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To the Editor

Longitudinal birth cohort studies and follow-up of wheezy infants suggest that airway 

hyperresponsiveness (AHR), a hallmark of asthma, is determined already in infancy (1, 2). It is not 

known whether such an early establishment of AHR is linked to early morphological alterations 

related to wheezing disorders. Airway remodeling is a characteristic feature of asthma, 

characterized by structural changes such as epithelial injury, thickening of reticular basement 

membrane (RBM) and increased airway smooth muscle (ASM) mass (3). In children with 

persistent wheeze, from the age of 1 year to school age, remodeling and inflammation develop in 

parallel (4-6). In this observational prospective study, we hypothesized that early airway 

inflammation or remodeling would be associated with persistent AHR later in life. 

Details of the study population and methods are included in the online supplement. The original 

study population included 49 infants (median age 1.1 years) who were referred to a tertiary 

centre due to troublesome respiratory symptoms, and who underwent infant lung function tests 

and bronchoscopy as part of their clinical assessment. All infants were born full-term and had 

experienced at least one physician-diagnosed episode of wheezing. 

The infants underwent whole-body plethysmography, and assessment of maximal flow at 

functional residual capacity (V̇maxFRC) by using the rapid thoracoabdominal compression 

technique, and in a subgroup of infants, bronchial challenge test to methacholine.

In the bronchoscopy, endobronchial biopsies were taken from the main carina, and the 

specimens were analyzed for RBM thickness, the amount of ASM expressed as the percentage of 

cross-sectional area of the airway (ASM%), and inflammatory cells by immunostaining.

At the median age of 7 years, the children were invited to a follow-up visit including a 

standardized questionnaire and lung function testing for airway responsiveness to methacholine 

and exercise. Approval for this study was obtained from Ethics Committee for Children’s 

Hospital. A written informed consent was obtained from the guardians of the children. 
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Lung function was measured using the oscillometric technique.  An exercise challenge was 

performed as a standardized running test for 6-8 min. A dosimetric bronchial provocation test 

with methacholine was applied to determine the provocative dose causing an increase of 40% in 

respiratory resistance (PD40Rrs5) and the dose response slope (DRS). 

Current asthma was defined as physician-diagnosed asthma ever and either intermittent or 

continuous anti-inflammatory treatment during the past year. 

Altogether 39 of the original group of 49 children (80 %) participated in the follow-up visit and 

lung function data were obtained in 36 (Table 1). Physician-diagnosed asthma ever was present 

in 33 of 39 (85 %) children. Asthma was considered current in 15 (42 %) children.

AHR to methacholine in infancy (PD40V̇maxFRC) was significantly associated with methacholine 

responsiveness at the follow-up (PD40Rrs5) (r=0.47; p=0.014) (Figure 1A). This relationship was 

highly significant expressed as DRS (p=0.55; p=0.005). 

Thickness of RBM in infancy was not associated with lung function or AHR at the follow-up visit. 

There was a significant correlation between bronchial ASM% in infancy and exercise-induced 

increase in Rrs5 at the follow-up (r=0.39; p=0.021) (Figure 1B). Those children who responded 

significantly (increase of Rrs5 at least 40 % after exercise) at the follow-up, had a higher median 

ASM% (20.3 vs 10.6; p=0.023) and a higher number of bronchial mast cells in ASM (95.1 vs 38.9; 

p=0.007) in infancy. In addition, infant ASM% had been higher in children with a history of 

hospitalization due to wheezing exacerbation ever than in those without such episodes (16.3 vs 

9.6; p=0.045). 

The bronchial eosinophils were few but present in 17 of 39 infants. A weak association was found 

between the number of bronchial eosinophils and PD40Rrs5 at the follow-up (r=-0.34; p=0.046). 

In addition, those infants who presented bronchial eosinophils had more severe AHR to 

methacholine at the follow-up than those without eosinophils (p=0.035)(Figure 1C). 

Supplementary data are included in the online version.
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The results show the early establishment of AHR in children with wheeze. Here we also report for 

the first time, that subtle findings in airway inflammation and remodeling related to wheezing 

disorder associate with later persistence of airway responsiveness in childhood. 

Caution should be exercised in generalizing the observed results, since the cohort constituted of 

a highly selected group of infants referred to a tertiary centre. As those subjects having 

macroscopic findings of structural anomalies were not included in the series, it is probable that 

most of the children represented early onset wheezing disorder of infancy. The high prevalence 

of asthma and AHR at the follow-up also indicate a selection bias. Ethical considerations hinder 

the inclusion of a healthy control group for bronchoscopic evaluation, and the associations were 

bound to be analyzed within the cohort, which is a clear limitation of the study. 

