance.

! Adjusted for atopy, maternal asthma, and RSV-bronchiolitis.
2p=0.01.

’P=0.01.

“P=0.03 obese vs. normal weight.
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TABLE 4— Basic, Post-Exercise, and Post-BD I0S Values (z Scores) Versus Weekly Weight Gain Before Hospitalization in

Categorized <25th, 25th—75th, and >75th Percentiles

Weight gain

Weight gain

10S <25th percentile, Weight gain 25th—75th >75th percentile,

parameter mean (SD) percentile, mean (SD) mean (SD) Crude P-value Adjusted P-value®

Basic values
Zrs5Hz —0.10 (0.92) 0.01 (1.28) —0.01 (1.12) 0.94 0.99
Rrs5Hz —0.14 (0.86) —0.07 (1.17) —0.11 (1.05) 0.96 0.99
Rrs20Hz —0.94 (0.90) —0.97 (1.20) —0.94 (1.13) 0.99 0.99
Xrs5Hz —0.57 (0.90) —0.77 (1.38) —-0.71 (1.14) 0.79 0.95
Fres 2.14 (0.79) 2.25 (0.95) 2.23 (0.59) 0.85 0.88
dRs/df —0.94 (1.19) —1.06 (1.13) —0.96 (1.01) 0.89 0.95

Post-exercise values
Zrs5Hz 0.27 (1.08) 0.25 (1.41) 0.29 (1.19) 0.99 0.98
RrsSHz 0.21 (1.01) 0.13 (1.27) 0.16 (1.11) 0.96 0.99
Rrs20Hz —0.64 (0.99) —1.05 (1.34) —-0.92 (1.10) 0.37 0.48
Xrs5Hz —0.85 (1.07) —1.14 (1.67) —1.05 (1.45) 0.73 0.58
Fres 2.28 (0.72) 2.41 (1.04) 2.39 (1.37) 0.83 0.63
dRs/df —1.15 (1.28) —1.41 (1.47) —1.40 (1.28) 0.73 0.70

Post-BD values
Zrs5Hz —1.70 (0.70) —1.70 (1.15) —2.00 (0.97) 0.44 0.49
Rrs5Hz —1.64 (0.69) —1.64 (1.10) —2.00 (1.00) 0.29 0.33
Rrs20Hz —1.87 (0.85) —2.00 (1.31) —2.22 (1.21) 0.58 0.53
Xrs5Hz 0.44 (0.53) 0.33 (0.71) 0.33 (0.64) 0.77 0.84
Fres 0.66 (1.09) 0.93 (1.02) 0.89 (0.84) 0.54 0.60
dRs/df 0.07 (0.75) —0.03 (0.82) 0.18 (0.61) 0.51 0.72

Zrs, total impedance; Rrs, resistance; Xrs, reactance; Fres, resonant frequency; dRrs/df, frequency dependency of resistance.
*Adjusted for atopic dermatitis, maternal asthma, smoking during pregnancy, RSV-bronchiolitis, and birth weight <3,000 g.

significant associations with changes in any IOS
parameter in the ECT or in the bronchodilatation test in
crude or adjusted linear regression analyses (data not
shown).

DISCUSSION

There are three main results in the present prospective
5- to 7-year post-bronchiolitis follow-up study, focusing
on the effect of overweight and obesity on lung function
by IOS. First, preliminary evidence was found that obesity
may be associated with lung function at preschool age
in former bronchiolitis patients. Obese children had
increased airway resistance and lower frequency depen-
dency compared to normal weight and overweight
children in post-BD measurements, suggesting irrevers-

ible structural changes in their airways. In addition,
statistically significant though only low or modest
correlations were found between obesity and baseline,
post-exercise, and post-BD IOS parameters in adjusted
linear regression analysis. Second, no significant associa-
tion was found between bronchial reactivity and current
weight status. Third, low birth weight less than 3,000 g
was associated with larger changes in airway resistance
and reactance in the ECT. Otherwise, birth weight or
weight gain in infancy was not associated with lung
function or bronchial reactivity measured with IOS at the
mean age of 6.3 years in this post-bronchiolitis cohort.
Previous pulmonary function and bronchial hyper-
reactivity studies focusing on obesity have been mainly
performed using FVS in school-aged children. Such study
from Greece in 6- to 11-year-old children detected that

TABLE 5—Exercise-Induced Changes in I0S z Scores in 17 Children With Birth Weight <3,000 g Compared to 82 Children

With Birth Weight >3,000g

Birth weight

Birth weight

Parameter <3,000 g, mean (SD) >3,000 g, mean (SD) Adjusted P-value®
AZrs5Hz 1.95 (2.96) 0.41 (2.09) <0.01
ARrs5Hz 1.50 (2.15) 0.33 (1.73) 0.01
AXrs5Hz —1.03 (1.89) —0.22 (1.07) 0.01
AFres 1.30 (2.91) 0.35 (1.88) 0.10

Zrs, total impedance; Rrs, resistance; Xrs, reactance; Fres, resonant frequency.
#Adjusted for atopic dermatitis, maternal asthma, maternal smoking during pregnancy, RSV-bronchiolitis, and weight gain in infancy.
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overweight and obesity were associated with reduced
lung function parameters forced expiratory volume in one
second (FEV,), forced vital capacity (FVC), FEV{/FVC
ratio, and mean forced expiratory flow at 25-75% of FVC
(FEF,s5_755,).'? A Canadian retrospective cohort study of
327 children revealed that increasing BMI was associated
with decreasing tidal volumes residual volume (RV),
functional residual capacity (FRC), and ERV and absolute
FEV,/FVC-ratio by FVS in 8- to 15-year-old children.'*
A random population sample study of Australian children
aged 9, 12, and 15 years found that FEV1 and FVC
decreased with increasing proportion of body fat."" In
a Finnish follow-up study, children hospitalized for
wheezing associated infection at age <24 months had
obesity-related reduced FEV /FVC and maximal expira-
tory flow at 50% of FVC (MEFsyq,) at age 7 yeaurs.13
However, the only study performed with 10S at age of
6 years in an unselected population did not show any
significant reduction in baseline lung function with
increasing BML.'® Our results, however, give preliminary
evidence that obesity-related lung function deficit may be
present already at preschool age.

In an Israeli cohort study, wheezing, asthma, and other
chest symptoms were more common in obese than in non-
obese children, but obesity was not associated with
bronchial hyper-reactivity in the bronchodilatation test.'®
In line, there was no significant association between high
BMI and bronchial hyper-reactivity to inhaled histamin in
Australian children aged 7-12 years, although cough and
wheezing were more reported with increasing vveight.15
However, in a prospective study of 275 children aged
8 years, current high BMI was associated with increased
reactivity in metacholine inhalation test, and the association
was lost if earlier overweight had normalized before the age
of 6-7 years. 7 Thus, our negative result on the link between
obesity and bronchial reactivity at the mean age of 6.3 years
in former bronchiolitis patients is in line with previous
observations in populations of school-aged children.

In this study, the 17 children with birth weight less than
3,000 g presented with an increased bronchial reactivity
to exercise at preschool age. The children born as pre-
term were excluded before entering the study, and the
finding was robust to adjustments with maternal smoking
during pregnancy and weight gain in infancy. A recent
literature review” stated that studies on the association
between birth weight and childhood asthma have given
inconsistent results, but some evidence exists for the link
between reduced birth weight, rapid post-natal weight
gain and later asthma. In accordance, rapid weight gain in
the fist three months of life was associated with recurrent
wheezing and lower baseline FEV; and FEF,5 754, in
5-year old Dutch children, but the finding was not
dependent on birth wei ght.33 In the present study, instead,
weight gain before hospitalization for bronchiolitis at age
under 6 months had no significant associations with later
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lung function or bronchial reactivity. Thus, the found
association between low birth weight and increased
bronchial reactivity cannot be explained by prematurity or
by more weight gain during the first months of life. Since
low birth weight is associated with the risk of severe
bronchiolitis,>**> our finding may reflect the fact that all
study subjects were hospitalized for bronchiolitis in infancy.

The strengths of this post-bronchiolitis study are the
prospective design with a follow-up time more than
5 years, homogeneity of the study group and careful data
collection in infancy and at the mean age of 6.3 years. For
example, weight and height were measured and registered
both during hospitalization in infancy and at the current
control visit in 93% of cases. The association between
obesity and lung function at pre-school age is poorly
studied, though increasing evidence from measurements
with spirometry suggests that obesity is associated with
reduced lung function at school age.''™"* Furthermore,
studies on bronchial reactivity versus earlier or current
weight status are totally lacking at preschool age.

The lack of controls is a clear shortcoming of the study.
On the other hand, new national population-based height-
adjusted weight references separately for boys and girls
were available®® increasing the accuracy of the observa-
tions. IOS was not measured in the attendants who were
over 7 years of age, which decreased the number of study
subjects but added the homogeneity of the group. Data on
maternal weight, educational level or postnatal feeding
habits were not collected, but maternal asthma and
smoking during pregnancy were included in the analyses
as confounding factors. Similarly, viral etiology of
bronchiolitis was included in the multivariate models,
though no association was found between viral etiology
and later pulmonary function. The subgroup of obese
children (7%) was small with a risk of the type II error.
Our post-bronchiolitis study group was without any doubt
selected but represents a risk group for pulmonary
illnesses and lung function disorders which, therefore,
especially should avoid excessive weight gain.

In conclusion, our IOS study provided preliminary
evidence that current obesity at age of 5-7 years in
children hospitalized for bronchiolitis at age of 0-6
months may be associated with bronchial obstruction,
including irreversible obstruction after bronchodilator
administration. No significant association was found
between current overweight or obesity and airway
reactivity to exercise or in the bronchodilatation test.
Birth weight less than 3,000 g, but not rapid weight gain in
early infancy, was associated with increased airway
reactivity to exercise.
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Abstract

Aim

Interleukin-10 (IL-10) has been associated with wheezing and asthma in children and the
genetic variation of the IL-10 cytokine production may be linked to post-bronchiolitis lung
function. We used impulse oscillometry (I0S) to evaluate the associations of /L 70 polymor-

phisms with lung function at a median age of 6.3 years in children hospitalised for bronchiol-
itis before six months of age.

Methods

We performed baseline and post-exercise I0S on 103 former bronchiolitis patients. Data
on single nucleotide polymorphisms (SNP) of /L 10 rs1800896 (—1082G/A), rs1800871
(—819C/T), rs1800872 (—592C/A) were available for 99 children and of IL70 rs1800890
(—=3575T/A) for 98 children.

Results

IL10 rs1800896, rs1800871 and rs1800872 combined genotype AA+CT+CA and carriage
of haplotype ATA, respectively, were associated with higher resistance and lower reactance
in baseline IOS in adjusted analyses. At /L70 rs1800890, the A/A-genotype and carriers of
A-allele were associated with lower reactance in baseline I0S. There were no significant
associations between the studied SNPs and airway hyper-reactivity to exercise.

Conclusion

Low-IL-10-producing polymorphisms in the IL-10 encoding gene were associated with
obstructive lung function parameters, suggesting an important role for IL-10 in development
of lung function deficit in early bronchiolitis patients.

PLOS ONE | DOI:10.1371/journal.pone.0140799 October 16,2015
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Introduction

It is estimated that 2-3% of each age cohort are hospitalised for viral bronchiolitis during the
first year of life. [1] There is increasing evidence that both virus-specific factors [2,3] and
genetic variations of innate immunity contribute to later outcomes, including post-bronchioli-
tis wheezing [4,5] and the development of asthma. [6]

Interleukin-10 (IL-10) is a pivotal regulatory cytokine produced by blood monocytes and
alveolar macrophages in the lungs [7] and reduced IL-10 levels have been reported in the alveo-
lar fluid of asthmatics. [8] The IL-10 gene is highly polymorphic and single nucleotide poly-
morphisms (SNP) in the proximal promoter region rs1800896, rs1800871 and rs1800872 form
distinct haplotypes associated with IL-10 production. [9,10] Furthermore, these polymor-
phisms have been associated with paediatric asthma. [6,11] In the distal promoter region, car-
riage of allele A in the IL10 rs1800890 has been associated with low IL-10 production in
experimental studies. [12]

Earlier studies on this cohort of 166 infants hospitalised for bronchiolitis at less than six
months of age reported that SNPs in the IL-10 gene were associated with severe rhinovirus
bronchiolitis and post-bronchiolitis asthma. [2,13]

The use of impulse oscillometry (I0S) [14] to measure lung function during tidal breathing
is a promising technique for children under the age of seven. [15,16] We have previously pub-
lished lung function results by IOS at age of five to seven years in 103 children hospitalised for
bronchiolitis at less than six months of age. [17] Resistance or reactance at 5 Hz were patholog-
ical in 20% of the children compared to Finnish population-based, height-adjusted reference
values.

