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Abstract

It has been known for many years that multiple early life factors can adversely affect lung function
and future respiratory health. This is the first systematic review to attempt to analyse all these
factors simultaneously. We adhered to strict a priori criteria for inclusion and exclusion of studies.
The initial search yielded 29,351 citations of which 208 articles were reviewed in full and 25 were
included in the review. This included 6 birth cohorts and 19 longitudinal population studies. The
25 studies reported the effect of 74 childhood factors (on their own or in combinations with other
factors) on subsequent lung function reported as percent predicted forced expiration in one
second (FEV;). The childhood factors that were associated with a significant reduction in future
FEV, could be grouped as: early infection, bronchial hyper-reactivity (BHR) / airway lability, a
diagnosis of asthma, wheeze, family history of atopy or asthma, respiratory symptoms and
prematurity / low birth weight. A complete mathematical model will only be possible if the raw
data from all previous studies is made available. This highlights the need for increased
cooperation between researchers and the need for international consensus about the outcome

measures for future longitudinal studies.
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Introduction

The two respiratory diseases with the largest burden on patients and on society as a whole are
asthma and chronic obstructive pulmonary disease (COPD). Both have their origins in early
childhood.[1-4]. The early life factors that have been implicated in poor future lung health include
environmental tobacco smoke, antenatal nutrition, premature birth, respiratory infections in early
life, air pollution, social deprivation, obesity and asthma.[5-8] To reduce the global burden of
respiratory disease we should target modifiable early life factors known to be associated with

subsequent respiratory disease.

The purpose of this review was to (a) systematically assess early life factors which have been
reported in association with low lung function and if the data allowed (b) develop a mathematical
model to simultaneously assess the relative contribution of each factor. Studies are limited in
which subjects exposed to risk factors early in life have had lung function measured into early or
later adult life. Despite this, observational cohort studies have demonstrated “tracking” of low
lung function in early childhood through adolescent years [9,10] and into adult life.[11] The
assumption that children with reduced lung function will continue to have poor respiratory health
is supported by the Melbourne Asthma Cohort in that those with severe asthma added to the
study at the age of 10 years already then demonstrating low lung function, were much more likely

to develop COPD by 55 years of age.[12,13]
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Aims

There have been no comprehensive systematic reviews on this important area. We undertook this
review to address this omission. The aims of our review were:

1. Systematically review the medical literature to identify longitudinal, observational studies
reporting associations between known early life risk factors for poor future respiratory
health and lung function.

2. Undertake statistical analysis to quantify the size effects of those risk factors on lung

function.

3. If possible, to develop a mathematical model to simultaneously assess the relative

contribution of each risk factor together with any interactions.

Methodology

To ensure that the temporal association between putative risk factors and lung function was
consistent with a causal relationship, an a priori decision was made to exclude cross-sectional
studies.[14] Only longitudinal studies which estimated the association of a factor or factors
ascertained before forced expiratory volume in one second (FEV,) was measured were included.
By definition systematic reviews involving lung function are required to select a single index to
enable comparison between studies. Forced expiratory volume in one second (FEV,)
measurements have been the most widely reported and best understood lung function indices in
the paediatric medical literature. They can be reported as FEV; volume, percentage predicted

FEV4, FEV, z scores or FEV;: forced vital capacity (FVC) ratios. No individual measure is perfect but

4
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it is necessary to correct for growth, gender, ethnicity and age when combining studies which
involve children. It was therefore decided a priori to use percentage predicted FEV1 as our end

point.

A search of Medline, using the search strategy described in Appendix S1 (Date for search — from
1946 up until October 2014; Type of studies — Human. Language — English), was performed and
papers identified were imported into Reference Manager (Thomson Reuters, Carlsbad, CA). After
removal of duplicate papers, titles and abstracts of all identified studies were screened by two
independent reviewers (AK and VB) to select publications that met the following 3 criteria:

1. Theyincluded COPD and/or asthma

2. They were longitudinal population-based cohorts recruited at birth or in early

childhood (<5 years of age).

3. Lung function was measured after assessment of exposure to early life risk factors.
Where there was uncertainty as to whether all 3 criteria were met, the full article was obtained
and scrutinised. Disagreement between reviewers was resolved by discussion between AK and VB

and, if necessary, a third person (AP) acted as arbitrator.

The remaining papers that were relevant to the research question were obtained and screened to
discover if all the following data were available:
4. Early life exposure to a defined risk factor.
5. Lung function reported as percent predicted FEV; or data available from which this
index could be derived.
6. FEV; data (mean and standard deviation [SD] or 95% confidence intervals [Cl] or
standard error of measurement [SEM] or median and interquartile range [IQR]) were

reported separately for subjects exposed and non-exposed to the relevant risk factors.
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The authors of the papers excluded from this review (n=30), because they did not meet criteria 4-

6, were contacted and asked if they were willing to provide data to enable their inclusion.

Quality assurance

The methodological quality of the studies was formally assessed using a quality assurance tool

from the Critical Appraisal Skills Programme (CASP) (http://www.casp-uk.net/#!casp-tools-

checklists/c18f8) which consists of nine questions.[15] See Box 1. Each question could be

answered “Yes”, “No” or “Do not know”. If the answer was “Yes” a score of 1 was given and if the
answer was “No” a score of 0 was given. If the answer was “Do not know” the original authors
were contacted for clarification. If a clarification was provided the previous scoring rule was
applied. If clarification was not available then a score of 0 was given. Each study therefore had a
quality assurance score out of nine. The questions that were most relevant when assessing the
quality of longitudinal-cohort and birth-cohort studies were 1,2,3,5,6,7.  Studies were only

selected if the answer was “yes” to all these questions.