Previously, we have reported findings from another cohort of infants with recurrent lower 

respiratory tract symptoms, who, despite reduced lung function, showed very little evidence of 

remodeling or eosinophilia in the carinal biopsies (4). In subsequent follow-up study, significant 

associations between RBM thickness and the density of bronchial mast cells with the amount of 

purchased inhaled corticosteroids at the age of 3 yrs were found (7). Increased ASM has been 

found in preschool wheezers who develop asthma at school age (8). Also experimental studies 

agree our findings on the relationship between ASM thickness and AHR (9).

Although bronchial eosinophils were few in infancy, we found a significant association between 

their presence and AHR to methacholine at the follow-up. Studies in severe preschool wheeze 

have shown eosinophilic inflammation consistent of asthma (5). The association between the 

number of mast cells in ASM and EIB at follow-up also supports the concept of inflammatory 

mechanisms in early establishment of AHR.

In conclusion, in a highly selected group of children with a history of early wheeze, ASM thickness 

and mast cell infiltration in infancy were associated with EIB and wheezing episodes requiring 

hospitalizations by school age, while bronchial eosinophils in infancy were associated with 

increased AHR to methacholine at school age. These preliminary findings suggest that 

inflammatory and structural mechanisms are involved in the early establishment of AHR in 

childhood. A
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Table 1. Characteristics and lung function of the children (n=39) participating in the follow-up visit.

__________________________________________________________________________________

Male, n (%) 36 (92)

Age at the time of biopsy, median (range), yrs 1.3 (0.5; 2.1)

FRC in infancy, median (IQR), z-score 0.3 (-0.2; 1.9)

sGaw in infancy, median (IQR), z-score -2.6 (-3.5; 0.2)

V̇maxFRC in infancy, median (IQR), z-score -1.5 (-2.2; -0.5)

PD40V̇maxFRC in infancy, median (IQR), µg 315 (153; 888)†

Age at the time of biopsy, median (IQR), mo 13.8 (7.2;17.9)

Symptom duration at the time of biopsy, median (IQR), mo 8.0 (5.0; 13.9)

Wheezing episodes by the time of biopsy, median (range), n 2 (1-11)

Follow-up characteristics

Age, median (range), yrs 7.0 (4.0; 9.8)

Physician-diagnosed disease ever, n (%)

Asthma 33 (85)

Atopic eczema 11 (28)

Rhinoconjunctivitis 3 (8)

Food allergy 5 (13)

Wheeze classification, n (%)

Viral wheeze 29 (74)

Multiple trigger wheeze 10 (26)

Persistent asthma symptoms during the last year, n (%) 7 (18)

Regular inhaled corticosteroids during the last year, n (%) 12 (31)

Systemic corticosteroids due to exacerbations 

  -during the last year, n (%) 3 (8)A
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  -ever, n (%) 14 (36)

Hospitalizations due to exacerbations 

   -during the last year, n (%) 1 (3)

   -ever, n (%) 12 (31)

Parental smoking, n (%) 12 (31)

Parental asthma, n (%) 19 (49)

Skin prick positivity, n (%) 12 (31)‡

Follow-up lung function

Rrs5, median (range), kPal-1s 0.77 (0.46; 1.49)

Rrs5, median (range), z-score 0.16 (-2.41; 3.93)

Xrs5, median (range), kPal-1s -0.23 (-0.69; -0.14)

Xrs5, median (range), z-score -0.78 (-6.97; 0.81)

Abnormal baseline lung function, n (%) 10 (26)

Exercise-induced increase in Rrs5, median (range) 19.5 (-2; 61)

Exercise-induced increase in Rrs5 at least 40 %, n (%) 4 (10)

PD40Rrs5 in methacholine challenge, median (IQR), µg 190 (83; 469)

PD40Rrs5 less than 400 µg, n (%) 25 (65)

FENO, median (range), ppb 6.8 (3.0; 51.6)

__________________________________________________________________________________

FRC=functional residual capacity; sGaw=specific airway conductance; V̇maxFRC=maximal flow at FRC; 

PD40V̇maxFRC=provocative dose of methacholine producing a decrease of 40 % in V̇maxFRC; 

IQR=interquartile range; †n=28; ‡n=37 ; Rrs5=respiratory resistance at 5 Hz; Xrs5=respiratory reactance at 

5 Hz; PD40Rrs5=provocative dose of methacholine producing an increase of 40 % in Rrs5; 

IQR=interquartile range; FENO=fractional concentration of exhaled nitric oxide.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

  

Figure 1. The association between (A) airway hyperresponsiveness in infancy (PD40VmaxFRC) 

and at the follow-up visit (PD40Rrs5), (B) the amount of airway smooth muscle (ASM) and the 

exercise induced change in respiratory resistance (Rrs5) in a running test at the follow-up visit, 

and (C) the presence of bronchial eosinophils in infancy and airway hyperresponsiveness to 

methacholine (PD40Rrs5) at the follow-up visit.
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ONLINE SUPPLEMENT9