We hypothesised that polymorphisms in the IL-10 gene could be associated with post-bron-
chiolitis lung function disorders. This study evaluated the association of polymorphisms in the
proximal promoter region IL10 rs1800896 (-1082G/A), rs1800871 (-819C/T) and rs1800872
(-592C/A) or in the distal promoter region IL10 rs1800890 (-3575T/A) with IOS results at a
median age of 6.3 years in children hospitalised for bronchiolitis before six months of age.

Patients and Methods
Design

We prospectively followed up 166 children hospitalised for bronchiolitis before six months of
age until they were five to seven years of age [18]. Of these, 127 attended a clinical follow-up
visit at a median age of 6.3 years [18] and 103 of the children under the age of seven underwent
impulse oscillometry (IOS), including baseline and post-exercise measurements. [17] As previ-
ously published [19], weight and height were measured and body mass index (BMI) was calcu-
lated and expressed as Z-scores from the population means. One child was excluded from the
analyses because of a pathologically low BMI Z-score, corresponding to less than 16 kg/m” in a
young adult. Early-life risk factors like maternal asthma, atopic eczema in infancy, maternal
smoking during pregnancy and respiratory syncytial virus (RSV) aetiology of bronchiolitis had
been collected during the hospitalisation for infant bronchiolitis. [5]

Data on SNPs of IL10 rs1800896, rs1800871 and rs1800872 were available from 99 of the
103 children included in the IOS study, and of IL10 rs1800890 were available from 98. The
median age of the children was 6.3 years, with a standard deviation of 0.46 years, and 51 (50%)
were boys. RSV was identified in 60.2% of cases during bronchiolitis.
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Impulse oscillometry

Impulse oscillometry technique is a modification of the forced oscillations method [14]
described in detail elsewhere. [20] The lung function examination is based on the measurement
of total airway impedance (Zrs) in response to 5-35Hz oscillations conducted to the bronchial
tree through a mouthpiece during quiet breathing. The airways resistance (Rrs) describes the
resistive forces to the airflow and reactance (Xrs) reflects the elastic properties of the airway
and the surrounding lung tissue, both components being derived from the measured Zrs.
Other measured parameters describe the changes in bronchial tone and recoil: the rate of
change in the Rrs as a function of the oscillation frequency (dRrs/df) and the point where the
resistive and the elastic forces equal each other marks the resonant frequency (Fres). Thus, the
main parameters observed are the Rrs and Xrs, where low <15Hz frequencies represent the
measurement of more peripheral and >15 Hz more central airways. In a typical peripheral
obstructive pattern, the Rrs at 5Hz (Rrs5Hz) rises above normal and the dRrs/df becomes more
negative, and due to dynamic loss of lung compliance, the reactance at 5Hz (Xrs5Hz) decreases
below normal resulting in increased Fres. IOS is applicable in exercise-challenge testing and
bronchodilator testing, where change in resistance at 5Hz more than 35% is considered patho-
logical. [21,22]

Lung function measurement

We used the Masterscreen IOS (Jaeger, Hochberg, Germany) to obtain baseline measurements,
under the supervision of an experienced clinical physiologist (JOT), and these were pre-ana-
lysed to be graphically appropriate, free from artefacts and coherent in a set criteria (>0.6 at
5Hz and >0.9 at 10Hz) [15,16]. The post-exercise IOS measurements were taken after the chil-
dren performed an outdoor, eight-minute free-running exercise challenge test (ECT) at more
than 90% of the expected maximal heart rate. The mean IOS values were then transformed to
height-adjusted Z-scores. [21]

As published previously, [17] either Rrs5Hz or Xrs5Hz was pathological in the baseline I0S
measurements in 21 of the study subjects (20.4%) when compared to Finnish population-
based, height-adjusted references. [21] Rrs5Hz was pathological in eight (7.8%) cases and
Xrs5Hz was pathological in 19 (18.4%) cases. Only one case showed an irreversible lung func-
tion reduction that was not responsive to bronchodilators.

Genetics

We carried out genotyping of the IL10 rs1800896 (-1082G/A) SNP using the ABI PRISM 7000
Sequence Detection System for both polymerase chain reaction (PCR) and allelic discrimina-
tion. [2] The IL10 rs1800890 (-3575A/T) genotypes were determined by pyrosequencing as
described previously. [23] The detection of the IL10 polymorphism sites, rs1800871 (-819A/G)
and rs1800872 (-592T/G), were performed using PCR and sequencing of the amplified region.
The SNPs at positions -592 and -819 were detected simultaneously in one PCR reaction. The
sequence of PCR primers was: forward 5-TAGGTCTCTGGGCCTTAGTT-3’ and reverse 5'-
AAGGCCAATTTAATCCAAGGTT-3’. The correct PCR product size (440 bp) was verified
with agarose gel electrophoresis. The forward primer was used also for the sequencing reaction.
Sequencing reactions were performed at the Institute for Molecular Medicine Finland in Hel-
sinki. All PCR reactions were performed in the following conditions: initial denaturation at
95°C, denaturation at 95°C for two minutes, annealing at 60°C for 30 seconds and extension at
72°C for 40 seconds. After 40 cycles, final denaturation was carried out at 72°C for seven min-
utes. Our test provided the reverse transcription sequence, instead of the forward transcription
sequence reported in most previous publications. Therefore, to enable us to compare the results
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Fig 1. R? -values for the studied IL-10 polymorphisms in Finnish population based data. The formation
of ACC(A)/ATA(A) genotype from the parental DNA strands described as an example. Colour = R*-
correlation, all pairs D" = 1. Modified from [28].

doi:10.1371/journal.pone.0140799.g001

with other studies, we have expressed the alleles G/A (IL10 rs1800871) and G/T (IL10
rs1800872) as C/T (IL10rs1800871) and C/A (IL10 rs1800872), respectively.

The measured SNPs were tested to be in HWE (p>0.05) and haplotype frequencies of
rs1800896, rs1800871 and rs1800872 were calculated with Haploview 4.2. [24] We compared
the SNP minor allele frequencies to population-based public data. [25] The IL10 rs1800896,
rs1800871 and rs1800872 fall in distinct haplotypes in the Caucasian population. [9,26] Indi-
vidual haplotypes of rs1800896, rs1800871 and rs1800872 were counted from unphased geno-
type data using the Clark s algorithm [27] where all homozygote and single-site heterozygotes
were identified and haplotypes resolved by direct counting. The SNPs rs1800871 and
rs1800872 were co-segregating. This way 87% of the haplotypes were unambiguous, and the
rest 13% could be resolved using the haplotype frequencies. All the studied four SNPs are
highly linked, (Fig 1) but we were not able to resolve all four allele haplotypes, thus the
rs1800890 was left out of the haplotype analyses.

Statistics

SPSS version 21 (IBM, NY, USA) was used in the statistical analyses of the data. The results are
expressed as means and standard deviations (SD) for continuous variables and as numbers and
frequencies for categorised variables. Analysis of co-variance (ANCOVA) was used in the anal-
yses of continuous data, when appropriate, adjusted for current age, BMI Z-score, maternal
smoking during pregnancy, respiratory syncytial virus (RSV) and rhinovirus aetiology of
bronchiolitis.

Firstly, we compared genotypes separately and then we compared carriers of major alleles,
for example dominant XX+Xx versus non-carriers xx, and thereafter carriers of minor alleles,
for example recessive xx+Xx versus non-carriers XX.

Ethics

The Ethics Committee of the Tampere University Hospital District approved the study and a
written informed consent was obtained from the parents before the children were enrolled as
infants and at the clinical control visit. The genetic studies were carried out anonymously.
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Table 1. Minor allele frequencies of the studied /L-10 polymorphisms and comparison to population
genetics.

Single nucleotide polymorphism Minor allele frequency FIN EUR
rs1800896 (G>A) 0.45 0.40 0.45
rs1800871(C>T) /...72 (C>A) 0.18 0.24 0.24
rs1800890 (A>T) 0.39 0.31 0.37

FIN = Finnish, EUR = European as in [25]

doi:10.1371/journal.pone.0140799.t001

Results

The minor allele frequency of rs1800896 was comparable to Finnish and European popula-
tions. (Table 1) In rs1800871 and rs1800872 the minor allele frequencies were slightly lower
and in rs1800890 somewhat higher compared to Finnish and European populations. (Table 1)

Single nucleotide polymorphisms

The frequencies and IOS results of the IL10 rs1800896, rs1800871, rs1800872 and rs1800890
genotypes and allele carriage were first analysed separately.

We found that 26 of the 99 children tested had the G/G genotype of IL10 rs1800896, 48 had
the A/G genotype and 25 had the A/A genotype. There were no significant associations between
the genotypes (Table 2) or allele carriage (Table 2) of IL10 rs1800896 and the IOS results.

Our results showed that 68/99 had the C/C genotype of IL10 rs1800871/ IL10 rs1800872, 27
had the C/T or C/A genotype and four had the T/T or A/A genotype. Baseline Xrs5Hz was low-
est in children with the T/T (IL10 rs1800871) or A/A (IL10rs1800871) genotypes and highest
in those with the C/C genotype. (Table 3) The carriage of major allele C was associated with
higher baseline Xrs5Hz (adjusted p = 0.03) and post-exercise Xrs5Hz and Fres (adjusted
p =0.02 and p = 0.05, respectively). The carriage of minor allele T (IL10 rs1800871) or A (IL10
rs1800872) was associated with higher Rrs5Hz and lower Xrs5Hz in baseline IOS than non-T
or non-A carriers, respectively. (Table 3) There were no significant associations between IL10
rs1800871/ IL10 rs1800872 minor alleles T or A carriage, and the post-exercise IOS results.

Table 2. Impulse oscillometry presented as Z-scores in relation to /L-10 rs1800896 polymorphism in 99 children under the age of seven after hospi-
talisation for bronchiolitis at less than six months of age.

10S parameter G/G
n=26

Baseline Mean (SD)
Rrs5Hz -0.16 (0.96)
Xrs5Hz -0.76 (1.25)
Fres 2.32 (0.64)
dRs/df -0.86 (1.00)
Post-exercise values

Rrs5Hz 0.05 (1.12)
Xrs5Hz -1.08 (1.37)
Fres 2.48 (0.75)
dRs/df -1.20 (1.08)

AIG A/A p? G-allele p?* A-allele p?*
n =48 n=25 n=74 n=73

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

-0.02 (1.11) -0.05 (1.07) 0.86 -0.07 (1.05) 0.59 -0.03 (1.09) 0.82
-0.72 (1.08) -0.71 (1.46) 0.93 -0.73 (1.13) 0.79 0.71 (1.21) 0.74
2.27 (0.87) 2.06 (0.94) 0.67 2.29 (0.79) 0.39 2.20 (0.89) 0.57
-1.16 (1.14) -0.91 (1.19) 0.65 -1.06 (1.10) 0.54 -1.08 (1.16) 0.67
0.34 (1.12) 0.04 (1.25) 0.90 0.24 (1.12) 0.97 0.24 (1.16) 0.68
-1.09 (1.37) -1.01 (1.74) 0.93 -1.09 (1.36) 0.97 -1.07 (1.49) 0.71
2.44 (0.87) 2.19 (1.01) 0.69 2.45 (0.83) 0.55 2.35 (0.92) 0.42
-1.54 (1.40) -1.17 (1.61) 0.62 -1.42 (1.30) 0.45 -1.41 (1.47) 0.77

Zrs = Total Impedance; Rrs = Resistance; Xrs = Reactance; Fres = Resonant Frequency; dRrs/df = Frequency Dependency of Resistance
®adjusted for age, maternal smoking during pregnancy, RSV and rhinovirus aetiology of bronchiolitis and BMI Z-score

*allele carriers vs. non-carriers

doi:10.1371/journal.pone.0140799.t002
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Table 3. Impulse oscillometry presented as Z-scores in relation to /L-10 rs1800871/rs1800872 polymorphisms in 99 children under the age of

seven after hospitalisation for bronchiolitis at less than six months of age.