Box 1: Critical Appraisal Skills Programme Questions
1. Were the factors that affected lung function clearly described?
2. Was a method of screening used to confirm exposure to factor(s)?
3. Did the study have a control cohort?
4. Was there confirmation that the control cohort had no exposure to any of the risk factors?
5. Were the measures used appropriate?
6. Were one or more measurements taken at a defined time point in both groups?
7. Were both point measures (e.g. mean/median) and measures of dispersion (e.g. SD, IQR,
etc.) reported at each measurement point?
8. Were drop-out rates reported?
9. Were all important confounding factors identified?
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Data extraction and synthesis

For each paper, differences between the means of the percent predicted FEV; and the 95% Cl of
the difference between the exposed and unexposed sample were calculated for each risk factor

using the formula below. Unequal variance was assumed.[16]

Box 2: Calculation of Mean Difference

MD = (mean predicted FEV, from exposed sample)
— (mean predicted FEV, from non exposed sample)

|
g2 gZ
9506 C1 = MD + ¢, x = ||-1+ 22
|._1—:__:' | ﬂ’l ﬂ"._'-‘

Key: MD — Mean Difference; 95% Cl — 95% Confidence Interval; t’(1.a/2) — reliability factor estimated
using the previously described procedure [16]; and was estimated s; — Standard deviation of the
predicted FEV; in the exposed population; n; — Sample size of the exposed population; s; —
Standard deviation of the predicted FEV; in the non-exposed population; n, — Sample size of the
non-exposed population.

When the SEM was given, the SD was estimated by multiplying the SEM by the square root of the
number of participants in the group. When median and IQR were presented the mean was
estimated to be equal to the median and the SD was estimated to be the inter quartile range

divided by 1.35.[16]

A structured approach was used to assess if the data available in the selected articles allowed for a
mathematical model to be developed. This is described below. The risk factor reported in each
paper was identified as a binary outcome, once this was done the corresponding percent
predicted FEV,; data for those exposed and those not exposed was documented for every

measurement time point. It is important to note that there were missing values (i.e. not all risk

7
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factors had a measure taken at every reported time point). Where missing values were identified

we contacted respective authors to provide us with the required data.

Results

The initial search yielded 29,351 citations. After removal of duplicates and screening for relevance,
208 articles were selected for full review, of which 55 met the inclusion criteria (criteria 1-3
above). Twenty five studies met additional inclusion criteria (4-6 above), thus enabling
comparison between papers. See Figure 1. They comprised 6 birth cohorts[17-22] and 19
population-based longitudinal studies.[12,13,23—-39] Tables 1 and 2 give an overview of the
included studies. The reasons for rejecting the remaining 30 papers [9,10,40-67] are summarised
in Table 3. When the 25 selected articles were analysed, the published data were not suitable for
the development of an explanatory model. All relevant authors were contacted but no additional

data were made available.

Figure 1: PRISMA flowchart showing numbers of articles reviewed for the systematic review
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Article Factors Investigated Sample size FEV; Measured Quality
Assurance Score
Collins 20-11 [17] Asthma at 6-14 years 1510 6 - 14 years 8/9
Atopy at 6-14 years
BHR at 6-14 years
Grischkan 2004 Prematurity 251 8 -11 years 8/9
[18] Asthma at 8-11 years
Guilbert 2011 [19] Parental allergy and asthma 238 5 - 8 years 8/9
Wheezing <3years
Hollams 2014 [20]  Maternal smoking in pregnancy 1129 14 years 8/9
Smoking at age 14 years
Mullane 2013 [21] Lung function at 1 month 150 18 years 7/9
Wheezing at 18 years
Vonk 2004 [22] LRTI aged <1lyear 597 20 years 8/9
BHR / atopy 20 years

Table 1: Summary of birth cohort studies included in systematic review
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Article Factors Investigated Sample size FEV1 Quality
Measured Assurance

Score
Cassimos 2008 [23] Bronchiolitis < 1year 189 7.5 years 7/9
Asthma at 7.5 years
De Goojer 1993 [24] Family history of atopy 60 8-11 years 8/9
Respiratory symptoms 8-11 years 36 years
Goksor 2007 [25] Pre / post-natal smoke exposure 101 17-20 years 7/9
Hospitalised with wheeze <2 years
Goksor 2008 [26] Pre / post natal smoke exposure 101 17-20 years 8/9
Asthma 17-20 years
Kim 2013 [27] History of bronchiolitis 1743 6.8 years 7/9
Exposure to high levels of ozone
Korppi 2004 [28] RSV bronchiolitis <2 years 127 18-20 years 7/9
Kwinta 2013 [29] Extreme low birth weight 81 6.7 years 8/9
Wheeze
Mai 2003 [30] Prematurity <36 weeks 138 12 years 7/9
Mikalsen 2012 [31] Bronchiolitis < 1 year 121 11 years 6/9
RSV +'ve / RSV —‘ve
Asthma at 11 years
Murray 1992 [32] Clinical bronchiolitis <1 year 73 5 years 7/9
Oswald 1997 [33] Mild wheezy bronchitis at 7 years 286 35 years 6/9
Wheezy bronchitis at 7 years
Asthma at 7 years
Severe asthma at 7-10 years
Piippo-Savolainen Hospitalised with bronchiolitis <2 years 88 18-21 years 7/9
2004 [34] Hospitalised with pneumonia <2 years
Rasmusen 2000 [35] Airway lability at 14 years 271 14-19 years 7/9
Airway lability at 19 years
Sigurs 2005 [36] RSV < 6 months 47 13 years 7/9
Siltanen 2004 [37] Preterm (<34 weeks) and BW <1.5 kg 72 10 years 8/9
Tai 2014 [12] Mild wheezy bronchitis at 7 years 197 50 years 8/9