10

METHODS11

The original study population included 49 infants (median age 1.1 years; range 0.5-2.1 years)12

who were referred to a tertiary centre due to troublesome respiratory symptoms, and who13

underwent infant lung function tests and had additional bronchoscopy as part of their14

clinical assessment (1). All infants were born full-term and had experienced at least one15

physician-diagnosed episode of wheezing, and in 8 (21%) these required hospitalization.16

Other symptoms presented at the time of referral (and their incidence) included cough17

(48%), laborious breathing (19%), rhonchi and/or sputum production (12%). Indications for18

bronchoscopy included early onset troublesome respiratory symptoms suggesting airway19

malformation (n=29), other suspicion of structural abnormalities in the airways based on20

clinical presentation or lung function tests (n=16), nonresponsive recurrent wheeze (n=3) or21

excessive mucus production (n=1). If severe structural airway anomaly was identified in the22

bronchoscopy, patients were excluded from the follow-up study. Other exclusion criteria23

were use of inhaled corticosteroids (ICS) within 8 weeks prior to the infant lung function24

tests; a cumulative life-time systemic prednisolone use more than 3 days at a dose of 225

mg/kg or an equipotent dose of another systemic corticosteroid or life-time ICS use more26

than 4 weeks; respiratory infection in the 14 days preceding the lung function27

measurement. The selection process in the follow-up study is illustrated in Figure 1E.28

The infants underwent whole-body plethysmography, and assessment of maximal flow at29

functional residual capacity racoabdominal compression30

technique (2). A subgroup of infants underwent also bronchial challenge test to31
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methacholine as described earlier (3). The provocative dose causing 40% decrease in32

was determined.33

In the bronchoscopy, one or two endobronchial biopsies were taken from the main carina,34

and the specimens were analyzed for RBM thickness, the amount of airway smooth muscle35

(ASM) and inflammatory cells (4). Bronchoscopy with endobronchial biopsy was performed36

under general anesthesia with a 5.5 mm flexible bronchoscope using 1.8 mm disposable37

radial jaw biopsy forceps. For the youngest children endobronchial biopsies were taken with38

a 3.5-mm rigid bronchoscope, using biopsy forceps (No. 10378L; Karl Storz, GmbH and Co.,39

Tuttingen, Germany). One or two endobronchial biopsies were taken from the main carina,40

and the specimen were fixed in formalin before paraffin embedding, microscopic slide41

preparation and staining. RBM thickness was estimated by grid-overlay method. The whole42

biopsy area was photographed. Measure points were randomly selected using grid-overlay43

method. Individual measurements varied in number 30-170. To measure the amount of44

ASM samples stained for smooth muscle actin were photographed. The area of airway was45

determined manually following outlines of smooth muscle layer. The picture was divided46

into non-muscle and muscle areas and converted to black and white. To determine if a pixel47

belonged to the smooth muscle area it was passed through a color threshold filter. The48

amount of smooth muscle was expressed as the percentage of cross sectional area of the49

airway (ASM%). Inflammatory cells were identified in mucosa and submucosa by50

immunostaining using antibodies: T-lymphocytes (CD3, 2GVG Ventana, Roche), B-51

lymphocytes (CD20, L26 Ventana, Roche), plasma cells (CD138, B-A38, Ventana, Roche),52

mast cells (CD117, polyclonal, Dako), and macrophages (CD163, 10D6, Novocastra).  Results53

were expressed as number of cells/subepithelial area (1/mm2).54

Study design55

At the median age of 7 years, the children were invited to a follow-up visit in order to assess56

their respiratory symptoms, lung function and airway responsiveness to methacholine and57

exercise. The children were instructed not to take inhaled corticosteroids for 4 weeks prior58

to visit, inhaled long-acting beta2-agonists for 24 hours, and short-acting beta2-agonists for59

12 hours. A standardized questionnaire on the asthmatic symptoms, medication and atopic60

manifestations was filled in by the parents.  All the tests were performed at two separate61

visits, the median (range) interval between visits being 7 (1-21) days. Approval for the study62
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was obtained from Ethics Committee for Children’s Hospital of Helsinki University Hospital63

both for the use of bronchoscopy data in infancy (no 416/E7/2003), and for the follow-up64

study (no 211/13/03/2015).65

Lung function and skin prick tests at follow-up visit66

Exhaled nitric oxide (FENO) was measured using standard on-line technique, with a67

chemiluminescence analyzer. Atopic status was determined by skin prick testing. Lung68

function was measured using the oscillometric technique as described earlier (5, 6). An69

exercise challenge was performed as a standardized running test for 6-8 min (7). A post-70

exercise increase of at least 40% in respiratory resistance (Rrs5) was considered to indicate71

significant exercise-induced bronchoconstriction (EIB) (7). A dosimetric bronchial72

provocation test with methacholine modified for young children was applied to estimate73