10S parameter Cc/C
n =68

Baseline Mean (SD)
Rrs5Hz -0.17 (1.00)
XrsbHz -0.60 (0.98)
Fres 2.17 (0.84)
dRs/df -0.95 (1.00)
Post-exercise values

Rrs5Hz 0.09 (1.14)
Xrs5Hz -1.02 (1.36)
Fres 2.33(0.91)
dRs/df -1.29 (1.36)

C/T or C/A
n=27

Mean (SD)

0.15 (1.16)
-0.85 (1.58)
2.32 (0.85)
-1.12 (1.38)

0.29 (1.13)
-0.93 (1.60)
2.41 (0.74)
-1.38 (1.46)

T/T or A/A
n=4

Mean (SD)

0.27 (1.16)
-2.07 (1.47)
2.73 (0.63)
-1.48 (1.13)

1.11 (1.34)
-2.70 (1.50)
3.20 (1.06)
-2.34 (0.94)

0.08
0.04
0.33
0.33

0.11
0.07
0.13
0.25

C-allele
n=95

Mean (SD)

-0.08 (1.05)
-0.67 (1.18)
2.21 (0.84)
-1.00 (1.12)

0.15 (1.13)
-1.00 (1.43)
2.35 (0.86)
-1.32 (1.38)

p*

0.64
0.03
0.26
0.37

0.11
0.02
0.05
0.13

T- /A-allele
n=31

Mean (SD)

0.17 (1.14)
-1.01 (1.60)
2.37 (0.82)
-1.17 (1.34)

0.40 (1.17)
-1.16 (1.67)
2.51 (0.81)
-1.50 (1.43)

Zrs = Total Impedance; Rrs = Resistance; Xrs = Reactance; Fres = Resonant Frequency; dRrs/df = Frequency Dependency of Resistance

®adjusted for age, maternal smoking during pregnancy, RSV and rhinovirus aetiology of bronchiolitis and BMI Z-score

*allele carriers vs. non-carriers

doi:10.1371/journal.pone.0140799.1003

pe*

0.02
0.04
0.20
0.16

0.07
0.39
0.22
0.25

With regard to IL10 rs1800890, 35/98 had the A/A genotype, 50 (51%) the A/T genotype

and 13 (13%) had the T/T genotype. Baseline Xrs5Hz was highest in children with the T/T

genotype and lowest in those with the A/A genotype. (Table 4) The carriage of the major allele
A was associated with lower baseline Xrs5Hz (adjusted p = 0.03) when compared to the non-
carriers. (Table 4) The carriage of the minor allele T was associated with lower baseline Rrs5Hz
(adjusted p = 0.04, respectively) and higher Xrs5Hz (adjusted p = 0.04) and lower post-exercise
Rrs5Hz (adjusted p = 0.03). (Table 4)

Combined genotypes and haplotypes

The three bi-allelic polymorphisms rs1800896, rs1800871 and rs1800872 in the proximal promoter
region of IL-10 gene were analysed as combined genotypes and according to haplotype carriage.

Table 4. Impulse oscillometry presented as Z-scores in relation to /L-10 rs1800890 polymorphism in 98 children under the age of seven after hospi-
talisation for bronchiolitis at less than six months of age.

10S parameter A/A AT TT p? A-allele p?* T-allele p?*
n=35 n=>50 n=13 n=285 n=74

Baseline Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Rrs5Hz 0.10 (1.03) -0.17 (1.10) -0.22 (0.77) 0.13 -0.06 (1.08) 0.58 -0.18 (1.04) 0.04

Xrs5Hz -1.02 (1.25) -0.64 (1.11) -0.06 (1.08) 0.03 -0.79 (1.18) 0.03 -0.52 (1.12) 0.04

Fres 2.38 (0.85) 2.16 (0.84) 2.02 (0.66) 0.20 2.25 (0.85) 0.36 2.13 (0.81) 0.08

dRs/df -1.23 (1.09) -0.93 (1.14) -0.64 (0.93) 0.20 -1.06 (1.12) 0.24 -0.87 (1.10) 0.10

Post-exercise values

Rrs5Hz 0.37 (1.12) 0.09 (1.20) -0.07 (0.85) 0.10 0.20 (1.17) 0.37 0.05 (1.13) 0.03

Xrs5Hz -1.27 (1.53) -1.06 (1.44) -0.33 (0.90) 0.11 -1.14 (1.47) 0.06 -0.91 (1.37) 0.15

Fres 2.49 (0.78) 2.36 (0.92) 2.04 (0.79) 0.12 2.41 (0.86) 0.12 2.30 (0.90) 0.09

dRs/df -1.63 (1.49) -1.26 (1.30) -0.83 (1.12) 0.16 -1.41 (1.39) 0.19 -1.17 (1.27) 0.08

Zrs = Total Impedance; Rrs = Resistance; Xrs = Reactance; Fres = Resonant Frequency; dRrs/df = Frequency Dependency of Resistance

2 adjusted for age, maternal smoking during pregnancy, RSV and rhinovirus aetiology of bronchiolitis and BMI Z-score

*allele carriers vs. non-carriers

doi:10.1371/journal.pone.0140799.1004
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Table 5. Combined /L-10 rs1800896, rs1800871 and rs1800872 genotypes and haplotype frequencies
of 99 children hospitalised for bronchiolitis in infancy.

Genotype rs1800896+rs1800871+rs1800872 (haplotype) n (%)
GG+CC+CC (GCC/GCC) 16 (16.2)
GG+CT+CA (GCC/GTA or GTA/GCC) 7(7.1)
GG+TT+AA (GTA/GTA) 3 (3.0)
GA+CC+CC (GCC/ACC or ACC/GCC) 35 (35.4)
GA+CT+CA (GCC/ATA or ATA/GCC)* 13 (13.1)
GA+TT+AA (GTA/ATA or ATA/GTA) 0 (0.0)
AA+CC+CC (ACC/ACC) 7(17.2)
AA+CT+CA (ACC/ATA or ATA/ACC) 7(7.1)
AA+TT+AA (ATA/ATA) 1(1.0)
Haplotype frequency f
GCC 0.44
GTA 0.07
ACC 0.39
ATA 0.11

*GTA/ACC or ACC/GTA not present as estimated from the study population frequencies.

doi:10.1371/journal.pone.0140799.t005

Table 5 summarises the frequencies of the combined genotypes and haplotype frequencies
of the IL10 rs1800896, rs1800871 and rs1800872 genes. The haplotype GCC (major alleles) was
present in 71.7%, ACC was present in 59.6%, ATA (minor alleles) was present in 21.2% and
GTA was present in 10.1%.

The genotype AA+CT+CA was significantly associated with higher baseline Rrs5Hz and lower
baseline Xrs5Hz than the non-AA+CT+CA genotypes. (Table 6) The genotype GG+TT+AA was
significantly associated with lower baseline and post-exercise Xrs5Hz. (Table 6)

The carriage of haplotype ATA, consisting of three minor alleles, was associated with higher
baseline Rrs5Hz. (Table 7)

Table 6. Impulse oscillometry presented as Z-scores in relation to combined IL-10 rs1800896, rs1800871 and rs1800872 genotypes in 99 children
under the age of seven after hospitalisation for bronchiolitis in infancy.

10S parameter GG+CC+CC
n=16

Baseline mean (SD)
Rrs5Hz -0.20 (0.57)
Xrs5Hz -0.70 (1.15)
Fres 2.23 (0.58)
dRs/df -0.87 (0.91)
Post-exercise values

Rrs5Hz -0.19 (0.83)
Xrs5Hz -0.82 (1.15)
Fres 2.31 (0.63)
dRs/df -1.04 (0.90)

GG+CT+CA GG+TT+AA GA+CC+CC GA+CT+CA AA+CC+CC AA+CT+CA
n=7 n=3 n=35 n=13 n=17 n=7
mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD)
-0.30 (1.47) 0.40 (1.38) -0.06 (1.11) 0.09 (1.14) -0.36 (1.09) 0.72 (0.68)*
-0.14 (0.75) -2.52 (1.42)2 -0.66 (0.95) -0.86 (1.39) -0.36 (0.88) -1.55 (2.30)?
2.29 (0.73) 2.89 (0.66) 2.27 (0.88) 2.29 (0.86) 1.91 (0.93) 2.39 (1.03)
-0.56 (1.06) -1.55 (1.37) -1.11 (1.12) -1.31 (1.40) -0.72 (1.00) -1.32 (1.64)
0.11 (1.33) 1.20 (1.63) 0.36 (1.15) 0.29 (1.09) -0.19 (1.29) 0.49 (1.14)
-0.78 (1.26) -3.15 (1.48)? -1.03 (1.29) -1.26 (1.59) -1.21 (1.71) -0.47 (1.97)
2.48 (0.58) 3.40 (1.20) 2.41 (0.96) 2.51 (0.63) 2.19 (1.04) 2.13 (1.06)
-0.99 (1.26) -2.54 (1.04) -1.50 (1.44) -1.64 (1.34) -1.09 (1.55) -1.28 (1.96)

Zrs = Total Impedance; Rrs = Resistance; Xrs = Reactance; Fres = Resonant Frequency; dRrs/df = Frequency Dependency of Resistance
®adjusted p<0.05 vs. non-AA+CT+CA (n = 92) or non-GG+TT+AA (n = 96), as adjusted for age, maternal smoking during pregnancy, RSV- and rhinovirus

etiology of bronchiolitis and BMI Z-score

doi:10.1371/journal.pone.0140799.1006
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Table 7. Impulse oscillometry presented as Z-scores in relation to IL-10 rs1800896, rs1800871 and rs1800872 haplotype carriage in 99 pre-school-

aged children after hospitalization for bronchiolitis in infancy.

10S parameter

Baseline

Rrs5Hz

Xrs5Hz

Fres

dRs/df

Post-exercise values
Rrs5Hz

Xrs5Hz

Fres

dRs/df

GCC GTA ACC ATA p
n=71 n=10 n=59 n=21

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

-0.09 (1.04) -0.09 (1.40) -0.05 (1.09) 0.29 (1.01) 0.03
-0.66 (1.07) -0.86 (1.46) -0.68 (1.19) -1.08 (1.69) 0.07
2.27 (0.79) 2.47 (0.73) 2.18 (0.91) 2.32 (0.88) 0.44
-1.04 (1.09) -0.86 (1.18) -1.02 (1.11) -1.32 (1.41) 0.10
0.20 (1.09) 0.43 (1.43) 0.22 (1.20) 0.38 (1.06) 0.24
-1.00 (1.30) -1.49 (1.69) -1.02 (1.49) -1.00 (1.69) 0.98
2.41 (0.79) 2.76 (0.86) 2.31 (0.98) 2.39 (0.78) 0.81
-1.37 (1.29) -1.46 (1.34) -1.36 (1.52) -1.53 (1.50) 0.39

Zrs = Total Impedance; Rrs = Resistance; Xrs = Reactance; Fres = Resonant Frequency; dRrs/df = Frequency Dependency of Resistance
3ATA vs. non-ATA (n = 78) adjusted for age, maternal smoking during pregnancy, RSV- and rhinovirus etiology of bronchiolitis and BMI z-score

doi:10.1371/journal.pone.0140799.1007

Discussion

The main results of this post-bronchiolitis lung function study at a median age of 6.3 years
were that IL10 polymorphisms rs1800896, rs1800871, rs1800872 and rs1800890 were associ-
ated with lung function measured with IOS. Low IL-10 producing polymorphisms were associ-
ated with obstructive IOS baseline results. There were no significant associations between IL10
polymorphisms and airway hyper-reactivity in response to exercise. Although some knowledge
has accumulated on the association between cytokines or cytokine genetics, such as IL-10 poly-
morphisms, and wheezing or asthma in preschool-aged children, no lung function studies have
so far been published.