Wheezy bronchitis at 7 years
Asthma at 7 years
Severe asthma at 7-10 years
Tai 2014 [13] Wheezy bronchitis and asthma 7 years 197 50 years 8/9
Asthma readmission at 50 years
Asthma at 50 years
COPD at 50 years

Tamesis 2013 [38] Doctor diagnosis of asthma at 7 years 177 7 years 7/9
BHR at 7 years
Asthma at 7years
Wilson 2004[39] Atopic parent 49 10 years 8/9

Wheeze <4 years
Wheeze >4 years

Table 2: Summary of Longitudinal Studies included in systematic review

10
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Table 3: Summary of studies that were rejected

Article Factors Investigated Lung Reason for
Function Rejection
Castro-Rodriguez Lower respiratory illness in first 3 years 6 & 11 years 1
2001 [9]
Castro-Rodriguez Asthma symptoms, BMI and skin tests at 6 years 11 years 1
2001 [10]
Stein 1999 [40] Lower respiratory tract illness in first 3 years Upto 13 1
years
Krantz 1990 [41] Whooping cough as infant 6-13 years 1
Bisgaard 2012 [42] BHR as neonate 6 years 1
Kurukulaaratchy 2003 BHR at 1,2,4 & 10 years 10 years 1
[43]
Lodge 2014 [44] Wheeze phenotypes, asthma and respiratory symptoms | 12 & 18 years 1
Narang 2008 [45] Preterm delivery 21 years 1
Pike 2013 [46] Asthma, wheeze and atopy at 6, 12,24 & 36 months 6 years 1
[lli 2006 [47] Allergen exposure at 6 & 18 months and 3, 4 & 5 years 7,10 & 13 1
years
Granell 2013 [48] Early wheezing phenotypes, doctor-diagnosed asthma 8 years 1
and atopy at 7 years
Kreiner-Moller 2013 Diagnosis of asthma 6 years 1
[49]
Pike 2012 [50] Wheeze phenotype at 6, 12, 24 & 36 months. 6 years 1
Infant adiposity gain 0-6 months.
Ware 1984 [51] Exposure to indoor and outdoor air pollutants 1
Morales 2014 [52] Intrauterine and early postnatal exposure to outdoor air 4 years 1
pollution
Torjussen 1992 [53] Exposure to environmental tobacco smoke and pets 10 years 1
Chen 2014 [54] Physical fitness, sedentary time, obesity measures and 9 to 12 years 2
asthma aged 9 to 12 years
Singleton 2003 [55] Hospitalised with RSV at <2 years 5 & 8 years 2
Martinez 1995 [56] Wheezing phenotypes, markers of atopy 6 years 2
Turner 2009 [57] Airway responsiveness at 1, 6 & 12 months. 11 years 2
Asthma at 11 years
Chawes 2010 [58] Asthma, eczema, food sensitization, markers of atopy 7 years 2
and bronchial responsiveness
Hallberg 2010 [59] Presence of asthma at 1, 2, 4 and 8 years 8 years 2
Eenhuizen 2013 [60] Long-term average air pollution concentrations 4 years 2
Van der Gugten 2013 Respiratory symptoms and presence of respiratory <1 vyear 2
[61] viruses
Voraphani 2014 [62] RSV LRTI < 3 years 26 years 2
Belgrave 2014 [63] Wheeze and atopy phenotypes at 3, 8 & 11 years 3,8&11 2
years
Elliott 2013 [64] Wheeze phenotypes 0-1&2-3 2
years
Wills 2013 [65] 25(0OH)D concentrations in pregnancy. Wheeze, asthma, 9 years 3
atopy, eczema, hayfever, at 7-8 years
Kerkhof 2014 [66] Environmental tobacco smoke 6-8 years 3
Halonen 2013 [67] Eczema and wheezing < 1 year, physician-diagnosed 9 years 3
asthma <9 years and asthma in the parents

11
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Reason for rejection: 1- Data not presented as percent predicted FEV,
2- Data not presented as FEV;
3- Missing data

All 25 selected papers answered “Yes” to the six key quality questions (1,2,3,5,6,7). The total
quality score for each paper can be seen in Tables 1 and 2. Although the risk of bias was minimal it
was not eliminated as it was not possible to clearly identify potential confounding factors

(questions 4 & 9) in all papers selected.

The 25 papers included in the review reported the association of 74 childhood factors (either
individually or in combination) together with subsequent percent predicted FEV;. Full details of
these exposures are shown in Appendix 2. A number of childhood factors were associated with a
significant reduction in subsequently measured FEV; as defined by the 95% Cl of the mean
difference (MD) from unexposed subjects excluding zero. These factors could be broadly grouped
into: early childhood infection, bronchial hyper-responsiveness (BHR) / airway lability, wheeze,
family history of atopy or asthma, a diagnosis of asthma, respiratory symptoms and prematurity /
low birth weight. The childhood factors that were significantly associated with future lung
function are summarised in Figure 2.

