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ABSTRACT 

Background: Bronchiolitis, a lower respiratory tract infection (LRTI) caused by 
different viruses, is a common reason for hospitalisation in early childhood. 
Hospitalisation for bronchiolitis increases the risk for lung function abnormalities at 
school age, in adolescence and in adulthood. Respiratory syncytial virus (RSV) has 
been associated especially to irreversible changes in spirometry. However, children 
who have suffered from severe bronchiolitis in infancy form a heterogeneous group 
and lung function reduction does not concern all of them. Thus, identifying those 
who are at high risk would help to focus preventive and therapeutic measures. 
 
Aims: The aim of this thesis was to evaluate baseline and post-bronchodilator (post-
bd) lung function at the age of 10-13 years in children hospitalised for bronchiolitis 
in early infancy. Lung function was compared between former bronchiolitis patients 
and age- and sex-matched controls. Post-bronchiolitis lung function was investigated 
in relation to weight status and polymorphisms in Toll-like receptors (TLR) encoding 
genes. Early-life and preschool-age risk factors were studied in relation to irreversible 
airway obstruction, assessed by reduced post-bd FEV1 or post-bd FEV1/FVC. 
 
Methods:  Originally, healthy, term infants, who were hospitalised for bronchiolitis 
at the age of less than six months were enrolled. Viral aetiology was studied in 
nasopharyngeal aspirates, and RSV was the predominant causative virus. At the age 
of 10-13 years, 89 children (cases) of those 166 invited attended a clinical 
examination with interview and baseline and post-bd spirometry. The follow-up 
study at the age of 10-13 years included age- and sex-matched controls, 108 of whom 
performed spirometry. Lung function was measured previously at the age of 5-7 
years with impulse oscillometry (IOS) in 103 cases, and measurements at both ages 
were available from 62 cases. 
 
Results: Bronchiolitis in early infancy showed an association with decreased forced 
expiratory volume in one second (FEV1) and FEV1/forced vital capacity (FVC) at 
the age of 10-13 years. In analyses adjusted for current asthma and maternal smoking 



vi 

in infancy, bronchiolitis was associated with a 2.4-fold risk of baseline FEV1 
reduction and a 4.4-fold risk of post-bd FEV1 reduction, but the significance of 
association between bronchiolitis and FEV1/FVC reduction was lost. The risk of 
baseline and post-bd FEV1 reductions remained significant in cases with RSV 
positive bronchiolitis, but not in those with RSV negative bronchiolitis. 

Among the bronchiolitis group, overweight children showed lower baseline and 
post-bd FEV1/FVC values as continuous and categorised variables compared to 
normal weight children. Variant genotype of TLR10 rs4129009 was associated with 
better baseline and post-bd FEV1/FVC after bronchiolitis, and the result was similar 
when TLR10 was analysed either separately or combined with TLR1 or TLR2. 
Irreversible airway obstruction after bronchiolitis was associated with physician-
diagnosed asthma at less than 12 months of age. Worse results in IOS at preschool 
age predicted irreversible airway obstruction at 10-13 years of age. 
 
Conclusions: The present study demonstrated an association between 
hospitalisation for bronchiolitis in infancy and lung function reduction in early 
adolescence. Reductions in post-bd FEV1 and FEV1/FVC suggesting irreversible 
changes were present as early as at 10-13 years of age. Among the bronchiolitis 
group, overweight predicted lower FEV1/FVC values; in contrast, the variant 
TLR10 rs4129009 genotype was associated with higher FEV1/FVC. Children with 
asthma diagnosis as early as before the age of 12 months and children with worse 
results in IOS at preschool age seem to be at greater risk to have irreversible changes 
in lung function after bronchiolitis. 
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TIIVISTELMÄ 

Tausta: Bronkioliitti eli ilmatiehyttulehdus on viruksen aiheuttama 
alahengitystieinfektio lapsilla, mikä voi johtaa sairaalahoitoon erityisesti pienten 
lasten kohdalla. Sairaalahoitoisen bronkioliitin jälkeen keuhkojen toimintahäiriöitä 
on kuvattu sekä lapsilla, että aikuisilla. Respiratory syncytial viruksen eli RS-viruksen 
aiheuttama bronkioliitti näyttäisi liittyvän erityisesti palautumattomaan 
keuhkoputkien toiminnan häiriöön eli sellaiseen häiriöön, mikä ei palaudu 
normaaliksi bronkodilataattorilla (keuhkoputkia avaavalla lääkkeellä). Keuhkojen 
toiminta ei kuitenkaan ole poikkeava kaikilla bronkioliitin sairastaneista lapsista. 
Riskiryhmien tunnistaminen on tärkeää, jotta keuhkojen toiminnan heikentymistä 
voitaisiin ehkäistä ja lääkehoito sekä seuranta kohdistaa oikein.  
 
Tavoitteet: Tämän väitöskirjatutkimuksen tavoite oli tutkia lasten keuhkojen 
toimintaa 10-13 vuoden iässä varhaisessa imeväisiässä sairastetun bronkioliitin 
jälkeen.  Tavoitteena oli vertailla tuloksia bronkioliittiryhmän ja iän sekä sukupuolen 
suhteen vakioidun kontrolliryhmän välillä, sekä arvioida ylipainon ja Tollin kaltaisia 
reseptoreita (TLR) koodaavien geenien yksittäisten emästen muutosten merkitystä 
keuhkojen toimintaan bronkioliitin sairastaneilla lapsilla. Tarkoituksena oli lisäksi 
tutkia riskitekijöitä palautumattoman keuhkojen toiminnan häiriön esiintymiseen 
bronkioliitin jälkeen. 
 
Menetelmät: Alun perin tutkimukseen otettiin mukaan terveitä, täysiaikaisina 
syntyneitä lapsia, jotka joutuivat bronkioliitin vuoksi sairaalahoitoon alle kuuden 
kuukauden iässä. Bronkioliitin virusetiologia määritettiin nenänielun 
imulimanäytteistä ja RSV oli positiivinen suurimmalla osasta lapsia. Tutkimuskäynti 
10-13 vuoden iässä sisälsi haastattelun sekä spirometriatutkimuksen ennen ja jälkeen 
bronkodilataation, ja tämän tutkimuksen suoritti 89 lasta 166 kutsutusta. 
Tutkimuskäynti oli kontrolloitu eli 108 iän ja sukupuolen perusteella vakioitua 
kontrollipotilasta kävi läpi saman tutkimusprotokollan. Aikaisemmin 
seurantatutkimuksessamme 103 bronkioliitin sairastaneen lapsen keuhkofunktio 
tutkittiin impulssioskillometrialla (IOS) 5-7 vuoden iässä. Sekä IOS-, että 
spirometriamittaukset olivat 62 lapselta. 



viii 

Tulokset: Varhaislapsuudessa sairastettu bronkioliitti lisäsi uloshengityksen 
sekuntikapasiteetin (FEV1) sekä sekuntikapasiteetin ja nopean vitaalikapasiteetin 
suhteen (FEV1/FVC) poikkeavuuksia 10-13 vuoden iässä. Bronkioliitin 
sairastaneilla lapsilla oli 2.4-kertainen riski saada poikkeava FEV1 tulos ennen 
bronkodilataatiota ja 4.4-kertainen riski saada poikkeava FEV1 tulos 
bronkodilataation jälkeen kontrollipotilaisiin verrattuna; tulos ei ollut riippuvainen 
tämänhetkisestä astmasta tai altistumisesta varhaislapsuudessa äidin tupakoinnille. 
Sitä vastoin FEV1/FVC ei eronnut ryhmien välillä, kun samat sekoittavat tekijät 
huomioitiin. FEV1 poikkeavuuksia esiintyi erityisesti RSV positiivisen bronkioliitin 
jälkeen. 

Bronkioliittiryhmässä FEV1/FVC arvot olivat matalampia ylipainoisilla kuin 
normaalipainoisilla lapsilla, ja tulos oli samanlainen luokiteltuina ja jatkuvina 
muuttujina. TLR10 rs4129009 geenivariaatio liittyi parempiin FEV1/FVC arvoihin 
ennen ja jälkeen bronkodilataation. Löydös pysyi samana TLR10/TLR1 ja 
TLR10/TLR2 kombinaatioissa. Palautumaton keuhkojen toiminnan häiriö oli 
yleisempi niillä lapsilla, jotka olivat saaneet astmadiagnoosin jo ennen yhden vuoden 
ikää. Esikouluiässä mitatun IOS tutkimuksen huonompi tulos ennusti 
palautumattoman keuhkojen toiminnan häiriön esiintymistä 10-13 vuoden iässä.  

Yhteenveto: Varhaisessa imeväisiässä sairastettu sairaalahoitoinen bronkioliitti lisäsi 
riskiä keuhkojen toiminnan häiriöille varhaisessa nuoruusiässä. Palautumattomia 
keuhkofunktion toiminnan häiriöitä esiintyi bronkioliitin sairastaneilla lapsilla jo 10-
13 vuoden iässä. FEV1/FVC oli matalampi ylipainoisilla kuin normaalipainoisilla 
bronkioliitin sairastaneilla lapsilla. Sitä vastoin TLR10 geenivariaatio liittyi parempiin 
bronkioliitin jälkeisiin FEV1/FVC arvoihin. Lapsilla, jotka olivat saaneet 
astmadiagnoosin jo ensimmäisenä elinvuotenaan, oli kohonnut riski 
palautumattomille keuhkofunktiomuutoksille. Esikouluiässä mitatun IOS 
tutkimuksen tulos ennusti palautumattoman keuhkojen toiminnan häiriön 
esiintymistä 10-13-vuotiaana. 
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1 INTRODUCTION 

Viral bronchiolitis is a common cause of hospitalisations worldwide. Diagnosis of 
bronchiolitis covers a heterogenous group of lower respiratory tract infections 
(LRTI) with different clinical pictures (1), and the outcome after bronchiolitis is 
dependent, at least, on hospitalisation age (2, 3) and viral aetiology (4, 5). The most 
common cause for bronchiolitis during the first year of life is respiratory syncytial 
virus (RSV) with a hospitalisation rate of 3.5 per 1,000 children (6). The risk of severe 
RSV infection is increased in infants who are less than six months of age (7, 8). 

Development of lung function is a continuous process that begins prenatally, is 
genetically regulated and modified by environmental factors throughout life. Lung 
function growth in childhood determines the maximal level of lung function in early 
adulthood and factors that influence such growth play a role in the later development 
of lung function abnormalities. The growth of lung function includes growth of the 
lung tissue and growth of the airways, which are regulated by different genes (9) and 
further modified by different factors.  

Eight previous post-bronchiolitis follow-ups have studied lung function outcome 
and the evidence of reduced lung function is indisputable (10-17). Six previous post-
bronchiolitis follow-ups have evaluated post-bronchodilator (post-bd) lung function 
reflecting irreversible changes (10-12, 14, 15, 17); two studies measured post-bd lung 
function at more than one age (15, 17), but none repeated post-bd measurements 
both before and at school age. Previously in the present follow-up (18), lung function 
was studied with impulse oscillometry (IOS) at the age of 5-7 years; 20% of former 
bronchiolitis patients showed abnormal IOS, but only one had post-bd abnormality. 

Hospitalisation for bronchiolitis increases the risk of pulmonary asthma (19, 20) 
and is associated with lung function reduction in asthmatic subjects (14, 15, 21). 
Reversible airway obstruction is one basis of an asthma diagnosis (22), and persistent 
asthma leads to irreversible changes in a small group of patients (23-25), probably 
due to airway remodelling (26-28). It has been suggested that long-term impacts of 
severe bronchiolitis could be induced by altered maturation of the immune system 
in infancy, or alternatively, bronchiolitis may be the first sign of a susceptibility to 
asthma (4, 29).   
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The oldest post-bronchiolitis follow-ups that have continued for over 18 years 
have reported irreversible changes in lung function also in non-asthmatic subjects 
(10, 21), especially after RSV bronchiolitis (10, 21). According to the findings 
observed in birth cohort studies, children with reduced expiratory flows in infancy 
are more vulnerable to early-childhood LRTIs (30-32), transient wheezing symptoms 
(33) and persistently low lung function (34, 35), suggesting premorbid origin. In 
contrast, experimental studies have suggested that RSV infection may inhibit growth 
of lung function via direct changes in airway structure (36-39). Longitudinal lung 
function data after severe bronchiolitis in infancy requiring hospital admission is 
scarce and based mainly on baseline measurements. 

Overweight is thought to have a dual role in childhood asthma: it is associated 
with development of wheezing symptoms and asthma, and it increases the severity 
of symptoms in asthmatic patients (40). Overweight may accelerate lung growth in 
childhood that leads to discrepancy in growths of the airways and lungs, and such 
pattern is associated with more severe symptoms in asthmatic patients (41). In 
relation to asthma, overweight is probably a more significant predictor of post-bd 
spirometry (42). Only one previous cohort study has evaluated overweight in relation 
to post-bronchiolitis lung function, and there was an association between overweight 
and baseline lung function in school-aged children; however, post-bd measurements 
were not done (43). Previously in the present follow-up, obesity (overweight 
excluded) was associated with baseline and post-bd lung function measured with 
IOS at the age of 5-7 years (44).  

Toll-like receptors (TLR) recognise pathogens and trigger immune responses 
against them. Normal TLR functions regulate the balance between Th1- and Th2-
oriented immunity, and alterations in TLR functions may disturb such balance (29). 
Supporting this, genetic variations in the encoding genes of TLRs have been 
associated with development of asthma (45). However, studies evaluating 
associations between TLR polymorphisms and lung function are rare. Previously in 
the present cohort, polymorphisms in encoding genes of TLR4, TLR6 and TLR7 
showed associations with IOS at the age of 5-7 years, and polymorphisms in 
encoding genes of TLR1 and TLR10 with post-bronchiolitis asthma.  

This thesis aimed to study lung function outcome before and after 
bronchodilation at the age of 10-13 years after bronchiolitis in early infancy. Aim 
was to compare lung function between former bronchiolitis patients and age- and 
sex-matched controls. In addition, aim was to evaluate possible factors that impact 
on post-bronchiolitis lung function: the present studies focus on effects of 
overweight, TLR polymorphisms and early-life and preschool-age risk factors. 
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2 REVIEW OF THE LITERATURE 

2.1 Infant bronchiolitis  

2.1.1 Description, diagnosis and definition 

Bronchiolitis is an inflammation in the smallest airways, bronchioles, which is mainly 
caused by viral infection. Bronchioles comprise membranous bronchioles that are 
the most distal part of conducting airways with a thin fibromuscular wall, and 
respiratory bronchioles in the respiratory zone of the lungs with a direct connection 
to alveolar ducts. The diameter of bronchioles is less than 1 mm, and the cartilage 
that surrounds the larger conducting airways is absent (46). 

The diagnosis of viral bronchiolitis is clinical and based on typical signs and 
symptoms such as rhinitis, cough and wheezing or crackles on auscultation. 
Tachypnoea and thoracic retractions suggest increased respiratory effort, and in 
young infants, apnoea may be the first sign of bronchiolitis (47). Bronchiolitis is 
commonly recognised as a lower respiratory tract infection with wheezing; however, 
the sounds identified in auscultation may be variable, especially in RSV bronchiolitis 
(48, 49). The term “wheezing” refers expiratory breathing difficulty, and it has been 
estimated that approximately 30% of children have at least one episode of wheezing 
during the first three years of life (35, 50). Viral induced wheezing differs in terms of 
aetiology, clinical symptoms and outcomes between young infants and older children 
(2, 4, 51). 

The guidelines published in different countries for bronchiolitis are highly 
variable in terms of highlighting differential diagnosis or defining upper age limits 
for bronchiolitis (52). In the United Stated, the term bronchiolitis covers wheezing 
in children under 24 months of age and in most European countries, bronchiolitis 
means the first wheezing episode in children under 12 months of age (51-53). The 
terminology used to describe lower respiratory tract symptoms in children is not 
concordant in long-term birth-cohort or hospital-cohort studies. These studies have 
used various terms including “bronchiolitis”, “wheezing”, “viral-induced wheezing”, 
“wheezing bronchitis” and "lower-respiratory tract infection" to define the disease 
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and applied upper age limits ranging from six months to three years of age, 
suggesting high variability of mechanisms behind wheezing

2.1.2 Epidemiology and aetiology 

Bronchiolitis causes the majority of infection-related hospitalisations in infants (54). 
Approximately 2-3% of infants are hospitalised for bronchiolitis every year (47, 52). 
Due to high prevalence, bronchiolitis is a leading cause of respiratory failure in 
infants (55); however, only a small proportion of hospitalised children needs 
treatment in the paediatric intensive care unit (56).  

In severe bronchiolitis, viral aetiology could be confirmed in nearly 100% of 
infections after implementation of polymerase chain reaction (PCR) to study 
respiratory samples. The main causative agent of bronchiolitis during the first year 
of life is the highly contagious RSV, which causes up to 80% of all hospitalisations 
(57), while the second most common viral aetiology for bronchiolitis is rhinovirus 
(4, 58), which dominates the viral aetiology of infection-induced wheezing in 
children older than 12 months (3). 

RSV bronchiolitis is characterised by destruction of airway epithelial cells due to 
direct cytopathological effect of RSV, which leads to increased production of mucus 
and debris and causes a mechanical block in the airways (47, 57). Rhinovirus 
bronchiolitis is less invasive but disrupts epithelial barrier function (59) and may 
cause wheezing with similar mechanisms seen in atopic asthma (4). The other viral 
aetiologies of bronchiolitis consist of at least parainfluenza viruses, bocavirus, 
metapneumovirus, adenoviruses, coronaviruses, enterovirus and influenza viruses, 
and coinfections are common (49). In comparison with other aetiologies, RSV 
bronchiolitis has been associated with a more severe clinical course of the disease 
(60-62). 

2.1.3 Risk factors for severe bronchiolitis  

Prematurity, low birth weight, congenital heart disease, chronic lung disease and 
immunodeficiency are known risk factors for development of severe bronchiolitis 
(63, 64). However, most children who are hospitalised for bronchiolitis are otherwise 
healthy and born at full term. Several physiological factors predispose all infants to 
more severe manifestation of respiratory infections than is seen in older children and 
adults. First, small children have small airways that are more vulnerable to changes 
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in diameter. In addition, bronchi in young children are highly compliant, which may 
lead to increased airway narrowing compared to adults, and developing respiratory 
muscles presents with limited contractile ability (65). The ribs of infants are located 
more horizontally, and the thoracic cage of infants mainly consists of cartilage, 
making it highly compliant. This leads to decreased outward pull of the chest and 
less efficient mechanics of breathing (66). Functional residual capacity is lower in 
infants, which increases vulnerability to impairment of gas exchange (65). 

Young age increases the risk for severe bronchiolitis (67), probably due to 
immaturity of the immune system or physiological reasons. In addition, severe 
bronchiolitis is more common in boys than girls (68-70). This may partly be 
explained by the differences in immune responses between genders (71, 72) and 
partly by the sex-related differences in airway properties and lung growth in young 
children (73). Tobacco smoke exposure, being born in winter months (i.e. at the 
beginning of RSV epidemic season), being born by Caesarean section, malnutrition, 
lack of breastfeeding, low socio-economic status, living in crowded conditions, day-
care attendance, having older siblings and multiple gestation have been associated 
with severe course of bronchiolitis (68-70, 74, 75).  

2.2 Respiratory syncytial virus bronchiolitis 

2.2.1 Description of respiratory syncytial virus bronchiolitis 

Respiratory syncytial virus (RSV) is an enveloped, single-stranded RNA virus 
surrounded by a lipid bilayer. Its two main membrane proteins are the fusion protein 
F and the glycoprotein G, which are suggested to play a crucial role as antigens. RSV 
serotypes, type A and type B, differ for G proteins (7). 

RSV affects the superficial epithelial cells of the upper airways, epithelial cells in 
the small bronchioles and pneumocytes in the alveoli (7, 76). Infected cells, and 
further immune responses, activate pro-inflammatory cytokines and inflammatory 
cells, mainly neutrophils (77, 78). Tissue oedema, necrosis of the epithelial cells and 
increased mucus production lead to obstruction of small airways, air trapping in the 
alveoli, and localised atelectasis after the trapped air is absorbed (47). These changes 
may induce impaired gas-exchange and lead to hypoxemia and increased work of 
breathing.  
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RSV causes worldwide epidemics every year, and nearly all children are infected 
with RSV before two years of age (79). In Finland, large RSV epidemics typically 
alternate with smaller epidemics every other year, with peaks during the winter-to-
spring months (80). RSV A and B circulate every year or every two years (7, 57), and 
the severity of RSV bronchiolitis seems to be relatively similar in the case of different 
serotypes (81). Immunity against RSV is not long-term, but severe infections mainly 
occur during early infancy (54), suggesting an accomplished yet incomplete adaptive 
immunity to RSV. 

2.2.2 Immunology of respiratory syncytial virus infection 

Neutrophils, monocytes, macrophages and dendritic cells, although matured 
prenatally, function weakly in neonates, resulting in impaired innate immunity and 
reduced interaction with adaptive immune system. Mature single CD4 and CD8 
positive T cells are present at birth, but they still reflect the fetal life, and exposure 
to environmental antigens other than maternal alloantigens is restricted (82).  

Pattern recognition receptors, such as TLRs, are expressed by epithelial cells, 
fibroblasts and antigen presenting cells in the respiratory tract, and they mediate 
innate immunity against different pathogens, RSV included (83). The mechanisms 
of an increased risk of severe infection during infancy have been hypothesised relate 
to genetic variations of TLR genes, leading to altered TLR signalling (29, 84, 85), but 
the evidence is inconsistent (86).  

Both Th1-oriented and Th2-oriented pathways are identified in RSV infection 
(87). With simplification, the theory on the balance between Th1 and Th2 
hypothesises that Th1 cells activate cell-mediated responses against intracellular 
pathogens such as viruses, whereas Th2 cells are responsible for protection against 
extracellular pathogens such as parasites, and for humoral immunity by regulating 
antibody production (88). Th1 pathway is assumed to be able to generate organ-
specific autoimmune diseases when over-activated, whereas Th2 pathway is assumed 
to lead to the development of allergies and asthma (88). It is speculated that 
activation of neonatal T cells or altered TLR functions may lead to skewed balance 
of Th1/Th2 pathways in adaptive immunity (29, 82). Currently, immune regulation 
is considered to be more complex and to comprise more than two major pathways 
(89).  
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2.3 Flow-volume spirometry 

2.3.1 Mechanics of forced expiratory flows 

Expiration is normally a passive process. Airflow out of alveoli requires an increase 
in intra-alveolar pressure over atmospheric pressure. This is resulted from a change 
in pleural pressure to less negative after inspiration due to combination of chest 
contraction, inward recoil of the lungs and relaxation of the diaphragm and 
inspiratory intercostal muscles. Since small airways collapse at the end of expiration, 
air is trapped in the alveoli, which allows constant gas exchange. This resting volume 
of the respiratory system is called functional residual capacity (FRC). In normal 
breathing, pleural pressure is always negative in relation to atmospheric pressure. In 
forced expiration, activation of the expiratory muscles increases the pleural pressure 
above atmospheric pressure. Due the elastic recoil pressure of the alveolar wall, intra-
alveolar pressure remains always above pleural pressure, causing a large pressure 
difference down the airways during forced expiration (90). 

Certain physiological theories help in understanding forced expiratory flows. 
According to application of Ohm’s law, airflow in the lungs (Q) is directly 
proportional to the pressure difference between the alveoli and the airway opening 
(transairway pressure, ∆P) and inversely proportional to airway resistance (R).  

 
 

� =
∆� (����	�
����)


 

 
 

Forced expiratory flow cannot increase unlimitedly with increasing effort from 
respiratory muscles. During a forced expiration, the pressure inside the airway 
decreases toward airway opening whereas the pleural pressure outside the airway 
remains relatively similar. The point in the bronchial tree at which pleural pressure 
is equal to intra-airway pressure is known as the equal pressure point (EPP) and 
greater alveolar driving pressure does not increase the flow any further. Beyond this 
point, toward airway opening, the pleural pressure is greater than the pressure in the 
airway, which leads to dynamic compression of the airway (Figure 1) (90, 91). The 
EPP is not stationary during a course of forced expiration; it is more central in high 
lung volume and moves into smaller airways with decreasing lung volume (92). 
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Figure 1. Schematic illustration of equal pressure point theory of forced expiration. Non-cartilaginous 
airways are non-barred and cartilaginous airways are barred in the picture. Modified from 
(90) and (91). 

 
 
Lung elastic recoil and airflow resistance determine maximal expiratory flow  (93) 

and changes in either have an impact on location of EPP in the airways. In healthy 
lungs, EPP is reached in large airways that are surrounded by cartilage and do not 
collapse. In airway obstruction, due to higher resistance of narrowed airways, greater 
pressure gradient for given flow rate is needed and EPP is reached closer to alveoli. 
If EPP is reached in the bronchioles without surrounding cartilage, airway collapses 
that is seen as a typical depression in the flow-volume curve (91). Lung elastic recoil 
refers lung tendency to deflate and results from elastic characteristics of lung 
periphery and from surface tension in alveoli (91). The sum of elastic recoil and 
pleural pressures results alveolar pressure; decrease in elastic recoil pressure means 
smaller difference between alveolar and pleural pressures and EPP moves towards 
alveoli. In peripheral airways, loss of elastic support increases their tendency to 
collapse. 

The velocity of the flow accelerates with airway narrowing at EPP. The maximal 
acceleration of the flow can be determined by wave speed theory, which is based on 
the properties of the airway wall and inhaled gas. The point at which the flow has 
reached wave speed by acceleration is called the “choke point” and, beyond this 
point, further acceleration is not possible (92).  

In restrictive diseases, the balance between the inward recoil of the lungs and 
outward recoil of the chest wall is disturbed. Most commonly, restrictive lung disease 
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makes lung parenchyma stiffer (or less compliant) and lung ability to inflate is limited 
that leads to decreased flows in all lung volumes. 

2.3.2 Description of flow-volume spirometry 

Flow-volume spirometry is a technique for recording volumes of air during forced 
inspiration and expiration in relation to time, and it is considered the standard 
method for studying lung function (94). Airway closure was suggested as a potential 
factor for limiting expiratory flow as early as in the 18th century; however, clinical 
application of forced expiration manoeuvres was not described until the 1940s (95). 
Currently, maximal expiratory flow can be registered at airway opening using various 
types of spirometers, among which pneumotachometers are most commonly used 
(96). Pneumotachometer consist of a built-in flow-resistive device: pressures 
downstream and upstream of this device are registered and pressure difference is 
converted into electrical voltage from which airflow and volumes are calculated (96).  

The manoeuvre of flow-volume spirometry includes three separate phases. First, 
the patient takes a fast, deep breath to reach maximal inspiration. This is followed 
by maximal flow of expiration with rapid blow. After forced expiration, complete 
exhalation is continued to the end of the test. Correctly accomplished manoeuvre is 
critical for reliable results, and the procedure should be demonstrated first by the 
technician. The manoeuvre needs to be repeated until at least three acceptable, 
similar and artefact-free curves are seen, and the highest values should be chosen for 
interpretation (94).  