IL-10 is a key regulator of human immune responses and possesses many immunosuppres-
sive functions that protect the host from abnormally strong inflammation and subsequent tis-
sue damage playing a protective role in allergic disease. [7] The other side of the coin is that the
suppression of immune responses may lead to more severe infections that last longer. For
example, IL-10 gene polymorphisms have been associated with severe RSV and rhinovirus
bronchiolitis and with post-infectious wheezing in childhood. [2,4] In experimental studies, IL-
10-deficient mice developed allergic responses but airway reactivity did not increase in
response to allergen challenge. [29]

The studied IL-10 gene polymorphisms are functional as they regulate IL-10 production. In
rs1800890, the presence of allele A has been associated with low IL-10 production [12] and,
similarly in rs1800896, rs1800871 and rs1800872, the haplotype ATA has been associated with
low IL-10 levels. [10] An earlier study stated that the presence of allele A at IL10 rs1800896 (G/
A) was associated with lower IL-10 production regardless of the alleles at rs1800871 or
rs1800872. [9] However, another study suggested that only the ACC haplotype was associated
with high IL-10 levels. [26]

In this study, the presence of IL10 rs1800896, rs1800871 and rs1800872 haplotype ATA was
associated with increased resistance in the baseline IOS measurements. Our findings are in line
with a study of 518 asthmatic children at a mean age of 8.1 years, which reported that haplo-
type ATA was associated with low forced expiratory volume in one second (FEV1) and that
haplotype GCC was associated with high FEV1. [11] In addition, the AA+CT+CA genotype
was associated with abnormal baseline IOS results. This genotype includes two IL10 rs1800896
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minor A alleles and the ATA haplotype, which both have a known association with low IL-10
production. [10]

Previously in this cohort, the ILI0 rs1800896 A/A genotype was associated with non-RSV
aetiology of bronchiolitis [2], and under the age of seven, the G/G genotype was protective for
post-bronchiolitis asthma. Correspondingly, the presence of allele A increased the risk of
asthma [13]. In the current study, SNP at rs1800896 did not show any significant association
with lung function measurements, but the minor allele A was present in the combined geno-
type and haplotype associated with reduced IOS results.

Data on the IL-10 rs1800890 polymorphisms were now available in this study, though not
possible to be included in the haplotype analyses. The presence of the major allele A was associ-
ated with post-bronchiolitis lung function disorders under the age of seven. These findings sug-
gest that IL10 polymorphisms play a role in the pathogenesis of post-bronchiolitis lung
dysfunction, likely via differences in IL-10 production during bronchiolitis.

The SNP distribution in IL10 rs1800896 was not different from the Finnish blood donors in
an earlier study [2] and the SNP distributions of IL10 rs1800871, rs1800872 and rs1800890
were comparable with those of Finnish and European populations. (see Table 1) Although
GTA haplotypes are uncommon in Caucasian populations [9,26] their frequency was 0.07 in
our study. In previous studies this haplotype has been identified in Dutch population with a
frequency of 0.01 [26] and in Asian (Hong Kong) population with a frequency of 0.04. [30]
Thus this haplotype is overrepresented in our study population, which could be explained with
different, maybe more eastern ancestral background of the Finnish population compared to
other European populations.

The main weakness of the present study was the somewhat small number of patients for a
genetic study. Due to this, the power of the study was not enough for stratified analyses and it
carried a risk of type-two statistical errors. However, the design and data of the study allowed
adjusted analyses, which increase the reliability of the revealed associations. The findings were
robust to adjustments for the most important confounders like maternal smoking, atopic
eczema in infants and viral aetiology of infant bronchiolitis. On the other hand, multiple analy-
ses of different IOS parameters from the same data mean a risk of type-one statistical error.
Any control groups with sufficient IOS and genetic data were not available, which is a clear
limitation of our study. However, national population-based age-specific and height-adjusted
reference values were available for the IOS measurements [21]. We generated IOS measure-
ments of good-quality for more than 96% of the study subjects, and genetic data were available
for 92% of them.

The results of this study provide additional evidence that lung function decline measured by
IOS in former bronchiolitis patients under the age of seven may be associated with low-produc-
ing genotypes and haplotypes of the IL-10 encoding gene polymorphisms at rs1800896,
rs1800871, rs1800872 and rs1800890. This preliminary evidence of cytokine-associated lung
function disorder after viral bronchiolitis might reflect the impact of the infection itself during
the first months of life or result from a predisposition to a subsequent disease processes in indi-
viduals with low IL-10 production.
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Abstract

Aim

Toll-like receptors (TLR) play a crucial role in innate immunity, protecting the host from path-
ogens such as viruses. Genetic variations in TLRs have been associated with the severity
of viral bronchiolitis in infancy and with the later occurrence of post-bronchiolitis asthma.
The aim of the present study was to evaluate if there are any exploratory associations
between TLR gene polymorphisms and lung function at 5 to 7 years of age in former bron-
chiolitis patients.

Methods

We performed impulse oscillometry (I0S) at the median age of 6.3 years for 103 children
who had been hospitalized for bronchiolitis at less than six months of age. The main param-
eters evaluated were airway resistance and reactance at 5Hz in baseline and post-exercise
measurements. Data on single nucleotide polymorphisms (SNP) of TLR1 rs5743618, TLR2
rs5743708, TLR6 rs5743810 and TLR10 rs4129009 (TLR2 subfamily) and TLR3
rs3775291, TLR4 rs4986790, TLR7 rs179008, TLR8 rs2407992 and TLR 9 rs187084 were
available for analyses.

Results

The TLR4 rs4986790 wild genotype A/A was associated with a greater Rrs5 response (0.72
vs. -0.42, p = 0.03) to exercise. In TLR6 rs5743810, the minor allele T was associated with
greater Rrs5 response (0.80 vs. -0.03, p = 0.04) to exercise. In TLR7 rs179008, the major
allele A was associated with baseline decline in dRrs/df (-1.03 vs 0.61, p = 0.01) and
increased Fres (2.28 vs. 0.89, p =0.01) in girls.
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Conclusion

Among the nine studied TLRs, only TLR7 rs179008 showed some exploratory associations
with post-bronchiolitis lung function deficiency, and polymorphisms of TLR4 rs4986790,
and TLR6 rs5743810 in particular, with airway reactivity. These findings call for further con-
firmatory studies.

Introduction

In a recent Finnish study, on average 37 per 1000 infants under the age of six months were
annually admitted to the emergency room due to viral bronchiolitis and 70% of them were hos-
pitalized. [1] At this age, respiratory syncytial virus (RSV) is the predominant cause of bronchi-
olitis, and most of the affected infants have no previous medical history. [2,3] Toll-like
receptors (TLR), which recognize pathogens and initiate responses of both innate and adaptive
immunity, are the gatekeepers of the immune system. [4] TLRs are important in airway muco-
sal responses to acute viral infections [5] and in later emergence and regulation of asthmatic
inflammation. [6]

In the respiratory epithelial cells, TLRs 1, 2, 4, 6 and 10 are expressed on the cell surfaces.
TLRs 1, 2, 6 and 10 are co-receptors that form a functional unit called the TLR2 subfamily
encoded by genes in the chromosome 4, and play an important role in recognition of bacterial
structures. [7] TLRs 3, 7, 8 and 9 are endosomal receptors that recognize viral RNA and DNA
structures. [5] Bacterial lipopolysaccharide is the main ligand for TLR 4, but also the F-protein of
the RSV is recognized by TLR 4, being highly expressed in airway epithelium during RSV infec-
tion promoting inflammation. [5,8] The genetic alterations in TLRs were associated with the
severity of bronchiolitis in infancy [8] and the later development of asthma. [9] Attenuated TLR
signaling and altered antigen presenting cell function can lead to more severe infection with a
longer duration due to less viral clearance. [10] On the other hand, attenuated TLR signaling
could lead to repeated viral infections, which may further increase the risk of later atopy. [10,11]
Thus, genetic differences in the TLR function might be associated with direct lung injury during
bronchiolitis, or contribute to the development of later lung function reduction.

Impulse oscillometry (IOS), [12] which measures lung function during tidal breathing, is a
promising technique that can be used for preschool-aged children who are unable to perform
the maximal expiratory blow needed in spirometry. [13] The method is also appropriate for
the evaluation of airway reactivity to exercise and responses to bronchodilators. [14,15] Finnish
age-specific height-adjusted reference values for IOS parameters were published recently. [16]

This study focused on children who had been hospitalized for bronchiolitis at less than 6
months of age. The aim of this exploratory study was to see whether we could find any associa-
tions between the single nucleotide polymorphisms (SNP) at TLRI rs5743618, TLR2
rs5743708, TLR3 rs3775291, TLR4 rs4986790, TLR6 rs5743810, TLR7 rs179008, TLR8
rs2407992, TLR9 rs187084 or TLR10 rs4129009 and lung function or airway reactivity mea-
sured by IOS at 5 to 7 years of age.

Materials and Methods
Design

As previously published, we prospectively followed-up a cohort of 166 children hospitalized
for bronchiolitis at less than 6 months of age until they were 5 to 7 years of age. [17] Of these,
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127 attended a clinical follow-up visit at a median age of 6.3 years, [17] and 107 children aged
less than 7 years performed impulse oscillometry (I0S). Four children were excluded from the
IOS analysis for technical reasons. Body mass index (BMI) was calculated and expressed as z-
scores from the population means (zBMI) and one child was excluded from the analyses due to
pathologically low BMI (< 16 kg/m?) at follow up. This meant that IOS data on 102 children
were available for the analysis and data on SNPs of TLR 1, 2, 3, 4, 6, 7 and 8 were available for
98 and of TLR 9 and 10 for 97 of them.

Respiratory syncytial virus (RSV) etiology of bronchiolitis was registered while the infant
was hospitalized for bronchiolitis. [18] Consumption of inhaled corticosteroids (ICS) (present
in 12 cases) and presence of atopic eczema (present in 31 cases) currently and during the pre-
ceding 12 months were asked and registered at the controls visit at 5 to 7 years of age.

Impulse oscillometry

The IOS method [19] measures total airway impedance (Zrs) resulting from phase and pres-
sure changes of the airflow when oscillation at 1-35 Hz frequency is conducted to the bronchial
tree during quiet breathing. The lower (<15 Hz) frequencies vibrate the peripheral and higher
frequencies the more central airways. The main clinical parameters airway resistance (Rrs) and
airway reactance (Xrs) are derived from the Zrs mathematically. Rrs describes the resistive
forces to the airflow and Xrs the elastic forces of the tissues surrounding the moving air col-
umn. Additional parameters describing the change in bronchial tone and recoil as a function of
the oscillation frequency are the frequency dependency of resistance (dRs/df), and the resonant
frequency (Fres), a point where the resistive and elastic forces equal each other. As an example,
in small airway obstruction, as in asthma, resistance at 5Hz increases above normal and the fre-
quency dependency of resistance (dRs/df) becomes more negative, and the Xrs decreases and
as a result the Fres rises. [15] Rrs and Xrs can change somewhat independently, as they are vec-
tor components of the measured Zrs in a mathematical sense. [19] Thus different lung pathol-
ogy can be described with these IOS parameters, as for example reactance at 5Hz decreases in
both peripheral obstruction and in restrictive conditions, as in hyperinflation or fibrosis. [15]

Lung function measurement and analysis

First, the baseline IOS (Masterscreen I0S, Jaeger, Hochberg, Germany) measurements were
obtained and pre-analyzed by an experienced clinical physiologist (JOT) to ensure they were
graphically appropriate, free from artefacts and coherent in set criteria (>0.6 at 5Hz and >0.9
at 10Hz) [14,15].

Then, the children performed an outdoor free running exercise challenge test (ECT) for 8
minutes at >90% of expected heart rate (205-age/2) using a heart rate monitor (Polar, Kem-
pele, Finland) and post-exercise IOS measurements were taken in a manner identical to the
baseline measurements.

Finnish population-based, height-adjusted, age-specific reference values were published
recently [16] and we used these to calculate all baseline and post-exercise IOS results as height-
adjusted z-scores in resistance at 5 Hz (Rrs5), reactance at 5 Hz (Xrs5), frequency dependency
of resistance (dRs/df) and resonant frequency (Fres). For the main parameters Rrs5 and Xrs5 a
z-score cut-off 1.65SD is considered pathological in the baseline measurement. [16] Bronchial
hyper-reactivity was evaluated as changes (A) in z-scores of Rrs5 and Xrs5.