Figure 2: Summary of childhood factors associated with a significant reduction in subsequent
lung function

Discussion

Although it is widely recognised that a number of early life factors can adversely affect lung
function and therefore future respiratory health [1-4], to our knowledge this is the first
comprehensive, systematic review on this topic. A number of risk factors including early childhood
infection, BHR / airway lability, a childhood diagnosis of asthma, wheeze, family history of atopy or
asthma, respiratory symptoms and prematurity / low birth weight were associated with low

percent predicted FEV; when measured later in childhood or in adult life in some but not all of the
12
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papers identified. These were variously reported individually or in combination with other factors.
The most frequently reported data were for childhood infection, BHR / airway lability and a

childhood diagnosis of asthma.

We adhered to strict a priori inclusion and exclusion criteria for studies. This strengthened our
results but necessitated the exclusion of some potentially informative studies. Cross-sectional
studies were excluded as they cannot assess the temporal direction of associations, making the
inference of causality impossible. The quality assurance tool confirmed that the included studies
were of a high quality with a low risk of bias. Despite this, we were not able to fully quantify the
risk of bias associated with confounders (in both the study and the control cohorts) or with

missing values as these were not always documented.

A priori we chose percent predicted FEV; as the outcome measure and therefore excluded studies
that did not report this value or provide the raw data to allow its calculation. This decision was
subsequently justified as it was the most frequently reported lung function outcome measure in
the relevant studies. We accept that percent predicted FEV; is not the perfect lung function
outcome. The equations used to generate the percentage values can impact on results.[68] It
may also be less sensitive than Lung Clearance Index in detecting early lung disease [69] and not
be as accurate as FEV1 z scores. Unfortunately, neither of these outcome measures has been used

in many longitudinal studies.

It might be assumed that environmental tobacco smoke before birth, and in the early years of life,
is a very important risk factor for future respiratory health. Indeed, there are many studies
culminating in a systematic review by Cook et al. (1998) which concluded that maternal smoking
was associated with a small but statistically significant deficit in lung function in school aged
children.[6] Unfortunately, most studies included in that review were cross-sectional and the

longitudinal studies included did not present data as percent predicted FEV;. None of those
13
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studies therefore met our inclusion criteria. The effects of maternal smoking on lung function are
mainly seen in early childhood, the differences becoming less apparent with time. There has been
a similar debate about the possible effects of environmental pollution and lung growth but
relevant papers were not included in our review as they were cross-sectional or did not provide
outcome data as percent predicted FEV;. The seminal paper on lung growth and pollution showed
adverse effects on lung development in children 10 to 18 years old leading to clinically significant
deficits in attained FEV; as they reached adulthood.[70] In addition, 2 large paediatric [71,72] and
one adult study[73] have identified small deficits in lung function associated with exposure to

particulate matter.

In our study 7 of 22 risk factor combinations which included early childhood infections were
associated with a low percent predicted FEV; in later life. Acute viral bronchiolitis and viral
illnesses associated with wheeze in young children are common but the terminology used to
define them is variable. Two combinations which included early childhood infection had very
wide confidence intervals (ID 43 & 45) suggesting there were other unexplored confounding
factors contributing to the observed differences. In some studies early respiratory viral infections
have been associated with the subsequent development of asthma [23,32,34,36] but not in
others.[40,74] It has been suggested that RV infections in early life are more likely to cause
reduced lung function than RSV infections.[19] Birth cohort studies suggest that lung damage
caused by infection may be dependent on the lung already being abnormal due to genetic,
immunological or developmental issues as identified by reduced lung function at birth.[40,75,76]

This suggests that other risk factors such as prematurity may interact with early infection.

Seven of 8 risk factor combinations that included BHR or airway lability showed a significant
reduction in percent predicted FEV;. Although not present in all patients, BHR is an important

feature of asthma and it may also contribute to COPD phenotype.[77] It is caused by an influx of

14
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inflammatory cells and improves when treated with inhaled corticosteroids.[78] The triggers can
be nonspecific such as viral infections or specific such as allergen inhalation. The exact
relationship between BHR in childhood and the later development of respiratory disease (with or
without BHR) is unclear. Some articles included in our review investigated the association
between childhood asthma and the subsequent development of COPD.[17,18,23,26,31,33] Six of
13 risk factor combinations included in these articles had a significant reduction in percent
predicted FEV;. We had envisaged including more long term asthma cohort studies within our
review but most have not measured FEV; percent predicted. The paediatric asthma study with the
longest duration of follow-up is from Melbourne, which reported FEV; percent predicted at 50
years with a number of participants having been diagnosed with COPD.[12,13] The vast majority
of those with COPD aged 50 years came from the severe asthma group recruited at 10 years of

age.

Prematurity and extreme prematurity have been highlighted as risk factors for reduced lung
function in childhood and for increased severity of viral respiratory infections in infancy. Four
studies were included in our review .Three of the five risk factor combinations investigated
showed a significant association with subsequent low lung function.[18,29,30,37] The longest
duration of follow-up in those studies was 12 years. A 21 year follow-up study of babies born
extremely prematurely has reported that any differences in lung function compared with term-
born controls during childhood disappears in adult life.[45] This may be linked to suggestions from
recent imaging studies that alveolarisation continues through to adolescence.[79] Although
studies included in our review did not show lower FEV; in atopic compared with non-atopic
children, the Multicentre Allergy Study (not included as did not present data on percent predicted

FEV,) found that 90% of children with wheeze but no atopy lost their symptoms at school age and

15
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retained normal lung function at puberty. In contrast, those sensitised to perennial allergens in

the first 3 years of life had reduced lung function at school age.[47]