The results of flow-volume spirometry are reported as volume-time or flow-
volume loops. Both are important in estimating the quality of blows, but flow-
volume loops are the basis of spirometry in clinical use (94). The primary outcome 
variables of flow-volume spirometry are forced vital capacity (FVC), forced 
expiratory volume in one second (FEV1) and FEV1/FVC. Peak expiratory flow 
(PEF), maximal expiratory flow at 50% of FVC (MEF50) and maximal expiratory 
flow at 25-75% of FVC (MEF25-75) are also used to determine lung function, but 
their clinical significance is lower (97). MEF50 represents the flow where half of 
FVC remains to be exhaled (94), and it seems to correlate well with MEF25-75 (98). 
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2.3.3 Clinical outcome variables 

The literature describes four standard lung volumes: tidal volume, inspiratory and 
expiratory reserve volumes and residual volume. Four standard lung capacities are 
calculated from volumes.  Forced vital capacity (FVC) is the sum of tidal volume and 
inspiratory and expiratory reserve volumes and represents the maximal volume of 
air exhaled during maximal forced expiration after maximal inspiration. The other 
lung capacities are inspiratory capacity, functional residual capacity and total lung 
capacity (90). In restrictive lung abnormalities, lung ability to inflate is decreased, 
which leads to reduction of FVC (99). Obstructive lung abnormalities may lead to 
air trapping that increases lung residual volume and decreases the volume of air that 
can be expired during forced expiration (FVC) (90).  

FEV1 is the maximal volume of air that is exhaled during the first second of 
forced expiration after maximal inspiration. Airway obstruction is commonly 
determined as disproportionately reduced FEV1 in relation to FVC, which reflects 
abnormal airway narrowing during maximal exhalation. In the most peripheral 
obstruction, FEV1 is usually normal, but in the more severe disease or with more 
central location of the obstruction, FEV1 decreases more rapidly in relation to FVC 
(99).  

The first sign associated with abnormal spirometric function in obstructive 
diseases is the depression of the terminal portion of the spirogram, even with an 
almost normal initial part. This leads to a concave shape of the flow-volume curve, 
which actually reflects peripheral location of airway obstruction. According to this, 
one can hypothesise that measuring MEF25-75 or MEF50 values may be used to 
detect small airway obstruction. However, wide range of normal values, high intra-
individual variability and the dependence on lung volumes limits its use in clinical 
decision-making (99, 100). In recent years, new spirometric indices, mainly based on 
the concave form of the flow-volume loop, have been suggested to detect peripheral 
obstruction (100, 101). The lack of a reliable spirometric tool for determining 
peripheral airway obstruction hampers the diagnosis of early stages of asthma and 
chronic obstructive pulmonary disease (COPD). 

2.3.4 Bronchodilator response and irreversible airway obstruction 

Bronchial responsiveness reflects the relaxation of airway smooth muscle (102). The 
activation of bronchodilator response is complex and at least airway epithelium, 
nerves and mediators are involved (99). Responses to bronchodilators vary 
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depending on the administrated medicine, distinctive physical characteristics and 
changes in baseline FEV1, which together present a challenge to the assessment of 
significant reversibility (102). According to ATS/ERS (American Thoracic 
Society/European Respiratory Society) and GINA (Global Initiative for Asthma) 
recommendations (22, 99), the increase between baseline and post-bd FEV1 in the 
bronchodilation test should be more than 12% for significant bronchodilator 
response. In a recent study, bronchodilation test data from three large population-
based studies was combined, including a total of over 30,000 subjects aged over 16 
years, and FEV1 increase was 12% or more in 17% of asthmatic patients, in 18% of 
COPD patients and, notably, in 5% of subjects without airway disease (103).  

Irreversible airway obstruction, assessed with spirometry, encompasses all 
mechanisms leading to reduced airway size during forced expiration that is not 
reversible with bronchodilators. In the research, the definition of irreversible airway 
obstruction varies; however, reduced post-bd FEV1 or FEV1/FVC, or alternatively, 
reduced baseline FEV1 or FEV1/FVC without significant reversibility in a 
bronchodilation test are typically used (104). In a birth cohort study from New 
Zealand, reduced post-bd FEV1/FVC was associated with accelerated decline in 
baseline lung function from nine to 26 years of age in 1,037 participants (26), 
suggesting an association between longitudinal lung function loss and irreversible 
airway obstruction. 

In asthma, irreversible airway obstruction has been suggested to be a proxy of 
structural changes in the airway wall (27, 28, 105), and it seems to exist only in some 
asthmatic patients (24, 25, 27, 106). A study from Maryland, USA evaluated 
irreversible lung function deficits in 121 young adults with history of moderate-to-
severe childhood asthma, and prevalence of reduced results (≤5th percentile) were 
16% for post-bd FEV1 and 34% for post-bd FEV1/FVC (106). A Brazilian follow-
up study enrolled 358 children and adolescents with medical treatment for asthma 
and, after four-year follow-up, post-bd FEV1/FVC ratio was reduced (under lower 
limit of normal) in 9.5% of participants (25). That study excluded four participants 
whose FEV1/FVC ratio was observed to be reduced in the first visit, and 25 
participants who discontinued asthma treatment during the four-year follow-up (25). 

Irreversible airway obstruction is a defining feature in COPD: a post-bd 
FEV1/FVC ratio <70% or, alternatively, post-bd FEV1/FVC <5th percentile of 
predicted is considered diagnostic for COPD (107). This definition is widely used 
for describing COPD in research but has drawn criticism for underestimating other 
pathways for lung function loss if clinical features is not taken account (108).  
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2.4 Impulse oscillometry 

2.4.1 Airway resistance in relation to flow 

Airway resistance refers to the pressure across the airways that is needed to produce 
a unit flow of gas. The higher the airway resistance, the greater the pressure needed 
to maintain the air flow. According to Poiseulle’s equation, the pressure difference 
across the airways is directly related to the length of the airway tube (�) and the gas 
viscosity (ɳ) and inversely related to the fourth power of the airway tube radius (�). 
(109) 
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This means that the changes in airway resistance are mostly affected by the change 

of diameter of the airway tube. Physiologically, airway resistance increases with 
decreasing lung volumes in expiration due to narrowing airways. By the same theory, 
airway obstruction causes a pathological increase in airway resistance.  

In human airways, both laminar and turbulent flows are present. In small airways 
with lower velocities, the flow is mainly laminar, and in larger airways with higher 
velocities, the flow becomes more turbulent (110). In laminar flow, the Poiseuille 
equation for pressure difference is as presented above. In turbulent flow, the 
Poiseuille equation requires modification and airway resistance is inversely related to 
the fifth power of radius meaning that the impact of airway obstruction on resistance 
is even higher (65, 109). 

 Since airways are connected both in series and side-by-side, total airway 
resistance is calculated reciprocally. As a result, airway resistance declines towards 
trachea and towards alveolar level, and small airways contribute only approximately 
10% of total airway resistance in older children and adults (109). In infancy, small 
airways contribute more to total airway resistance than in older children and adults 
(65). 

2.4.2 Description of impulse oscillometry 

Forced oscillation technique was developed in the 1950s to measure respiratory 
mechanics non-invasively using sound waves. In this technique, the term “forced” 
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describes sound waves as external, periodic driving forces that generate oscillation 
in the airways. IOS is a modified application of forced oscillation technique, and it 
uses multiple frequencies of sound waves at once (111). 

IOS registers normal breathing, and it does not require active co-operation such 
as forced blows. For this reason, it is more convenient than spirometry in young 
children. During the procedure, the patient is in a sitting position wearing a nose-
clip and tries to present as artefact-free breathing as possible. The input impulses of 
IOS (sound waves) are conducted to airways through a mouthpiece (111). The 
output of IOS is resulted as respiratory system impedance that represents the sum 
of forces resisting propagation of pressure waves in oscillation. Respiratory system 
impedance includes respiratory system resistance (Rrs) and respiratory system 
reactance (Xrs) (111). The results of IOS are presented as Rrs and Xrs curves as a 
function of oscillation frequency. 

Rrs reflects the resistive forces of the airflow across the respiratory system and 
depends mainly on airway resistance. In healthy lungs, Rrs is nearly independent on 
oscillation frequency, and central airway obstruction increases Rrs independent from 
oscillation frequency. In peripheral obstruction, frequency dependence of Rrs 
increases; in such case, Rrs is highest at low frequencies and decreases at higher 
frequencies. Due to this phenomenon, pressure waves at lower frequencies are often 
described to reach the periphery (112, 113).  

Xrs is a visionary part of impedance and reflects the out-of-phase elastic rebound 
of the expanding airways. Xrs includes the mass-inertive forces of the flowing air 
column (inertance) and the elastic properties of the lungs to store capacitive energy 
(capacitance), which are dependent on the frequency of oscillation (113). At lower 
frequencies, the capacitive properties are dominant and at higher frequencies, the 
inertive properties are dominant. Therefore, Xrs at lower frequencies primarily 
reflects the capacitance in the lung periphery while Xrs at higher frequencies 
primarily reflects the inertance in the larger airways (111, 112). The oscillation 
frequency at which reactance crosses zero (resonant frequency) is the point where 
magnitudes of inertance and capacitance are equal (Figure 2). The area from 5 Hz to 
resonant frequency and between reactance zero and reactance curve (as a function 
of oscillation frequency) is termed the reactance area (Figure 2) (113). In peripheral 
lung diseases, Xrs decreases, resonant frequency increases and the reactance area gets 
larger. 
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Figure 2. Schematic illustration of respiratory system reactance presented as a function of 
oscillation frequency. Shaded area is reactance area. Modified from (113)  

 

2.4.3 Correlation between results of impulse oscillometry and spirometry  

Compared to spirometry that measures flows and volumes during maximal blows, 
IOS registers normal breathing at rest. Several previous studies have described 
modest to strong correlations between Rrs5 or Xrs5 and FEV1 in non-asthmatic and 
asthmatic subjects (114-117). In contrast, some variables of IOS seem to be more 
sensitive for detecting small airway abnormalities in asthma compared to variables 
of spirometry (118, 119). A study from California, USA with 115 children assessed 
asthma control with measurements of IOS and spirometry, and the best indicators 
of small airway dysfunction were the reactance area and the difference in Rrs from 
5 Hz to 20 Hz (118). In addition, a study from Maryland, USA, compared 
bronchodilator responses between 66 children with well-controlled asthma and 16 
non-asthmatic children with measurements of spirometry and IOS, and the 
difference in bronchodilator response between the groups was significant for the 
reactance area, but not for any spirometric or other IOS indices (119). 
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2.5 Growth of lung function 

2.5.1 Lung growth  

Development of the airways and lungs begins during the first gestational weeks with 
the formation of the trachea, bronchi and pleura. All airways and approximately 10% 
of gas exchange surface area are formed by branching morphogenesis. Each 
branching produces a new airway generation, finally reaching the average of 21-25 
generations. The first 16 generations comprise the conducting airways, and further 
branching forms respiratory bronchioles and immature shapes of future alveolar 
ducts and alveolar sacs (120). Respiratory bronchioles are formed until the end of 
the second trimester. Forward from 24 gestational weeks, the terminal ends of the 
airways grow forming large airspaces and leading to thinning of the airspace walls 
that allows gas exchance (120).  

The development of the remaining 90% of gas exchange surface area comprises 
the formation of alveolar septa that subdivide large airspaces into alveoli (120). This 
process is called septation or alveolarisation, and it begins approximately at 36 
gestational weeks (65). The production of surfactant, which lowers surface tension 
and protects the alveoli from closing at low lung volumes, is sufficient on average at 
32 gestational weeks (110). Fully developed alveolar sac consists of alveoli with thin 
epithelium, internal septae and capillary network surrounding the alveoli (120, 121). 
Approximately 10-15% of alveoli are fully developed at birth (65, 122). 

While the development of conductive airways is complete before birth, the 
diameter of airways increases throughout childhood. In contrast, alveolarisation 
mainly occurs postnatally, and lung volume doubles by age six months and triples by 
age one year. In young children, growth of the lung parenchyma is faster than that 
of the airways. The predominant hypothesis is that alveolar multiplying continues 
during first living years and, after that, alveoli increase in volume and surface area. 
Some authors have suggested that alveolarisation may continue until early adulthood 
(65). Due to underdeveloped lungs in infancy, it can be hypothesised that 
environmental factors during childhood, especially during the first years, may impact 
on lung growth leading to altered lung function. In this regard, increasing evidence 
has shown that early-life events have a crucial role in the development of significantly 
reduced lung function later associated with COPD (123-125).  
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2.5.2 Lung function trajectories 

Development of lung function is affected by genetic, prenatal and postnatal factors 
(122). It has been estimated that genetics explain over 50% of pulmonary function 
in adults (126). Intrauterine lung growth may be disturbed due to multiple reasons 
including anatomical abnormalities of the chest wall, maternal hypoxia, maternal use 
of alcohol or certain drugs, and maternal smoking or nicotine intake (122). Postnatal 
factors that impact on lung function in childhood include environmental and 
developmental factors such as respiratory infections (123-125), tobacco smoke 
exposure (127) and own personal smoking later in childhood (128). 

Physiological determinants of lung volumes are body size, age, sex and ethnicity. 
Standing height is the most dominant factor associated with lung volumes (99), but 
insufficient alone to predict physiological growth of lung function (129). In normal 
growth, FEV1 increases linearly until the growth spurt in adolescence, during which 
there is a shift in growth in relation to height (24, 130). Like in height growth, the 
onset and magnitudes of the pulmonary function growth spurt vary between sexes 
and individually within the same sex (130). The peak in FEV1 growth with plateau 
is reached in early adulthood and followed by a physiological decline with ageing 
(24).  

Theoretical models for height-adjusted FEV1 trajectories have demonstrated 
different patterns of airway growth after early years (24, 125). A large longitudinal, 
population-based study demonstrated six baseline FEV1 trajectories as height-, age- 
and sex-specific z-scores from childhood to the sixth decade of life in 2,438 children 
enrolled in Tasmanian schools at the age of seven years (125). Half of participants 
had average or persistently high FEV1 trajectories and 8% of participants had low 
FEV1 in childhood but reached an average maximal FEV1 in early adulthood and 
thereafter showed normal decline with ageing. The remaining 42% of participants 
belonged to three subgroups with lower FEV1 trajectories than average: persistently 
low FEV1 (6%), below average FEV1 (32%) and below average FEV1 through 
childhood with accelerated decline with ageing (4%) (Figure 3). These three FEV1 
trajectories were associated with reduced post-bd FEV1/FVC at the age of 53, which 
suggests an increased risk of development of COPD. Early-life risk factors for low 
FEV1 trajectories included childhood asthma and atopy, along with childhood 
respiratory infections (125).  



35 

Figure 3. Three low childhood FEV1 trajectories and average FEV1 trajectory demonstrated in the 
Tasmanian longitudinal study. Modified from the reference (125). 

 

2.6 Lung function reduction 

2.6.1 Theory of dysanapsis 

Physiologically important observations about lung function growth have been made 
by Green and Mead, who created a theory of dysanapsis to describe the discrepancy 
between airway growth and lung size (131). This theory was based on wide variations 
of maximum expiratory flows in healthy adults with similar lung volumes and 
suggested as physiological differences in airway calibre and geometry. More 
importantly, it was thought that if the discrepancy was present at birth, it stayed until 
adulthood (132). Typically, dysanapsis is considered to describe small airway`s 
anatomy and physiology in relation to lung size, highlighting its prenatal origin. In 
spirometry, dysanapsis can be defined as low FEV1/FVC ratio with FEV1 and FVC 
within the normal range (99). In a recent retrospective study of two community-
based samples, dysanapsis was quantified using computerised tomography findings 
for older adults, and lower airway calibre in relation to lung size was associated with 
greater COPD risk, defined as FEV1/FVC <0.70 and COPD-presumptive 
symptoms (133). Interestingly, the result was similar in 520 never smokers and 2,726 
smoking participants, providing anatomical evidence for the dysanapsis theory.  

The theory of dysanapsis has been further supported by the findings of a birth 
cohort study from Tucson, Arizona (TCRS) that demonstrated persistently low 
expiratory flows from birth in children with transient wheezing symptoms in early 
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childhood (134). In the same cohort, infant lung function predicted lower baseline 
and post-bd FEV1/FVC from school age to adulthood (35) and reduced airway 
calibre in chest high-resolution computerised tomography at the age of 26 years 
(135). However, there are no methods for assessing airway reversibility in infancy, 
although lung function and airway responses to different stimuli can be measured at 
that age. This means that reduced neonatal flows may reflect either irreversible 
reduction of airway calibre during maximal expiration or reversible changes in airway 
tone. In TCRS, children who wheezed in early childhood and continued wheezing 
at preschool age did not show reduced infant flows (134). However, two thirds of 
infants with the lowest tercile of lung function were diagnosed with asthma by age 
26 years (135).  

2.6.2 Lung function reduction in childhood asthma 

In a birth cohort study from Copenhagen, Denmark, measurements of airway 
reactivity and forced expiration were described as trajectories from birth to 13 years 
of age in 367 children with asthmatic mothers (136). In all, airway reactivity was 
persistently higher and maximal expiratory flows were persistently lower in children 
diagnosed with asthma by age 13 years compared to those without asthma diagnoses. 
In 97 children with asthma, trajectories did not deteriorate due to duration of the 
disease or asthma exacerbations, and trajectories did not improve when symptoms 
were in remission (136, 137). The authors concluded that symptomatic disease as 
well as exacerbations are rather consequences than causes of decreased lung function 
in typical childhood asthma (136, 137). Similarly, FEV1 or FEV1/FVC reductions 
in individuals with childhood-onset asthma did not show progression in longitudinal 
studies continuing until adulthood despite continuing symptoms (138, 139). 

2.6.3 Reduction in growth of lung function 

As described, growth of FEV1 during childhood follows normally certain child-
specific percentile, meaning an individual trajectory (24). In those with reduced flows 
in infancy, transition into higher percentiles later in childhood is likely to be relatively 
common (34). In contrast, normal growth of FEV1 does not cross percentiles 
downwards (24, 92). At school age, such downwards crossing has been documented 
in a group of children with persistent, symptomatic asthma (17, 24), possibly as a 
result of airway remodelling (26, 27). Other potential reasons for reduced growth of 
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lung function are environmental exposures such as tobacco smoke or air pollution 
(128, 140) and rare childhood pulmonary or neuromuscular diseases (141, 142).  

A British study demonstrated four baseline FEV1 trajectories from preschool age 
up to early adulthood in 684 individuals with chronic, symptomatic asthma and 
significant airway reactivity at the enrolment at the age of five to 12 years (Figure 4) 
(24). The trajectories included normal FEV1 growth with normal decline by ageing 
(25%), normal FEV1 growth with early decline by ageing after normal attended 
maximal level (26%), reduced FEV1 growth leading to decreased attended maximal 
level (23%), and growth with both limitations (26%). Lower baseline FEV1, smaller 
bronchodilator response, higher airway reactivity and younger age at enrolment and, 
in addition, male gender were associated with reduced FEV1 growth. Subjects with 
reduced FEV1 growth were more likely to have reduced post-bd FEV1/FVC 
(<0.70) at 26 years of age than those with normal FEV1 growth (24).  

Figure 4. Possible patterns of FEV1 trajectories from childhood to adulthood in patients with severe 
childhood-onset asthma. Modified from (24).  

 

2.6.4 Airway remodelling in asthma and COPD 

Airway remodelling is a collective term that encompasses the structural changes in 
the airway wall (105, 130, 143). Previous literature has suggested two types of airway 
remodelling (144, 145). Physiological remodelling comprises airway maturation and 
growth during normal lung development and, in addition, those transient responses 



38 

to lung injury or inflammation that recovers back to normal. Pathological 
remodelling comprises structural changes resulted from disturbed lung development 
and, in addition, those responses to chronic lung injury or inflammation that leads 
to persistent structural changes of the airway wall. Such pathological remodelling is 
seen, for example, in obstructive pulmonary diseases (144, 145). Mechanisms of 
airway remodelling are not fully understood (145). 

Asthma is a heterogeneous disease of the airways, characterised by chronic, 
mainly eosinophilic inflammation with CD4+ helper T cell activation, and it is 
defined by expiratory airflow obstruction with asthma-presumptive symptoms (22). 
The main characteristics of airway remodelling in asthma are epithelial injury, 
increased thickness of the sub-epithelial reticular basement membrane (RBM), 
higher airway smooth muscle mass and altered goblet cells with mucus 
hypersecretion (145). Airway remodelling in asthma is thought to be a result from 
long-term inflammation, based on the findings that treatment with ICS limits airway 
remodelling (145-148). In contrast, some findings have suggested non-inflammatory 
mechanisms in the development of structural changes in the asthmatic airway (149).  

In studies evaluating endobronchial biopsies, structural changes have been 
observed in adults with asthma (144), in school-aged children with severe asthma 
(28, 150, 151) and in preschool-aged children with severe recurrent wheeze (152, 
153). Children with non-atopic or atopic asthma presented with similar RBM 
thickness (152).  In severe childhood asthma, RBM thickness reached by school age 
the same level seen in adult asthma (154). A follow-up study including 53 children 
from Finland with severe wheeze or cough evaluated endobronchial biopsies at the 
median age of 12 months, and RBM was similar to that in controls without 
symptoms (155). However, RBM thickening at one year of age was associated with 
the need for treatment at three years of age (156). The findings suggest 
heterogeneous pathogenesis in respiratory disorders with onset in infancy rather than 
absence of airway remodelling in young asthmatic children. 

COPD is a disease of the airways and lung parenchyma characterised by mainly 
neutrophilic inflammation with CD8+ helper T cell activation (144, 157), and it is 
defined by an irreversible airway obstruction with persistent respiratory symptoms 
(107). Pathological mechanisms of COPD include chronic bronchitis with increased 
mucus secretion, emphysema resulting from alveolar wall destruction and small 
airway disease characterised by airway remodelling that includes metaplasia of small 
airways, fibrosis of the airway walls and increased smooth muscle mass (158). Small 
airway disease may play the most important role in the progression of the disease in 
the early stages of COPD (158).  
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2.6.5 Lung function reduction after bronchiolitis 

Evidently, hospitalisation for bronchiolitis increases the risk of later lung function 
abnormalities (10-17). However, it is not known whether bronchiolitis reflects pre-
existing variations between individuals or whether bronchiolitis itself triggers lung 
function changes. In birth cohort studies, abnormalities in infant lung function or 
airway reactivity have been associated with early-childhood LRTIs (30-32, 159, 160), 
suggesting pre-existing differences in lung function. In contrast, two thirds of 93 
hospitalised RSV bronchiolitis patients showed hyperinflation shortly after 
bronchiolitis and 17% at the one-year follow-up in a British study (161), indicating 
at least short-term consequences caused by severe RSV infection. 

Infant bronchiolitis is associated with increased risk of asthma (20, 21). It has 
been thought that bronchiolitis may be the first sign of susceptibility to asthma, or 
that it may induce long-term impacts via altered maturation of immune system or 
airway damage (4, 29). In a birth cohort from Copenhagen, Denmark, bronchial 
hyperreactivity predicted bronchiolitis in high-risk infants with asthmatic mothers, 
supporting the theory of pre-existing susceptibility to asthma (159). In hospital 
cohort studies, the risk of asthma was highlighted in those with rhinovirus aetiology 
of bronchiolitis (162). Rhinovirus infections has been linked to similar airway wall 
changes as seen in atopic asthma, including changed epithelial barrier function, high 
cytokine levels and Th2-oriented cell characteristics (4).  

Lung function reductions after RSV bronchiolitis have been reported in subjects 
with and without asthma (17, 21). Interesting results were found in a prospective 
multi-centre study, which showed a significant decrease in relative risk of preschool-
age wheezing in premature non-atopic children who received immune prophylaxis 
against RSV, but not in those with a history of atopy, suggesting that the mechanism 
of recurrent wheezing after RSV infections is not dependent on atopy (163). It is 
suggested that RSV-induced airway hyperreactivity and inflammation are partly 
related to abnormal neural control of smooth muscle tone, which may lead to 
persistent structural changes of the airway wall, increasing airway reactivity and 
decreasing lung function permanently (39). In mouse models, RSV has been capable 
of causing structural changes in the airways, such as subepithelial fibrosis, increased 
collagen and thickening of the bronchial basal membrane (36-38). 
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2.7 Cohort studies: Lung function in relation to bronchiolitis 

2.7.1 Birth cohorts: Long-term outcome  

Tucson Children Respiratory Study (TCRS) 
TCRS is a community-based birth cohort study that originally enrolled 1,246 

healthy infants (164). First lung function measurements were performed in 125 
participants before any LRTIs when the children were less than three months of age 
(33). At the one-year follow-up, the authors found an increased risk for parent-
reported wheeze in infants with decreased respiratory conductance and in girls with 
decreased levels of FRC (48). By age one year, 36 (29%) children were diagnosed 
with LRTI: two thirds of children with LRTI had wheezing symptoms and none 
were hospitalised. No significant differences in infant lung function were found 
between children with non-wheezing LRTI and children who did not have LRTI by 
one year of age (48). 

Longitudinal findings of TCRS are based on measurements of expiratory flows. 
In infancy, expiratory flows were tested using chest-compression technique (48). 
This method requires a fitted inflatable jacket, which is set around abdomen and 
thorax of the sleeping infant. The jacket is rapidly overblown at the end of the 
inspiration, which produces forced expiration and creates a partial expiratory flow-
volume curve. Since measurements are taken during tidal breathing, FRC is used as 
the volume landmark for calculations, and results are commonly reported as 
maximum flows at functional residual capacity (VmaxFRC) (165). In TCRS, 
VmaxFRC did not show significant associations with emergence of LRTI (48); 
instead, it was associated with later lung function decline (35).  

 Similar technique than in infancy was used to study VmaxFRC in 526 children 
in a follow-up at the age of six years (33). Later lung function measurements were 
performed using spirometry in 542 children at 11 years of age and in 426 children at 
16 years of age (134). For comparisons of lung function outcomes, the authors 
divided the children into four groups: those who had not wheezed at any age (no 
wheeze, 53%), those who had at least one physician-diagnosed wheeze before the 
age of three years but wheezed no more at the age of six years (transient early wheeze, 
19%), those who had not wheezed before the age of three years but who wheezed 
at the age of six years (late-onset wheeze, 15%), and those who had wheezed before 
the age of three years and still wheezed at the age of six years (persistent wheeze, 
13%) (134).  
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In comparison to never wheezers, transient early wheezers formed the only 
subgroup of children with lower infant VmaxFRC (33). In addition, transient early 
wheezers showed significantly lower VmaxFRC at six years of age (33) and 
significantly lower MEFF25-75, FEV1 and FEV1/FVC ratio at 11 and 16 years of 
ages (134). To describe longitudinal lung function trajectories, the authors converted 
VmaxFRC and MEF25-75 values into height-adjusted flows (z-scores). Lung function 
trajectory of early transient wheezers was characterised by decreased flows in infancy, 
mild increase in flows by the age of six years, and persistently reduced flows until the 
age of 16 years (Figure 5) (134). Early transient wheezers were unlikely to have atopy 
or family history of asthma, but they were more often exposed to smoking during 
pregnancy in relation to children who had never wheezed, and the majority of them 
had started to wheeze during the first year of life (33, 164). Those transient early 
wheezers, who still did not wheeze at school age, were not at increased risk for airway 
hyperresposiveness measured at 11-year follow-up (166). 

Figure 5. Trajectories of height adjusted flows presented as z scores and classified by wheezing 
phenotypes of TCRS study. Modified from (134). 