As previously published [20], either Rrs5 or Xrs5 was pathological in the baseline IOS in 21
study subjects (20.4%), compared to the reference values. [16] Baseline Rrs5 was pathological
in 8 (7.8%) cases and Xrs5 in 19 (18.4%) cases. Bronchial reactivity was considered pathological
if the post-exercise Rrs5 change was 35% or more [14,21] and such hyper-reactivity was seen in
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5 (4.9%) cases. Irreversible pathological changes of resistance or reactance at 5Hz were only
seen in one child.

Genetic studies

The genotyping of SNPs TLRI rs5743618, TLR2 rs5743708 and TLR 6 rs5743810 has previ-
ously been described in detail. [22,23] Polymorphisms of TLR3 rs3775291 (1234 C/T), TLR4
rs4986790 (1194 A/G), TLR7 rs179008 (171 A/T), TLR8 rs2407992 (2040 C/G), TLR9
rs187084 (1486 T/C) and TLRI0 rs4129009 (2322 A/G) were selected due to their evident func-
tional properties. (Table 1) The genotyping of TLR3 rs3775291 (1234 C/T) was performed by
pyrosequencing (PSQ™96MA Pyrosequencer, Biotage, Uppsala, Sweden), using a PSQ™96 Pyro
Gold Q96 reagent kit according to the manufacturer's protocol. [24] The genotyping of TLR4
rs4986790 (299 A/G) was performed by pyrosequencing with the ABIPRISM 7000 Sequence
Detection System (Applied Biosystems, CA), [25] supplemented later with pyrosequencing
(PSQ™96MA Pyrosequencer, Biotage, Uppsala, Sweden), using a PSQ™96 Pyro Gold Q96
reagent kit. [26,27] The genotyping of TLR8 rs2407992 (2040 C/G) was performed in the same
manner as described for TLR3 rs3775291 (1234 C/T). [24] For TLR7 rs179008 (171 A/T), the
PCR products were first purified using the QIA quick PCR Purification Kit (Qiagen, Hilden,
Germany) according to the manufacturer's protocol. PCR products with low deoxyribonucleic
acid (DNA) content were eluted to 30ul of elution buffer. After purification, the PCR products
were pipetted to 96-well plate (5ul) together with TLR7 rs179008 (171 A/T) forward primer
(1.6pl) and the 96-well plate was sent to the Institute for Molecular Medicine laboratory in Hel-
sinki, Finland, for sequencing. TLR9 rs187084 (1486 T/C) genotyping was performed accord-
ing to Etem et al [28] by using BspTI restriction enzyme (ThermoFischer Scientific, Waltham,
USA) for digestion of PCR product. High resolution melting analysis (HMRA) (Roche Diag-
nostics Light Cycler 480, Basel, Switzerland), was used for genotyping of TLR10 rs4129009
(2322 A/G). HMRA PCR reactions were run at 95°C for 10 min followed by 45 cycles amplifi-
cation at 95°C for 10 s, at 59°C for 10 s and at 72°C for 15 s. After PCR process final melting
cycle conditions were as outlined by Roche: first heating to 95°C and hold for 1 min, cooling to
pre-hold temperature (40°C) to make sure that all PCR products have re-associated and
encourages heteroduplex formation. Melting interval for collecting fluorescence from 60°C
-95° at ramp rate 0.02°C per second. In each run, known TLR10 rs4129009 standards (wild
type, heterozygote and homozygote) were used.

The PCR and sequencing primers used for the TLR7, TLR8, TLR9 and TLRI0 genes are
described in Table 1. The primers were purchased from Sigma-Aldrich, Finland.

Statistics

SPSS Statistical Package Version 21 (IBM, NY, USA) was used in the statistical analyses of the
data. The IOS outcome parameters were graphically estimated to be normally distributed. The
results are expressed as means, standard deviations (SD) and 95% confidence intervals (95%
CI) for continuous variables and as numbers and frequencies for categorized variables. Chi-
square and Fisher’s exact tests were used in the analyses of categorized data. Analysis of co-var-
iance (ANCOVA) was used in the analyses of continuous data and, when appropriate, adjusted
for age, sex, RSV vs. non-RSV etiology of bronchiolitis, current BMI z-score, current atopic
eczema and the use of ICS medication during the last 12 months. The p-value <0.05 was con-
sidered statistically significant.

Since the TLR7 rs179008 and TLR8 rs2407992 genes are located in the X chromosome, the
analyses were carried out separately for 48 boys and 50 girls. When the data from the boys and
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Table 1. Primer sequences, allele and amino acid changes in toll-like receptor (TLR) genes TLR7 rs179008 (171A/T), TLR8 rs2407992 (2040C/G),

TLR9 rs187084 (1486T/C) and TLR10 rs4129009 (2322A/G). *

TLR7 11GIn>Leu (171A/T) (rs179008)

for 5-AGATGTCTGGTATGTGGTT-3"

rev 5-TGATTCTTGGTATGTTTTAGA-3"

TLR8 651Leu>Leu (2040C/G) (rs2407992)

for 5-TGGAAAGCAAGTCCCTGGTA-3’

rev 5°-Biotin-AGTGAGACTCGCTGGCAAAT-3’
seq 5-ATCCCTTAATAGGCT-3’

TLR9 (silent mutation) (1486T/C) (rs187084)

for 5'-ACTATGGAGCCTGCCTGCCATGATACC-3"
rev 5'-ATCCAGCCTTCTTACAAACCTCCCACC-3"

restriction enzyme BspTI
TLR10 775lle>Val (2322A/G) (rs4129009)

for 5-CTTACTGGAACCCATTCCATTCTATTGC-3"
rev 5'-TCAATGTACATCCCAACAGTGTATGTGG-3"

restriction enzyme Vspl

TLR10 775lle>Val (2322A/G) (rs4129009)
for 5°-AGTTCATACATTTCTCTGGTGGCT-3"
rev 5'-GTGGGCTTTTCTGGGCAAAC-3’

*TLR7 SNP was detected by common sequencing, TLR8 SNP by pyrosequencing, TLR9 by digestion and TLR10 by high resolution analysis

doi:10.1371/journal.pone.0146526.1001

girls were analyzed together, the male allele carries were combined with female homozygotes
or, alternately, with female heterozygotes.

Further genotype combination analyses were carried out for the TLR2 subfamily (TLR1
rs5743618, TLR2 rs5743708, TLR6 rs5743810 and TLR10 rs4129009).

Ethics

The study was approved by the Ethics Committee of the Tampere University Hospital District,
approval number R13025. Informed written consent was obtained from the parents before we
enrolled the infants hospitalized for bronchiolitis in infancy and at the control visit at the age
of 5 to 7 years. Genetic studies were carried out anonymously and were limited to the evalua-
tion of asthma risk.

Results

The genotypes, presence of major and minor alleles as homozygotes and herezygotes, and
minor allele frequencies (MAF) of TLRs 1, 2, 3,4, 6,7, 8,9 and 10 in 98 children hospitalised
for bronchiolitis in infancy and MAFs in the Finnish population are presented in Table 2. The
MAFs for all nine TLR SNPs in our patients were surprisingly similar to those in the non-
selected Finnish population.

TLR 4

In TLR4 rs4986790, the wild A/A genotype was significantly associated with a greater response
to exercise in Rrs5 (0.72 vs. -0.42 in those with A/G genotype, p = 0.03). (Table 3) Since there
were no cases with the homozygous variant G/G genotype, separate analyses based on the pres-
ence or absence of the A or T allele in the child were not possible.
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Table 2. Toll-like receptor 1,2, 3, 4,6, 7, 8,9 and 10 genotype and minor allele frequencies in 98 children hospitalised for bronchiolitis and the Finn-

ish population.

SNP (Major>Minor)

TLR1 rs5743618 (G>T)
TLR2 rs5743708 (C>T)
TLR3 rs3775291 (C>T)
TLR4 rs4986790 (A>G)
TLR6 rs5743810 (C>T)
TLR7 rs179008 (A>T)

TLR8 rs2407992 (G>C)

**TLRO rs187084 (T>C)
**TLR10 rs4129009 (A>G)

Major/Major
(Wild*)

0.78

0.94

0.49

0.85

0.31

0.62 (girls)
0.81 (boys)
0.38 (girls)
0.56 (boys)
0.30

0.85

Major/Minor

(Variant*)

0.18
0.06
0.41
0.15
0.45

0.32 (girls)

0

0.42 (girls)

0
0.44
0.14

Minor/Minor

(Variant*)
0.04

0

0.10

0

0.24

0.06 (girls)
0.19 (boys)
0.20 (girls)
0.44 (boys)
0.26

0.01

MAF

0.13
0.03
0.31
0.08
0.47
0.27 (all)

0.42 (all)

0.48
0.08

FIN

0.17
0.03
0.33
0.12
0.42
0.31

0.36

0.45
0.08

*Wild genotype means that minor allele is not presented and variant genotype that minor allele presents either as heterozygous or homozygous,

MAF = minor allele frequency, FIN = Finnish MAFs as in [29]

**n = 97 for TLR9 and TLR10.

doi:10.1371/journal.pone.0146526.t002

TLR2 subfamily

In TLRI rs5743618 and TLR2 rs5743708, there were no significant associations between geno-
types or presence or absence of major or minor alleles and IOS parameters at baseline or pres-
ence or absence of bronchial hyper-reactivity. (Data not shown)
In TLR6 rs5743810, there were no significant associations between genotypes and I0S
parameters at baseline or presence of hyper-reactivity. (Data not shown) However, the pres-
ence of the minor T allele was significantly associated with greater responses to exercise in Rrs5
(increase in resistance), when compared with those without T allele. In line, there was a trend
that responses in Xrs5 (decrease in reactance) were greater if the minor T allele was present

(Table 4)

Table 3. TLR4 rs4986790 genotypes and baseline I0S (z-scores) and exercise-induced changes (z-

scores) in the 98 former bronchiolitis patients.

Parameter

Rrs5
Xrs5
Fres
dRrs/df
ARrs5
AXrs5

A/A (wild)
n=283

Mean (SD)

-0.13 (1.07)
-0.74 (1.28)
2.20 (0.79)
-1.03 (1.15)
0.72 (1.81)
-0.39 (1.35)

p-value*

0.15
0.82
0.43
0.93
0.03
0.40

A/G (variant)
n=15
Mean (SD)

0.35 (0.91)
-0.66 (0.90)
2.46 (1.05)
-1.03 (0.96)
-0.42 (1.84)
-0.10 (0.90)

Rrs5 = Resistance at 5 Hz; Xrs5 = Reactance at 5 Hz; Fres = resonant frequency; dRs/df = Frequency
dependency of resistance
*A/A vs. A/G, adjusted for age, sex, RSV etiology of bronchiolitis, current BMI z-score, current atopic
eczema and use of inhaled corticosteroids during the preceding 12 months. p<0.05 marked in bold.

doi:10.1371/journal.pone.0146526.t003
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Table 4. Presence of TLR6 rs5743810 genotypes (wild vs. variant) and baseline I0S (z-scores) and
exercise-induced changes (z-scores) in the 98 former bronchiolitis patients.

Parameter C/T or T/T (variant) p-value* C/C (wild)
n =68 n=30
Mean (SD) Mean (SD)
Rrs5 -0.08 (1.05) 0.62 0.00 (1.07)
Xrs5 -0.71 (1.26) 0.78 -0.77 (1.17)
Fres 2.28 (0.69) 0.55 2.15 (1.10)
dRrs/df -1.06 (1.05) 0.95 -0.99 (1.26)
ARrs5 0.80 (1.90) 0.04 -0.03 (1.61)
AXrs5 -0.52 (1.37) 0.08 0.05 (0.98)

Rrs5 = Resistance at 5 Hz; Xrs5 = Reactance at 5 Hz; Fres = resonant frequency; dRrs/df = frequency
dependency of resistance.