We began this review with the aim of prioritising factors in early life which adversely affect lung
function and future lung health. We chose FEV, percent predicted as our outcome measure as this
was the most widely reported lung function measurement. We soon realised, however, that the
data on FEV; were much more limited than we had hoped. We also recognised that many risk
factors for subsequent low FEV; were not reported as independent variables. Therefore a
complex picture began to emerge in which multiple factors interacted to affect subsequent lung
function. Such interactions have not previously been well discussed. An example of this is early
childhood infection. In isolation, acute viral infections in infancy are associated with subsequent
low FEV; values but the incidence and severity of such infections are affected by other factors such
as prematurity, social deprivation, atmospheric pollution and secondary tobacco smoke exposure.
In turn, prematurity may be influenced by maternal diet, socio-economic status, maternal smoking
and a host of genetic and epigenetic factors, some of which are not fully understood. This
complex web of interactions means it is almost impossible to quantify the effect of a single
childhood risk factor for future respiratory health. It also suggests it is impossible or impractical to

design and implement a sufficiently rigorous birth cohort study to model this outcome.[80]

Conclusion

This systematic review has confirmed that a number of childhood factors significantly adversely
affect subsequent lung function. These include: early infection, BHR / airway lability, asthma,
wheeze, a family history of atopy or asthma, respiratory symptoms and prematurity / low birth
weight {Figure 2}. The different outcome measures reported by cohort studies and our inability to

obtain their raw data meant that it was not possible to develop a mathematical model to prioritise

16
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the effects of the various early life factors. The interaction between these factors means that any
such model would be extremely complex. If we are to further elucidate the role of early
childhood factors that affect future respiratory health it essential that the data from all previous
studies are made freely available.[81] Collaborations to share the data from cohort studies such
as the Study Team for Early Life Asthma Research (STELAR)[82] represent an important new

direction for future research.

Acknowledgements

This study was funded by a monetary grant (CRT116809) of £25,000 from GlaxoSmithKline’s (GSK)
“Centre of Excellence” fund and £5,000 from the Breath of Life Charity in Stoke on Trent. The GSK
Centre of Excellence fund supports academic centres to develop studies which have an impact on
patient’s lives but are unrelated to medicinal products developed and manufactured by the
company. The grants were used to support the employment costs of the Lead Researcher (AK)
together with associated research costs incurred by Keele University. The funders had no role in
study design, data collection and analysis, decision to publish, or preparation of the manuscript.
These monetary grants do not alter our adherence to all Paediatric Respiratory Reviews polices on

sharing data and materials.

We thank Dr Sybil Farmer for her guidance with setting up the systematic review and assistance
with the article screening. We also thank Professor J Grigg for his assistance in reviewing the

current evidence for the effect of air pollution on lung function in childhood.

Conflict of Interests

Since completing this project WL has retired from his full time post at Royal Stoke University
Hospital and is working part-time as a Respiratory Paediatrician in the Medical Expert Team of

GlaxoSmithKlein in the Global Respiratory Franchise.
17

Page 17 of 24



References

(1]
(2]

(3]
(4]
(5]
(6]
(7]
(8]
(9]

(10]

(11]

[12]

(13]
(14]

(15]

(16]

(17]

(18]

[19]

(20]

Bush A. COPD: a pediatric disease. COPD 2008;5:53—67. doi:10.1080/15412550701815965.

Martinez FD. The origins of asthma and chronic obstructive pulmonary disease in early life. Proc Am
Thorac Soc 2009;6:272—7. doi:10.1513/pats.200808-092RM.

Mannino DM. COPD as a disease of children: hype or hope for better understanding? Thorax
2010;65:1-2. d0i:10.1136/thx.2009.118778.

Postma DS, Bush A, van den Berge M. Risk factors and early origins of chronic obstructive pulmonary
disease. Lancet Lond Engl 2015;385:899-909. doi:10.1016/50140-6736(14)60446-3.

Svanes C, Sunyer J, Plana E, Dharmage S, Heinrich J, Jarvis D, et al. Early life origins of chronic
obstructive pulmonary disease. Thorax 2010;65:14-20. doi:10.1136/thx.2008.112136.

Cook DG, Strachan DP, Carey IM. Health effects of passive smoking. 9. Parental smoking and
spirometric indices in children. Thorax 1998;53:884—-93.

Narang |, Bush A. Early origins of chronic obstructive pulmonary disease. Semin Fetal Neonatal Med
2012;17:112-8. d0i:10.1016/j.siny.2012.01.002.

Mannino DM, Buist AS. Global burden of COPD: risk factors, prevalence, and future trends. Lancet
2007;370:765-73. d0i:10.1016/50140-6736(07)61380-4.

Castro-Rodriguez JA, Holberg CJ, Morgan WJ, Wright AL, Halonen M, Taussig LM, et al. Relation of two
different subtypes of croup before age three to wheezing, atopy, and pulmonary function during
childhood: a prospective study. Pediatrics 2001;107:512-8.

Castro-Rodriguez JA, Holberg CJ, Morgan WJ, Wright AL, Martinez FD. Increased incidence of
asthmalike symptoms in girls who become overweight or obese during the school years. Am J Respir
Crit Care Med 2001;163:1344-9. doi:10.1164/ajrccm.163.6.2006140.

Sears MR, Greene JM, Willan AR, Wiecek EM, Taylor DR, Flannery EM, et al. A longitudinal,
population-based, cohort study of childhood asthma followed to adulthood. N Engl J Med
2003;349:1414-22. doi:10.1056/NEJM0a022363.

Tai A, Tran H, Roberts M, Clarke N, Wilson J, Robertson CF. The association between childhood
asthma and adult chronic obstructive pulmonary disease. Thorax 2014;69:805-10.
doi:10.1136/thoraxjnl-2013-204815.