 
The other subgroup of children that showed abnormal results were persistent 

wheezers. In comparison with never wheezers, they did not demonstrate reduced 
infant VmaxFRC but had significantly lower VmaxFRC at six years of age (33) and 
significantly lower MEF25-75, FEV1 and FEV1/FVC ratio at 11 and 16 years of 
ages (134). Lung function trajectory of persistent wheezers was characterised by mild 
decrease in flows from birth to the age of six years and persistently reduced flows 
until the age of 16 years (Figure 5) (134). Persistent wheezers presented with higher 
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IgE levels and were more likely to have asthmatic mothers than children without 
wheeze (33). Children with RSV aetiology of early-life wheezing had a 3-5-fold risk 
of persistent wheeze at six years of age, but the risk decreased markedly by the age 
of 13 years (164). Interestingly, those children who developed persistent symptoms 
after RSV infection were not more likely to be atopic than other study subjects (164). 
 
Southampton Women’s Survey (SWS) 

SWS from Southampton, UK is prenatally recruited cohort for evaluation of 
early-life environmental factors on child growth, including assessment of asthma 
phenotypes and lung function. VmaxFRC was measured at the age of less than four 
months in 150 infants born at 35 gestational weeks or later using rapid thoracic 
compression technique. In addition, spirometry was measured in 791 children at the 
age of six years. Complete follow-up data with lung function measurements in 
infancy and at six years of age was available in 95 children (167).  

The authors compared lung function results between two different classifications 
of wheezing phenotypes, one from TCRS and the other from the Avon Longitudinal 
Study of Parents and Children (ALSPAC) (168). ALSPAC is a longitudinal 
population-based birth cohort study from Bristol, UK with over 10,000 enrolled 
children but without measurements of infant lung function (169). In ALSPAC, 
classification of wheezing phenotypes was based on probability of wheezing 
calculated from estimated wheezing prevalence (168). In this classification, early 
wheezers were divided into transient early wheezers who grew out of wheeze by the 
age of 3.5 years and prolonged early wheezers who grew out of wheeze by the age 
of six years, and persistent wheezers were slightly younger at the onset of wheeze 
(168). 

According to TCRS classification, transient early wheezers had significantly lower 
maximal flows than never wheezers in infancy and at six years of age; according to 
ALSPAC classification, such associations were only seen in those with prolonged 
early wheezing. According to TCRS classification, persistent wheezers showed 
reduced maximal flows at six years of age but not in infancy; according to ALSPAC 
classification, the reduction was significant at both ages (167). 
 
Perth Infant Asthma Follow-up (PIAF)  

In the PIAF birth cohort study from Perth, Australia, 246 full-term, healthy 
infants underwent rapid thoracic compression technique to measure VmaxFRC at 
one month of age before any LRTI (170). Lung function measurements at the ages 
of one, six and 12 months were evaluated in relation to wheeze during the first two 
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years of life in 160 children with complete data available (30). Children who had 
wheezed during the first two years showed significantly lower infant VmaxFRC 
values than children who had never wheezed. Children who wheezed only during 
the first year, resolved the difference by the age of 12 months, but in children who 
wheezed during the second year, the difference persisted up to the age 12 of months 
(30).  

In PIAF, doctor-diagnosed bronchiolitis at the age of less than 24 months was 
present in 17 children. VmaxFRC was lower throughout the first year of life in 
children with early-life bronchiolitis than in those without (170), as confirmed in 
multivariate analyses adjusted for gender, age, length, weight and maternal smoking 
in pregnancy (171). Early-life bronchiolitis was associated with reduced MEF25-75 
at 11 years of age but not with other markers of spirometry (171). 
 
Manchester Asthma and Allergy Study (MAAS)  

The MAAS birth cohort study from Mancester, UK evaluated development of 
asthma and allergies in prenatally recruited full-term children (172). Expiratory flows 
were measured at the age of one month in a subgroup of 69 children with atopic 
parents using rapid thoracic compression technique, and lower infant VmaxFRC was 
associated with parent-reported wheezing and cough during the first year of life (32). 

Furthermore, at the ages of three, five, eight, and 11 years, lung function was 
studied using whole-body plethysmography. Lung function data was interpreted as 
trajectories of specific airway resistance, and children were assigned to wheezing 
phenotypes according to TCRS classification (173). Irrespective of wheezing 
phenotype, specific airway resistance increased significantly with ageing. Such 
increase was faster in males and in those with persistent wheeze or atopy; in addition, 
increase in specific airway resistance accelerated with increasing number of asthma 
exacerbations. Specific airway resistance was higher in children with any phenotype 
of wheeze than in those without wheeze; however, there was no progression over 
time in children with transient or late-onset wheeze. Hospital admissions due to 
wheezing and severe asthma exacerbations during the first three years of life showed 
an association with consistently higher specific airway resistance (173). 

Later, PIAF, ALSPAC and MAAS follow-ups were combined to ascertain FEV1 
trajectories from five to 16 years of age, and the authors were able to identify four 
FEV1 trajectories: persistently high, normal, below average and persistently low 
trajectories (34). The study produced several important findings. Post-bd FEV1 and 
FEV1/FVC were in line with baseline measurements, which suggests an irreversible 
component of lung function decline. The persistently low trajectory was associated 
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with asthma and, in addition, with early-life factors that included severe, recurrent 
wheeze, atopic sensitisation and exposure to tobacco smoke. In relation to 
VmaxFRC, the optimal solution for prediction of FEV1 was classifying it into three 
trajectories: above average, normal and below average. As expected, lower 
VmaxFRC was associated with below average FEV1 trajectory; however, only 25% 
of participants with low VmaxFRC showed constantly low values. This implies that 
most children with low expiratory flows in infancy transitioned into higher 
trajectories later in childhood (34). 
 
Environment and Childhood Asthma (ECA) Study 

The ECA study is a Norwegian birth cohort study that included 3,754 healthy 
infants, 802 of whom underwent infant lung function testing during the first five 
days of life (31). That study evaluated lung function development without classifying 
children into wheezing phenotypes, and with the primary aims of assessing whether 
the tracking of lung function was already present in the first years of life (174), and 
whether LRTIs impact on lung function development at school age (31). Reduction 
in infant respiratory compliance was associated with presence of LRTIs during the 
first two years of life (31).  

Longitudinal findings of lung function were based on expiratory flows, measured 
with tidal flow-volume loops in infancy and at two years of age, and in addition, with 
forced flow-volume loops at ten years of age (31, 174). At the age of two years, 
recurrent wheezing and atopy were associated with reduced expiratory flows, but 
after adjustments, infant lung function was the only independent predictor of tidal 
expiration (174). This suggests that most airflow deficits in early childhood 
originated before birth or in the very first days of life. The presence of LRTIs during 
the first two years of life showed no association with change in lung function from 
birth to 10 years of age. In addition, the presence of LRTIs was not related to lung 
function at the age of ten years in analyses adjusted for other possible predictors 
including infant lung function and current asthma (31).  

2.7.2 Hospital cohorts: Post-bronchiolitis lung function 

Hospital cohort studies evaluate outcomes after severe bronchiolitis treated in 
hospital, which is an important difference compared to birth cohort studies with 
small numbers of hospitalised children.  
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Eight previous post-bronchiolitis studies have reported lung function outcomes 
(10-17), and all have found an association between bronchiolitis and abnormalities 
in lung function. In five cohorts, children were hospitalised at the age of less than 
12 months and the majority of cases were RSV positive (12, 13, 15-17). Norwegian 
and Swedish follow-ups measured post-bd spirometry, and both found significant 
associations between bronchiolitis and irreversible lung function changes with 
measurements at early school age (12), in early adolescence (15) and in early 
adulthood (21). In the Swedish study, post-bronchiolitis lung function was studied 
separately in asthmatic and non-asthmatic subjects at the age of 18 years, and both 
groups showed irreversible reductions (21). In addition, a study from Missouri, US 
reported significant decline in post-bd lung function from 5 to 7.6 years of age after 
RSV bronchiolitis (17). 

In three other bronchiolitis cohorts (10, 11, 14), hospitalisation age was less than 
24 months, viral aetiology of bronchiolitis was more variable, and lung function 
outcome was less concordant. RSV was the predominant causative agent only in the 
Finnish cohort study, which recruited subjects during an RSV epidemic (175). In that 
study, post-bd lung function was measured at 30 years of age, and the association 
between bronchiolitis and irreversible changes remained significant after excluding 
asthmatic patients (10). In contrast, another Finnish study found no significant 
associations between bronchiolitis and post-bd spirometry at 18 years of age (11), 
and post-bd spirometry was decreased only in asthmatic patients in a Swedish post-
bronchiolitis study at that same age (14). 

2.7.3 Hospital cohorts: Outcome at the age of 10-13 years 

Five previous post-bronchiolitis cohort studies have reported lung function results 
including measurements at 10-13 years of age (13, 15-17, 176). In four of them, the 
subjects had been hospitalised at the age of less than 12 months for bronchiolitis 
mainly caused by RSV (13, 15-17). In one study, the viral aetiology was more 
heterogenous and hospitalisation age was less than 24 months. 
 
Post-bronchiolitis study from Nottingham, UK 

In total, 101 children who were hospitalised for bronchiolitis at the age of less 
than 12 months were included in the oldest post-bronchiolitis follow-up from the 
UK, and RSV comprised 66% of viral aetiology (13). Baseline lung function was 
studied with spirometry at the age of ten years, and 61 former bronchiolitis patients 
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had lower baseline FEV1 and MEF50, more asthma diagnoses and more episodes 
of cough and wheezing when compared to 47 controls (13). 
 
Post-bronchiolitis study from Bergen, Norway 

The Norwegian study enrolled 131 children who were hospitalised for 
bronchiolitis at the age of less than 12 months (16). In that study, 74% of cases were 
RSV positive, and baseline lung function from 108 former bronchiolitis patients was 
reported at the age of 11 years with special focus on viral aetiology of bronchiolitis 
(16). Compared to 89 controls, former bronchiolitis patients showed lower FEV1, 
FEV1/FVC ratio and MEF25-75; however, after stratified analyses, the associations 
remained significant only in 25 children with RSV negative bronchiolitis. Only the 
RSV negative group showed higher prevalence of asthma compared to control group 
(16). 

In the same post-bronchiolitis follow-up, lung function of 53 former 
bronchiolitis patients and 31 controls was re-evaluated at the age of 18 years, and 
findings were reported as changes in baseline spirometry from 11 to 18 years of ages 
(177). Lung function trajectories did not differ between the bronchiolitis group and 
controls: trajectories of FVC, FEV1, FEV1/FVC ratio and MEF25-75 in former 
bronchiolitis patients showed no decline or increase compared to those of controls. 
Instead, former bronchiolitis patients had lower FEV1, FEV1/FVC ratio and 
FEV25-75 at 11 and at 18 years of ages (177). Findings suggest that the difference 
between the groups developed at earlier ages. 
 
Post-bronchiolitis study from St. Louis, Missouri, USA 

The study from Missouri, US reported longitudinal trajectories of lung function 
including measurements with spirometry at the ages five, six, 7.6 (mean) and 12.1 
(mean) years (17). Originally, this study included 206 children who were hospitalised 
for RSV bronchiolitis at the age of less than 12 months, 122 of whom performed 
spirometry on at least two follow-up visits. In this study, baseline FEV1 and FVC 
trajectories were characterised by a linear increase until the age of 7.6 years followed 
by a significant decline up to the age of 12.1 years, and baseline FEV1/FVC 
trajectory decreased significantly between five and 7.6 years of age. Significant 
reductions in FEV1, FVC and FEV1/FVC trajectories across the timeline were also 
observed in a subgroup of children with post-bd measurements available, but none 
of the participants performed post-bd spirometry at the mean age of 12.1 years (17). 
Findings of that study reflects mainly lung function outcome in post-bronchiolitis 
asthma, since the majority of patients had asthma diagnosis and nearly two thirds of 
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them were symptomatic. However, the findings may suggest progressive pattern of 
lung function decline in asthmatic patients hospitalised for RSV bronchiolitis during 
the first year of life. 
 
Post-bronchiolitis study from Borås, Sweden 

The Swedish study is the only previous post-bronchiolitis follow-up with 
measurements of post-bd spirometry in early adolescence. This study recruited 47 
children with RSV bronchiolitis at the age of less than 12 months, and baseline and 
post-bd spirometry was first measured at the age of 13 years in 44 participants (15). 
At that age, former bronchiolitis patients showed lower FEV1/FVC values before 
and after bronchodilation in comparison to 86 age- and sex-matched controls. 
Specifically, current asthma (cases and controls combined) was associated with 
baseline and post-bd FEV1/FVC, and asymptomatic cases showed lower baseline 
FEV1/FVC than asymptomatic controls (15). 

Follow-up of the Swedish cohort continued until 18 years of age (21). At that age, 
baseline FEV1 and baseline and post-bd FEV1/FVC and MEF25-75 were lower in 
46 participants with former RSV bronchiolitis compared to 92 controls, and 
asthmatic and non-asthmatic cases presented with post-bd reductions (21). The 
findings suggest irreversible changes of lung function in children hospitalised for 
RSV bronchiolitis during the first living year. Crucially, the irreversible pattern was 
already present in adolescence and remained up to early adulthood. 
 
Post-bronchiolitis study from Kuopio, Finland 

The Finnish cohort study reported lung function results at the ages of seven, 12 
and 18 years (11, 176, 178), only the last of which was controlled and included post-
bd measurements (11). The cohort included 100 children who were hospitalised for 
bronchiolitis at the age of less than 24 months, and RSV and rhinovirus aetiologies 
both comprised around one third of cases (162, 179). At seven years of age, lung 
function was measured in 79 children, applying the lower limits of normality <80% 
for FEV1, <88% for FEV1/FVC and <62% for MEF50 of height-related predicted 
values. Reduced baseline FEV1, FEV1/FVC and MEF50 were present in 5%, 16% 
and 18% of participants, respectively (178).  

The same limits were used to define abnormal lung function at the age of 12 
years; at this time, baseline FEV1, FEV1/FVC and MEF50 reductions were reported 
in 18%, 16% and 16% of 80 children, respectively (176), reflecting increasing rates 
of baseline FEV1 reductions between the ages of seven and 11 years. At the age of 
12 years, rhinovirus bronchiolitis was associated with lower baseline FEV1/FVC 
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values, and children with RSV bronchiolitis showed lower FVC values, suggesting 
restrictive pattern of lung function reduction (176).  

The most recent lung function measurements at the age of 18 years showed lower 
baseline MEF50 in 49 former bronchiolitis patients compared to controls; however, 
other baseline values, or any post-bd values, did not differ between the groups. By 
viral aetiology, rhinovirus positivity was associated with lower MEF50 values and 
higher bronchodilator responses, and RSV positivity with lower FVC values. 
Interestingly, this study found no associations between early-life wheezing and post-
bd spirometry, even though follow-up continued until adulthood (11). 

2.7.4 Previous findings in the present follow-up 

In the present post-bronchiolitis follow-up, baseline and post-bd lung function were 
measured previously at the age of 5-7 years with IOS, and acceptable data were 
available from 103 children (18). The results were reported as z-scores calculated 
from height-adjusted predicted values, and pathological limits were defined as 
≥+1.65 for Rrs5 and ≤-1.65 for Xrs5. Pathological IOS was reported in 20% of 
children with accentuation on Xrs5. Post-bd IOS was pathological only in one child, 
and 11% of children showed a significant (≥35%) decrease in Rrs5 after 
bronchodilation, implying mainly reversible obstruction at preschool age after early-
life bronchiolitis. Baseline or post-bd IOS did not differ between children with or 
without regular ICS use (18). 

In the present cohort, 13% of children had current asthma at the age of 5-7 years, 
in addition, 14% of children without current asthma had used ICS medication for 
asthma before 5-7-year follow-up visit, meaning 27% prevalence of preschool-age 
asthma (180). The risk factors for current asthma at preschool age were early-life 
atopy, non-RSV aetiology and maternal asthma (180). At the age of 10-13 years, 
current asthma was present in 13% of former bronchiolitis patients, and risk factors 
for asthma were maternal asthma and presence of allergic rhinitis at the age of 5-7 
years (181). Viral aetiology of bronchiolitis showed no significant associations with 
asthma at the age of 10-13 years (181). 
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2.8 Predictive factors of post-bronchiolitis lung function 

2.8.1 Exposure to smoking 

Exposure to smoking prenatally or in infancy is associated with increased risk of 
LRTIs and wheezing (127, 182). Findings on associations between tobacco smoke 
exposure and infant lung function is not concordant (127), but several studies have 
reported significant associations concerning reductions in expiratory flows (30, 183, 
184), in measures of tidal breathing (185), and in respiratory system compliance 
(186). In a study from Indiana, Canada, 76 healthy infants underwent measurements 
of expiratory flows and airway reactivity; interestingly, tobacco smoke exposure was 
associated with reduced lung function but not with increased airway reactivity (187). 

In general, results on the association between tobacco smoke exposure and lung 
function later in childhood varies (127). Findings from birth cohort studies suggest 
an impact of smoke exposure on lung function especially at preschool years (184, 
188, 189), with weakening effect with ageing (189). In follow-ups that have 
continued until adulthood, the adverse effects of smoke exposure on lung function 
increased with own personal smoking, suggesting persistent susceptibility to tobacco 
smoke, or alternatively, cumulative inhibitory consequences (125, 190). 

In post-bronchiolitis studies, connections between smoke exposure and lung 
function have been variable. In the Finnish post-bronchiolitis study, the risk of 
reduced FEV1 at seven years of age was 12.8-fold in children whose mothers 
smoked during pregnancy (178). However, the association between maternal 
smoking and lung function was lost at follow-up until 11 years of age (176). In 
another Finnish post-bronchiolitis follow-up, even 60% of those who were exposed 
to maternal smoking in infancy had abnormalities in lung function at the age of 18-
20 years (191). In a Swedish study, results were reported separately for prenatal and 
postnatal smoke exposure in 55 former bronchiolitis patients at 17-20 years of age 
(192). Prenatal smoke exposure was associated with lower post-bd FEV1/FVC ratio 
and airway hyper-responsiveness; in contrast, postnatal smoke exposure had no 
impact on spirometry findings but increased the risk of own personal smoking (192). 
The authors suggested that maternal smoking during pregnancy may induce airway 
hyper-responsiveness, leading to development of adult asthma and lung function 
abnormalities, and passive smoking may predispose to asthma as a result of active 
smoking (192). In our present cohort study, tobacco smoke exposure during 
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pregnancy or infancy was not associated with lung function at 5-7 years of age (18), 
or post-bronchiolitis asthma at 5-7 or 10-13 years of ages (180, 181). 

2.8.2 Effects of overweight 

A relationship between overweight and lung function is well recognised in adults. 
Overweight adults tend to have decreased functional residual capacity and expiratory 
reserve volume; instead, total lung capacity has been diminished only in massively 
obese patients (193, 194). In spirometry, most adult studies have documented 
reduced FEV1 and FVC values, but FEV1/FVC has been normal (193-195). The 
proposed mechanisms for these changes are chest-wall adiposity and relocation of 
diaphragm due to abdominal fat that decreases lung volumes without changed ability 
to inflate or deflate the lungs (194). 

In children, available literature suggests reductions in baseline (43, 196) and post-
bd spirometry (197, 198). In a large meta-analysis from year 2017, the most 
commonly detected spirometry finding in children and adolescents was reduced 
FEV1/FVC with normal or even increased FEV1 and FVC (195). This can be 
related to airway obstruction or, alternatively, overweight may trigger a dysanaptic 
increase in lung growth in relation to airway growth (40, 195). A study from 
Pennsylvania, US summarised lung function results of 4,521 children and 
adolescents aged 6-20 years from six different cohort studies, and airway dysanapsis 
was defined as low FEV1/FVC with normal to high FVC and normal FEV1 (41). 
In that study, obesity was associated with dysanapsis, and in obese asthmatic 
children, the presence of dysanapsis was associated with more severe disease (41). 
There is evidence on reductions of FEV1 and FVC in overweight children (199, 
200), suggesting that restrictive pattern of lung function may exist as in adults. 

Overweight is associated with increased risk of wheezing symptoms and asthma 
(201, 202). In asthmatics, overweight is related to lower responsiveness to ICSs (203, 
204) and more severe disease (205). Obesity-associated childhood asthma may be 
modified by age at asthma onset: the early-onset (<12 years) phenotype was 
characterised by higher IgE levels, lower FEV1/FVC values, greater airway 
reactivity, greater bronchodilator responsiveness, and more frequent emergency 
visits compared to late-onset phenotype (≥12 years) (206). Some genes have been 
identified as regulators in both asthma and overweight (40). Interestingly, genetic 
variations of asthma-associated locus were related to body mass index (BMI) only in 
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asthmatic patients (207). In addition, asthma may predispose children to excessive 
weight gain, possibly due to limitation of physical activity (40).  

 There are some findings on association between overweight and lung function 
in adolescence after infant bronchiolitis. In a Finnish study,  27 overweight or obese 
and 53 normal weight former bronchiolitis patients were compared at the median 
age of 12.3 years, and overweight and obesity were defined as standard deviation 
(SD) scores for BMI of >1.3 SD and >2.0 SD, respectively (43). The risk of reduced 
baseline FEV1/FVC was 4.0-fold in overweight and 8.1-fold in obese children, but 
overweight or obesity did not show associations with decreased FEV1 or FVC and 
post-bd measurements were not performed (43). In the post-bronchiolitis study 
from Missouri, US, higher BMI percentile by the age of six years was associated with 
increase of height-adjusted FEV1 and FVC from five to 16 years of age, but not with 
FEV1/FVC (17). 

In the present post-bronchiolitis follow-up at the age of 5-7 years, weight status 
was evaluated as zBMIs, and the authors used national cut-off limits corresponding 
to BMI >25 kg/m2 for overweight and BMI >30 kg/m2 for obesity in adults. 
Significant but low-to-modest correlations were found between zBMI and baseline 
and post-bd IOS variables measured from 99 children (44). In addition, overweight 
showed an association with preschool-age asthma (208). 

2.8.3 The role of Toll-like receptors  

TLRs are a group of transmembrane glycoproteins that are involved in innate 
immunity and further adaptive responses by recognising pathogens. These 
recognition receptors are expressed in numerous cell types, including cells in the 
respiratory system, and each of them senses a specific ligand derived from pathogens. 
Besides activation of host defence in infections, TLRs also play a role in non-
infectious airway diseases (83). In humans, ten functional TLRs have been 
recognized: TLRs 1, 2, 4, 5, 6 and 10 act in the plasma membrane, while TLRs 3, 7, 
8 and 9 are located intracellularly in the endoplasmic reticulum (209).  

Genetic mutations of TLR encoding genes may lead to altered TLR function (83). 
Those mutations where one base is replaced with another base during replication are 
referred to as single-nucleotide polymorphisms (SNP). This dissertation includes 
data on SNPs of genes encoding the TLR2 subfamily, TLR4 and TLR7. There are 
no other post-bronchiolitis follow-ups that have evaluated the associations between 
TLR gene variations and lung function. 
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The TLR2 subfamily consists of TLRs 1, 2, 6 and 10, which share common 
mechanisms of innate immunity sensing (210, 211) and are able to recognise 
pathogens of respiratory infections including RSV and rhinoviruses (212-214). Of 
the TLR2 subfamily members, TLR1 and 6 form functional heterodimers with TLR2 
(TLR2/1, TLR2/6) and may not work as homodimers (210). TLR10 is able to act 
without TLR2, but it can form heterodimers with TLR1 and TLR2 (TLR10/1, 
TLR10/2) (215). TLR10 is the only human TLR that has an inhibitory function on 
immune responses and inflammation (216-218). TLR4 is able to recognise the 
membrane protein F of RSV (219). TLR7 recognises single-stranded ribonucleic acid 
(RNA) of viruses, including RNA of RSV and rhinoviruses (83).  

TLR polymorphisms are associated with development of asthma and allergic 
diseases in children (220), but findings are not concordant (221), and the effect may 
require certain environmental factors or childhood infections (221, 222). 

The data on associations between TLR polymorphisms and lung function are 
limited. There is some evidence of such relations in TLR1 rs5743618, TLR2 
rs5743708, TLR4 rs4986790, TLR6 rs5743810, TLR7 rs179008 and TLR10 
rs4129009, which were included in the present dissertation. A Canadian study 
reported association between TLR2 rs5743708 polymorphism and better lung 
function in 275 swine operation workers, but such association was not seen for 
TLR4 rs4986790 (223). A Belgian study evaluated 34 SNPs in relation to lung 
function in 89 cystic fibrosis patients (224), four of which are included in the present 
dissertation. The authors found association between TLR2 rs5743708 
polymorphism and FEV1 decline, but findings on TLR4 rs4986790, TLR6 
rs5743810 and TLR10 rs4129009 were negative (224). In 110 Dutch patients with 
moderate or severe COPD, TLR4 rs4986790 and TLR2 rs5743708 polymorphisms 
showed no associations with lung function even though some other SNPs of TLR2 
and TLR4 were associated with the level and decline of FEV1 (225). In addition, 
there is evidence on association between TLR4 rs4986790 polymorphisms and 
reduced COPD progression via decreased reactivity of those microbial components 
that are recognised by TLRs during infections (83).  

Previously in the present study, TLR4 rs4986790, TLR6 rs5743810 and TLR7 
rs179008 showed exploratory associations with IOS measured at 5-7 years of age 
(226), while TLR1 rs5743618 and TLR10 rs4129009 were associated with post-
bronchiolitis asthma at 5-7 and 10-13 years of ages (227-229). 
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2.8.4 Risk factors for irreversible airway obstruction 

Five other post-bronchiolitis follow-ups have found an association between infant 
bronchiolitis and post-bd FEV1, FEV1/FVC or MEF50 (12, 14, 17, 21, 230), and 
most of them showed a link between current post-bronchiolitis asthma and 
irreversible reductions (14, 17, 21). Three studies evaluated risk factors other than 
asthma (14, 17, 230). A Finnish post-bronchiolitis study evaluating lung function 
outcomes at the age of 28-31 years defined irreversible airway obstruction as reduced 
post-bd FEV1/FVC and, in that study, parental asthma and blood eosinophilia 
during bronchiolitis increased the risk for irreversible airway obstruction after 
bronchiolitis (230). In a study from Missouri, USA, lung function after bronchiolitis 
was reported as trajectories through school age and loss of lung function was 
associated with male gender, asthma diagnosis by age six and atopy; however, post-
bd measurements were rare (17). In a Swedish post-bronchiolitis study, early-life and 
current risk factors were assessed for reduced FEV1, FEV1/FVC ratio, MEF50 or 
MEF25 at the age of 17-20 years (14). In that study, female gender and prenatal 
smoke exposure increased the risk for post-bd abnormality after bronchiolitis; 
however, prenatal smoke exposure was not a significant risk factor after adjusting 
with current confounders including asthma, atopy, hyper-responsiveness and active 
smoking (14).  
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3 AIMS OF THE STUDY 

The principal aims of the present study were to evaluate lung function in children 
aged 10-13 years after bronchiolitis in infancy and to identify factors predicting lung 
function at that age. The specific aims were:  

 
1. To evaluate baseline and post-bronchodilator lung function measured with 

flow-volume spirometry in a controlled setting at the age of 10-13 years after 
hospitalisation for bronchiolitis at less than six months of age (Article I). 