*T-allele present vs. T-allele not present, adjusted for age, sex, RSV etiology of bronchiolitis, BMI z-score,
current atopic eczema and use of inhaled corticosteroids during the preceding 12 months. p<0.05 marked
in bold.

doi:10.1371/journal.pone.0146526.t004

The joint analyses of the TLR1I rs5743618, TLR2 rs5743708, TLR6 rs5743810 and TLR10
rs4129009 genes were carried out for 97 cases with complete data available, and the analyses
were adjusted for age, sex, RSV etiology of bronchiolitis, current BMI z-score, current atopic
eczema and the use of ICSs during the last 12 months. Of the 16 possible combinations of wild
or variant genotypes, 8 were present in the study population. (Table 5) We found that 20 chil-
dren had the combination of four wild genotypes as homozygous, and this combination was
associated with a smaller response to exercise in Rrs5 (-0.17 vs. 0.73, p = 0.049) compared to
those 77 with a combination of one or more variant genotypes. In addition, there was a trend
of improving Xrs5 (0.12 vs. -0.48, p = 0.07), but the association was not statistically significant.
The combination that included the wild TLR1 rs5743618, TLR2 rs5743708 and TLR10
rs4129009 genotypes, together with the variant TLR6 rs5743810 genotype, was present in 50
children and was associated with a greater response to exercise in Rrs5 (0.91 vs. 0.16, p = 0.043)
compared to those 47 children with other genotype combinations. Any other combination of
genotypes, including one, two, three or four variant genotypes, did not show significant associ-
ations with IOS results. (Table 5)

TLR3,7,8and 9

In TLR3 rs3775291, there were no significant associations between genotypes or alleles and
IOS measurements of baseline lung function or bronchial hyper-reactivity. (Data not shown)
In TLR7 rs179008, the test result showed heterozygosity A/T in one boy, and the case was
deleted from the analyses. There were no significant associations between the presence of A or
T alleles and any IOS parameter in boys (Data not shown).

The girls with the TLR7 rs179008 variant heterozygous A/T genotype had the highest Fres
and lowest dRrs/df in baseline IOS measurements, but there were no significant findings in
hyper-reactivity parameters. (Table 6)

Similarly, girls carrying the A allele had significantly higher baseline Fres and lower dRrs/df
compared to the non-carriers of allele A, and there was a trend towards lower Xrs at 5Hz but
the association was not statistically significant. No signifcant differences were seen in hyper-
reactivity parameters. (Table 7)
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Table 5. The joint analyses of the TLR1 rs5743618, TLR2 rs5743708, TLR6 rs5743810 and TLR10 rs4129009 genotype combinations and baseline
(z-scores) and hyper-reactivity IOS measurements (Az-scores) in 97 children hospitalized for bronchiolitis.

TLR1/TLR2/TLR6/TLR10

genotype combination

wild/wild/wild/wild

variant/wild/wild/wild

wild/wild/variant/wild

variant/wild/variant/wild

variant/wild/wild/variant

wild/variant/variant/wild

variant/wild/variant/variant

variant/variant/variant/wild

n

20

50

1

Rrs5
Mean

SD

0.14
(1.19)
-0.21
(0.77)
-0.26
(1.08)
0.86
(1.07)
-0.31
(0.74)
0.64
(0.41)
0.14
(0.93)
0.89

Xrs5
Mean

SD

-0.81
(1.19)
-0.64
(0.39)
-0.71
(1.38)
-1.38
(0.75)
-0.71
(1.43)
-0.64
(0.91)
-0.52
(0.94)
-0.85

Fres
Mean

SD

2.31
(1.05)
2.12
(0.12)
2.23
(0.69)
3.02
(0.93)
1.69
(1.42)
2.29
(0.50)
2.28
(0.72)
2.59

dRrs/df
Mean

SD

-1.22
(1.40)
-0.94
(0.31)
-1.01
(1.09)
1.93
(0.80)
-0.35
(0.86)
-0.89
(1.18)
-1.20
(0.95)
-1.09

ARrs5
Mean

SD

-0.17%
(1.70)
0.20
(1.07)
0.91%*
(1.87)
1.47
(2.83)
0.25
(1.67)
-0.37
(0.98)
0.65
(2.42)
0.81

Rrs5 = Resistance at 5 Hz; Xrs5 = Reactance at 5 Hz; Fres = Resonant frequency, dRs/df = Frequency dependency of resistance

*p = 0.049

AXrs5
Mean

SD

0.12
(1.16)
-0.21
(0.68)
-0.53
(1.30)
-1.44
(3.44)
-0.06
(0.44)
-0.17
(0.87)
-0.48
(1.36)
-0.78

**p = 0.043 vs. all other genotype combinations, as adjusted for age, sex, RSV etiology of bronchiolitis, current BMI z-score, current atopic eczema and

use of inhaled corticosteroids during the preceding 12 months.

doi:10.1371/journal.pone.0146526.t005

We also carried out an analysis that included the boys and girls in the same model. There
were no significant associations with the IOS results when we compared 1) the 70 children in
the male A and female A/A group with the 28 children in the male T and female TT group and
2) the 86 children in the male A, female A/A and female A/T group and the 12 children in the

the male T and female TT group. (Data not shown)

Table 6. TLR7 rs179008 genotypes and baseline I0S (z-scores) and exercise-induced changes (z-scores) in the 50 former bronchiolitis cases who

were girls.
Parameter A/A (wild) A/T (variant) T/T (variant) p-value*
n=31 n=16 n=3
Mean (SD) Mean (SD) Mean (SD)
Rrs5 -0.26 (0.96) 0.28 (1.08) -0.12 (1.10) 0.30
Xrs5 -0.57 (1.14) -0.90 (0.78) 0.49 (0.56) 0.17
Fres 2.15(0.84) 2.53 (0.59) 0.89 (1.38) 0.02
dRrs/df -0.85 (0.82) -1.36 (1.34) 0.61 (0.49) 0.01
ARrs5 0.67 (1.59) 0.39 (2.40) 0.23 (2.22) 0.58
AXrs5 -0.32 (1.13) 0.00 (1.19) 0.14 (0.57) 0.42
Rrs5 = Resistance at 5 Hz; Xrs = Reactance at 5 Hz; Fres = resonant frequency; dRrs/df = frequency dependency of resistance.
*between the three groups p, adjusted for age, RSV etiology of bronchiolitis, current BMI z-score, current atopic eczema and use of inhaled
corticosteroids during the preceding 12 months. p<0.05 marked in bold
doi:10.1371/journal.pone.0146526.t006
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Table 7. Presence of TLR7 rs179008 major allele A and baseline 10S results (z-scores) and exercise-
induced changes (z-scores) in the 50 former bronchiolitis cases who were girls.

Parameter A-allele (major) present p-value* A-allele not present
n =47 n=3
Mean (SD) Mean (SD)

Rrs5 -0.08 (1.03) 0.90 -0.12 (1.10)

Xrs5 -0.68 (1.03) 0.08 0.49 (0.56)

Fres 2.28 (0.78) 0.01 0.89 (1.38)

dRrs/df -1.03 (1.04) 0.01 0.61 (0.49)

ARrs5 0.57 (1.88) 0.61 0.57 (1.88)

AXrs5 -0.21 (1.15) 0.68 0.14 (0.57)

Rrs5 = Resistance at 5 Hz; Xrs = Reactance at 5 Hz; Fres = resonant frequency; dRrs/df = frequency
dependency of resistance

*A-allele present vs. A-allele not present, adjusted for age, RSV etiology of bronchiolitis, current BMI z-
score, current atopic eczema and use of inhaled corticosteroids during the preceding 12 months. p<0.05
marked in bold.

doi:10.1371/journal.pone.0146526.t007

In TLR8 152407992, there were no significant associations between the presence of the G or
C alleles and any baseline IOS parameters or hyper-reactivity parameters in boys or in girls
(Data not shown).

The analyses were also carried out by including the boys and girls in the same model. There
were no significant associations with the IOS results when we compared 1) the 46 children in
the male G and female G/G group and the 52 children in the male C, female C/C and female G/
C group and 2) the 67 children in the male G, female G/G and female G/C group and 31 chil-
dren in the male C and female C/C group. (Data not shown)

In TLRY rs187084, there were no significant associations between genotypes or presence of
alleles and IOS results in baseline lung function or bronchial hyper-reactivity measurements.
(Data not shown)

Discussion

This was an exploratory case-control study on lung function measured with IOS at a median
age of 6.3 years in 103 children, who were prospectively followed-up since hospitalization for
bronchiolitis at less than 6 months of age. The aim of the study was to explore if there are any
associations between the TLRs encoding genes and lung function. There are two key findings.
Firstly, TLR4 and TLR6 polymorphisms were associated with responses to exercise, but not
with baseline lung function by IOS. Secondly, polymorphism in the X-chromosomally inher-
ited TLR7 was associated with abnormal baseline lung function by IOS in girls. This study
reveals some novel but preliminary associations of TLR genetics and lung dysfunction in a
high-risk post-bronchiolitis cohort.

TLRs are conserved pattern-recognizing proteins that function in the first line of innate
immunity, either promoting or enhancing inflammatory processes and influencing the orienta-
tion of immunity into Th1 or Th2 directions. [30] In newborn infants, the Th1/Th2 balance is
Th2-oriented and in atopy, the normal shift to the Th1-oriented balance does not happen,
which leads to Th2 dominance and immunoglobulin E (IgE) production. [6] For instance,
polymorphism in TLR4 rs4986790 (Asp299Gly) was first seen to be associated with decreased
airway reactivity to inhaled gram-negative bacterial lipopolysaccharide. [31] In later studies,
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exposures to environmental lipopolysaccharides in childhood were associated with less atopy,
atopic asthma and rhinitis at school age. [10] Our finding that the TLR4 rs4986790 wild type
genotype was associated with some non-beneficial change in response to exercise suggests that
polymorphism A to G may play a protective role controlling the emergence of hyper-reactivity.

A recent meta-analysis of TLR6 genetics provided inconsistent results about the association
of TLR6 polymorphisms with childhood asthma. [9] Polymorphism in TLR6 rs5743810 was
associated with atopic asthma in some studies, but most of the associations were non-signifi-
cant or even protective from asthma. [9] Previous research in this cohort found an association
between TLR6 rs5743810 minor allele T and atopic eczema at 5 to 7 years of age. [22] Our pres-
ent results suggest an association between TLR6 rs5743810 C to T polymorphism and bron-
chial hyper-reactivity. Interestingly, the finding was robust to adjustment with atopic eczema,
which suggests that the association between TLR6 and bronchial hyper-reactivity is not depen-
dent on atopy.

TLR6 forms functional complexes with TLR1,TLR2, and TLR10, and therefore, we further
analysed different combinations of the TLRI, TLR2, TLR6 and TLR10 genotypes. These supple-
mentary analyses showed that the TLR6 variant genotype was associated with bronchial hyper-
reactivity jointly with the wild TLRI, TLR2 and TLR10 genotypes. In addition, the combination
of the four wild genotypes TLR1, TLR2, TLR6 and TLR10 was associated with less airway reac-
tivity. This suggests that wild TLR2 subfamily genotypes may even be protective for later airway
hyper-reactivity, and, in particular, TLR6 rs5743810 variant genotypes may be associated with
increased airway reactivity after infant bronchiolitis. The result is in line with our previous clin-
ical observations in the same cohort. Only two children (8%) with wild genotypes in the TLR1I,
TLR2 and TLR6 genes had asthma during the first six years of life, compared to 30% in those
with variant genotypes. [22]

The endoplasmic retinaculum TLRs 3, 7, 8 and 9 have not been as widely studied as other
TLRs, although they play an important role in detecting respiratory viruses, such as single
strand RNA structures in RSV and rhinoviruses. [5] There is some evidence that polymor-
phisms of TLR7 and TLR8 genes may have an association with asthma in adolescents and
adults. [32] That association was not gender-specific, although some TLR7 and TLR8 genes,
like TLR7 rs179008 and TLRS8 rs2407992, which were applied in the present study, are located
in the X chromosome. In the present lung function study, there were no significant associations
between TLR7 or TLR8 polymorphisms and lung function or airway reactivity by IOS in boys,
but some associations were found in girls. In TLR7 rs179008, the variant A/T genotype was
associated with highest baseline Fres and lowest dRs/df, reflecting mild peripheral obstruction
or dynamic restriction. The same changes were seen with presence of the TLR7 rs179008 major
allele A. This finding might reflect the lability of the small airways at preschool age, and
although there were no significant differences in the main parameters, the reactance at 5Hz
was lowest in those having the allele A, which suggests decreased lung elastic properties. These
are preliminary findings of gender-specific structural differences in the airways or gender-spe-
cific differences in the inflammatory processes regulated by the TLR7 gene.