AHR (8), expressed as the provocative dose causing an increase of 40% in respiratory74

resistance (PD40Rrs5) and as the dose response slope (DRS).75

Definitions at follow-up visit76

Current asthma was defined as physician-diagnosed asthma ever and either intermittent or77

continuous treatment of inhaled corticosteroids or leukotriene receptor antagonists during78

the past year. Atopy was defined as a positive skin prick test result to food or aeroallergens.79

Children who were reported to have had at least one wheezing episode between or outside80

viral respiratory infections, were considered to have multiple-trigger wheeze (9).81

Statistical analysis82

The associations between histological findings and continuous lung function data at the83

follow-up were evaluated with Spearman’s correlation, and group comparisons with Mann-84

Whitney’s test. Associations between categorical variables were evaluated by using -test.85

Two-sided p-values <0.05 were considered statistically significant.86

RESULTS87

Altogether 39 of the original group of 49 children (80 %) participated in the follow-up visit at88

the median (range) age of 7 (4-9) years. Their characteristics and lung function are89

summarized in the letter Table 1. The clinical and baseline lung function data as well as the90

biopsy results from infancy were available for all participants, and airway responsiveness to91
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methacholine had been measured in 28 participants in infancy. The participating children did92

not differ significantly from those not participating, as regards the anthropometric or lung93

function characteristics in infancy (data not shown).94

Physician-diagnosed asthma ever was present in 33 of 39 (85 %) children. However, 15 (3995

%) children reported no asthmatic symptoms and 20 (51 %) reported no use of96

corticosteroids during the past year. Asthma was considered current in 15 (42 %) children.97

The number of study subjects with lung function data at the follow-up visit was 36 (34 boys).98

Two children participated only in the clinical visit and questionnaire, and in one child, lung99

function tests could not be performed due to clinical obstruction at the time of the visit.100

According to methacholine responsiveness, 25 of 36 children demonstrated AHR101

(PD40Rrs5<400 µg), but only four showed significant EIB (post-exercise increase of Rrs5 at102

least 40%). 14/15 (93 %) of those who had current asthma, and 21/30 (83 %) of those with103

physician-diagnosed asthma ever, showed AHR to methacholine. AHR to methacholine was104

associated with current asthma (=6.92p=0.011), whereas the association between EIB105

and current asthma was not statistically significant. Increased FENO was associated with106

current skin prick positivity and blood eosinophilia, but not with current asthma.107

Associations of AHR at follow-up with airway remodeling and inflammation in infancy are108

presented in the letter. Thickness of RBM in infancy was not associated with current asthma,109

respiratory symptoms or use of inhaled corticosteroids at the follow-up visit. ASM thickness110

was not associated with current asthma, respiratory symptoms or use of inhaled111

corticosteroids at the follow-up. In our previous cadaver study the non-asthmatic controls112

did not show eosinophils in the bronchial mucosa, i.e. the median count was 0 (4).113

Therefore, in the present study we analyzed the infants based on their absence or presence114

of bronchial eosinophils. No associations were found between bronchial eosinophils or other115

inflammatory cells and lung function with oscillometry, exhaled nitric oxide, current asthma,116

respiratory symptoms, or use of inhaled corticosteroids at the follow-up.117

Decreased lung function maxFRC) in infancy was not significantly associated with118

lung function assessed with oscillometry at the follow-up, or with current asthma,119

respiratory symptoms, or use of inhaled corticosteroids at the follow-up. Asthmatic120

symptoms during the last year before the follow-up visit were more frequent in children who121
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were classified as having multiple-trigger wheeze (p=0.035), and in children with both122

parents having asthma (p=0.031) or atopy (p=0.008). The use of inhaled corticosteroids123

tended also to be more frequent in children with parental asthma or atopy (p=0.055 and124

p=0.001, respectively). Additionally, a history of cow milk allergy in infancy showed subtle125

associations with increased symptoms (p=0.062) and use of inhaled corticosteroids126

(p=0.044) prior to the follow-up visit. The use of inhaled corticosteroids during the last year127

before the follow-up, and the cumulative use (percentage of life time) were less in children128

with maternal (p=0.005) or parental (p=0.016) smoking in infancy, but the association was129

not significant with current smoking at the follow-up. None of those wheezy infants who had130

a maternal history of smoking (0/10; 0 %), were classified as having multiple-trigger wheeze,131

as opposed to those without smoke exposure (9/28; 24 %)(p=0.042). The inverse132

relationship between parental smoking and the use of inhaled corticosteroids may be133

explained by the cohort effect: parental smoking is a known risk factor for viral induced early134

wheeze, and thereby within our cohort, those infants were more likely to have this135

phenotype with spontaneous remission before the follow-up visit.136

137
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138

Figure 1E. Selection process of the study children.139
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