Tai A, Tran H, Roberts M, Clarke N, Gibson A-M, Vidmar S, et al. Outcomes of childhood asthma to the
age of 50 years. J Allergy Clin Immunol 2014;133:1572-8.e3. d0i:10.1016/j.jaci.2013.12.1033.
Kauffmann F, Maccario J. Cross-sectional analyses of longitudinal data and longitudinal analyses of
cross-sectional data. Eur Respir Rev n.d.;10:380-2.

Sanderson S, Tatt ID, Higgins JPT. Tools for assessing quality and susceptibility to bias in observational
studies in epidemiology: a systematic review and annotated bibliography. Int J Epidemiol
2007;36:666—76. doi:10.1093/ije/dym018.

Daniel WW. Biostatistics: A Foundation For Analysis in the Health Sciences. 7th ed. John Wiley & Sons
inc; 1999.

Collins RA, Parsons F, Deverell M, Hollams EM, Holt PG, Sly PD. Risk factors for bronchial
hyperresponsiveness in teenagers differ with sex and atopic status. J Allergy Clin Immunol
2011;128:301—7.e1. doi:10.1016/j.jaci.2011.03.016.

Grischkan J, Storfer-Isser A, Rosen CL, Larkin EK, Kirchner HL, South A, et al. Variation in childhood
asthma among former preterm infants. J Pediatr 2004;144:321-6. doi:10.1016/j.jpeds.2003.11.029.
Guilbert TW, Singh AM, Danov Z, Evans MD, Jackson DJ, Burton R, et al. Decreased lung function after
preschool wheezing rhinovirus illnesses in children at risk to develop asthma. J Allergy Clin Immunol
2011;128:532—-8.e1-10. doi:10.1016/j.jaci.2011.06.037.

Hollams EM, de Klerk NH, Holt PG, Sly PD. Persistent effects of maternal smoking during pregnancy on
lung function and asthma in adolescents. Am J Respir Crit Care Med 2014;189:401-7.
d0i:10.1164/rccm.201302-03230C.

18

Page 18 of 24



[21]

(22]

(23]

[24]

[25]

(26]

[27]
(28]

[29]

(30]

(31]

(32]
(33]

(34]

(35]

(36]

(37]

(38]

(39]

Mullane D, Turner SW, Cox DW, Cox D, Goldblatt J, Landau LI, et al. Reduced infant lung function,
active smoking, and wheeze in 18-year-old individuals. JAMA Pediatr 2013;167:368-73.
doi:10.1001/jamapediatrics.2013.633.

Vonk JM, Boezen HM, Postma DS, Schouten JP, van Aalderen WMC, Boersma ER. Perinatal risk factors
for bronchial hyperresponsiveness and atopy after a follow-up of 20 years. J Allergy Clin Immunol
2004;114:270-6. doi:10.1016/].jaci.2004.03.051.

Cassimos DC, Tsalkidis A, Tripsianis GA, Stogiannidou A, Anthracopoulos M, Ktenidou-Kartali S, et al.
Asthma, lung function and sensitization in school children with a history of bronchiolitis. Pediatr Int
Off J Jpn Pediatr Soc 2008;50:51-6. d0i:10.1111/j.1442-200X.2007.02509.x.

De Gooijer A, Brand PL, Gerritsen J, Koéter GH, Postma DS, Knol K. Changes in respiratory symptoms
and airway hyperresponsiveness after 27 years in a population-based sample of school children. Eur
Respir J 1993;6:848-54.

Goksor E, Amark M, Alm B, Gustafsson PM, Wennergren G. The impact of pre- and post-natal smoke
exposure on future asthma and bronchial hyper-responsiveness. Acta Paediatr Oslo Nor 1992
2007;96:1030-5. d0i:10.1111/j.1651-2227.2007.00296.x.

Goksor E, Gustafsson PM, Alm B, Amark M, Wennergren G. Reduced airway function in early
adulthood among subjects with wheezing disorder before two years of age. Pediatr Pulmonol
2008;43:396-403. doi:10.1002/ppul.20798.

Kim BJ, Seo JH, Jung YH, Kim HY, Kwon JW, Kim HB, et al. Air pollution interacts with past episodes of
bronchiolitis in the development of asthma. Allergy 2013;68:517-23. doi:10.1111/all.12104.

Korppi M, Piippo-Savolainen E, Korhonen K, Remes S. Respiratory morbidity 20 years after RSV
infection in infancy. Pediatr Pulmonol 2004;38:155-60. doi:10.1002/ppul.20058.

Kwinta P, Lis G, Klimek M, Grudzien A, Tomasik T, Poplawska K, et al. The prevalence and risk factors
of allergic and respiratory symptoms in a regional cohort of extremely low birth weight children
(<1000 g). Ital J Pediatr 2013;39:4. doi:10.1186/1824-7288-39-4.

Mai X-M, Gaddlin P-O, Nilsson L, Finnstrém O, Bjérkstén B, Jenmalm MC, et al. Asthma, lung function
and allergy in 12-year-old children with very low birth weight: a prospective study. Pediatr Allergy
Immunol Off Publ Eur Soc Pediatr Allergy Immunol 2003;14:184-92.

Mikalsen IB, Halvorsen T, @ymar K. The outcome after severe bronchiolitis is related to gender and
virus. Pediatr Allergy Immunol Off Publ Eur Soc Pediatr Allergy Immunol 2012;23:391-8.
d0i:10.1111/j.1399-3038.2012.01283 .x.

Murray M, Webb MS, O’Callaghan C, Swarbrick AS, Milner AD. Respiratory status and allergy after
bronchiolitis. Arch Dis Child 1992;67:482-7.