 
2. To investigate effects of overweight or obesity at the age of 10-13 years on 

lung function abnormalities by spirometry in former bronchiolitis patients 
(Article II). 
 

3. To explore the role of single nucleotide polymorphisms in the genes 
encoding TLRs 1, 2, 6 and 10 (TLR2 subfamily), and TLR4 and TLR7 in 
post-bronchiolitis lung function at 10-13 years of age (Articles III, IV). 

4. To identify early-life and preschool-age risk factors for irreversible airway 
obstruction, assessed with reduced post-bd FEV1 or post-bd FEV1/FVC, at 
10-13 years of age after infant bronchiolitis (Article V). 
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4 MATERIALS AND METHODS 

Figure 6. Study subjects 
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4.1 Patient enrolment and previous follow-ups 

4.1.1 Infant enrolment and hospitalisation data 

Originally, 204 infants with hospitalisation for bronchiolitis were eligible for this 
study between 1st December 2001 and 31st May 2002, and between 28th October 
2002 and 31st May 2004 in the Department of Paediatrics, Tampere University 
Hospital, Finland. In all, 187 children who were less than six months of age, born 
full-term and previously healthy, and who had been hospitalised for their first 
episode of acute LRTI, were enrolled to the study. The diagnosis of bronchiolitis 
was clinical and based on presence of respiratory tract infection associated with 
clinical findings of rhinitis, cough, tachypnoea and crackles or wheezes on 
auscultation.  

Nasopharyngeal aspirates were obtained from all infants during hospitalisation to 
determine viral aetiology of bronchiolitis. Indirect immunofluorescence was used to 
identify RSV, influenza A and B virus, parainfluenza type 1, 2 and 3 virus and 
adenovirus from fresh samples. Reverse-transcription PCR was performed to 
supplement the findings from frozen samples for the same seven viruses, as well as 
for rhinovirus, metapneumovirus and human bocavirus.  

Clinical data registered during the hospitalisation included age on admission, 
length of hospital stay, need for oxygen and need for feeding support. None of the 
study subjects needed intensive care. A structured questionnaire was used to record 
family history of asthma and allergies as well as exposure to tobacco smoke during 
pregnancy or infancy. 

4.1.2 Follow-up visit at the age of 13-25 months  

The first follow-up visit was arranged from May 2003 to June 2005, and 129 children 
attended at a mean age of 18 months. A paediatrician performed clinical 
examination, and symptom diaries completed at home were reviewed during the 
control visit. The diaries included records of doctor-diagnosed respiratory infections 
and wheezing episodes as well as use of ICS after bronchiolitis during the first 18 
months of life.  
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4.1.3 Follow-up visit at the age of 5-7 years 

The second follow-up visit at the age of 5-7 years was arranged in October 2008, in 
January and March 2009, and in October 2009. In all, 166 children attended; 127 
children attended the clinical examination, and 39 families answered only the 
questionnaire. The structured questionnaires were sent to homes before follow-up 
visits, and they were completed, if needed, together by the study physician and the 
families during the follow-up visit or by phone. The questionnaire charted family 
history of asthma, allergies and tobacco smoking, previous and current asthma-
presumptive symptoms, allergic diseases and doctor-diagnosed asthma in children, 
and in addition, previous or current use of bronchodilators or ICSs. At the age of 5-
7 years, skin prick tests were performed on 124 children, and the test panel included 
eight airborne allergens: birch pollen, timothy grass pollen, mugwort pollen, cat 
dander, dog dander, spores of the mould Alternaria alternate and house dust mites 
Dermatophagoides pteronyssimus and D. farinae. Skin prick tests were regarded positive if 
the diameter of the wheal was 3 mm or more. 

4.1.4 Lung function by impulse oscillometry at the age of 5-7 years 

Lung function was measured by IOS at the 5-7-year follow-up. In all, 107 children 
performed IOS, but two children were excluded from the analyses due to technical 
reasons and two more children due to insufficient co-operation. Thus, IOS results 
were available from 103 preschool aged children. Antihistamines had to be 
interrupted five days in advance and short-acting beta agonists 12 hours before lung 
function measurements. ICS medication, if present, was not interrupted.  

IOS was performed at the Department of Clinical Physiology, Tampere 
University Hospital, using impulse oscillometer (Master Screen IOS; Jaeger, 
Hochberg, Germany). IOS was registered during quiet tidal breathing, with the child 
sitting still in an upright position. The nose was sealed with a clip, and the technician 
supported cheeks with hands to minimise pressure loss from upper airways. An 
experienced clinical physiologist checked the output curves, and measurements were 
repeated until three acceptable curves were obtained. Only curves that were 
graphically solid and artefact-free for the whole recording time of 30 seconds were 
accepted and the curves with best coherence reflecting the reliability of IOS were 
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chosen (coherence limit >0.6 at 5 Hz and >0.9 at 10 Hz). The frequencies of the 
input signals in the present study were 5-20 Hz.  

Three separate IOS recordings were obtained from each child. First, baseline 
measurements were registered at the beginning of the protocol. Thereafter, children 
underwent free-running exercise challenge test after which IOS measurements were 
registered again. Bronchodilation test was performed after the exercise challenge test. 
In bronchodilation test, the children received 0.1 mg salbutamol (Ventoline®, 
GlaxoSmithKline, Brentford, London, UK) three times through a spacer 
(Babyhaler®, GlaxoSmithKline, Brentford, London, UK), and post-bd parameters 
were registered 15 minutes after bronchodilator administration. The parameters in 
IOS measurements were reported as z-scores from national, height-adjusted 
reference values (231). 

4.2 Follow-up at the age of 10-13 years 

4.2.1 Follow-up visit 

The follow-up visit at the age of 10-13 years was arranged between 1st June 2014 
and 31st January 2015. All 166 children who had participated in the control visit at 
the age of 5-7 years were invited. In all, 138 children attended; 89 attended the clinical 
examination, and 49 answered only the questionnaire. Structured questionnaires 
were sent before the follow-up visits, completed by the families, and checked, if 
needed, by the study physician together with the family or by phone, as at the 5-7 
years visit. The questionnaires consisted of the same questions as five years earlier at 
the 5-7 years follow-up visits, supplemented with data on symptoms, diseases, 
diagnoses and treatments from six to 13 years of age. Weights and heights were 
measured for all children during the follow-up visit.  

4.2.2 Flow-volume spirometry 

Lung function was measured with flow-volume spirometry at the 10-13 years follow-
up. All 89 children who attended the clinical examination underwent spirometry, and 
all 89 recordings were included in the analyses. Antihistamines had to be interrupted 
five days in advance and short-acting beta agonists 12 hours before lung function 
measurements. ICS medication, if present, was not interrupted. 
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Spirometry was performed at the Department of Clinical Physiology, Tampere 
University Hospital using a calibrated spirometer (VmaxTM Carefusion; Becton, 
Dickinson and Company, Franklin Lakes, NJ, USA). During the procedure, the child 
was in a sitting position and wearing a nose clip. Before the procedure, the technician 
demonstrated correct technique for forced expiratory flows. Children repeated the 
blows until three, artefact-free, similar and technically acceptable curves were 
received. Only curves with rapid rise from beginning to peak flow and descending 
curves lasting at least 6 seconds were accepted. The highest values of FVC and FEV1 
were chosen for the analyses while the second highest values had to sit within 0.15 
L of the highest value. 

Two separate recordings of flow-volume spirometry were obtained from each 
child. First, baseline measurements were registered at the beginning of the protocol. 
Thereafter, children received 0.1 mg salbutamol (Ventoline®, GlaxoSmithKline, 
Brentfort, London, UK) four times and post-bd parameters were registered 15 
minutes after bronchodilator administration. 

4.2.3 Control group 

At the 10-13 years follow-up, four controls for each of the 166 study subjects, 
totalling 664 control patients, matched by age and sex, were collected from the 
population register of the Pirkanmaa (Tampere) Hospital District and invited to the 
clinical visit. Exclusion criteria were hospitalisation for any medical reason and any 
outpatient treatment for lower respiratory tract illnesses, including bronchiolitis, in 
infancy. In all, 112 control patients attended the follow-up visit and 108 of them 
performed flow-volume spirometry. 

4.3 Genetics 

4.3.1 Genetic methods 

Genetic studies were performed from whole blood samples taken during 
hospitalisation for clinical reasons and frozen for further studies. If such samples 
were missing, supplementary samples were collected during the follow-up visits. In 
all, frozen samples for genetic studies were available from 135 children.  
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The present dissertation includes analyses of SNPs of TLR1 rs5743618, TLR2 
rs5743708, TLR4 rs4986790, TLR6 rs5743810, TLR7 rs179008 and TLR10 
rs4129009 genes. These SNPs were chosen based on previously found associations 
with asthma at 5-7 and 10-13 years of age and with impulse oscillometry at 5-7 years 
of age in this post-bronchiolitis cohort study (226-229).  

Deoxyribonucleic acid (DNA) extraction from whole blood was performed using 
a commercial kit (Qiagen QiAmp DNA blood Mini Kit 250, Qiagen Inc., Hilden, 
Germany), and genotyping of TLR polymorphisms were performed at the 
Department of Clinical Microbiology in Tampere University Hospital, at the 
Department of Medical Microbiology and Immunology in Turku University 
Hospital, and at the National Institute of Health and Welfare in Turku, Finland.  

4.3.2 Genotyping of TLR1, 2, 4, 6, 7 and 10 polymorphisms 

TLR1 rs5743618, TLR2 rs5743708 and TLR6 rs5743810 genotyping were 
performed by pyrosequencing with the PSQTM96MA Pyrosequencer (Biotage, 
Uppsala, Sweden). PSQTM96 Pyro Golf Q96 reagent kit was used for recognising 
PCR products with potential SNPs according to manufacturer protocol. 

TLR4 rs4986790 genotyping was performed by pyrosequencing with the 
ABIPRISM 7000 Sequence Detection System (Applied Biosystems, CA). 
Genotyping was later supplemented with the PSQTM96MA Pyrosequencer (Biotage, 
Uppsala, Sweden) with the use of PSQTM96 Pyro Golf Q96 reagent kit. 

TLR7 rs179008 genotyping was performed by PCR-based sequencing. First, the 
PCR products were purified using a QIAquick PCR Purification Kit (Qiagen, Hilden, 
Germany) according to manufacturer protocol. After purification, PCR products 
were pipetted into a 96-well plate together with TLR7 rs179008 forward primer, and 
this plate was sent for final sequencing to the Institute for Molecular Medicine 
laboratory in Helsinki, Finland. 

TLR10 rs4129009 genotyping was performed by high resolution melting analysis 
with the Light Cycler 480 (Roche Diagnostics, Basel, Switzerland). PCR reactions 
were run at 95 ºC for 10 min following 45 cycles of amplification at 95 ºC for 10 
secs, at 60 ºC for 10 secs and at 72 ºC for 15 secs. After completing the PCR process, 
the final melting cycle conditions were performed according to manufacturer 
protocol and known TLR10 rs4129009 standards were used at each run. 
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4.4 Definitions  

In the flow-volume spirometry, FVC, FEV1, FEV1/FVC and MEF50 were reported 
as percentages of population-based, sex-specific, height-related references 
(percentages of predicted) (232). Bronchodilation test results were reported as 
changes in FEV1. The findings of flow-volume spirometry were considered 
pathological with the following limits: FVC ≤81% for boys and ≤82% for girls, 
FEV1 ≤80% for boys and ≤82% for girls, FEV1/FVC ≤87% for boys and ≤88% 
for girls, and MEF50 ≤64% for boys and ≤63% for girls, corresponding to the lower 
95% tolerance limits in the national reference data (232).  

Weight and height data were transformed into age- and sex-specific, height-
related body mass index z scores (zBMI) according to Finnish growth reference data. 
We used national zBMI cut-off values corresponding to threshold BMIs <17 kg/m2 

for underweight, >25 kg/m2 for overweight and >30 kg/m2 for obesity, respectively 
(233).  

Current asthma was defined as current use of ICSs or, alternatively, as the 
presence of asthma-presumptive symptoms with FEV1 change of 12% and 0.2l or 
more in the bronchodilation test. Asthma-presumptive symptoms were repeated 
wheezing, prolonged cough or night cough over four weeks during the last 12 
months. Persistent asthma was defined as the presence of physician-diagnosed 
asthma at 5-7 years of age and, in addition, current asthma at 10-13 years of age. 
Current ICS use was defined as regular use of ICSs during the last 12 months; 
similarly, current bronchodilator use was defined as regular use of bronchodilators 
during the last 12 months. Current atopic dermatitis and current allergic rhinitis 
needed to be symptomatic during the last 12 months. Skin prick test positivity was 
defined as at least one positive finding for eight airborne allergens tested at 5-7 years 
of age. 

Irreversible airway obstruction was defined as pathological finding in post-bd 
FEV1 or post-bd FEV1/FVC measurement with FEV1 change of less than 12% in 
the bronchodilation test. Risk factor data on atopic dermatitis in infancy, presence 
of maternal or parental asthma, presence of maternal smoking during pregnancy or 
infancy, and previous physician-made asthma diagnoses from birth to 5-7 year 
control visit were based on structured questionnaires.  
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4.5 Statistical analyses 

SPSS for Windows versions 23.0 and 25.0 (IBM Corp, Armonk, NY, USA) were 
used for the statistical analyses. Continuous variables were expressed as means, 
standard deviations (SD) and 95% confidence intervals (95%CI), and categorised 
variables as numbers and frequencies. Differences between groups in crude analyses 
were calculated with t-test for continuous variables and with Fisher’s exact test or 
Chi-square test for categorised variables. The difference was considered statistically 
significant if the 95%CIs did not overlap, or alternatively, if the p value was less than 
0.05. 

Analysis of covariance (ANCOVA) was used in adjusted analyses for continuous 
variables and logistic regression in adjusted analyses for categorised variables. The 
results of ANCOVA were expressed as adjusted p values and the results of logistic 
regression as adjusted odds ratios (OR) and their 95%CIs. The used confounding 
factors were current asthma, maternal smoking in infancy, RSV aetiology of 
bronchiolitis and zBMI, when appropriate.  

The adjusted correlations between zBMI and continuous spirometry parameters 
were calculated using multivariate linear regression analysis. Results of significant 
correlations were expressed as unstandardised coefficients (B) for zBMI, reflecting 
the degree of decrease or increase in spirometry parameter during one unit increase 
in zBMI. Adjusted R2 presents the predictive strength of the linear regression model. 

The normality of the continuous variables and residuals of linear regression 
analysis were estimated visually and using Kolmogorov-Smirnov and Shapiro-
Wilkinson tests. 

4.6 Ethics 

The study was approved by the Ethics Committee of the Tampere University 
Hospital District. The enrollment phase and all control visits were processed 
separately by the Ethics Committee.  

Participation in the study was approved by parents with written consent before 
enrollment and at all follow-ups at 18 months, 5-7 years and 10-13 years of ages. At 
the latest follow-up, participation was also approved by study subjects. Information 
about the control visit and structured questionnaire was sent to homes before each 
control visit, together with an invitation letter that included the information on 
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voluntary participation. The invited study subjects and controls could choose to 
attend the clinical study or to complete the questionnaire study only.  

The use of genetic data was limited to genes potentially associated with asthma 
and lung function. Genetic data were assigned to laboratory in coded form, and 
laboratory workers received no other information about the study subjects. The 
personalised genetic data were stored carefully and separately from other research 
data, and access to this data was limited only to the principal investigator at each 
study phase. 
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5 RESULTS 

5.1 Background factors  

Follow-up data were available in 89 former bronchiolitis patients (cases) at the mean 
age of 11.6 (SD 0.9) years and from 108 controls at the mean age of 11.8 (SD 1.0) 
years, and 50.6% cases vs. 44.4% controls were girls.  

Maternal smoking during pregnancy was present in 15.9% cases and in 2.8% 
controls (p=0.001), and the figures for maternal smoking during infancy were 27.0% 
and 5.6% (p<0.001), respectively. There were no significant differences between 
cases and controls in terms of presence of maternal asthma (11.2% vs. 13.0%, 
p=0.734). Current asthma was present in 13.5% of cases and in 11.1% of controls 
(p=0.612), and 9% of cases and 8.3% of controls had used ICSs during the last 12 
months (p=0.870). 

Viral data were available from 88/89 former bronchiolitis patients. RSV was 
positive in 71.6% of cases, rhinovirus in 11.4% of cases, and 13.6% of cases had 
other viruses. Multiple viruses were found in 9.1% of cases. Those 11.4% of cases 
without positive viral findings were added to the analyses as non-RSV bronchiolitis 
cases.  

5.2 Post-bronchiolitis lung function at the age of 10-13 years (I) 

Baseline and post-bd parameters of flow-volume spirometry were compared 
between cases who had been hospitalised for bronchiolitis at less than six months of 
age and age- and sex-matched controls without hospitalisation of any LRTIs in 
infancy. Parameters of the spirometry were expressed as percentages of population-
based, sex-specific, height-related references (percentages of predicted). 
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5.2.1 Comparison to control data, crude analyses 

Mean values and 95%CIs of baseline and post-bd FVC, FEV1, FVC/FEV1 and 
MEF50 were all within the normal limits. Post-bd FEV1/FVC was significantly 
lower in cases than in controls. There were no significant differences between cases 
and controls in other baseline or post-bd parameters as continuous variables (Table 
1). 
 

Table 1. Baseline and post-bronchodilator parameters in flow-volume spirometry in 89 former 
bronchiolitis patients (cases) and 108 controls, analysed as continuous variables. 

 Cases  Controls  
Spirometry parameters Mean (SD) 95%CI Mean (SD) 95%CI 
FVC Baseline 95.9 (11.6) 93.4-98.3 96.5 (9.5) 94.7-98.3 
 Post-bd 96.5 (11.9) 94.0-99.0 96.9 (8.8) 95.2-98.5 
FEV1 Baseline 89.0 (11.4) 86.6-91.4 91.7 (9.6) 89.9-93.6 
 Post-bd 92.4 (11.9) 89.9-94.9 95.9 (9.1) 94.1-97.6 
FEV1/FVC Baseline 93.3 (7.8) 91.6-94.9 95.2 (6.0) 94.0-96.3 
 Post-bd 96.1 (6.7) 94.6-97.5 99.0 (5.6) 98.0-100.1 
MEF50 Baseline 85.5 (21.3) 81.0-90.0 93.0 (22.6) 88.7-97.4 
 Post-bd 97.4 (22.9) 92.6-102.2 105.7 (22.9) 101.3-110.0 

Bronchodilation test     
FEV1 change % 3.9 (6.3) 2.6-5.3 4.7 (4.3) 3.8-5.5 

CI, confidence interval; FEV1, forced expiratory volume in one second; FVC, forced vital capacity; 
MEF50, maximal expiratory flow at 50% of FVC; Post-bd, post-bronchodilator; SD, standard 
deviation. Parameters of spirometry are expressed as percentages of predicted values. Statistically 
significant findings are marked with bold font. 
 

Baseline FEV1 was pathological in 24.7% of cases and 12.0% of controls 
(p=0.020), post-bd FEV1 was pathological in 18.0% of cases and 4.6% of controls 
(p=0.003) and baseline FEV1/FVC was pathological in 24.7% of cases and 13.0% 
of controls (p=0.034) (Table 2, Figure 7). There were no other significant differences 
between cases and controls in other baseline or post-bd parameters or in the 
bronchodilation test results (Table 2).  
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Table 2. Pathological findings in flow-volume spirometry in 89 former bronchiolitis patients 
(cases) and 108 controls, analysed as categorised variables. 

 Cases Controls  
Pathological parameters† No (%) No (%) p value‡ 
FVC Baseline 8 (9.0) 5 (4.6) 0.220 

Post-bd 9 (10.1) 6 (5.6) 0.230 
FEV1 Baseline 22 (24.7) 13 (12.0) 0.020 

Post-bd 16 (18.0) 5 (4.6) 0.003 
FEV1/FVC Baseline 22 (24.7) 14 (13.0) 0.034 

Post-bd 9 (10.1) 5 (4.6) 0.136 
MEF50 Baseline 16 (18.0) 11 (10.2) 0.113 

Post-bd 6 (6.7) 4 (3.7) 0.352 

Bronchodilation test    
FEV1 change  ≥12% 7 (7.9) 6 (5.6) 0.516 

FEV1, forced expiratory volume in one second; FVC, forced vital capacity; MEF50, maximal 
expiratory flow at 50% of FVC; Post-bd, post-bronchodilator. Statistically significant findings are 
marked with bold font. †FVC ≤81% for boys and ≤82% for girls, FEV1 ≤80% for boys and ≤82% 
for girls, FEV1/FVC ≤87% for boys and ≤88% for girls and MEF50 ≤64% for boys and ≤63% for 
girls (232), expressed as percentages of predicted. ‡ Chi-square test. 

Figure 7. Pathological baseline and post-bronchodilator FEV1 and FEV1/FVC in cases and controls.  
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5.2.2 Current asthma, maternal asthma, exposure for smoking  

When cases and controls were analysed in combination, there were more 
pathological findings in 24 children with current asthma compared to 173 without 
in baseline FEV1/FVC (58.3% vs. 12.7%, p<0.001), in baseline MEF50 (50.0% vs. 
8.7%, p<0.001), and in bronchodilation test ≥12% (33.3% vs. 2.9%, p<0.001). No 
other baseline parameters nor any post-bd parameters showed significant 
associations with current asthma.  

When the same analyses were performed within the bronchiolitis group, 12 cases 
with current asthma had pathological findings more often in relation to 77 cases 
without current asthma in spirometry. The figures were 75.0% vs. 16.9% (p<0.001) 
for baseline FEV1/FVC, 33.3% vs. 6.5% (p=0.017) for post-bd FEV1/FVC, 58.3% 
vs. 11.7% (p=0.001) for baseline MEF50, and 41.7% vs. 2.6% (p<0.001) for 
bronchodilation test ≥12% (unpublished data, Figure 8). Other spirometry 
parameters did not differ significantly between cases with or without current asthma.  

Figure 8. Pathological baseline and post-bronchodilator FEV1, FEV1/FVC and MEF50 in 89 cases 
with or without current asthma. 

 
 
There were no significant differences in the presence of pathological spirometry 

parameters between 24 cases or controls with and 173 without maternal asthma, nor 
between 30 cases or controls with and 167 without maternal smoking during infancy. 
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5.2.3 Comparison to control data, multivariate analyses 

Logistic regression was used for multivariate analyses to compare pathological 
findings in spirometry between cases and controls. Since current asthma was 
associated with pathological baseline spirometry and maternal smoking during 
infancy was more common in cases than in controls, current asthma and maternal 
smoking during infancy were used as covariates in the analyses. Cases had a 2.4-fold 
risk (95%CI 1.1-5.3) of pathological baseline FEV1 and a 4.4-fold risk (95%CI 1.5-
12.8) of pathological post-bd FEV1, but the risk of pathological FVC, FEV1/FVC 
or MEF50 did not differ significantly between cases and controls. 

The same multivariate model was used to study pathological findings in 
spirometry in relation to the aetiology of bronchiolitis, and children with RSV and 
children with non-RSV aetiology were compared with controls. RSV bronchiolitis 
was associated with a 2.9-fold risk of pathological baseline FEV1 and with a 4.6-fold 
risk of pathological post-bd FEV1. Non-RSV bronchiolitis showed no significant 
associations with pathological findings in spirometry (Table 3). 

 
Table 3. Multivariate logistic regression: Pathological baseline or post-bronchodilator 

parameters in flow-volume spirometry in 63 cases with RSV bronchiolitis and 25 
cases with non-RSV bronchiolitis, compared to 108 controls. 

  RSV bronchiolitis  Non-RSV bronchiolitis 
Pathological parameters†  N (%) OR (95%CI)‡   N (%) OR (95%CI)‡ 
FVC  Baseline  7 (11.1) 3.0 (0.9-10.3) 

 
1 (4.0) 1.1 (0.1-10.8) 

Post-bd  8 (12.7) 2.8 (0.9-8.9) 
 

1 (4.0) 1.0 (0.1-8.8) 
FEV1  Baseline  17 (27.0) 2.9 (1.2-6.7) 

 
5 (20.0) 1.7 (0.5-5.8) 

Post-bd  12 (19.0) 4.6 (1.5-14.2) 
 

4 (16.0) 4.1 (0.9-18.7) 
FEV1/FVC  Baseline  13 (20.6) 2.1 (0.8-5.6) 

 
9 (36.0) 2.4 (0.8-7.6) 

Post-bd  6 (9.5) 2.1 (0.6-7.8) 
 

3 (12.0) 2.1 (0.4-11.2) 
MEF50  Baseline  10 (15.9) 2.3 (0.8-6.8) 6 (24.0) 1.4 (0.4-5.3) 

Post-bd  5 (7.9) 2.8 (0.7-11.5) 
 

1 (4.0) 1.0 (0.1-10.3) 
Bronchodilation test       
FEV1 change >12 %  5 (7.9) 2.6 (0.6-11.5) 

 
2 (8.0) 1.0 (0.2-6.4) 

FEV1, forced expiratory volume in one second; FVC, forced vital capacity; MEF50, maximal 
expiratory flow at 50% of FVC; Post-bd, post-bronchodilator. Statistically significant findings are 
marked with bold font. †FVC ≤81% for boys and ≤82% for girls, FEV1 ≤80% for boys and ≤82% 
for girls, FEV1/FVC ≤87% for boys and ≤88% for girls and MEF50 ≤64% for boys and ≤63% for 
girls (232), expressed as percentages of predicted. ‡ Adjusted for current asthma and maternal smoking 
in infancy. 
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5.3 Weight status in relation to post-bronchiolitis lung function 
(II)  

The analyses of 88 children with early-life bronchiolitis in relation to weight status 
(zBMI) included 65 (73.9%) normal weight, 20 (22.7%) overweight and three (3.4%) 
obese children. The mean age was 11.7 years and 44 (50.0%) were girls. One girl was 
excluded from the analyses due to underweight. Overweight and obese children were 
analysed as a combined group (overweight or obese) due to the small number of 
obese children. There were no significant differences between normal weight and 
obese or overweight children in the prevalence of current asthma or maternal 
smoking during infancy.  

In crude analyses, overweight or obese children had lower baseline and post-bd 
FEV1/FVC than normal weight children. Other spirometry parameters did not 
show significant associations with overweight or obesity as continuous variables 
(Table 4).  

 
Table 4. Baseline and post-bronchodilator parameters in flow-volume spirometry in 65 

normal weight and 23 overweight or obese former bronchiolitis patients. 