The main shortcoming of this study was the small number of cases for a genetic study. In
addition, the cohort size was insufficient for further stratified analyses of defined risk groups.
Therefore, there is a risk of type-two statistical errors. On the other hand, analyzing many dif-
ferent IOS parameters as continuous variables between different genotype-specific and allele-
specific subgroups increased the risk of type-one statistical errors. The 12 (12.2%) children
who were using ICSs at the time of the study were included in the analyses, which might
explain our somewhat lower figures for post-exercise hyper-reactivity. On the other hand, the
analyses were adjusted for the use of ICSs, and when we compared the results of adjusted and
non-adjusted analyses, the conclusions were similar.
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We explored the possible associations of polymorphisms of 9 different TLRs, including
genotypes and haplotypes in separate analyses, and used 4 lung function outcomes and 2 air-
way reactivity outcomes. This means 72 individual tests for lung function and 36 for airway
reactivity outcomes. We considered our study as an exploratory study to find preliminary evi-
dence for associations, if present, which needs to be confirmed or rejected in coming confirma-
tory studies. Therefore, we did not regard any multiplicity adjustments necessary. [33,34]

The strengths of our study were the long, prospective, 5 to 7 years follow-up after hospitali-
zation for viral bronchiolitis in infancy. Though the present design was a case-control study,
the long prospective follow-up upgraded the reliability of the data on confounding and disease
modifying factors. In addition, the material is unique since the follow-up started before six
months of age. At preschool age, we were able to determine lung function by IOS in more than
95% of the participants. All study subjects were of Finnish origin, which is a benefit in genetic
studies. The IOS results were compared to new, up-to-date, national reference values that were
population-based, height-adjusted and age-specific. [16]

Conclusions

In conclusion, the TLR1, TLR2, TLR3, TLR4, TLR6, TLR8, TLR9 or TLRI0 polymorphisms that
we studied did not show significant associations with lung function, as measured by IOS at five
to seven years of age after infant bronchiolitis. However, we found in this exploratory study
that TLR4, and TLR6 in particular, might be associated with airway reactivity, and that in girls
TLR7 might be associated with decreased lung function. To confirm these preliminary results
the corresponding hypotheses need to be tested in further confirmatory studies
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ABSTRACT

Aim The united airway disease (UAD)
hypothesis suggests that allergic rhinitis and
asthma develop together. We evaluated the
evidence for and against the UAD hypothesis
at five to seven years of age after
hospitalisation for bronchiolitis at less than
six months.

Methods This study used prospective
follow-up data for 102 children hospitalised
for bronchiolitis under the age of six months.
We included the presence of previous and
current asthma, prolonged rhinitis and skin
prick tests (SPT) to common inhaled
allergens and lung function by impulse
oscillometry (IOS) at five to seven years of
age. Bronchial hyper-reactivity (BHR) was
assessed using the exercise challenge test and
bronchodilation test.

Results Current asthma, but not previous
transient asthma, was associated with
prolonged rhinitis and a positive SPT. BHR
reflecting reactive airways, but not lung
function, was associated with the
combination of current asthma, prolonged
rhinitis and a positive SPT called together as
respiratory allergy.

Conclusion This post-bronchiolitis follow-
up study suggested an association between
respiratory allergy and reactive airways at five
to seven years of age, which supported the
UAD hypothesis. However, previous
transient asthma and a reduction in lung
function reduction did not support the
hypothesis.

Keywords: Allergic rhinitis; Asthma,;
Bronchiolitis; Pulmonary function; United
airway disease.

Key Notes

* The united airway disease (UAD)
hypothesis suggests that allergic
rhinitis and asthma develop together
and we evaluated the evidence for
the hypothesis after infant
bronchiolitis at less than six months.

*  Our findings suggested an
association between respiratory
allergy and reactive airways at five to
seven years of age, which supported
the UAD hypothesis.

* However, previous transient asthma
and a reduction in lung function did
not support the hypothesis.




INTRODUCTION

The united airway disease (UAD) hypothesis
suggests that upper and lower airways share
common pathogenetic mechanisms in allergic
rhinitis and asthma, but the clinical
manifestations differ.(1-3) It also maintains
that allergic rhinitis and asthma often develop
one after another or even at the same time.
This hypothesis is reflected in the 4 /lergic
rhinitis and its impact on asthma (ARIA)
document, which recommends that the
presence of allergic rhinitis must be
considered, and treated if present, in children
with asthma and vice-versa.(4,5)

Atopy is genetically determined, but clinical
manifestations and their occurrence depend
on age.(6) Sensitisation to food allergens
develops during infancy and the most
common clinical manifestation is atopic
dermatitis, while sensitisation to inhaled
allergens starts to occur during the second or
third year of life, leading to allergic rhinitis. In
Finland, and similar countries such as
Sweden and Germany, the incidence of
allergic rhinitis in non-selected populations is
5-10% at six to seven years and 23-31% at 13
to 14 years. (7) In line with this, the incidence
of allergic sensitisation to inhaled allergens,
assessed by a positive skin prick test (SPT), is
10-20% at five to six yeatrs and 20-40% at 11
years.(8,9)

As published previously in this post-
bronchiolitis cohort, 27.9% of the children
had ever had a diagnosis of asthma and
12.7% had a current asthma at five to seven
years of age.(10) Lung function by impulse
oscillometry (IOS) showed small airways
obstruction in the baseline measurements,
being abnormal in 20% compared to Finnish
population data, and that 16% had bronchial
hyper-reactivity (BHR). (11)

This paper presents a secondary analysis of
the data on the 102 children and reports on
the information available on asthma,
prolonged rhinitis, SPT results and baseline,
post-exercise and post-bronchodilator IOS
results. Previous papers on this cohort have
not included data on rhinitis or SPT results.
We aimed to evaluate evidence for and
against the UAD hypothesis at five to seven
years of age in children who had been
hospitalised for bronchiolitis when they were

less than six months of age. We analysed
whether there are significant associations
between previous or cutrent asthma, current
prolonged rhinitis, current SPT positivity,
current reduced lung function assessed by
108, and current BHR, reflecting reactive
airways, based on 1OS responses to exercise
and, or, bronchodilation.

PATIENTS AND METHODS

We prospectively followed up 166 healthy,
term children who had been hospitalised for
bronchiolitis before six months of age until
they were five to seven years of age. Of these,
127 attended the follow-up visit, which
consisted of a clinical examination by a
paediatrician, data collection using a
structured questionnaire and an interview,
skin prick tests (SPT) to common inhaled
allergens and lung function measurements,
including testing for BHR.(10)

Of these 127 children, complete IOS
measurements at baseline and after the
exercise challenge test (ECT) and
bronchodilation (BD) test were available in
103 children, as previously published.(11)
One child with no history of prolonged
rhinitis or asthma refused to undergo the
SPT. This meant that complete data was
available from 102 children on current or
previous asthma, current lung function
measured using 1OS, current BHR in the
ECT and BD tests, current SPT results and
the presence or absence of prolonged rhinitis
during the last 12 months. These 102
children formed our final study population.

The 10S outcome variables resistance (Rrs5)
and reactance at 5SHz (Xrs5) were
transformed to height-adjusted standard
deviation (SD) Z-scores in order to describe
the difference from the population predicted
value.(12-14) In the baseline 10S, the limit of
pathological Rrs5 was +1.65 SD and the limit
of pathological Xrs5 was -1.65 SD
representing the upper and lower 95%
confidence intervals of the Z-score scale,
respectively. (12) BHR was considered to be
present if the child presented with a rise of at
least 35% in Rrs5 in the ECT (n=5) or with a
decrease of at least 35% in Rrs5 in the BD
test (n=11), compared to baseline values.(12-

15)



We categorised 13 children as having current
asthma because they had been on continuous
or intermittent inhaled corticosteroid (ICS)
medication during the last 12 months.
Another two were added to the list because
BHR was diagnosed at the follow-up visit
and there were asthma-presumptive
symptoms during the last 12 months, such as
wheezing or prolonged cough for more than
four weeks or a night cough when no
infection was present. The symptoms and the
consumption of medicines were covered in
the questionnaire and checked during the
interview. Children were classified as having
previous transient asthma if they had
previously used ICS medication, but not
during the past 12 months.

The diagnosis of current prolonged rhinitis
was based on the answers given in the
questionnaire and interview. The
questionnaire included questions on rhinitis
symptoms and their occurrence due to the
season and the presence or absence of
infection. Prolonged rhinitis was considered
to be present if allergic rhinitis had been
diagnosed by a doctor or the children had
suffered from a runny, sneezing or stuffy
nose during the last 12 months when they
didn’t have an infection, in connection with
seasonal pollen exposure or contact with
animals.

Skin prick tests (SPT) were performed using
standardised extracts (ALK, Copenhagen,
Denmark) for the outdoor allergens of birch,
timothy grass and mugwort pollen and spores
of the mould Alternaria alternata, for cat and
dog dander and for the house dust mites
Dermatophagoides pteronyssimns and D. farinae.
We used 10 mg/ml of histamine
hydrochloride as a positive control and
glycerol as a negative control. One drop of
each allergen extract was applied to healthy
forearm skin and punctuated with a sharp
lancet and an experienced nurse measured
the reaction after 15 minutes. The test was
positive if the skin wheal reached a diameter
of 3mm. Antihistamine medication had to be
discontinued for five or more days before the
SPTs.

Statistics

SPSS version 21 IBM Corp, New York,
USA) was used in the statistical analyses.

Pearson’s chi-square test or Fischer’s exact
test were used, as appropriate, to analyse
categorised variables. ANOVA was used to
analyse continuous variables in order to
compare differences in subgroups. The
Bonferroni correction was used for paired
comparisons, by multiplying the p value by
two, when only two of the three groups were
included

Ethics

The Ethics Committee of the Tampere
University Hospital district approved the
study and written, informed consent was
obtained from the parents during the
hospitalisation for bronchiolitis and at the
control visit at five to seven years of age.

RESULTS

Rhinitis and asthma

Current asthma was present in 15 (14.7%) of
the 102 children and prolonged rhinitis was
present in 27 (26.5%) children. We also
found that eight of the 15 children (53.3%)
with current asthma had prolonged rhinitis,
compared with 21.8% of the 87 children
without current asthma (p=0.016), and that
eight of the 27 children (29.6%) with
prolonged rhinitis had current asthma,
compared with 9.3% of the 75 children
without. On the other hand, 46.7% of the
children with current asthma did not have
any rhinitis and 70.4% of the children with
prolonged rhinitis did not have current
asthma.

Current asthma (53.3%) and prolonged
rhinitis (62.9%) were significantly associated
with a positive SPT to inhaled allergens
(Table 1) and the most common responses
were to birch and timothy pollen, followed
by dog and cat dander. In addition, five
children were allergic to dust mites, mugwort
pollen and mould spores. However, we
found that only 53.1% of those who tested
positive to inhaled allergens had prolonged
rhinitis and only 25.0% had current asthma

(Table 1).

There were 12 children who presented with
previous transient childhood asthma without
current asthma at five to seven years of age.
Only two (16.7%) of them had prolonged
rhinitis and neither were SPT positive. In



comparison 22.7% of the 75 children with no
previous or current asthma had rhinitis
(p=0.972) and 32.0% had a positive SPT
(p=0.0010).

Lung function, reactive airways and
asthma

The proportions of children with either
increased Rts5 or decreased Xrs5 in their
baseline IOS were not significantly different
in children with current asthma, previous
transient asthma or no asthma (Table 2).
There was a significant association between
current asthma and BHR. (Table 2)

We found that eight children had pathologic
Rrs5 in their baseline IOS, but none of them
had a pathologic 35% Rrs5 increase in their
ECT. However, four (50.0%) of them had a
pathological 35% decrease of Rrs5 in their
BD test compared with 7.4% of the 94
children with a normal baseline Rrs5
(p=0.004). Similarly, 19 children had
pathologic Xrs5 in their baseline 10S and
none had a pathological 35% increase in Rrs5
in their ECT. However, four (21.4%) of them
had a pathologic 35% decrease of Rrs5 in
their BD test compared to 16.5% of the 84
children with a normal baseline Xtrs5

(p=0.120).