Oswald H, Phelan PD, Lanigan A, Hibbert M, Carlin JB, Bowes G, et al. Childhood asthma and lung
function in mid-adult life. Pediatr Pulmonol 1997;23:14-20.

Piippo-Savolainen E, Remes S, Kannisto S, Korhonen K, Korppi M. Asthma and lung function 20 years
after wheezing in infancy: results from a prospective follow-up study. Arch Pediatr Adolesc Med
2004;158:1070-6. doi:10.1001/archpedi.158.11.1070.

Rasmussen F, Siersted HC, Lambrechtsen J, Hansen HS, Hansen NC. Impact of airway lability, atopy,
and tobacco smoking on the development of asthma-like symptoms in asymptomatic teenagers.
Chest 2000;117:1330-5.

Sigurs N, Gustafsson PM, Bjarnason R, Lundberg F, Schmidt S, Sigurbergsson F, et al. Severe
respiratory syncytial virus bronchiolitis in infancy and asthma and allergy at age 13. Am J Respir Crit
Care Med 2005;171:137-41. doi:10.1164/rccm.200406-7300C.

Siltanen M, Savilahti E, Pohjavuori M, Kajosaari M. Respiratory symptoms and lung function in relation
to atopy in children born preterm. Pediatr Pulmonol 2004;37:43-9. doi:10.1002/ppul.10402.
Tamesis GP, Covar RA, Strand M, Liu AH, Szefler SJ, Klinnert MD. Predictors for asthma at age 7 years
for low-income children enrolled in the Childhood Asthma Prevention Study. J Pediatr 2013;162:536—
42.e2. doi:10.1016/j.jpeds.2012.08.023.

Wilson NM, Lamprill JR, Mak JCW, Clarke JR, Bush A, Silverman M. Symptoms, lung function, and
beta2-adrenoceptor polymorphisms in a birth cohort followed for 10 years. Pediatr Pulmonol
2004;38:75-81. doi:10.1002/ppul.20049.

19

Page 19 of 24



[40]

[41]
[42]

[43]

[44]

(45]

[46]

[47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

Stein RT, Sherrill D, Morgan WJ, Holberg CJ, Halonen M, Taussig LM, et al. Respiratory syncytial virus
in early life and risk of wheeze and allergy by age 13 years. Lancet 1999;354:541-5.
doi:10.1016/50140-6736(98)10321-5.

Krantz I, Bjure J, Claesson |, Eriksson B, Sixt R, Trollfors B. Respiratory sequelae and lung function after
whooping cough in infancy. Arch Dis Child 1990;65:569-73.

Bisgaard H, Jensen SM, Bgnnelykke K. Interaction between asthma and lung function growth in early
life. Am J Respir Crit Care Med 2012;185:1183-9. doi:10.1164/rccm.201110-19220C.
Kurukulaaratchy RJ, Matthews S, Waterhouse L, Arshad SH. Factors influencing symptom expression
in children with bronchial hyperresponsiveness at 10 years of age. J Allergy Clin Immunol
2003;112:311-6.

Lodge CJ, Lowe AJ, Allen KJ, Zaloumis S, Gurrin LC, Matheson MC, et al. Childhood wheeze phenotypes
show less than expected growth in FEV1 across adolescence. Am J Respir Crit Care Med
2014;189:1351-8. d0i:10.1164/rccm.201308-14870C.

Narang I, Rosenthal M, Cremonesini D, Silverman M, Bush A. Longitudinal evaluation of airway
function 21 years after preterm birth. Am J Respir Crit Care Med 2008;178:74-80.
doi:10.1164/rccm.200705-7010C.

Pike KC, Inskip HM, Robinson SM, Cooper C, Godfrey KM, Roberts G, et al. The relationship between
maternal adiposity and infant weight gain, and childhood wheeze and atopy. Thorax 2013;68:372-9.
doi:10.1136/thoraxjnl-2012-202556.

llli S, von Mutius E, Lau S, Niggemann B, Griiber C, Wahn U, et al. Perennial allergen sensitisation early
in life and chronic asthma in children: a birth cohort study. Lancet 2006;368:763-70.
doi:10.1016/50140-6736(06)69286-6.

Granell R, Henderson AJ, Timpson N, St Pourcain B, Kemp JP, Ring SM, et al. Examination of the
relationship between variation at 17921 and childhood wheeze phenotypes. J Allergy Clin Immunol
2013;131:685-94. doi:10.1016/j.jaci.2012.09.021.

Kreiner-Mgller E, Chawes BLK, Vissing NH, Koppelman GH, Postma DS, Madsen JS, et al. VEGFA
variants are associated with pre-school lung function, but not neonatal lung function. Clin Exp Allergy
1 Br Soc Allergy Clin Immunol 2013;43:1236-45. doi:10.1111/cea.12188.

Pike KC, Inskip HM, Robinson S, Lucas JS, Cooper C, Harvey NC, et al. Maternal late-pregnancy serum
25-hydroxyvitamin D in relation to childhood wheeze and atopic outcomes. Thorax 2012;67:950-6.
doi:10.1136/thoraxjnl-2012-201888.

Ware JH, Dockery DW, Spiro A 3rd, Speizer FE, Ferris BG Jr. Passive smoking, gas cooking, and
respiratory health of children living in six cities. Am Rev Respir Dis 1984;129:366—-74.

Morales E, Garcia-Esteban R, Asensio de la Cruz O, Basterrechea M, Lertxundi A, Martinez Lépez de
Dicastillo MD, et al. Intrauterine and early postnatal exposure to outdoor air pollution and lung
function at preschool age. Thorax 2014. doi:10.1136/thoraxjnl-2014-205413.