 Normal weight n=65 Overweight or obese n=23 
Spirometry parameters Mean (SD) 95%CI Mean (SD) 95%CI 
FVC Baseline 94.4 (11.3) 91.6-97.2 99.6 (12.0) 94.4-104.8 
 Post-bd 95.4 (12.0) 92.4-98.4 99.2 (11.6) 94.2-104.2 

FEV1 Baseline 88.9 (9.9) 86.5-91.4 88.4 (14.5) 82.1-94.7 

Post-bd 92.6 (10.9) 89.9-95.3 91.0 (14.3) 84.8-97.2 

FEV1/FVC Baseline 94.7 (6.8) 93.0-96.4 88.9 (8.9) 85.0-92.7 
 Post-bd 97.5 (6.2) 96.0-99.0 91.6 (6.5) 88.8-94.4 
MEF50 Baseline 87.7 (18.6)  83.1-92.3 78.2 (26.6) 66.7-89.7 
 Post-bd 99.3 (22.2) 93.8-104.8 90.9 (24.1)  80.4-101.3  

CI, confidence interval; FEV1, forced expiratory volume in one second; FVC, forced vital capacity; 
MEF50, maximal expiratory flow at 50% of FVC; Post-bd, post-bronchodilator; SD, standard 
deviation. Parameters of spirometry are expressed as percentages of predicted. Statistically significant 
findings are highlighted with bold font. 
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As categorised variables, 23 overweight or obese children had pathological 
findings more often than 65 normal weight children in terms of baseline FEV1/FVC 
(52.2% vs 15.4%, p<0.001), post-bd FEV1/FVC (26.1% vs 4.6%, p=0.009), baseline 
MEF50 (34.8% vs 12.3%, p=0.026) and post-bd MEF50 (17.4% vs 3.1%, p=0.038). 
There were no significant differences in other spirometry parameters between 
overweight or obese and normal weight former bronchiolitis patients. 

In multivariate linear regression, adjusted for current asthma and maternal 
smoking in infancy, zBMI showed modest correlations between decreasing baseline 
and post-bd FEV1/FVC. One unit increase in zBMI predicted 2.3% decrease in 
baseline FEV1/FVC and 2.5% decrease in post‐bd FEV1/FVC In addition, zBMI 
showed a low correlation with increasing baseline FVC, but the adjusted R2, 
reflecting the predictive strength of the model, was only 2.8% (Table 5). There were 
no other significant correlations between zBMI and spirometry parameters. 

 
Table 5. Multivariate linear regression: Association of zBMI with parameters of flow-volume 

spirometry in 88 former bronchiolitis patients. 
Spirometry parameters B for zBMI  p value for B  Pearson’s R  Adjusted R2  
FVC  Baseline 2.9 0.033  0.25 0.028 
 Post-bd 2.3 0.093  0.22 0.016 
FEV1  Baseline 0.5 0.680  0.19 0.001 
 Post-bd -0.1 0.941  0.10 -0.025 
FEV1/FVC  Baseline -2.3 0.006  0.46 0.180 
 Post-bd -2.5 <0.001  0.50 0.227 
MEF50 Baseline -3.4 0.149 0.34 0.084 
 Post-bd -4.2 0.106 0.28 0.047 

FEV1, forced expiratory volume in one second; FVC, forced vital capacity; MEF50, maximal 
expiratory flow at 50% of FVC; Post-bd, post-bronchodilator; zBMI, body mass index z-scores. 
Parameters of spirometry are expressed as percentages of predicted. B = coefficient B. Correlations 
(Crude R): Strong correlation: >0.60 or <-0.60, modest correlation: 0.3 to 0.6 or -0.3 to -0.6, low 
correlation: 0 to 0.3 or 0 to -0.3. 

 
In multivariate logistic regression, overweight or obese children had a 5.4-fold 

risk (95%CI 1.7-17.8) of pathological baseline FEV1/FVC and a 5.6-fold risk 
(95%CI 1.2-26.4) of pathological post-bd FEV1/FVC compared to normal weight 
children. The risk of pathogical FVC, FEV1 or MEF50 did not differ significantly 
between overweight or obese and normal weight children. 
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5.4 Genetic variation of Toll-like receptors in relation to post-
bronchiolitis lung function (III and IV) 

Genetic data on TLR1, TLR2, TLR4, TLR6, and TLR7 polymorphisms were 
available from 82 former bronchiolitis patients (50.0% girls), and on TLR10 
polymorphism from 81 former bronchiolitis patients (49.4% girls), who performed 
flow-volume spirometry at the mean age of 11.6 years. Current asthma was present 
in 10 (12.2%) children, maternal smoking during infancy was present in 24 (29.3%) 
children, and RSV was positive in 58 (70.7%) children. Mean zBMI was 0.28 (SD 
0.97).  

Genotypes and minor allele frequencies of the analysed TLR polymorphisms are 
presented in Table 6. Wild genotype refers those without the presence of minor allele 
and variant genotype refers those with the presence of minor allele. Variant 
homozygous and heterozygous genotypes were analysed in combination due to low 
numbers of variant homozygous genotypes. Genes encoding TLR7 are located in X-
chromosome and, for that reason, TLR7 genotypes were analysed separately for boys 
and girls. Current asthma, maternal smoking during infancy, RSV aetiology of 
bronchiolitis and current zBMI were used as confounding factors in adjusted 
analyses. 

 
Table 6. Toll-like receptor 1, 2, 4, 6, 7 and 10 genotypes and minor allele frequencies 

in 82 former bronchiolitis patients compared to Finnish population data.   
 
SNP 

Wild 
(Major/Major)  

Variant  
(Major/Minor)  

Variant  
(Minor/Minor)  MAF  FIN  

TLR1 rs5743618   GG 0.76 GT 0.20    TT 0.05 0.15  0.17  
TLR2 rs5743708   CC 0.94 CT 0.06 TT 0 0.03  0.03  
TLR4 rs4986790 AA 0.84 AG 0.16 TT 0 0.09 0.12 
TLR6 rs5743810   CC 0.31 CT 0.46 TT 0.23 0.46 0.42  
TLR7 rs179008 Girls† AA 0.56 AT 0.39 TT 0.05 0.32‡ 0.31 
TLR7 rs179008 Boys† AA 0.81 AT 0 TT 0.20   
TLR10 rs4129009§ AA 0.82 AG 0.19 GG 0 0.09  0.08  
FIN, minor allele frequency in the Finnish data of the 1000 Genome Project (234); MAF, minor allele 
frequency in the study population; SNP, single nucleotide polymorphism. †N=41 for girls and 41 for 
boys. ‡ MAF is calculated including both girls and boys. §N=81 for TLR10.  
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5.4.1 TLR2 subfamily 

Associations of TLR1, TLR2, TLR6 and TLR10 (encoding respective TLR2 
subfamily members) wild and variant genotypes, and associations of genotype 
combinations within the TLR2 subfamily, were analysed in relation to post-
bronchiolitis lung function.  

There were no significant associations between TLR1 rs5743618, TLR2 
rs5743708 or TLR6 rs5743810 wild or variant genotypes and baseline or post-bd 
spirometry parameters.  

Concerning TLR2 rs5743708 and TLR1 rs5743618 combinations, the difference 
between three possible combinations was significant in adjusted analyses for baseline 
FEV1/FVC. Children with TLR2 variant and TLR1 wild genotypes had the highest 
and children with TLR2 wild and TLR1 wild genotypes had the lowest baseline 
FEV1/FVC. The TLR2 rs5743708 and TLR1 rs5743618 or TLR6 rs5743810 
genotype combinations showed no other significant associations with spirometry 
parameters (Table 7). 

 
Table 7. Combinations of TLR2 rs5743708 and TLR1 rs5743618 genotypes in relation to 

baseline and post-bronchodilator FEV1/FVC in 81 former bronchiolitis patients. 
 TLR2 wild  

TLR1 wild N=58  
TLR2 wild  
TLR1 variant N=19 

TLR2 variant  
TLR1 wild N=4  

 

FEV1/FVC Mean (SD)  
[95%CI]  

Mean (SD)  
[95%CI]  

Mean (SD)  
[95%CI]  

Adjusted p†  

Baseline 92.6 (7.3)  
[90.7-94.6]  

95.9 (8.2)  
91.9-99.8  

97.8 (6.7)  
[87.1-108.5]  

0.034  

Post-bd 95.8 (6.4)  
[94.1-97.4]  

97.3 (6.9)  
[94.0-100.7]  

100.0 (7.7)  
[87.7-112.3]  

0.114 

CI, confidence interval; FEV1, forced expiratory volume in one second; FVC, forced vital capacity; 
Post-bd, post-bronchodilator; SD, standard deviation. Parameters of spirometry are expressed as 
percentages of predicted. Statistically significant findings are marked with bold font. Only one study 
subject had the combination of variant TLR2 rs5743708 and variant TLR1 rs5743618 genotypes. 
†ANCOVA, adjusted for current asthma, maternal smoking in infancy, RSV aetiology of 
bronchiolitis and zBMI (for definitions, see main text).  
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Concerning TLR10 rs4129009, 15 former bronchiolitis patients with the variant 
genotype had significantly higher baseline and post-bd FEV1/FVC and baseline 
MEF50 in adjusted analyses than those 66 with the wild genotype. The TLR10 
rs4129009 showed no significant associations with other spirometry parameters 
(Table 8).  

 
Table 8. Wild and variant genotypes of TLR10 rs4129009 in relation to results of flow-volume 

spirometry in 81 former bronchiolitis patients. 

 Wild (AA) N=66  Variant (AG) N=15   
Spirometry parameters Mean (SD) 95%CI Mean (SD) 95%CI Adjusted p† 
FVC Baseline 96.7 (11.5)  93.9-99.5 92.6 (11.8)  86.1-99.1 0.102  

Post-bd 97.4 (12.1)  94.5-100.4 92.9 (11.0)  86.8-99.0 0.089  
FEV1 Baseline 89.2 (11.2)  86.5-92.0 88.3 (11.8)  81.8-94.9 0.832  

Post-bd 93.0 (11.7)  90.2-95.9 89.8 (12.9)  82.7-96.9 0.361  
FEV1/FVC Baseline 92.4 (7.6)  90.5-94.2 97.4 (8.0)  93.0-101.9 0.002  

Post-bd 95.5 (6.6)  93.9-97.1 98.6 (7.1)  94.7-102.5 0.011  
MEF50 Baseline 83.7 (20.7)  78.7-88.8 93.6 (21.4)  81.8-105.4 0.035  

Post-bd 95.8 (22.5)  90.3-101.3 105.9 (24.7)  92.2-119.5 0.065  

CI, confidence interval; FEV1, forced expiratory volume in one second; FVC, forced vital capacity; 
MEF50, maximal expiratory flow at 50% of FVC; Post-bd, post-bronchodilator; SD, standard 
deviation. Parameters of spirometry are expressed as percentages of predicted. Statistically significant 
findings are marked with bold font. None had the variant GG genotype. †ANCOVA, adjusted for 
current asthma, maternal smoking in infancy, RSV aetiology of bronchiolitis and zBMI 
(for definitions, see main text). 
 

Concerning TLR10 rs4129009 and TLR1 rs5743618 combinations, the 
difference between three possible combinations was significant in adjusted analyses 
for baseline and post-bd FEV1/FVC. Children with TLR10 variant and TLR1 
variant genotypes had the highest and children with TLR10 wild and TLR1 variant 
had the lowest baseline and post-bd FEV1/FVC. The TLR10 rs4129009 and TLR1 
rs5743618 genotype combinations showed no significant associations with other 
spirometry parameters (Table 9). 
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Table 9. Combinations of TLR10 rs4129009 and TLR1 rs5743618 genotypes in relation to 
baseline and post-bronchodilator FEV1/FVC in 81 former bronchiolitis patients. 

 TLR10 wild  
TLR1 wild N=61  

TLR10 wild  
TLR1 variant N=5  

TLR10 variant  
TLR1 variant N=15  

 

FEV1/FVC Mean (SD)  
[95%CI]  

Mean (SD)  
[95%CI]  

Mean (SD)  
[95%CI]  

Adjusted p† 

Baseline 92.8 (7.3)  
[90.9-94.7]  

86.9 (9.4)  
75.3-98.5  

97.4 (8.0)  
[93.0-101.9]  

0.003  

Post-bd 95.9 (6.4)  
[94.3-97.6]  

90.3 (6.5)  
[82.2-98.3]  

98.6 (7.1)  
[94.7-102.5]  

0.012  

CI, confidence interval; FEV1, forced expiratory volume in one second; FVC, forced vital capacity; 
Post-bd, post-bronchodilator; SD, standard deviation. Parameters of spirometry are expressed as 
percentages of predicted. Statistically significant findings are marked with bold font. None had the 
combination of variant TLR10 rs412900 and wild TLR1 rs5743618 genotypes †ANCOVA, 
adjusted for current asthma, maternal smoking in infancy, RSV aetiology of bronchiolitis and zBMI 
(for definitions, see main text).  
 

Concerning TLR10 rs4129009 and TLR2 rs5743708 combinations, the 
difference between three possible combinations was significant in the adjusted 
analyses in baseline and post-bd FEV1/FVC. Children with TLR10 variant and 
TLR2 wild genotypes had the highest and children with TLR10 wild and TLR2 wild 
genotypes had the lowest baseline and post-bd FEV1/FVC. The TLR10 rs4129009 
and TLR2 rs5743708 genotype combinations did not show significant associations 
with other spirometry parameters (Table 10). 
 
Table 10. Combinations of TLR10 rs4129009 and TLR2 rs5743708 genotypes in relation to 

baseline and post-bronchodilator FEV1/FVC in 81 former bronchiolitis patients. 

 TLR10 wild 
TLR2 wild N=61  

TLR10 wild 
TLR2 variant N=5  

TLR10 variant 
TLR2 wild N=15  

 

FEV1/FVC Mean (SD)  
[95%CI]  

Mean (SD)  
[95%CI]  

Mean (SD)  
[95%CI]  

Adjusted p† 
   

Baseline 92.3 (7.2) 
[90.5-94.2]  

93.0 (12.2) 
[77.9-108.1] 

97.4 (8.0) 
[93.0-101.9]  

0.007  

Post-bd 95.4 (6.2) 
[93.8-97.0]  

96.1 (10.9) 
[82.6-109.7]  

98.6 (7.1) 
[94.7-102.5]  

0.037  

CI, confidence interval; FEV1, forced expiratory volume in one second; FVC, forced vital capacity; 
Post-bd, post-bronchodilator; SD, standard deviation. Parameters of spirometry are expressed as 
percentages of predicted. Statistically significant findings are marked with bold font. None had the 
combination of variant TLR10 rs412900 and variant TLR2 rs5743708 genotypes. †ANCOVA, 
adjusted for current asthma, maternal smoking in infancy, RSV aetiology of bronchiolitis and zBMI 
(for definitions, see main text).  
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5.4.2 TLR4 and 7 

TLR4 rs4986790 and TLR7 rs179008 wild and variant genotypes were analysed in 
relation to post-bronchiolitis lung function. There were no significant differences 
between 69 children with TLR4 rs4986790 wild and those 13 with variant genotypes 
in baseline or post-bd spirometry parameters. There were no significant differences 
between TLR7 rs179008 wild and variant genotypes in baseline or post-bd 
spirometry parameters in girls or boys.  

5.5 Irreversible airway obstruction after bronchiolitis (V) 

Irreversible airway obstruction was present in 21 (23.9%) of the 88 former 
bronchiolitis patients. Ten children (47.6%) with irreversible airway obstruction had 
a history of asthma. 

The children with and without irreversible airway obstruction did not differ for 
gender or mean age, height or zBMI. Repeated wheezing during the last 12 months 
was more common in 21 children with than in those 67 without irreversible airway 
obstruction, but such association was not seen for prolonged cough or night cough. 
Current ICS use, but not current or persistent asthma, was significantly associated 
with irreversible airway obstruction. There were no significant differences between 
children with or without irreversible airway obstruction in presence of current atopic 
dermatitis, current allergic rhinitis or current use of bronchodilators (Table 11).  
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Table 11. Current characteristics of 21 former bronchiolitis patients with versus those 67 without 
irreversible airway obstruction at 10-13 years of age. 

 Irreversible airway 
obstruction N=21 

Normal post-BD FEV1 
and FEV1/FVC N=67 

 

Continuous variables Mean SD Mean SD p value† 

Age (years) 11.7 0.9 11.6 1.0 0.925 
Height (cm) 153.5 7.7 150.6 9.1 0.201 
zBMI (kg) 0.56 1.1 0.16 0.9 0.103 
Categorised variables n % n % p value‡ 

Girls 9 42.9 35 52.2 0.453 
Current atopic dermatitis 8 38.1 19 28.4 0.399 
Current allergic rhinitis  12 57.1 29 43.3 0.267 
Repeated wheezing 9 42.9 14 20.9 0.046 
Prolonged cough 3 14.3 7 10.4 0.697 
Night cough 6 28.6 8 11.9 0.090 
Bronchodilator use 8 38.1 12 17.9 0.074 
ICS use 5  23.8 3 4.5 0.017 
Current asthma  5  23.8 7 10.4 0.148 
Persistent asthma 3  14.3 3 4.5 0.145 

SD, standard deviation; FEV1, forced expiratory volume in one second; FVC, forced vital capacity. 
For definitions, see Materials and Methods section. Statistically significant findings are marked with 
bold font. †Calculated by T-test. ‡Calculated by Chi-square test or Fisher’s exact test. 

5.5.1 Early-life and preschool-age risk factors 

Early-life risk factors that were included in the analyses are presented in Table 12. 
Hospitalisation ages of less than four or 12 weeks, or RSV or rhinovirus aetiologies 
of bronchiolitis, were not associated with irreversible airway obstruction. In addition, 
atopic dermatitis at less than 12 months of age, maternal asthma, parental asthma 
and maternal smoking during pregnancy or infancy did not show significant 
associations with irreversible airway obstruction. Doctor-diagnosed asthma at less 
than 12 months of age was associated with irreversible airway obstruction, but such 
association was not seen for asthma diagnoses at less than three years or five years 
of age (Table 12, Figure 9).  
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Table 12. Early-life risk factors in relation to irreversible airway obstruction at the age of 10-13 
years after early-life bronchiolitis.  

 
 
 

Irreversible airway 
obstruction 
N=21 

Normal post-BD 
FEV1 and FEV1/FVC 
N=67 

 

Early-life risk factors n % n % p value † 
Hospitalisation age ≤4 weeks 4 19.0 9 13.4 0.501 
Hospitalisation age ≤12 weeks 11 52.4 43 64.2 0.333 
RSV aetiology ‡ 15 71.4 47 71.2 0.985 
Rhinovirus aetiology ‡ 2 9.5 8 12.1 1.0 
Atopic dermatitis <12 months of age 9 42.9 16 23.9 0.092 
Maternal asthma 1 4.8 9 13.6 0.440 
Parental asthma 3 14.3 11 16.4 1.0 
Maternal smoking during pregnancy 5 23.8 9 13.4 0.308 
Maternal smoking <12 months of age 7 33.3 17 25.4 0.475 
Asthma diagnosis <12 months of age 4 19.0 1 1.5 0.011 
Asthma diagnosis <3 years of age 6 28.6 10 14.9 0.196 
Asthma diagnosis <5 years of age 7 33.3 12 17.9 0.143 

FEV1, forced expiratory volume in one second; FVC, forced vital capacity. For definitions, see 
Material and Methods section. Statistically significant findings are marked with bold font. †Calculated 
by Chi-square test or Fisher’s exact test. ‡N=87 for data of viral aetiology. 

Figure 9. Irreversible airway obstruction, assessed by post-bronchodilator FEV1 and FEV1/FVC at 
10-13 years of age, in 88 former bronchiolitis patients with asthma diagnosis at less than 
12 months, three years and five years. 
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In multivariate logistic regression, adjusted for current asthma and zBMI, doctor-
diagnosed asthma at less than 12 months of age remained an independently 
significant risk factor for irreversible airway obstruction (adjusted OR 12.6, 95%CI 
1.3-126.4). Other early-life risk factors showed no significant associations with 
irreversible airway obstruction in multivariate logistic regression.  

Preschool-age risk factors, such as current atopic dermatitis, current allergic 
rhinitis, physician-made asthma diagnosis at 5-7 years of age, or skin prick test 
positivity at 5-7 years of age, did not show significant associations with irreversible 
airway obstruction. 

5.5.2 Role of TLR polymorphisms 

There was a significant association between TLR4 rs4986790 and irreversible airway 
obstruction after infant bronchiolitis. Irreversible airway obstruction was present in 
20 (29.0%) of 69 children with wild AA genotype and in none of those 13 with 
variant AG genotype of TLR4 rs4986790 (p=0.031). However, this significance was 
lost in multivariate logistic regression, adjusted for current asthma and zBMI 
(adjusted OR 0.2, 95%CI 0.0-1.6). Wild or variant genotypes of 
TLR1 rs5743618, TLR2 rs5743708, TLR6 rs5743810, TLR7 rs179008 or TLR10 
rs4129009 did not show significant associations with irreversible airway obstruction. 

5.5.3 Impulse oscillometry at the age of 5-7 years in relation to irreversible 
airway obstruction at the age of 10-13 years 

Results of both lung function measurements, including IOS at 5-7 years of age and 
spirometry at 10-13 years of age, were available from 62 former bronchiolitis 
patients, 17 (27.4%) of whom had irreversible airway obstruction. Higher post-bd 
Rrs5 and lower baseline and post-bd Xrs5 were significantly associated with 
irreversible airway obstruction, and these findings remained significant after 
adjustments for current asthma and zBMI (Table 13). 
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Table 13. Baseline and post-bronchodilator respiratory system resistance at 5 Hz and respiratory 
system reactance at 5 Hz measured with impulse oscillometry at the age of 5-7 years 
of age in relation to irreversible airway obstruction at the age of 10-3 years of age. 

 Irreversible airway 
obstruction N=17 

Normal post-BD FEV1 and 
FEV1/FVC N=45 

 

IOS parameters  Mean (SD) 
 

95%CI 
 

Mean (SD) 
 

95%CI Adjusted 
p value† 

Rrs5  Baseline 0.18 (0.99) -0.33 to 0.69 -0.22 (0.93) -0.50 to 0.06 0.230 
 

Post-bd -1.22 (0.84)  -1.65 to -0.78  -1.92 (0.75) -2.1 to -1.70 0.004 

Xrs5  Baseline -1.63 (1.53)  -2.4 to -0.85 -0.43 (0.99) -0.72 to -0.13 0.001 
 

Post-bd -0.21 (0.70) -0.57 to 0.15 0.56 (0.56) 0.40 to 0.73 <0.001 

CI, confidence interval; Rrs5, respiratory system resistance at 5 Hz; SD, standard deviation; Xrs5, 
respiratory system reactance at 5 Hz. For definitions, see Material and Methods section. Parameters 
of impulse oscillometry are expressed as z scores. Statistically significant findings are marked with bold 
font. †ANCOVA between groups, adjusted for current asthma and zBMI. 
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6 DISCUSSION 

6.1 Lung function after bronchiolitis 

This thesis evaluated baseline and post-bd lung function measured with flow-volume 
spirometry in adolescence after hospitalisation for bronchiolitis at the age of less 
than 6 months in a controlled setting. Originally, 187 infants were enrolled, and 89 
former bronchiolitis patients and 108 controls attended the study at the age of 10-
13 years. 

6.1.1 Outcome at the age of 10-13 years 

Hospitalisation for bronchiolitis at the age of less than 6 months was associated with 
decreased baseline and post-bd FEV1 and FEV1/FVC at the mean age of 11.6 years 
compared with age- and sex-matched controls. In analyses of continuous data, infant 
bronchiolitis showed a significant association with post-bd FEV1/FVC, and in 
analyses of categorised data, with baseline and post-bd FEV1 and with baseline 
FEV1/FVC. More precisely, baseline FEV1 was pathological in 25% of cases versus 
12% of controls, and post-bd FEV1 in 18% of cases versus 5% of controls. In 
multivariate logistic regression, the risk of irreversible FEV1 reduction was more 
than four-fold after infant bronchiolitis. This increased risk was independent of 
current asthma and significant after RSV positive but not after RSV negative 
bronchiolitis. In addition, baseline FEV1/FVC was pathological in 25% of cases 
versus 13% of controls, and post-bd FEV1/FVC in 10% and 5%, respectively. The 
association between bronchiolitis and FEV1/FVC was not significant in analyses 
adjusted for asthma, which implies that FEV1/FVC reduction was dependent on 
asthma, or that the analyses were underpowered due to small figures.  

Four previous post-bronchiolitis studies have evaluated lung function at 10-13 
years of age (Table 14). Three studies were controlled, age on admission was under 
12 months, RSV was the only or main causative agent, and findings were reported 
as continuous variables only (13, 15, 16). In all three studies, bronchiolitis was 
significantly associated with decreased baseline FEV1 (13, 16) or FEV1/FVC (15, 
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16). This contradicts findings of this thesis, since we found no significant differences 
between cases and controls in baseline spirometry as continuous variables. 
Obviously, our controls were biased, as those with asthmatic symptoms were over-
represented and, in addition, prevalence of asthma in cases and controls was rather 
similar (181). In previous post-bronchiolitis studies, the prevalence of asthma in 
cases has been higher (21-39%) than in controls (3-13%) and higher than prevalence 
of post-bronchiolitis asthma in the present cohort (13%). Only a Swedish study 
reported post-bd results (15). In that study, hospitalisation for RSV bronchiolitis was 
associated with decreased post-bd FEV1/FVC, but such association was not found 
after excluding study subjects with current asthma or recurrent wheezing symptoms 
(15). These findings are in line with the present results and suggest that FEV1/FVC 
reduction in early adolescence after bronchiolitis depends on asthma.  

A non-controlled study from Finland reported baseline spirometry as categorised 
variables at the age of 12 years in children who were hospitalised for bronchiolitis at 
the age of less than 24 months (Table 14) (176). In that study, FEV1 and FEV1/FVC 
were pathological in 18% and 16% of adolescents, respectively (176), compared to 
25% in the current thesis. That Finnish cohort was followed up until the age of 17-
20 years (11), at which point the study was controlled and both baseline and post-bd 
spirometry were performed; however, the results were reported only as continuous 
variables. Surprisingly, there were no significant differences in baseline or post-bd 
FEV1 or FEV1/FVC between cases and controls. In addition, the finding remained 
similar in RSV positive and rhinovirus positive groups, although both groups 
showed higher asthma prevalence, 43% and 64%, respectively, compared to 12% 
asthma prevalence in controls (11). In the present thesis, former bronchiolitis 
patients showed lower post-bd FEV1/FVC values than controls, and those with 
RSV positive bronchiolitis were at increased risk for irreversible FEV1 reduction. 
This opposes the findings of the older Finnish cohort study, but instead, is supported 
by other previous follow-ups demonstrating decreased post-bd FEV1/FVC after 
hospitalisation for bronchiolitis (10, 14, 21) and decreased post-bd FEV1 after 
hospitalisation for RSV bronchiolitis (17, 175).  

In the Finnish study, RSV aetiology of bronchiolitis was associated with reduced 
FVC at 12 years age suggesting restrictive changes (11, 176). An older Finnish cohort 
study evaluated lung function outcome at the age of 30 years in 70 participants with 
RSV bronchiolitis or RSV pneumonia in infancy, and, similarly, there was a link 
between severe RSV infection and reduced FVC. The present results on adolescents 
did not confirm these findings since we found no association between bronchiolitis 
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and FVC. Due to small numbers of study subjects, the present and previous long-
term follow-ups were probably underpowered to find all existing associations. 

 
Table 14. Summary of post-bronchiolitis studies evaluating lung function outcome at the age of 

10-13 years.  