Lung function, reactive airways and
rhinitis

We analysed the 10S and BHR results in
relation to the presence of prolonged rhinitis
and, or, SPT positivity (Table 3) and this
showed that pathologic results in the baseline
1OS were not associated with prolonged
rhinitis or with SPT positivity. Instead, BHR
was associated with SPT positivity and with
the simultaneous presence of prolonged
rhinitis and SPT positivity (Table 3).

Respiratory allergy

Respiratory allergy was defined by combining
current asthma, prolonged rhinitis and a
positive SPT to provide four different
definitions: 1) all three elements 2) cutrent
asthma plus either prolonged rhinitis or a
positive SPT, 3) current asthma on its own or
rhinitis combined with a positive SPT and 4)
at least one of the three elements (Table 4).
Baseline IOS was not associated with

respiratory allergy by any of the definitions.
Reactive airways, that is BHR, was associated
with the first and most strict definition, and
with two morte lenient definitions. (Table 4).

DISCUSSION

Three main results emerged from this study
that provided evidence for or against the
UAD hypothesis, based on infants who were
hospitalised for bronchiolitis under the age of
six months and then followed up at five to
seven years of age. Firstly, current asthma
was associated with prolonged rhinitis and
skin test positivity, but previous asthma was
not. Secondly, baseline lung function,
measured by 10S, showed no significant
association with rhinitis, a positive SPT or
respiratory allergy, which combined
prolonged rhinitis, a positive SPT and current
asthma. Thirdly, BHR, which was established
by the ECT or BD test, was associated with
rhinitis, a positive SPT and respiratory
allergy.

In this cohort, asthma at five to seven years
of age was strongly associated with prolonged
rhinitis and, or, SPT positivity to inhaled
allergens, in line with the UAD hypothesis.(1-
3) On the other hand, neatly half of the
children with current asthma did not have
prolonged rhinitis or a positive SPT, which
does not support the UAD hypothesis.
Although five to seven years old is an
appropriate age at which to study allergy and
allergic sensitisation to inhaled allergens, new
allergies also develop after that age and new
UAD cases can be diagnosed at a later age.
Another study showed that a positive SPT
was present in 15% of children at the age of
five but that this prevalence had increased to
39% at 11 years of age. In addition, new
sensitivities emerged in 23% of the children
over those six years.(9)

There was also a strong association between
BHR, prolonged rhinitis and SPT positivity
for inhaled allergens, in line with the UAD
hypothesis.(1-3) This observation means that
the development of allergies to inhaled
allergens after infant bronchiolitis happens
jointly with continuing or emerging airway
reactivity, in line with the UAD hypothesis.
(1-3) On the other hand, one-third of the
BHR cases were not associated with rhinitis
or SPT positivity, at least by the age of five to
seven. The nine children who had BHR, but



not asthma, formed an interesting group:
seven (78%) of them had either prolonged
rhinitis or were sensitised to inhaled allergens
and it is very probable that they would have
become asthmatic at a later age.(16,17)

Reactive airways, assessed in this study by
BHR, has been closely associated with
rhinitis in childhood, with a BHR prevalence
of 30-50% in children with allergic rhinitis
and 25% in non-allergic rhinitis.(18,19) In a
study of children aged three to five years, the
severity of rhinitis was strongly associated
with wheezing.(20) In another study allergic
rhinitis until age of five years predicted a
subsequent wheezing onset. (21) A review
concluded that many allergic rhinitis patients
had subclinical BHR and that allergic rhinitis
often preceded the development of
asthma.(17) In line with these findings, our
current study revealed that prolonged rhinitis,
a positive SPT and respiratory allergy, which
combined current asthma, rhinitis and a
positive SPT, were significantly associated
with reactive airways in former bronchiolitis
patients.

We did not find any significant associations
between baseline lung function and
prolonged rhinitis, SPT positivity or
respiratory allergy. This means that baseline
lung function disorder does not belong to the
UAD entity, in contrast to BHR, or possibly
that this connection emerges later than at five
to seven years of age. However, this is
unlikely as the Tucson and Denmark birth
cohorts both showed that lung function
disorders developed by the age of six to
seven years. (22,23)

Flow-volume spirometry is better established
than IOS for examining lung function in
children, including tests for BHR (13,14) but
may be unreliable at the age of five to seven
years because of the need for long forced
expiratory blows. (13,24,25) 10S has been
shown applicable in children from two to
three years of age onwards, (26-28)and the
method may be even superior in detecting
reversible obstruction compared to FVS in
children. (29) A Finnish study showed that
10S in 158 wheezing children at the age of 2-
7 years accurately predicted flow-volume
spirometry results at 12-18 years of age. (30)
Increased baseline Rrs5 in 1OS in that study
was also related to a six-fold risk of

pathologic post-BD forced expiratory
volume in 1 second in later flow-volume
spirometry. (30)

In our study, the 12 children with previous
asthma who wheezed and used ICS but
stopped wheezing by five to seven years of
age, provided strong but indirect evidence for
the UAD hypothesis. Only 16.7% reported
prolonged rhinitis, none were sensitised to
inhaled allergens and none were shown to
have BHR by the ECT or BD tests. The
most likely explanation is that they stopped
wheezing because their respiratory allergy and
subsequent airway reactivity did not develop.
However, 33.3% of them presented with
decreased lung function, in particular low
baseline reactance, reflecting small airways
obstruction and/or diminished lung elastic
properties. This was in line with the theory
that an early infection with RSV, which was
the main causative agent of bronchiolitis in
our cohort, was more strongly associated
with a restrictive than obstructive pattern of
later lung function. (31)

The small number of patients was a clear
weakness of the study, as it increased the
chance of type two errors, and the lack of a
control group was also a weakness which
lessens the generalizability of our results. In
addition, our study population was highly
selective and only included bronchiolitis
patients who were hospitalised before six
months of age. Thus careful consideration
has to be undertaken when interpreting the
results, and it is clear that conclusions cannot
be transferred straight forward to the non-
selected population. We used the term
bronchial hyper-reactivity (BHR) as
combined to reflect reactive airways, though
to be exact, exercise induced
bronchoconstriction and bronchodilator
responsiveness represent different
physiological phenomena. However they
both reflect a risk of later asthma.

The strengths of our study were the
prospective design, the long follow-up period
and careful data collection during and after
bronchiolitis in early childhood and at the age
of five to seven years. The lung function
results were based on highly professional
analysis of the IOS findings and were
compared to population-based, age-specific,
height-adjusted reference values. (12) In



addition, the definition of allergy was not just
based on symptoms, but also on objective
evidence of sensitisation to inhaled allergens
in the SPTs. The history of prolonged rhinitis
was based on parental reports, but it was
obtained from structured questionnaires and
confirmed by clinical interviews.

CONCLUSION

This study found a significant association
between allergic sensitisation, prolonged
rhinitis, BHR reflecting reactive airways, and
asthma in five to seven-year-old children who
were hospitalised for bronchiolitis when they
were less than six months of age. This means
that we were able to document new evidence
for the UAD hypothesis, based on former
bronchiolitis patients. However, there was no
significant association between any of the
above parameters and a decline in baseline
lung function, as measured by IOS. This
suggests that lung function disorder, in
contrast to BHR, may not be a part of the
UAD entity, or will be established later than
at preschool age in a post-bronchiolitis
cohort.
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Table 1. Skin prick test results in relation to current asthma and prolonged rhinitis in 102 former
bronchiolitis patients at five to seven years of age.

Skin prick test results Current p-value versus ~ Prolonged p-value
asthma n=15 no current rhinitis n=27  versus no
asthma rhinitis
At least one inhaled allergen 8 (53.3%) p=0.049 17 (62.9%) p=0.002

positive (n=32)

Cat dander (n=12) 6 p=0.002 8 p=0.002
Dog dander (n=13) 7 p<0.001 8 p=0.005
Dust mites (n=4)* 0 p=0.542 1 p=0.715
Birch (n=20) 6 p=0.042 11 p=0.002
Timothy (n=19) 7 p=0.007 9 p=0.026
Mugwort (n=4) 2 p=0.102 2 p=0.285
A. alternata (n=3)** 2 p=0.056 2 p=0.170

*Dermatophagoides farinae in no cases, D. pteronyssimus in four cases. **A.alternata=Alternaria alternata. Current
asthma = continuous ICS or intermittent medication during the last 12 months (n=13) or current symptoms
and BHR (n=2). p-value<0.05 marked in bold.



Table 2. Association of baseline impulse oscillometry and bronchial hyper-reactivity (BHR) with
the presence of current asthma, previous transient asthma and no asthma.

Asthma Resistance or p-value BHR present p-value
reactance at 5Hz Versus no versus
pathologic current BHR

asthma absent

Current asthma 4/15 (26.7%) 0.604* 5/13*%* (38.5%) 0.042%

Previous transient  4/12 (33.3%) 0.358* 1/12 (8.3%) 1.00%*

asthma***

No asthma 13/75 (17.3%) - 8/75 (10.9%) -

Resistance at 5Hz was pathological (>+1.65 SD) in eight cases and reactance was pathological (<—1.65 SD) in
19 cases.

Presence of BHR was defined as a >35% increase in resistance at 5Hz in the ECT test (n=5) or >35%
decrease in the BD test (n=11).

* p-values were multiplied by two (Bonferroni correction).

** The asthma diagnosis was partially based on BHR documented by IOS in two cases and these cases are
not included in the analyses between BHR and asthma.

*k Children with current asthma not included.

p-value<0.05 marked in bold.



Table 3. Baseline impulse oscillometry and bronchial hyper-reactivity in relation to prolonged
rhinitis and, or, skin prick test (SPT) positivity to inhaled allergens

Prolonged rhinitis and/or SPT Resistance or p-value versus  Bronchial p-value
positivity reactance at 5SHz  resistance and  hyper- versus
pathologic reactance at reactivity bronchial
(n=21) 5Hz normal  present hyper-
(n=106) reactivity
absent
Prolonged rhinitis (n=27) 5 (23.8%) p=0.498 7 (43.8%) p=0.084
Positive SPT (n=32) 6 (28.6%) p=0.756 9 (56.3%) p=0.020
Prolonged rhinitis and positive 3 (14.3%) p=0.629 5 (31.3%) p=0.057
SPT (n=15)
Prolonged rhinitis or positive 8 (38.1%) p=0.601 11 (68.8%)  p=0.024
SPT (n=44)

Resistance at 5Hz was pathological (>+1.65 SD) in eight cases and reactance was pathological (<—1.65 SD) in
19 cases.

Bronchial hyper-reactivity was defined as >35% increase in resistance at 5Hz in the ECT (n=5) or >35%
decrease in the BD test (n=11).

p-value<0.05 marked in bold



Table 4. Baseline impulse oscillometry and bronchial hyper-reactivity in the groups constructed on

the basis of respiratory allergy and current asthma.

Respiratory Resistance or Resistance and Bronchial Bronchial
allergy reactance at 5SHz  reactance at 5Hz  hyper- hyper-
pathologic normal (n=80)* reactivity reactivity
(n=20)* present** absent**
(n=14)* (n=86)*
Current asthma and 1 5 3 3
(prolonged rhinitis and ~ (5.0%) (6.3%) (21.4%) (3.5%)
positive SPT) (n=06) p=0.833 p=0.034
Current asthma and 2 6 3 5
(prolonged rhinitis or (10.0%) (7.5%) (21.4%) (5.8%)
positive SPT) (n=8) p=0.712 p=0.081
Current asthma or 5 16 6 15
(prolonged rhinitis and ~ (25.0%) (20.0%) (42.9%) (17.4%)
positive SPT) (n=21) p=0.623 p=0.041
Current asthma or 9 39 12 36
(prolonged rhinitis or ~ (45.0%) (48.8%) (85.7%) (41.9%)
positive SPT) (n=48) p=0.764 p=0.002

* The current asthma diagnosis was partially based on BHR documented by IOS in two cases and these cases
are not included in the analyses (n=100).

** See methods section for details of diagnosis.

p-value<0.05 marked in bold