Study 
No (enrolled) 

No  
cases/ 
controls  

Age at 
enrollment, 
months 

RSV, % Asthma, % 
cases/ 
controls 

Post-bd 
spirometry 

Categori-
sed 
variables 

Noble (13)  
Nottingham, 
UK  
1979-81 
N=101 
 

61/47 <12 66 39/13 No No 

Mikalsen (16) 
Bergen,  
Norway  
1997-98 
N=131 
 

108/89 <12 74 21/9 No No 

Sigurs (15)  
Borås,  
Sweden  
1989-90 
N=47 
 

44/86 <12 100 28/3 Yes No 

Hyvärinen (176)  
Kuopio,  
Finland  
1992-93 
N=100 
 

80/- <24 30 40/- No Yes 

Present study 
Tampere, 
Finland 
2000-04 
N=187 

89/108 <6 72 13/11 Yes Yes 

6.1.2 Present results of spirometry in early adolescence in relation to 
impulse oscillometry at preschool age 

In the present post-bronchiolitis follow-up, baseline and post-bd lung functions 
were measured twice: by IOS at preschool age and by spirometry in early 
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adolescence. Of those who underwent spirometry, 70% had participated in follow-
up visit with measurements of IOS at preschool age.  

At the age of 5-7 years, 20% of children presented with abnormal findings in 
baseline IOS, but only one of them in post-bd IOS, as published previously (18). 
Five years later, prevalence of abnormal findings in baseline spirometry was rather 
similar, but prevalence of abnormal findings in spirometry after bronchodilation was 
markedly higher: 18% for post-bd FEV1 and 10% for post-bd FEV1/FVC. Thus, 
school age may be the critical period for progression of changes in lung function of 
children with bronchiolitis in infancy. A study from Missouri, USA demonstrated a 
steep decline of FEV1 from seven to 12 years of age after hospitalisation for RSV 
bronchiolitis (17). However, asthma was common and post-bd measurements were 
rarely taken in that study, which means that the identified FEV1 trajectories mainly 
reflected baseline lung function in post-bronchiolitis asthma. Still, the results suggest 
that there was a decline in post-bronchiolitis FEV1 during school age. 

In the present follow-up, the use of different measuring techniques at preschool 
age and in early adolescence brings a risk of bias. In addition, present observations 
in IOS were based on Rrs5 and Xrs5 and did not include those IOS measures that 
are thought as most sensitive for small airways. Maximal expiratory flows, assessed 
with spirometry, are modified by lung elastic recoil in addition to airflow resistance 
(93). In contrast, Rrs assessed with IOS is mainly dependent on airway calibre (109). 
This means that higher prevalence of irreversible abnormalities in spirometry 
compared to Rrs may be due to changes in lung elastic recoil and could not be seen 
in IOS at preschool age although potentially present. Interestingly, abnormalities in 
IOS at preschool age accentuated on Xrs5 (18), that is described to reflect elastic 
properties of the lung periphery in addition to peripheral obstruction (113).  

Previously in this cohort study, we have demonstrated moderate to strong 
correlations between IOS at preschool age and spirometry in adolescence (235). The 
observations of lung function in asthmatic children followed from preschool age to 
adolescence in Helsinki, Finland, were similar (236). In the present analyses, higher 
post-bd Rrs5 and lower baseline and post-bd Xrs5 in IOS at preschool age increased 
the risk of irreversible changes in lung function in adolescence. Thus, the process 
leading to irreversible reduction of lung function probably starts before school age. 
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6.1.3 Mechanisms of reduced lung function 

Origins of reduced lung function in children and the roles of early-childhood LRTIs 
have been under active discussion since lung function growth was found to be 
associated with wheezing phenotypes in the TCRS birth cohort study (164). Children 
with wheezing LRTI during the first three years of life were classified as transient 
wheezers, who no longer wheezed at six years of age, and as persistent wheezers, 
who still wheezed at six years of age. In relation to never wheezers, both wheeze 
groups showed lower maximal expiratory flows from preschool age to adolescence, 
but only transient wheezers already presented with decreased flows in infancy before 
any LRTI (33, 134).  

Airway remodelling is thought to be the primary reason for lung function decline 
in asthma and persistent wheeze (26, 27). Reduced lung function in transient 
wheezers, most obviously, has its origin prenatally or postnatally in early infancy 
(164). Possible mechanisms for reduced maximal expiratory flows in infancy include 
at least persistently reduced airway calibre, variations in lung elastic properties, and 
increased airway reactivity. Irrespective of mechanism, reduced expiratory flows in 
infancy increases the risk of LRTIs in early childhood (30-32) and decreased 
expiratory flows later in childhood (34, 35). The design of the present study did not 
allow any comparisons between these mechanisms since data on infant lung function 
was not available. However, lung function reduction was seen in asthmatic and non-
asthmatic participants, which suggests that both mechanisms, airway remodelling 
and premorbid origin, were likely to be present.  

In the present thesis, over half of adolescents who had irreversible reduction of 
post-bd FEV1 or post-bd FEV1/FVC had no history of asthma. Due to low, 1%, 
prevalence of abnormal post-bd IOS at preschool age, the present findings in non-
asthmatic children suggest a reduction in growth of the lung function after 
bronchiolitis. Our findings are in disagreement with those of the TCRS birth cohort 
study that documented persistently reduced expiratory flows in transient wheezers 
after early childhood LRTIs without progression during school years (134). 
Compared to the present study, TCRS evaluated influences of mild respiratory 
infections on the outcome and reported findings only as continuous variables within 
the whole, probably heterogeneous, group of transient wheezers. The discrepancy 
between the present results and those of the TCRS call for further, longitudinal 
studies on lung function development after severe LRTIs with analyses stratified for 
asthma and standardized for used measuring techniques.  
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Interesting findings were made in a large study combining findings of two 
population-based cohorts from Perth, Australia and from Manchester, UK (34). The 
authors demonstrated that even 75% of children with reduced expiratory flows in 
infancy moved to average or above-average lung function trajectories in later 
childhood or in adolescence (34), meaning that improvement in childhood lung 
function was rather common. In the present study, the majority of children with 
abnormal Xrs5 or Rrs5 in IOS at preschool age presented with abnormal FEV1 or 
FEV1/FVC function in spirometry in early adolescence, suggesting that the shift to 
normal was not common at school age after severe bronchiolitis (Figure 10).  

Figure 10. Normal and abnormal Rrs5 and Xrs5 measured with impulse oscillometry at 5-7 years of 
age compared to normal and abnormal FEV1 and FEV1/FVC measured with flow-volume 
spirometry at the age of 10-13 years in 62 study subjects. 

 
FEV1, forced expiratory volume in one second; FVC, forced vital capacity; Rrs5, respiratory system 
resistance at 5 Hz; Xrs5, respiratory system reactance at 5 Hz. Thresholds for abnormal impulse 
oscillometry as z scores were Rrs5 >+1.65 or Xrs5 <-1.65. Threshold for abnormal spirometry as 
percent of predicted were FEV1 ≤80% for boys and ≤82% for girls or FEV1/FVC ≤87% for boys 
and ≤88% for girls. 

6.2 Tobacco smoke exposure in relation to bronchiolitis 

The present results revealed no associations between tobacco smoke exposure and 
post-bronchiolitis lung function at the age of 10-13 years. Similarly, in an older 
Finnish post-bronchiolitis study, exposure to smoking during pregnancy or infancy 
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did not affect lung function at the age of 12 years although it was associated with 
airway hyper-responsiveness at the same age (176). 

In the present follow-up, 27% of the mothers smoked during the child’s first 
living year. The rate of maternal smoking in early childhood was rather similar to 
those of 28-29% reported from other Finnish post-bronchiolitis cohorts (191, 237). 
Maternal smoking was clearly more common in former bronchiolitis patients than 
in controls in the present cohort. Similarly, maternal smoking has been identified as 
a risk factor for early childhood LRTIs in several studies (33, 127, 182). Previous 
post-bronchiolitis studies have not reported numbers of early-life smoke exposures 
in comparison with controls. 

6.3 Effects of overweight in post-bronchiolitis lung function  

A large meta-analysis concluded that the most common pattern of spirometry in 
overweight or obese children is reduced FEV1/FVC with normal or increased FEV1 
and FVC (195). The present results in former bronchiolitis patients are in line; 
overweight (obese included) was associated with reduced FEV1/FVC at the age of 
10-13 years, but not with FEV1 or FVC. This result was similar as continuous and 
as categorised variables, and it remained significant after adjustments with current 
asthma and maternal smoking. 

In the present cohort at 10-13 years of age, 52% of overweight children had 
reduced FEV1/FVC, and half of them presented with irreversible reduction. This 
probably means that effects of overweight are not similar in all subjects and may 
reflect two separate connections between overweight and lung function in children, 
as described previously in literature. First, overweight is associated with increased 
airway reactivity and asthma, and second, overweight may induce dysanaptic increase 
in lung growth (40), and both of these mechanisms may finally lead to decreased 
FEV1/FVC.  

Only one previous study has evaluated impacts of overweight or obesity on post-
bronchiolitis lung function. In that Finnish study, association between overweight 
and baseline spirometry was evaluated at the age of 12.3 years in 74 children who 
had been hospitalised for infection associated wheezing at less than 24 months of 
age (43). In line with our results, FEV1/FVC, but not other spirometry parameters, 
was decreased in overweight subjects, and the findings remained significant after 
adjusting for anti-inflammatory medication of asthma (43). In the same Finnish 
study, 33% of children with current overweight or obesity had reduced baseline 
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FEV1/FVC (43). In the present cohort, prevalence of baseline FEV1/FVC 
reduction at the age of 10-13 years was higher, since about half of overweight 
children showed reduced FEV1/FVC. However, post-bd measurements were not 
performed in the other Finnish study, and for this reason, more detailed comparison 
cannot be done.  

Interesting findings were reported in a study from Brazil that evaluated the 
association between overweight and lung function in 114 asthmatic and 74 non-
asthmatic children at school age (42). In that study, asthma and overweight 
independently reduced baseline FEV1/FVC, but after bronchodilation, overweight 
contributed more to FEV1/FVC ratio than asthma (42). Dysanaptic discrepancy 
between airways and the lungs may be increased in those overweight children, whose 
post-bd FEV1/FVC is reduced before from other reason than overweight. This may 
be one explanation for high prevalence of FEV1/FVC reduction in overweight 
children in the present study.  

6.4 The role of TLR polymorphisms 

In this thesis, only one SNP was determined for each TLR gene based on previously 
reported findings on their functional properties and impacts on post-bronchiolitis 
outcome previously in this cohort study.  

A link between TLR polymorphisms and pulmonary diseases is evident (220), but 
studies evaluating associations between TLR polymorphisms and lung function are 
rare. Few previous studies have evaluated those SNPs included in the present thesis, 
showing inconsistent findings and variable designs (223-225). Variant genotype of 
TLR2 rs5743708 was associated with better lung function in swine operation 
workers in a Canadian study (223), and with a faster decline of FEV1 in patients with 
cystic fibrosis in a Belgian study (224). In a Dutch study, the same SNP of TLR2 
polymorphism and TLR4 rs4986790 showed no association with FEV1 in COPD 
patients (225).  

In the present cohort, TLR4 rs4986790 and TLR6 rs5743810 showed preliminary 
associations with airway reactivity measured by IOS at the age of 5-7 years. Airway 
reactivity was not measured in the follow-up at 10-13 years, but these SNPs did not 
show associations with baseline or post-bd spirometry. The findings suggest that 
although an association existed between TLR4 rs4986790 or TLR6 rs5743810 and 
airway reactivity at preschool age after bronchiolitis in infancy, it was not followed 
by significant changes in lung function measured with spirometry by the age of 10-
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13 years. The present results did not confirm an association between TLR7 rs179008 
and lung function measured with IOS at the age of 5-7 years.  

In the present analyses of the TLR2 subfamily, the most distinct association was 
found in terms of TLR10 rs4129009: variant genotype was associated with higher 
baseline and post-bd FEV1/FVC, and the association was seen in all studied 
genotype combinations that included variant genotype of TLR10 rs4129009. In 
contrast, variant genotypes of TLR10 rs4129009 were associated with asthma treated 
with ICSs or continued from preschool age to adolescence previously in the present 
follow-up (228).  

Previous literature has described TLR10 mainly as an inhibitory receptor  (216-
218). Several possible anti-inflammatory mechanisms for TLR10 include hetero-
dimerisation with other TLRs, competing over same ligands with other TLRs and 
regulating the production of anti-inflammatory cytokines. TLR10 probably uses 
different intra-cellular binding proteins than other TLRs, which may lead to 
antagonist signalling pathways against the pro-inflammatory effects of other TLRs. 
In addition, TLR10 may reduce interactions between immune cells and T 
lymphocytes (212). Recent evidence suggests that TLR10 can also activate pro-
inflammatory cytokine production, and TLR10 polymorphisms may change the 
balance between pro- and anti-inflammatory responses, leading to altered 
vulnerability to infections and asthma (212). 

The present results at the age of 10-13 years after hospitalisation for bronchiolitis 
suggest that both pro-inflammatory and anti-inflammatory mechanisms are present, 
since variant genotype of TLR10 rs4129009 predisposed children to severe 
manifestations of asthma but had a protective effect against lung function 
reductions. This discrepancy may reflect the complex modulatory effects of TLR10, 
or it may result from different TLR10 interactions with different pathogens.  

The results from the present cohort study revealed, in line with available literature 
(15, 21, 175), irreversible changes in lung function, especially after RSV bronchiolitis. 
In contrast, rhinovirus aetiology has been associated with increased risk of post-
bronchiolitis asthma (162). Unlike rhinoviruses, RSV is able to cause direct epithelial 
damage in the airways (57). There is some evidence that TLRs may have a role in 
recognising endogenous molecules of necrotic cells and in inducing the regeneration 
of injured tissue (238), but these findings are not confirmed for TLR10 or, in 
particular, for bronchiolitis pathology. 

TLR1 rs5743618 or TLR2 rs5743708 were not related to post-bronchiolitis lung 
function, but interestingly, genotype combinations of these two SNPs showed 
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significant association with baseline FEV1/FVC. This suggests an altered function 
via hetero-dimerisation between TLR1 and TLR2.  

6.5 Risk factors for irreversible airway obstruction after 
bronchiolitis 

Smoking is the major reason for irreversible airway obstruction and COPD in adults. 
However, early-life origins for COPD have attracted increasing interest in recent 
years. Early-childhood asthma and respiratory infections may have a crucial role in 
development of persistently decreased lung function, especially in non-smokers (123, 
124). The definitions of irreversible airway obstruction vary which complicates 
comparison of findings from different studies. The present definition comprises 
irreversible changes in FEV1 and in FEV1/FVC.  

In the present cohort at the age of 10-13 years, irreversible airway obstruction 
was present in 24% of children who were hospitalised for bronchiolitis in early 
infancy. The prevalence of irreversible airway obstruction was rather high and may 
reflect the outcome of those children who were hospitalised for bronchiolitis in the 
very first months of life. In an older Finnish post-bronchiolitis cohort, prevalence 
of irreversible airway obstruction, defined by reduced post-bd FEV1/FVC, was 21% 
in early adulthood (10) compared to 10% of post-bd FEV1/FVC reduction in the 
present cohort. However, the older Finnish study did not report prevalence of post-
bd FEV1 reduction.  

Childhood asthma is a well-known cause of lung function abnormalities. 
Persistent, severe childhood asthma may trigger reduced airway growth that leads to 
irreversible changes in lung function and increases the risk of later COPD (24). In 
the present cohort, children with irreversible airway obstruction at the age of 10-13 
more often reported repeated wheezing and used ICSs compared to those without 
irreversible obstruction. Likewise, physician-diagnosed asthma increased the risk of 
significant FEV1 decline in a post-bronchiolitis cohort from Missouri, USA (17).  

The present findings revealed a significant association between irreversible airway 
obstruction and age at asthma diagnosis. The risk of irreversible airway obstruction 
was 13-fold in those with physician-diagnosed asthma by the age of 12 months. In 
contrast, physician-diagnosed asthma by the age of three or five years did not show 
such a significant association. Interestingly, 80% of those who were diagnosed with 
asthma by the age of 12 months had irreversible airway obstruction at the age of 10-
13 years. The respective figure was 38% for those who were diagnosed with asthma 
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by the age of three years, and two thirds of the children with irreversible airway 
obstruction had already been diagnosed with asthma during the first year of life. 
Noteworthy, physician-diagnosed asthma by age 12 months may reflect either 
transient or persistent respiratory symptoms assessed as six years of age, which is the 
most used practice in epidemiological studies. Still, special attention should be paid 
to this small group of children with very early onset of respiratory symptoms 
associated with asthma to start sufficient asthma management and to prevent known 
environmental factors that may inhibit later lung growth. 

We found preliminary evidence, that variant genotype of TLR4 rs4986790 may 
be protective against irreversible airway obstruction after early-life bronchiolitis. 
Previously, TLR4 rs4986790 polymorphisms have been linked to reduced COPD 
severity; interestingly, the described mechanisms include decreased reactivity of 
those microbial patterns that are recognised by TLRs during infections (83).  

6.6 Methodological aspects 

The design of the present prospective cohort study, consisting of lung function 
measurement in adolescents hospitalised for bronchiolitis at less than six months of 
age, is unique. Due to hospitalisation and the young hospitalisation age, the results 
present the outcome of high-risk infants with genetic, prenatal and early postnatal 
factors that predispose children to severe manifestation of bronchiolitis. This design 
is likely to have increased the prevalence of pathological findings, including those of 
categorised parameters in post-bd spirometry. On the other hand, this design 
decreased the comparability of results to those of other post-bronchiolitis studies 
that have used older upper age limits at enrolment and usually reported baseline 
spirometry expressed as continuous variables only. 

It is important to note that categorised variables, that were used to define 
pathological lung function, are dependent on reference values and selected threshold 
limits. In addition, the Finnish reference values (232) used in the present analyses 
were stratified for height and sex, but not for age. However, the use of categorised 
variables allowed us to assess lung function reductions in heterogenous group of 
former bronchiolitis patients of whom most presented with normal lung function. 

Long-term follow-up with a prospective design, and the controlled setting at the 
age of 10-13 years, stand as the strengths of the present cohort study. Due to 
carefully collected data during hospitalisation in infancy and at three follow-ups visits 
until 10-13 years of age, we were able to compare the early-life and preschool-age 
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risk factors in relation to lung function abnormalities in adolescence after 
bronchiolitis. Viral testing at admission confirmed predominance of RSV and 
enabled outcome assessment especially after RSV bronchiolitis.  

The number of study subjects was low for genetic studies, which increased the 
risk of false-negative findings. Although all ten TLRs were included, only one SNP 
for each was studied, and the results remained mainly negative. The drop-out rate 
48% was high and may have caused a selection bias, since symptomatic subjects 
attend studies more often than non-symptomatic subjects. However, drop-outs are 
understandable in long-term follow-up studies. It is noteworthy, that the prevalence 
of current asthma in the present study was lower than in any other post-bronchiolitis 
cohort studies. In contrast, the prevalence of asthma among controls was higher 
than in the Finnish general population, which implies that symptomatic controls 
were particularly interested to attend. Finally, the asthma rates were relatively similar 
among cases and controls. This has probably diminished the differences in lung 
function outcomes between cases and controls, which highlights those differences 
we were able to confirm. 

Baseline and post-bd lung function were measured twice during the follow-up: at 
the age of 5-7 years with IOS and at the age of 10-13 years with spirometry. Our 
cohort study is the only post-bronchiolitis follow-up that has evaluated post-bd lung 
function before and after early school years. As many as 70% of study subjects who 
participated in the clinical follow-up at the age of 10-13 years had performed IOS 
five years earlier. However, longitudinal comparisons may not be reliable due 
different measuring techniques applied at 5-7 and 10-13 years of ages. In addition, 
post-bd measurements at 5-7 years of age were performed after exercise test.  
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7 CONCLUSIONS 

Hospitalisation for bronchiolitis at the age of less than six months was associated 
with decreased baseline and post-bd FEV1 and FEV1/FVC at the mean age of 11.6 
years. The prevalence of pathological findings in cases and controls were 25% vs. 
12% for baseline FEV1, 18% vs. 5% for post-bd FEV1, 25% vs. 13% for baseline 
FEV1/FVC and 10% vs. 5% for post-bd FEV1/FVC. The risk of FEV1 reduction 
existed especially after RSV bronchiolitis and it was not dependent on asthma status. 
 
Overweight was associated with reduced baseline and post-bd FEV1/FVC after 
bronchiolitis. About half of overweight cases had pathological baseline FEV1/FVC 
and one quarter of overweight cases had pathological post-bd FEV1/FVC.  
 
The variant genotype of TLR10 rs4129009 was associated with higher baseline and 
post-bd FEV1/FVC after bronchiolitis. The results remained similar when TLR10 
rs4129009 genotypes were combined with TLR1 rs5743618 or TLR2 rs5743708 
genotypes.  
 
Irreversible airway obstruction after bronchiolitis was assessed by reduced post-bd 
FEV1 or post-bd FEV1/FVC and it was more common in those who used current 
ICS medication for asthma. Children who were diagnosed with asthma during the 
first year of life were at increased risk for irreversible airway obstruction. Higher Rrs5 
in post-bd IOS and lower Xrs5 in baseline and post-bd IOS five years earlier 
predicted current irreversible changes in spirometry. 
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8 FUTURE CONSIDERATIONS 

Prospective long-term post-bronchiolitis follow-ups are still needed to clarify the 
risks of later asthma and COPD. The assessment of the COPD risk means that the 
studies should continue for more than 50 years. The first recruited subjects in the 
prospective Finnish and Swedish post-bronchiolitis cohorts are now 40 years old.  

Lung function growth during childhood determines the maximal level of lung 
function in early adulthood, and factors that affect that growth plays a role in 
development of reduced lung function. The outcomes suggesting COPD risk, such 
as development of irreversible reductions in spirometry should be assessed during 
this growth period. Due to association between RSV bronchiolitis and irreversible 
lung function abnormalities, post-bd measurements should be included in the RSV 
follow-ups. 

In future, lung function trajectories at school age and the reached/attributable 
levels of lung function might be used (for example by the help of machine learning 
methods) for prediction significant lung function decline and COPD risk in later life. 
If the risk and risk factors for reduction of lung function and for COPD are known, 
it is possible to focus preventive measures specifically on those who are at the 
greatest risk. Avoidance of tobacco smoking, good physical condition, avoidance of 
overweight, and appropriate diagnosis and treatment of asthma if present are among 
these preventive tools.  

The proportion of study drop-outs increases in relation to follow-up time, which 
clearly form a problem in long-term follow-ups. It may be impossible to identify 
different patterns of lung function growth after hospitalisation for bronchiolitis with 
such low number of study subjects reported in the follow-ups continued until young 
adulthood. In the birth cohort studies, the problem is smaller number of pathological 
outcomes, such as asthma, COPD or lung function deficits, compared to post-
bronchiolitis studies with an enrichment of such outcomes. In response, there is a 
need to combine different materials to gain enough power for multivariable 
calculations, which are no doubt needed. In the analyses of genetic factors, there is 
a need to combine data from various studies and to compare the data with large 
population-based genetic datasets. 
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ABSTRACT
Aim: This study evaluated children hospitalised for bronchiolitis at less than six months of

age to see if they had reduced lung function in early adolescence.

Methods: We have prospectively followed 166 children hospitalised for infant bronchiolitis

in 2001–2004 at Tampere University Hospital, Finland. At 10–13 years of age, flow-

volume spirometry was measured in 89 cases and 108 controls without infant bronchiolitis

from the local population register. Parameters of flow-volume spirometry before and after

bronchodilation were analysed.

Results: Forced expiratory volume in one second/forced vital capacity (FEV1/FVC) after

bronchodilation was lower in cases than controls. FEV1 was pathological – under the 5th

percentile of the national references – in 25% of cases and 12% of controls (p = 0.020)

before bronchodilation and in 18% of cases and 5% of controls (p = 0.003) after

bronchodilation. FEV1/FVC was pathological in 25% of cases and 13% of controls

(p = 0.034) before bronchodilation. Logistic regression, adjusted for current asthma and

maternal smoking, showed that infant bronchiolitis was associated with pathological FEV1

before (odds ratio 2.4) and after (odds ratio 4.4) bronchodilation. The result was similar for

positive respiratory syncytial virus cases.

Conclusion: Reduced FEV1 after bronchodilation was found in early adolescence after

infant bronchiolitis, suggesting irreversible bronchial obstruction.

INTRODUCTION
Bronchiolitis is a viral respiratory tract infection that affects
infants and the peak incidence occurs when children are
less than six months of age (1). Bronchiolitis begins with
rhinitis, which is followed some days later by lower airway
obstruction with tachypnoea and wheezing or crackles on
auscultation (2). The respiratory syncytial virus (RSV) is the
predominant causative agent before 12 months of age, and
rhinoviruses are the main cause after that age (3).

Hospitalisation for bronchiolitis in infancy has been
associated with later lung function reductions in previous
postbronchiolitis studies at school age (4,5), in adolescence
(6–9) and in adulthood (10–12). Changes in lung function
may be irreversible in adults who had bronchiolitis in

infancy (10–12). However, fewer studies have looked at
irreversibility in children after bronchiolitis in infancy. In
early adolescence, flow-volume spirometry was examined
after bronchodilation in a Swedish study, and RSV bron-
chiolitis in infancy was linked to irreversible reduction of
forced expiratory volume in one second/forced vital capac-
ity (FEV1/FVC) (7).

We have prospectively followed 166 children hospitalised
for bronchiolitis in 2001–2004 at the age of less than six

Abbreviations

CI, Confidence interval; FEV1, Forced expiratory volume in one
second; FVC, Forced vital capacity; ICS, Inhaled corticosteroids;
MEF50, Mid-expiratory flow at 50% of forced vital capacity; OR,
Odds ratio; RSV, Respiratory syncytial virus; SD, Standard
deviation.

Key notes
� This study evaluated 89 children hospitalised for bron-

chiolitis at less than six months of age, to see if they had
reduced lung function in early adolescence compared
to 108 controls.

� Early-life bronchiolitis was associated with an irre-
versible reduction of forced expiratory volume in one
second in multivariate analyses at 10–13 years of age.

� Our findings confirmed irreversible bronchial obstruc-
tion in early adolescence after early-life bronchiolitis.
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months in the Department of Paediatrics, Tampere Univer-
sity Hospital, Finland (13). The viral aetiology of bronchi-
olitis was identified in nasopharyngeal aspirates by
immunofluorescence and polymerase chain reaction (14).
At the age of five to seven years, lung function was
examined with impulse oscillometry, and complete data
were available from 103 former bronchiolitis patients (15).
Impulse oscillometry was considered abnormal in 21 of
them, resistance was increased in eight and reactance was
decreased in 19 compared to population-based references
(15). However, irreversible lung function abnormality that
did not respond to bronchodilators was only present in one
of them (15).

We carried out a follow-up study when these children
with bronchiolitis at less than six months of age were
10–13 years old. The earlier phases of the study were
noncontrolled, but for this part of the study, we collected
age-specific population-based controls from Pirkanmaa
(Tampere) Hospital District. In this study, we measured
lung function with flow-volume spirometry, as the children
were now old enough to perform forced expiratory blows.
We hypothesised that bronchiolitis in early infancy was
associated with reduced lung function in early adolescence
and that part of the changes would be irreversible. The aim
of this study was to evaluate baseline and postbronchodila-
tor lung function at 10–13 years of age after bronchiolitis in
early infancy, with special focus on the RSV aetiology.

MATERIAL AND METHODS
Study design
This prospective postbronchiolitis study evaluated lung
function by flow-volume spirometry before and after bron-
chodilator administration and by FEV1 response in the
bronchodilation test at 10–13 years of age in children who
were hospitalised for bronchiolitis at less than six months of
age. The results were compared with population-based
controls of the same age without a history of bronchiolitis in
infancy. The available data also allowed us to study the
association of lung function reduction with RSV aetiology
of bronchiolitis.

Hospitalisation in infancy and follow-up visit at five to
seven years of age
Full-term infants without any underlying illness or earlier
history of wheezing who were hospitalised for viral bron-
chiolitis at the age of less than six months in the Depart-
ment of Paediatrics, Tampere University Hospital,
Pirkanmaa Hospital District, Finland, during three consec-
utive RSV epidemics in 2001–2004, were recruited in the
follow-up study (14). Bronchiolitis was defined as a lower
respiratory tract infection associated with wheezes or
crackles on auscultation, and the viral aetiology – including
RSV, rhinoviruses, adenovirus, human bocavirus, influenza
A virus, metapneumovirus and parainfluenza type 1, 2 and
3 viruses – was assessed in nasopharyngeal aspirates by
immunofluorescence and polymerase chain reaction (14).

As described earlier (13), 166 children attended a
prospective follow-up study at the age of five to seven
years: 39 were interviewed by phone, 127 attended a follow
up-visit (13) and impulse oscillometry data were available
from 103 children (15).

Follow-up visit at 10–13 years of age
At the age of 10–13 years, the original 166 children were
invited to attend a control visit from June to August 2014
and in January 2015. We approached 664 controls – four for
each case – who were matched by age and sex from the
population register of the Pirkanmaa (Tampere) Hospital
District. The exclusion criteria for the controls were a
history of bronchiolitis and hospital admission for any
respiratory infection during infancy.

As published in 2017 (16), the medical histories of the
former bronchiolitis patients and the controls were col-
lected using a structured questionnaire completed by the
parents before the control visit. The questions charted
maternal and paternal smoking when the children were
infants, maternal smoking during pregnancy, the presence
of doctor-diagnosed asthma in parents, the use of controller
medication for asthma and the presence of asthma-
suggestive symptoms. At the control visit, the children and
parents were interviewed, the questionnaire data were
checked, the children were clinically examined and then
the children performed flow-volume spirometry before and
after bronchodilator administration. Ongoing inhaled cor-
ticosteroid (ICS) medication, if present, was not interrupted
before the lung function testing.

Current asthma was considered to be present if the child
had used continuous ICS medication during the last
12 months, or alternatively, if the FEV1 change was 12%
and 0.2 L or more in the bronchodilation test at the study
visit and the child had also reported asthma-presumptive
symptoms during the last 12 months (16). Such symptoms
were repeated wheezing, or prolonged cough or night
cough for four weeks or longer.

In all, 138 former bronchiolitis patients participated in
the follow-up study at the age of 10–13 years, but 49 of the
children only answered the questionnaire. The clinical
characteristics of the children have previously been pub-
lished (16). Children who just completed the questionnaire
and children who underwent clinical examinations did not
differ significantly in terms of allergic rhinitis, atopic
dermatitis, current asthma, asthma diagnosis from
5–7 years to 11–13 years of ages or the recent use of
bronchodilators or ICSs (16). Maternal asthma was present
in 22/138 (15.9%) of the children who participated in the
latest follow-up visit compared to 2/28 (7.1%) who did not
participate (p = 0.375). The respective figures for maternal
smoking in infancy were 37/138 (26.8%) and 10/28 (35.7%,
p = 0.340).

Finally, 89 former bronchiolitis patients and 112 controls
attended the clinical follow-up visit at 10–13 years of age,
but four controls were not able to perform spirometry. Thus,
this study presents the flow-volume spirometry results for
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89 former bronchiolitis cases and 108 controls of the same
age without bronchiolitis in infancy.

Spirometry
Both the cases and controls performed flow-volume
spirometry with a calibrated spirometer Vmax Carefusion
(Becton, Dickinson and Company, Franklin Lakes, NJ,
USA). Forced expiratory blows were obtained in a sitting
position wearing a nose clip. The technician demonstrated
the procedure and the children repeated the manoeuvre
until three acceptable flow-volume spirograms were
obtained. These needed to show a rapid rise to peak flow
and a long enough descending curve, of more than six-
seconds, without artefacts, such as coughing, glottis closure
or air leaking (17). In order for the spirograms to be
accepted, the second highest FEV1 and FVC had to lie
within 0.15 L of the highest value, and the highest FEV1
and FVC were picked for the analyses. FEV1/FVC and the
mid-expiratory flow at 50% of FVC (MEF50) were printed
from the spirogram with the highest sum of FEV1 and FVC
(17). The flow-volume spirometry parameters were given as
percentages of population-based, sex-specific, height-
related references, namely percentage of predicted. We
used the pathological limits of FVC ≤81% for boys and
≤82% for girls, FEV1 ≤80% for boys and ≤82% for girls,
FEV1/FVC ≤87% for boys and ≤88% for girls and
MEF50 ≤64% for boys and ≤63% for girls corresponding
to the 5th percentile in the national reference data (18).

After baseline measurements, the children received
four separate 0.1 mg doses of salbutamol (Ventoline,
GlaxoSmithKline, London, UK) through a spacer. Like
the baseline manoeuvres, three acceptable flow-volume
spirograms were recorded 15 minutes after bronchodila-
tor administration and the percentage changes in
FEV1 were calculated and compared to the baseline
measurements.

Statistics
The data were analysed using SPSS Statistics for Windows,
version 23.0 (IBM Corp., Armonk, NY, USA). The results of
the univariate analyses are expressed as means, standard
deviations (SD) and 95% confidence intervals (95% CI) for
continuous variables, and as frequencies and p values for
categorised variables. The chi-square test or Fisher0s exact
test was used to calculate p values in the univariate analyses
of categorised data, as appropriate. P values of <0.05 and
95% CIs that did not overlap were considered statistically
significant. Logistic regression was used for the multivariate
analyses of categorised flow-volume spirometry parameters,
and the results are expressed as adjusted odds ratios (OR)
and their 95% CIs.

Ethics
The Ethics Committee of the Tampere University Hospital
(Pirkanmaa) District approved the study. Informed written
consent was obtained from the parents before enrolling the
children and at the control visits.

RESULTS
Subjects
The mean age was 11.6 � 0.94 years (range 10.34–13.22) in
the 89 former bronchiolitis patients versus 11.8 �
0.98 years (range 10.24–13.49) in the 108 controls, and 44
(49.4%) cases versus 60 (55.6%) controls were boys. Viral
data were available from 88/89 former bronchiolitis
patients: RSV was identified in 63 (71.6%), rhinoviruses
in 10 (11.4%) and other viruses in 12 (13.6%) cases. More
than one virus was found in eight (9.1%) cases. The 10
(11.4%) cases who were negative for viruses were included
in the non-RSV bronchiolitis group.

Univariate analyses
On average, FVC, FEV1, FEV1/FVC and MEF50 were
within normal limits in both the baseline and postbron-
chodilator measurements, and even the lower limits of the
95% CIs were above the sex-specific, height-related limits of
pathology (Table 1). Postbronchodilator FEV1/FVC was
lower in cases than in controls as a continuous variable, but
there were no significant differences between cases and
controls in any other flow-volume spirometry parameter
nor in the bronchodilation test result (Table 1). Baseline
FEV1 and FEV1/FVC and postbronchodilator FEV1 were
pathological more frequently in cases than in controls as
categorised variables, but there were no significant differ-
ences between the groups in other flow-volume spirometry
parameters or in the bronchodilation test result at any cut-
off level of FEV1 (Table 2).

Table 1 Baseline and postbronchodilator parameters in flow-volume spirometry,
expressed as continuous variables, in 89 former bronchiolitis patients (cases) and 108
controls

Parameters in
spirometry

Cases Controls

Mean (SD) 95% CI Mean (SD) 95% CI

Baseline*

FVC 95.9 (11.6) 93.4–98.3 96.5 (9.5) 94.7–98.3

FEV1 89.0 (11.4) 86.6–91.4 91.7 (9.6) 89.9–93.6

FEV1/FVC 93.3 (7.8) 91.6–94.9 95.2 (6.0) 94.0–96.3

MEF50 85.5 (21.3) 81.0–90.0 93.0 (22.6) 88.7–97.4

Postbronchodilator*

FVC 96.5 (11.9) 94.0–99.0 96.9 (8.8) 95.2–98.5

FEV1 92.4 (11.9) 89.9–94.9 95.9 (9.1) 94.1–97.6

FEV1/FVC 96.1 (6.7) 94.6–97.5 99.0 (5.6) 98.0–100.1

MEF50 97.4 (22.9) 92.6–102.2 105.7 (22.9) 101.3–110.0

Bronchodilation test

FEV1

change

(in %)

3.9 (6.3) 2.6–5.3 4.7 (4.3) 3.8–5.5

CI = Confidence interval; FEV1 = Forced expiratory volume in one second;

FVC = Forced vital capacity; MEF50 = Mid-expiratory flow at 50% of FVC;

SD = Standard deviation.

Statistically significant findings are marked with bold font.

*Expressed as percentage of predicted.
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Asthma in children
Current asthma was present in 12/89 (13.5%) cases and
12/108 (11.1%) controls. Eight cases and nine controls had
used ICSs continuously during the last 12 months, and four
cases and three controls were diagnosed with asthma
during the control visit. Baseline FEV1/FVC and MEF50
were pathological more frequently in asthmatic than in
nonasthmatic children and the bronchodilation test was
positive more frequently in asthmatic children. However,
significant differences were not seen in other baseline or in
any postbronchodilator parameters (data not shown).

Maternal smoking and asthma
Maternal asthma was present in 10/89 (11.2%) cases and
14/108 (13.0%) controls, and maternal smoking during
infancy in 24/89 (27.0%) cases and 6/108 (5.6%) controls
(p < 0.001). The differences between those children with or
without asthmatic mothers, or between those with or
without smoking mothers, were not statistically significant
for any of the flow-volume spirometry parameters in either
baseline or postbronchodilator measurements (data not
shown).

Multivariate analyses
Finally, we studied the differences in categorised flow-
volume spirometry parameters between cases and controls
using multivariate logistic regression. As current asthma
was associated with reduced baseline flow-volume spiro-
metry parameters, and maternal smoking during infancy
was significantly more common in cases than in controls,

both current asthma and maternal smoking during infancy
were included as covariates in the model. There was a
statistically significant difference between cases and con-
trols in both the baseline and postbronchodilator FEV1 in
the multivariate logistic regression (Table 3).

When children with RSV bronchiolitis were compared
with controls using the same multivariate model, there was
still a statistically significant difference in both baseline and
postbronchodilator FEV1 (Table 4). However, there were
no significant differences between children with non-RSV
bronchiolitis and controls in any flow-volume spirometry
parameters or in the bronchodilation test (Table 4).

DISCUSSION
There were two main results from this prospective follow-
up study on lung function at the mean age of 11.6 years
after hospitalisation for bronchiolitis at less than six months
of age. First, postbronchodilator FEV1/FVC was lower and
baseline and postbronchodilator FEV1 were reduced more
frequently in former bronchiolitis patients than in popula-
tion-based controls without bronchiolitis in infancy. Sec-
ond, infant bronchiolitis, especially RSV bronchiolitis, was
an independently significant risk factor for pathological
baseline and postbronchodilator FEV1 when maternal
smoking during infancy and current asthma in children
were included as confounders in the multivariate logistic
regression. Thus, we found evidence that infant bronchioli-
tis at the age of less than six months may be associated with
irreversible bronchial obstruction in early adolescence.

Table 2 Pathological baseline and postbronchodilator parameters in flow-volume
spirometry, expressed as categorised variables, in 89 former bronchiolitis patients
(cases) and 108 controls

Parameters in spirometry
Cases
No (%)

Controls
No (%) p value*

Baseline†

FVC 8 (9.0) 5 (4.6) 0.220

FEV1 22 (24.7) 13 (12.0) 0.020

FEV1/FVC 22 (24.7) 14 (13.0) 0.034

MEF50 16 (18.0) 11 (10.2) 0.113

Postbronchodilator†

FVC 9 (10.1) 6 (5.6) 0.230

FEV1 16 (18.0) 5 (4.6) 0.003

FEV1/FVC 9 (10.1) 5 (4.6) 0.136

MEF50 6 (6.7) 4 (3.7) 0.352

Bronchodilation test

FEV1 change ≥9% 20 (22.5) 20 (18.5) 0.492

FEV1 change ≥12% 7 (7.9) 6 (5.6) 0.516

FEV1 change ≥15% 4 (4.5) 2 (1.9) 0.412

FEV1 = Forced expiratory volume in one second; FVC = Forced vital

capacity; MEF50 = Mid-expiratory flow at 50% of FVC.

Statistically significant findings are marked with bold font.

*Chi-square test or Fisher0s exact test.
†FVC ≤81% for boys and ≤82% for girls, FEV1 ≤80% for boys and ≤82% for

girls, FEV1/FVC ≤87% for boys and ≤88% for girls and MEF50 ≤64% for

boys and ≤63% for girls (Ref 18), expressed as percentage of predicted.

Table 3 Multivariate logistic regression: Pathological baseline and postbronchodilator
parameters in flow-volume spirometry in 89 former bronchiolitis patients (cases)
compared to 108 controls

Parameters in spirometry Cases (No) Adjusted OR* (95% CI)

Baseline†

FVC (N = 13) 8 2.4 (0.7–7.8)

FEV1 (N = 35) 22 2.4 (1.1–5.3)

FEV1/FVC (N = 36) 22 2.2 (0.9–5.0)

MEF50 (N = 27) 16 1.8 (0.7–4.7)

Postbronchodilator†

FVC (N = 15) 9 2.4 (0.8–7.1)

FEV1 (N = 21) 16 4.4 (1.5–12.8)

FEV1/FVC (N = 14) 9 2.1 (0.6–7.0)

MEF50 (N = 10) 6 2.0 (0.5–7.8)

Bronchodilation test

FEV1 change ≥12% (N = 13) 7 1.5 (0.4–5.4)

CI = Confidence interval; FEV1 = Forced expiratory volume in one second;

FVC = Forced vital capacity; MEF50 = Mid-expiratory flow at 50% of FVC;

OR = Odds ratio.

Statistically significant findings are marked with bold font.

*Adjusted for maternal smoking in infancy and current asthma.
†FVC ≤81% for boys and ≤82% for girls, FEV1 ≤80% for boys and ≤82% for

girls, FEV1/FVC ≤87% for boys and ≤88% for girls and MEF50 ≤64% for

boys and ≤63% for girls (Ref 18), expressed as percentage of predicted.
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In accordance with the present study, infant bronchiolitis
was associated with reduced lung function in early adoles-
cence in four previous prospective postbronchiolitis studies
(6–9). Three of these studies were controlled studies, where
RSV was the main causative virus of bronchiolitis, and the
hospitalisation age was <12 months (6–8). Postbron-
chodilator measurements were only performed in the
Swedish study (7), and baseline and postbronchodilator
FEV1/FVC were lower in 44 cases than in controls.
However, such differences were not seen in FEV1 (7).
The British study reported that the baseline FEV1 was
lower in 61 cases than in the controls, but FEV1/FVC was
not reported (6). In the Norwegian study, baseline FEV1
and FEV1/FVC were lower in 108 cases than in controls
(8). In the study from Kuopio, Finland, the hospitalisation
age for bronchiolitis was <24 months, 29% of children were
RSV positive (19) and 33% were rhinovirus positive (20). In
that Finnish study, flow-volume spirometry parameters
were analysed as categorised variables and it reported that
in early adolescence baseline FEV1 was reduced in 17.5%
of 80 former bronchiolitis patients and baseline FEV1/FVC
in 16.3% compared to population-based sex-specific and
height-related references (9).

In the Swedish cohort, the follow-up continued until
18 years of age and bronchiolitis in infancy was still
associated with an increased risk of irreversible FEV1/
FVC reduction in 42 former bronchiolitis patients com-
pared to controls (11). In addition, lung function with
postbronchodilator measurements was evaluated in two
other postbronchiolitis studies in adulthood, and the
findings were rather similar (10,12). The older Swedish
study comprised infants hospitalised for bronchiolitis at

<24 months of age in 1984–1985 (12), including an RSV
epidemic (21) and baseline and postbronchodilator FEV1/
FVC were lower in 55 cases than in controls at the age of
17–20 years (12). In the older Finnish study, 47 study
subjects performed flow-volume spirometry 27–29 years
after bronchiolitis at <24 months of age (10). The findings
showed that 21% of the former bronchiolitis patients had
postbronchodilator FEV1/FVC below 0.88 and 15% below
the 5th percentile in the population-based references (10).
In the present study, the irreversible reduction of FEV1/
FVC was present in 10.1% and irreversible reduction of
FEV1 in 18.0% of former bronchiolitis patients with the
respective figures being 9.5 and 19.0% after RSV bronchi-
olitis. The figures are high and need to be revisited at future
follow-up visits. On the other hand, the findings may reflect
real lung function reduction after severe RSV bronchiolitis
during the first months of life.

An increase of 12% or more in the bronchodilation test
was only diagnosed in 7.9% of former bronchiolitis patients,
in 7.9% of former RSV bronchiolitis patients and in 5.6% of
controls in the present study. Our findings were in line with
earlier studies, as bronchial responses in the bronchodila-
tion test have been minor in those with bronchiolitis in
infancy (7,10,11), and the difference between cases and
controls was only significant in one Swedish study (11).

Current asthma was present in 13.5% of former bronchi-
olitis patients and in 11.1% of controls at 10–13 years of
age in the present study. The prevalence of asthma at that
age was higher in previous long-term postbronchiolitis
studies, at 15–40% (6–8,21–23). The young age during
initial hospitalisation and the high proportion of RSV
positive bronchiolitis cases probably explain the low

Table 4 Multivariate logistic regression: Pathological baseline and postbronchodilator parameters in flow-volume spirometry in 63 former RSV bronchiolitis patients and 25 former
non-RSV bronchiolitis patients compared to 108 controls

Parameters in spirometry

RSV bronchiolitis
N = 63

Non-RSV bronchiolitis
N = 25

No (%) Adjusted OR* (95% CI) No (%) Adjusted OR* (95% CI)

Baseline†

FVC 7 (11.1) 3.0 (0.9–10.3) 1 (4.0) 1.1 (0.1–10.8)

FEV1 17 (27.0) 2.9 (1.2–6.7) 5 (20.0) 1.7 (0.5–5.8)

FEV1/FVC 13 (20.6) 2.1 (0.8–5.6) 9 (36.0) 2.4 (0.8–7.6)

MEF50 10 (15.9) 2.3 (0.8–6.8) 6 (24.0) 1.4 (0.4–5.3)

Postbronchodilator†

FVC 8 (12.7) 2.8 (0.9–8.9) 1 (4.0) 1.0 (0.1–8.8)

FEV1 12 (19.0) 4.6 (1.5–14.2) 4 (16.0) 4.1 (0.9–18.7)

FEV1/FVC 6 (9.5) 2.1 (0.6–7.8) 3 (12.0) 2.1 (0.4–11.2)

MEF50 5 (7.9) 2.8 (0.7–11.5) 1 (4.0) 1.0 (0.1–10.3)

Bronchodilation test

FEV1 change ≥12% 5 (7.9) 2.6 (0.6–11.5) 2 (8.0) 1.0 (0.2–6.4)

CI = Confidence interval; FEV1 = Forced expiratory volume in one second; FVC = Forced vital capacity; MEF50 = Mid-expiratory flow at 50% of FVC; OR = Odds

ratio; RSV = Respiratory syncytial virus.

Statistically significant findings are marked with bold font.

*Adjusted for maternal smoking in infancy and current asthma.
†FVC ≤81% for boys and ≤82% for girls, FEV1 ≤80% for boys and ≤82% for girls, FEV1/FVC ≤87% for boys and ≤88% for girls and MEF50 ≤64% for boys and

≤63% for girls (Ref 18), expressed as percentage of predicted.
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postbronchiolitis asthma prevalence in our study. The
prevalence of asthma has been reported to range from 4
to 7% in Finnish school-aged children (24,25). This means
that children with asthma were over-represented in the
controls in the present study. In analyses, this selection bias
probably decreased the risk of a type-1 statistical error,
which highlights the reliability of the differences found
between the cases and controls. As expected, current
asthma in children was associated with a reduction in
baseline lung function. Therefore, the final analyses were
adjusted for current asthma, and the association between
bronchiolitis in infancy and baseline and postbronchodila-
tor FEV1 reductions remained significant. This highlights
the independent role of early-life bronchiolitis in the
emergence of lung function reduction.

In the present postbronchiolitis cohort, 15.9% of the
mothers reported that they had smoked during pregnancy,
compared to 2.8% of the mothers of controls. The respec-
tive figures during infancy were 27.0 and 5.6%. Tobacco
smoke exposure, during pregnancy and after pregnancy, is a
well-known cause of reduced lung function in childhood
(26,27). Surprisingly, maternal smoking had no significant
association with children0s lung function in early adoles-
cence in the present study. Importantly, bronchiolitis was
an independently significant risk factor for lung function
reduction in the analyses that were adjusted for maternal
smoking.

How often and at what age irreversible lung function
reduction after bronchiolitis develops is not known. A
prospective birth cohort study from the Netherlands eval-
uated lung function using a single occlusion technique in
2.133 healthy term infants before two months of age (28).
The researchers found that respiratory system compliance
was lower in those 18 infants who were hospitalised for
RSV bronchiolitis before 12 months of age, compared to 84
nonhospitalised RSV positive children (28). In the present
study, the lung function of former bronchiolitis patients was
evaluated with impulse oscillometry at five to seven years of
age and with one exception, the lung function reductions,
although present in 20%, were reversible (15). Thus, the
results of the present study suggest that the irreversible
reduction in lung function after infant bronchiolitis devel-
ops after seven years of age. It is worth highlighting that the
methods used for lung function testing were different at
different ages: impulse oscillometry at five to seven years
and flow-volume spirometry at 10–13 years. However,
resistance and reactance in impulse oscillometry at pre-
school age correlated well with parameters of flow-volume
spirometry in early adolescence (29). One reason for the
emergence of irreversible lung function changes after
preschool age may be that the subjects were exposed to
many disease modifying factors, whose cumulative effect is
not evident at an earlier age.

The strengths of the present study were the carefully
collected data during hospitalisation for bronchiolitis in
infancy and the long follow-up time, which included
clinical studies at five to seven years and at 10–13 years of
age. For the present study at 10–13 years of age, we enrolled

population-based controls of the same age without history
of bronchiolitis or hospital admission for any respiratory
infection during infancy. The study group was special, as the
infants were hospitalised for bronchiolitis when they were
less than six months of age. In addition, viral diagnoses
were confirmed in 98.9% of the cases, with RSV being
identified in 71.6%. This allowed us to carry out a stratified
analysis for former RSV bronchiolitis patients, but not for
patients with other viral findings. The main limitation of the
study was the small number of subjects, because only 89
study subjects and 108 controls underwent spirometry. In
addition, the controls were selected, as discussed above,
which, however, merely decreased, rather than increased
the differences between the cases and controls.

CONCLUSION
This ongoing prospective study showed that being hospi-
talised for bronchiolitis at less than six months of age was
associated with reduced lung function at 10–13 years of
age. In addition, we found evidence that bronchiolitis,
especially RSV bronchiolitis, in early infancy seemed to be
associated with irreversible bronchial obstruction in early
adolescence, which was not seen at seven years of age.
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BRIEF REPORT

Preliminary communication
suggests overweight was
associated with reduced lung
function in adolescence after
infant bronchiolitis

The risk for reduced lung function was
increased after bronchiolitis in infancy (1).
Contrary to adults, the effect of overweight in
children has often been reduced forced expira-
tory volume in one second/ forced vital capacity
(FEV1/FVC) with normal FEV1 and FVC (2).

We have prospectively followed 166 children
hospitalised for viral bronchiolitis under
six months of age. Lung function was studied
with impulse oscillometry in 70 normal weight,
22 overweight and seven obese children at five
to seven years of age, and obesity was associ-
ated with airway obstruction (3). At 10–
13 years of age, 89 children with infant
bronchiolitis and 108 controls performed flow-
volume spirometry and former bronchiolitis
was associated with FEV1 reduction before and
after bronchodilation (1). The present paper
evaluates lung function in relation to weight at
10–13 years of age after infant bronchiolitis.

Flow-volume spirometry was measured with a
calibrated spirometer Vmax Carefusion (Becton,
Dickinson and Company, Franklin Lakes, NJ,
USA). Asthma controller medication was not
interrupted (1). After baseline blows, the children
inhaled 0.1 mg salbutamol (Ventoline, Glaxo-
SmithKline, London, UK) four times through a
spacer before the post-bronchodilator blows (4).
The spirometry parameters were presented as
percentages of predicted of population-based, sex-
specific, height-related references. The pathologi-
cal limits for categorised FVC, FEV1 and FEV1/
FVCare presented inTable 1. Current asthmawas
considered to be present if the child had used
regularly inhaled corticosteroids during the pre-
ceding 12 months or if the child had suffered from
asthma-presumptive symptoms during the pre-
ceding 12 months with an increase 12% or more
in the bronchodilation test (4).

Weights and heights were measured and
transformed into body mass index for age z-
scores (zBMIs) according to Finnish growth
reference data (5). Weight status was

categorised using national zBMI cut-off values
to normal weight, overweight and obesity. One
child was excluded due to underweight.

SPSS Statistics for Windows, version 23.0
(IBM Corp, Armonk, NY, USA), was used in
statistical analyses. The continuous variables
were expressed as means, standard deviations
(SD) and 95% confidence intervals (95% CIs).
Differences between the groups were calculated
with t-test for the continuous and with chi-
square or Fisher’s exact test, when appropriate,
for the categorised variables.

Multivariate linear regression was used to
study the association between zBMI and
continuous spirometry parameters, and the
result for each parameter was expressed as an
unstandardised coefficient (B). The F-test was
used to estimate p values for the model, and
correlation coefficients (R) were transformed
into adjusted R2 values to present predictive
strength of the model. Multivariate logistic
regression was used to study the associations
between the categorised zBMI and spirometry
parameters. The results are expressed as

adjusted odds ratios (ORs) and 95% CIs.
Multivariate regression models were adjusted
for current asthma and maternal smoking in
infancy.

The study was approved by the Ethics
Committee of the Tampere University Hospital
District.

The mean age of the 88 former bronchiolitis
patients was 11.7 years (range 10.3–13.2) and
44 (50.0%) were boys. There were 65 (73.9%)
normal weight, 20 (22.7%) overweight and
three (3.4%) obese children. There were no
significant differences between normal weight
and overweight or obese children in prevalence
of current asthma or maternal smoking in
infancy.

In continuous analyses, FEV1/FVC was
lower in the overweight (obese included) than
normal weight children before (mean 88.9, SD
8.9, 95% CI: 85.0–92.7, vs. 94.7, 6.8, 93.0–96.4)
and after (mean 91.6, SD 6.5, 95% CI: 88.8–
94.4, vs. 97.5, 6.2, 96.0–99.0) bronchodilation.
There were no significant differences between
the groups in FEV1 and FVC (data not shown).

Table 1 Comparison of 65 normal weight and 23 overweight or obese study subjects at 10–13 years of age

Basic and clinical data and pathological
findings in spirometry

Normal weight*
(N = 65)

Overweight or
obese* (N = 23) p value†

Basic data

Age (years), mean (SD) 11.7 (0.96) 11.5 (0.89) 0.235

Male gender, n (%) 32 (49.2) 12 (52.2) 0.808

Height (cm), mean (SD) 151.8 (8.9) 150.0 (8.5) 0.423

Weight (kg), mean (SD) 41.5 (7.5) 53.9 (10.3) <0.001

zBMI, mean (SD) �0.17 (0.70) 1.47 (0.46) <0.001

Current asthma, n (%) 6 (9.2) 6 (26.1) 0.072

Maternal smoking in infancy, n (%) 17 (26.2) 7 (30.4) 0.692

Pathologic parameters‡, baseline

FVC, n (%) 6 (9.2) 2 (8.7) 1.0

FEV1, n (%) 13 (20.0) 9 (39.1) 0.069

FEV1/FVC, n (%) 10 (15.4) 12 (52.2) <0.001

Pathologic parameters‡, post-bronchodilator

FVC, n (%) 8 (12.3) 1 (4.3) 0.436

FEV1, n (%) 10 (15.4) 6 (26.1) 0.345

FEV1/FVC, n (%) 3 (4.6) 6 (26.1) 0.009

FVC = Forced vital capacity; FEV1 = Forced expiratory volume in one second.

*According to the national zBMI cut-off values for normal weight, overweight and obesity (Ref. (5)).

*t-Test for continuous variables, chi-square test or Fisher´s exact test for categorised variables.
‡FVC ≤ 81% for boys and ≤82% for girls, FEV1 ≤ 80% for boys and ≤82% for girls and FEV1/

FVC ≤ 87% for boys and ≤88% for girls (Ref. (1)).
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In categorised analyses, FEV1/FVC was
pathological more often in the overweight
(obese included) than normal weight children
before (52.2% vs. 15.4%, p < 0.001) and after
(26.1% vs. 4.6%, p = 0.009) bronchodilatation.
There were no significant differences between
the groups in FVC or FEV1 (Table 1).

In multivariate linear regression, one unit
increase in zBMI predicted 2.3% decrease in
baseline FEV1/FVC (p = 0.006) and 2.5%
decrease in post-bronchodilator FEV1/FVC
(p < 0.001). The adjusted R2 of the model was
18.0% in baseline and 22.7% in post-bronchodila-
tormeasurements. Therewas a positive correlation
between increasing zBMI and increasing FVC
(B = 2.9%, p = 0.033), but the predictive strength
of this model was low (adjusted R2 = 2.8%) (data
not shown). Multivariate logistic regression
revealed that categorised (pathological vs. normal)
baseline FEV1/FVC (OR 5.4, 95%CI: 1.66–17.77)
and post-bronchodilator FEV1/FVC (OR 5.6, 95%
CI: 1.19–26.37) differed significantly between the
23 overweight (obese included) and 65 normal
weight children (data not shown).

The findings of this communication in
former bronchiolitis patients at 10–13 years of
age are in line with the observations of the
meta-analysis on weight and lung function in
children (2), since the presence of overweight
or obesity was associated with reduced FEV1/
FVC, but not with reduced FEV1 or FVC
when analysed separately. The results are
preliminary, since only 53.6% of those invited

attended the lung function study. The study
suggests an increased risk for reduced FEV1/
FVC in adolescence if overweight develops
after bronchiolitis and highlights the impor-
tance to prevent overweight in this special
group of children.
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Bronchiolitis is a viral lower respiratory tract infection (LRTI) in in-
fants, and the main causative pathogen of LRTIs at that age is res-
piratory syncytial virus (RSV).1 Globally, RSV bronchiolitis causes 
approximately 1.4 million hospitalisations every year in children 
younger than 6 months old.1

Infant bronchiolitis increases the risk for later lung function ab-
normalities. There is evidence that a proportion of children with ear-
ly-life bronchiolitis may have reduced lung function already at birth 
before bronchiolitis or any other infection.2 However, irreversible 
post-bronchiolitis changes in lung function have not been reported 
earlier than from adolescence onwards and mainly in those with RSV 
bronchiolitis in infancy.3,4 Evidently, development of lung function 
abnormalities is a multifactorial process depending on genes con-
tributing to lung growth and host responses to various environmen-
tal factors including viruses from the prenatal period into adulthood.

Toll-like receptors (TLRs) initiate immune reactions against dif-
ferent pathogens.5 TLR2 subfamily consists of TLR1, TLR2, TLR6 and 

 

| |

Toll-like receptor 10 rs4129009 gene polymorphism is 
associated with post-bronchiolitis lung function in adolescence

1 |   Matti Korppi1 | 1 | 2 |   
Merja Helminen3 |   Qiushui He4,5 | 1

body mass index for age z-score.

1

University and University Hospital, Tampere, 

2

3

4

and Immunology, Turku University, Turku, 

5

Health Research, Tampere University, 33014 

Email: riikka.riikonen@fimnet.fi

Funding information
This study received funding from the 

The aim was to evaluate the association of polymorphisms in the Toll-like recep-
tor (TLR) 2 subfamily encoding genes with lung function by spirometry at 10-13 years 
of age in children who had been hospitalised for bronchiolitis at <6 months of age.

In a prospective cohort of 166 former bronchiolitis patients, 138 returned 
-

of the TLR1, TLR2, TLR6 and TLR10 genes were available from 81-82 children.
In the TLR10

P = .002) and after (95.5 vs 98.6, P = .011) bron-
chodilator administration, compared to those with the variant genotype. When the 
TLR10 rs4129009 and TLR2 TLR10 rs4129009 and 
TLR1

genotype of the TLR10 rs4129009.
In this post-bronchiolitis follow-up, lung function in children with the 

variant TLR10 rs4129009 genotype with potentially altered TLR10 function was su-
perior to lung function in those with the wild genotype.

bronchiolitis, child, lung function, spirometry, toll-like receptor
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TLR10, which act on cell surface and are considered to function as 
co-receptors.  TLR1 and TLR6 form functional heterodimers with 
TLR2, and probably, do not work at all as homodimers.6 TLR10 can 
be activated without TLR2, working thus as a homodimer, but TLR10 
can also form heterodimers with TLR1 and TLR2.8

In the present study, we have prospectively followed 166 chil-
dren hospitalised for bronchiolitis at the age of <6 months. Lung 

-
cillometry,9 and no associations were found between TLR2 subfam-
ily encoding genes and post-bronchiolitis lung function.10 However, 
polymorphism in the TLR1

11 and polymorphism in the TLR10 rs4129009 
was associated with asthma at preschool age12 and with persistent 

13

This study evaluates the associations between the single nu-
TLR1 TLR2 

TLR6 TLR10 rs4129009 genes and lung 
function by flow-volume spirometry in adolescence after hospi-
talisation for bronchiolitis in early infancy. We hypothesised that 
polymorphisms of the TLR2 subfamily genes have an impact on 
lung function in adolescence after early-life hospitalisation for 
bronchiolitis.

|

|

We have prospectively followed up 166 children who were hospital-

14 

in nasopharyngeal aspirates using immunofluorescence and poly-
merase chain reaction.14 In 2014-2015, 138 (83.1%) children par-
ticipated in the prospectively scheduled control visit at the age of 
10-13 years.15

|

included flow-volume spirometry with a bronchodilation test.15

on virus aetiology were available in 88/89 (98.9%) cases.16 Weight 
status was reported as body mass index for age z

 and one child was excluded 
from the final analyses because of underweight.18 TLR1 

TLR2 TLR6 -
able from 82 and on the TLR10 rs4129009 gene from 81 children.10

15 we defined current asthma 

the previous 12 months, or alternatively, as the presence of asth-

or prolonged cough for four weeks or longer) during the previous 
12 months and in addition, the rise of forced expiratory volume in 

-
ma-presumptive symptoms during the previous 12 months, as well 
as the history of maternal smoking when the children were infants.

|
bronchodilation test

-
16 

Measurements were repeated until three artefact-free spirograms 
with rapid rise to peak flow, and descending curve over 6 seconds 

0.1 mg of salbutamol four times through a spacer (Ventolin Evohaler, 
GlaxoSmithKline), and spirometry was repeated 15 minutes after 

-
cation was not interrupted before the lung function testing. The pa-

|

TLR1 TLR2 TLR6
and TLR10 rs4129009 were selected to the present analyses be-
cause of their functional properties6,8 and the earlier associations 
of the TLR1 and TLR10 with post-bronchiolitis asthma in the pre-
sent cohort.11-13 -
cluded, since they form heterodimers and function as co-receptors 
for each other.6,8

10,11 the genotyping of the TLR1 
TLR2 TLR6

11 and the genotyping of the TLR10 rs4129009 was 

Key notes

• Toll-like receptor (TLR) 2 subfamily members have been 
linked to the post-bronchiolitis asthma development, 
but their role for post-bronchiolitis lung function is 
unknown.

• The variant genotype of the TLR10 rs4129009 was as-
sociated with higher baseline and post-bronchodilator 

<6 months of age, confirmed with adjusted analyses.

bronchiolitis lung function reduction.
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performed by high-resolution melting analysis.10 The genetic studies 

and Welfare, Turku (TLR1, TLR2 and TLR6
Medical Microbiology and Immunology, University of Turku (TLR10), 

|

analyses of the present data. The results of the continuous variables 

function parameters between the TLR1, TLR2, TLR6 or TLR10 wild 
vs variant genotypes. The two-tailed P values of <.05 were consid-

-
cluded in the group of variant genotype.

-
justed analyses due to associations detected earlier in the present 
cohort study.16,18 The association of passive smoking in infancy with 
reduced lung function later in childhood has been documented ear-
lier in other studies.19

TLR1 TLR2 TLR6
TLR10 -
binations constructed based on the available knowledge how TLR1, 

-
tions with spirometry.

|

obtained from all study subjects before the hospitalisation in in-

subjects was not given to the laboratories where the genetic tests 
were done.

|

The mean age of the 82 study subjects was 11.6 ± 0.9 years (range 

other viruses in 13.4% of cases. In 8 (9.8%) cases more than one virus 
was found. Ten (12.2%) children were negative for viruses. Maternal 
smoking in infancy was present in 24 (29.3%) and asthma at the time 
of the current control visit in 10 (12.2%) of the children. The mean 

were overweight or obese.
The genotypes of the TLR1 TLR2 TLR6 

TLR10

population20 are presented in Table 1.

| TLR1, TLR2, TLR6 and TLR10 polymorphisms

There were no significant associations between the wild and vari-
ant genotypes of the TLR1 TLR2
TLR6

In the case of the TLR10 rs4129009, 66 children had the wild 

-
dren with the wild genotype of the TLR10 rs4129009 than in chil-
dren who had the variant genotype (Table 2). There were no other 
significant differences in baseline or post-bronchodilation spirom-
etry between wild and variant genotypes of the TLR10 rs4129009 
(Table 2).

| TLR2/1, TLR2/6, TLR2/10 and 
TLR10/1 polymorphisms

When we constructed the combinations of the TLR2
and TLR1 -
tion of the variant TLR2 and the variant TLR1, and this case was 

TLR1 GT 0.20 TT 0.05 0.15

TLR2 TT 0.0 0.03 0.03

TLR6 TT 0.23 0.46 0.42

TLR10a rs4129009 GG 0.0 0.09 0.08

Note: 20

nucleotide polymorphism.
a
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TLR10 rs4129009 genotypes in 81 former bronchiolitis patients

a

 b 

P

Baseline

93.9-99.5 92.6 (11.8) 86.1-99.1 .102

89.2 (11.2) 86.5-92.0 88.3 (11.8) 81.8-94.9 .832

90.5-94.2 93.0-101.9 .002

93.6 (21.4) 81.8-105.4 .035

94.5-100.4 92.9 (11.0) 86.8-99.0 .089

90.2-95.9 89.8 (12.9) .361

95.5 (6.6) .011

95.8 (22.5) 90.3-101.3 92.2-119.5 .065

Statistically significant findings are marked with bold font.
aExpressed as percentages of predicted. 
b

TLR2 TLR1
former bronchiolitis patients

a

TLR2 wild 
TLR1 wild 

TLR2 wild 
TLR1  

TLR2  
TLR1 wild 

P

Baseline

96.4 (11.6)
[93.4-99.5]

94.5 (11.8)
[88.8-100.1]

93.5 (14.5) .515

89.2 (11.0)
[86.3-92.1]

89.1 (12.0)
[83.3-94.8]

91.3 (13.0) .942

95.9 (8.2)
[91.9-99.8]

.034

84.6 (20.4) 91.4 (22.3)

[94.1-100.4]
94.9 (11.2)
[89.5-100.3] [64.2-119.8]

93.2 (11.8)
[90.1-96.3]

90.9 (12.2)
[85.0-96.8]

91.5 (13.8)
[69.5-113.5]

95.8 (6.4) .114

[91.4-103.4]
102.6 (24.1)
[91.0-114.2]

92.0 (16.1) .418

Note: Only one study subject had combination of genotypes of the variant TLR2 TLR1
statistical analyses.

Statistically significant findings are marked with bold font.
aExpressed as percentages of predicted. 

definitions, see the text). 
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TLR2 genotype combined with the wild TLR1 genotype. There 
were no statistically significant associations in post-bronchodila-
tor parameters in relation to TLR2 and TLR1 genotype combina-
tions (Table 3).

When the TLR2 TLR6 -
ysed as combined, all four possible combinations were present, and 
there were no statistically significant differences in any baseline or 
post-bronchodilator spirometry parameter in relation to theTLR2 
and TLR6

When the TLR2 TLR10 rs4129009 were an-
alysed as combined, three combinations of the possible four were 

in children with the wild TLR2 genotype combined with the wild 
TLR10 genotype and highest in children with the wild TLR2 genotype 
combined with the variant TLR10 genotype. However, there were no 
other significant associations in spirometry parameters in relation to 
the TLR2 and TLR10 genotype combinations (Table 4).

When the TLR10 rs4129009 and the TLR1 -
alysed as combined, three combinations of the possible four were 

in children with the wild TLR10 genotype combined with the variant 
TLR1 genotype and highest in children with the variant TLR10 geno-
type combined with the variant TLR1 genotype. There were no other 
significant associations in spirometry parameters in relation to the 
TLR10 and TLR1 genotype combinations (Table 5).

| TLR1, TLR2, 
TLR6 and TLR10

There were 16 possible combinations of the genotypes including 
all the four TLR2 subfamily members, and in the present study, 9 
combinations were found. Two combinations were present in only 
two children and they were excluded. Thus, the analyses were per-

Eight children with the variant genotypes of the TLR1
and TLR10 rs4129009 combined with the wild genotypes of TLR2 

TLR6 -

genotype combination (99.5 vs 95.9, P = .025) (Supplementary Table 
TLR1 

TLR2 TLR10 rs4129009 in 81 former 
bronchiolitis patients

a

TLR2 wild 
TLR10 wild 

TLR2 wild 
TLR10  

TLR2  
TLR10 wild 

P

Baseline

96.9 (11.5)
[93.9-99.8]

92.6 (11.8)
[86.1-99.1]

94.8 (12.9) .243

89.3 (11.1)
[86.5-92.2]

88.3 (11.8)
[81.8-94.9]

88.0 (13.4) .944

[90.5-94.2] [93.0-101.9]
93.0 (12.2)

84.0 (20.5) 93.6 (21.4)
[81.8-105.4]

80.2 (25.5)
[48.6-111.8]

.101

92.9 (11.0)
[86.8-99.0]

93.6 (15.5) .192

[90.3-96.3]
89.8 (12.9) 89.4 (12.9)

95.4 (6.2) 96.1 (10.9)

96.6 (22.5)
[90.9-102.4] [92.2-119.5]

85.2 (20.6)
[59.6-110.8]

.116

Note: TLR10 rs4129009 variant, TLR2

Statistically significant findings are marked with bold font.
aExpressed as percentages of predicted. 

definitions, see the text). 
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TLR6 TLR10 rs4129009 combined with 
the wild genotype of the TLR2

P
children with another genotype combination (Supplementary Table 
S1).

|

There are three main findings in the present cohort study at the age 
of 10-13 years after hospitalisation for bronchiolitis in early infancy. 

TLR10 rs4129009 was associated with 

genotype. Second, in the combined analyses with the heterodimers 
consisting of TLR10 and TLR2, and of TLR10 and TLR1, respectively, 

children having the wild genotype of the TLR10 rs4129009. Third, 
the analyses including the 9 identified combinations of the wild and 
variant genotypes of the four TLR2 subfamily encoding genes con-
firmed that just the variant genotype of the TLR10 rs4129009 was 

protective for lung function reduction after severe bronchiolitis in 
early infancy.

Toll-like receptors are present in various cells of the immune sys-
tem but also in epithelial cells in the airways.5 TLRs recognise micro-
bial structures and activate the innate immune system by initiating 
production of inflammatory cytokines, which further induce the re-
sponses of adaptive immunity.5 Bacteria and viruses, including RSV 
and rhinoviruses, activate the heterodimers TLR2/TLR1 and TLR2/
TLR6.5,21,22 The specific activators of TLR10 are not known,  and 
TLR10 seems to use different signalling routes than other receptors 
of the TLR2 subfamily.23 In addition, there is evidence that TLR10 is 
competitive for the heterodimers formed by TLR2 subfamily mem-
bers and acts mainly as anti-inflammatory receptors.

Only few previous studies with varying designs have evaluated 
the associations of the genes encoding the TLR2 subfamily mem-
bers with lung function. In addition, the study subjects have been 

an association between the TLR2
110 adults with chronic obstructive pulmonary disease,24 but there 
were no significant findings regarding the TLR2

TLR10 rs4129009 and TLR1
former bronchiolitis patients

a

TLR10 wild
TLR1 wild

TLR10 wild
TLR1

TLR10
TLR1

P

Baseline

[93.3-99.3]
101.2 (8.8)
[90.3-112.1]

92.6 (11.8)
[86.1-99.1]

.230

89.3 (11.1)
[86.5-92.1]

88.4 (14.1) 88.3 (11.8)
[81.8-94.9]

.916

86.9 (9.4)
[93.0-101.9]

.003

84.4 (20.0)
[39.3-111.9]

93.6 (21.4)
[81.8-105.4]

.081

[93.9-100.2]
102.0 (8.5)
[91.4-112.6]

92.9 (11.0)
[86.8-99.0]

.194

93.1 (11.9)
[90.1-96.2]

92.2 (10.4) 89.8 (12.9) .645

95.9 (6.4) 90.3 (6.5)
[82.2-98.3]

.012

96.8 (22.4)
[91.0-102.5]

83.8 (22.3)
[56.2-111.4] [92.2-119.5]

.110

Note: TLR10 rs412900 variant, TLR1

Statistically significant findings are marked with bold font.
aExpressed as percentages of predicted. 

definitions, see the text). 
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-
phisms in the TLR2—including the TLR2

workers.25

polymorphisms of the TLR1 or TLR2 genes and lung function reduc-
tion in 89 cystic fibrosis patients.26 -
termined in this study, the significant association was found in TLR2 

TLR1 26 In the 
same Belgian study, there were no significant associations between 
TLR6 or TLR10 polymorphisms and lung function, including the TLR6 

TLR10 rs4129009, which we determined in this 
study.26

In the present study, the variant genotype of the TLR10 
rs4129009 polymorphism was associated with lower risk of lung 
function reduction at the age of 10-13 years after hospitalisation 
for infant bronchiolitis. In contrast, the same TLR10 polymorphism 
increased the risk of persistent asthma at the same age in this same 
post-bronchiolitis cohort.13 Thus, the direction of the association 
was opposite when the outcome was asthma and when the out-
come was lung function reduction. The reason might be an inter-
action between TLRs and the causative viruses of bronchiolitis. 
We have reported, earlier in this cohort, irreversible lung func-
tion changes especially after RSV bronchiolitis16 and an increased 
asthma risk after bronchiolitis caused by other viruses, such as rhi-
noviruses.  The findings are in line with other earlier post-bron-
chiolitis studies,4,28 in which increased asthma risk was associated 
especially to rhinovirus bronchiolitis.28 Unlike RSV, which is known 
to cause epithelial cell necrosis in the airways, rhinovirus is a less 
invasive pathogen and do not cause significant cell damage.29 TLRs 
not only have a key role in recognising pathogens, but they are also 
able to recognise endogenous molecules from dying and necrotic 
cells and might have a significant role in the regeneration of injured 
tissue.30

The main limitation of the present study was the small number 
of the study subjects for genetic analyses, which increased the risk 
of false-negative findings. On the other hand, exploring the associ-
ations between various combinations of polymorphisms and many 
measured parameters in spirometry means a risk for positive findings 
by random. However, the findings regarding the TLR10 rs4129009 
were constant in basic and combined analyses. In addition, the 
findings were robust to adjustments with current asthma, maternal 
smoking in infancy, RSV aetiology of bronchiolitis in infancy and 
weight status. The most remarkable strength of the present study 
was the long prospective follow-up time with repeated scheduled 

children who were hospitalised for bronchiolitis at <6 months of age 
represent clinical and ethnic homogeneity that is a clear advantage 
in genetic and cohort studies.

In conclusion, we found evidence of an association between 
TLR10 rs4129009 gene polymorphism and post-bronchiolitis lung 
function. Our current finding suggests a role for TLR10 in regulating 
protective elements for lung function development in children who 
are predisposed to RSV bronchiolitis in infancy.
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Bronchiolitis is a common cause of hospitalisation in infancy and in-
creases the risk for later asthma and lung function abnormalities. Toll-
like receptors (TLR) are key proteins of innate immunity that recognise 
microbes and moderate immune reactions, and there is evidence of 
association between TLR gene polymorphisms and lung diseases.1

We have prospectively followed the post-bronchiolitis cohort en-
rolled in 2001-2004 in Tampere, Finland, and we recently reported 
that single nucleotide polymorphism (SNP) of the TLR10 rs4129009 
was associated with better lung function in 81 children at 10-13 years 
of age.2 This SNP was also associated with asthma at 5-7 years of age 
and with persistent asthma from that age to 10-13 years.3 The genes 
encoding TLR1, TLR2 and TLR6, the other three members of the TLR2 
subfamily, showed no association with lung function in adolescence.2

We previously have reported lung function by impulse oscil-
lometry in relation to polymorphisms of the genes encoding nine 
TLRs in this post-bronchiolitis cohort at 5-7 years of age.4 The TLR4 
rs4986790 was associated with airway reactivity to exercise and 
the TLR7 rs179008 with baseline lung function in girls.4 The pres-
ent study evaluated associations of those SNPs with lung function at 
10-13 years of age studied with flow-volume spirometry.

Our original post-bronchiolitis cohort comprised 166 children, 
hospitalised for bronchiolitis at less than six months of age and fol-
lowed until 5-7 years of age.3 At 10-13 years of age, 89 of them under-
went flow-volume spirometry (Vmax Carefusion, Becton, Dickinson 
and Company, Franklin Lakes, NJ, USA) before and after bronchodi-
lation.2 Post-bronchodilator blows were performed 15 minutes after 
four doses of 0.1 mg salbutamol (Ventolin, GlaxoSmithKline, London, 
UK) inhaled through a spacer.2 The parameters of the flow-volume 
spirometry are presented as percentages of predicted popula-
tion-based, sex-specific, height-related references. Asthma control-
ler medication was not interrupted before the clinical examination.

Data on TLR4 rs4986790 (1194 A/G) and TLR7 rs179008 (171 
A/T) polymorphisms were available for 82 children (50% girls). TLR4 
rs4986790 was genotyped by pyrosequencing and TLR7 rs179008 
by PCR-based sequencing, as previously detailed.4

Statistical analyses were performed with SPSS for Windows, 
version 25.0 (IBM Corp, Armonk, NY, USA). Results are reported 
as means and standard deviations (SD). Differences in flow-volume 
spirometry parameters between children with wild and variant gen-
otypes of the TLR4 and TLR7 were studied with analysis of variance 
(ANOVA). The genotypes that were homozygous or heterozygous 

for minor alleles were considered variant genotypes. Because the 
TLR7 encoding genes are located in X-chromosome, the lung func-
tion results for the TLR7 rs179008 genotypes are reported by sex.4 
The confounders in the adjusted analyses were current asthma, ex-
posure to maternal smoking in infancy, respiratory syncytial virus 
aetiology of infant bronchiolitis and current body mass index for age 
z scores. The collection and definitions of the confounders, and the 
definition of current asthma, have previously been described.2

The Ethics Committee of Tampere University Hospital District 
approved the study and the parents provided written, informed con-
sent for the study, including the genetic studies.

In the TLR4 rs4986790, 69 of the 82 (84%) children had the wild 
AA genotype, 13 (16%) the variant AG genotype and none the variant 
GG genotype. In the non-adjusted analyses, baseline forced expiratory 
volume in one second (FEV1) was 88.2 % of predicted in children with 
the wild genotype versus 94.1 % in those with the variant genotype 
(P = .08). In the adjusted analyses, there were no significant differences 
between children with wild and variant genotypes in any baseline or 
post-bronchodilator flow-volume spirometry parameters (Table 1).

In 41 girls with the TLR7 rs179008, 23 (56%) had the wild AA 
genotype, 16 (39%) the variant AT genotype and two (5%) the vari-
ant TT genotype. In 41 boys, 33 (80.5%) had the wild AA genotype 
and 8 (19.5%) the variant TT genotype. There were no significant 
differences either in boys or girls between those with wild and vari-
ant genotypes in any baseline or post-bronchodilator flow-volume 
spirometry parameter (Data not shown).

We were unable to confirm the permanence of the association 
between TLR4 rs4986790 or TLR7 rs179008 polymorphisms and 
lung function, when children with a history of bronchiolitis were 
studied with impulse oscillometry and flow-volume spirometry five 
years apart. In our previous study of the same cohort, reduced lung 
function, measured by impulse oscillometry at the mean age of 6.3 
years, predicted rather well reduced lung function by flow-volume 
spirometry at the mean age of 11.4 years.5 The numbers of study 
subjects were rather small for separate analyses in relation to TLR4 
and TLR7 genotypes, and this increased the risk of false-negative 
findings. That is why this negative result is a preliminary finding with 
minor clinical significance. However, studies on gene polymorphisms 
are needed, until large-scale databases are available and allow more 
comprehensive analyses, including genetics of lung function in child-
hood and the impact of infant bronchiolitis.

© 2020 Foundation Acta Pædiatrica. Published by John Wiley & Sons Ltd
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= =

P
P

Baseline

FVC 95.5 (11.7) 98.2 (11.0) .442 .391

FEV1 88.2 (11.0) 94.1 (11.0) .080 .117

FEV1/FVC 92.8 (8.1) 96.4 (5.8) .137 .167

After bronchodilation

FVC 96.2 (11.9) 98.1 (12.4) .605 .505

FEV1 91.8 (11.7) 96.2 (12.4) .222 .231

FEV1/FVC 95.7 (6.9) 98.5 (5.2) .178 .169

Note: None of the children had the variant GG genotype.
Abbreviations: ANOVA, analysis of variance; FEV1, forced expiratory volume in one second; FVC, 
forced vital capacity; SD, standard deviation.
aExpressed as percentage of predicted. 
bAdjusted for current asthma, maternal smoking in infancy, respiratory syncytial virus aetiology of 
bronchiolitis and body mass index for age z scores. 

TLR4 rs4986790 genotypes 
in relation to parameters of flow-volume 
spirometry in 82 former bronchiolitis 
patients
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