Torjussen TM, Munthe-Kaas MC, Mowinckel P, Carlsen K-H, Undlien DE, Lgdrup Carlsen KC. Childhood
lung function and the association with B2-adrenergic receptor haplotypes. Acta Paediatr Oslo Nor
1992 2013;102:727-31. doi:10.1111/apa.12221.

Chen Y-C, Tu Y-K, Huang K-C, Chen P-C, Chu D-C, Lee YL. Pathway from central obesity to childhood
asthma. Physical fitness and sedentary time are leading factors. Am J Respir Crit Care Med
2014;189:1194-203. doi:10.1164/rccm.201401-00970C.

Singleton RJ, Redding GJ, Lewis TC, Martinez P, Bulkow L, Morray B, et al. Sequelae of severe
respiratory syncytial virus infection in infancy and early childhood among Alaska Native children.
Pediatrics 2003;112:285-90.

Martinez FD, Wright AL, Taussig LM, Holberg CJ, Halonen M, Morgan WJ. Asthma and wheezing in the
first six years of life. The Group Health Medical Associates. N Engl J Med 1995;332:133-8.
doi:10.1056/NEJM199501193320301.

Turner SW, Young S, Goldblatt J, Landau LI, Le Souéf PN. Childhood asthma and increased airway
responsiveness: a relationship that begins in infancy. Am J Respir Crit Care Med 2009;179:98-104.
do0i:10.1164/rccm.200805-8040C.

20

Page 20 of 24



(58]

(59]

(60]

(61]

(62]

(63]

[64]

(65]

(66]

(67]

(68]

(69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

Chawes BLK, Bgnnelykke K, Kreiner-Mgller E, Bisgaard H. Children with allergic and nonallergic rhinitis
have a similar risk of asthma. J Allergy Clin Immunol 2010;126:567-73.e1-8.
doi:10.1016/j.jaci.2010.06.026.

Hallberg J, Anderson M, Wickman M, Svartengren M. Factors in infancy and childhood related to
reduced lung function in asthmatic children: a birth cohort study (BAMSE). Pediatr Pulmonol
2010;45:341-8. doi:10.1002/ppul.21190.

Eenhuizen E, Gehring U, Wijga AH, Smit HA, Fischer PH, Brauer M, et al. Traffic-related air pollution is
related to interrupter resistance in 4-year-old children. Eur Respir J 2013;41:1257-63.
doi:10.1183/09031936.00020812.

Van der Gugten AC, van der Zalm MM, Uiterwaal CSPM, Wilbrink B, Rossen JWA, van der Ent CK.
Human rhinovirus and wheezing: short and long-term associations in children. Pediatr Infect Dis J
2013;32:827-33. doi:10.1097/INF.0b013e318290620e.

Voraphani N, Stern DA, Wright AL, Guerra S, Morgan WJ, Martinez FD. Risk of current asthma among
adult smokers with respiratory syncytial virus illnesses in early life. Am J Respir Crit Care Med
2014;190:392-8. doi:10.1164/rccm.201311-20950C.

Belgrave DCM, Buchan I, Bishop C, Lowe L, Simpson A, Custovic A. Trajectories of lung function during
childhood. Am J Respir Crit Care Med 2014;189:1101-9. doi:10.1164/rccm.201309-17000C.

Elliott M, Heltshe SL, Stamey DC, Cochrane ES, Redding GJ, Debley JS. Exhaled nitric oxide predicts
persistence of wheezing, exacerbations, and decline in lung function in wheezy infants and toddlers.
Clin Exp Allergy J Br Soc Allergy Clin Immunol 2013;43:1351-61. doi:10.1111/cea.12171.

Wills AK, Shaheen SO, Granell R, Henderson AJ, Fraser WD, Lawlor DA. Maternal 25-hydroxyvitamin D
and its association with childhood atopic outcomes and lung function. Clin Exp Allergy J Br Soc Allergy
Clin Immunol 2013;43:1180-8. doi:10.1111/cea.12172.

Kerkhof M, Boezen HM, Granell R, Wijga AH, Brunekreef B, Smit HA, et al. Transient early wheeze and
lung function in early childhood associated with chronic obstructive pulmonary disease genes. J
Allergy Clin Immunol 2014;133:68-76.e1-4. doi:10.1016/j.jaci.2013.06.004.

Halonen M, Lohman IC, Stern DA, Ellis WL, Rothers J, Wright AL. Perinatal tumor necrosis factor-a
production, influenced by maternal pregnancy weight gain, predicts childhood asthma. Am J Respir
Crit Care Med 2013;188:35-41. doi:10.1164/rccm.201207-12650C.

Quanjer PH, Stanojevic S, Cole TJ, Baur X, Hall GL, Culver BH, et al. Multi-ethnic reference values for
spirometry for the 3-95-yr age range: the global lung function 2012 equations. Eur Respir J
2012;40:1324-43. d0i:10.1183/09031936.00080312.

Horsley AR, Gustafsson PM, Macleod KA, Saunders C, Greening AP, Porteous DJ, et al. Lung clearance
index is a sensitive, repeatable and practical measure of airways disease in adults with cystic fibrosis.
Thorax 2008;63:135-40. doi:10.1136/thx.2007.082628.

Gauderman WJ, Avol E, Gilliland F, Vora H, Thomas D, Berhane K, et al. The effect of air pollution on
lung development from 10 to 18 years of age. N Engl J Med 2004;351:1057-67.
doi:10.1056/NEJM0a040610.

Gehring U, Gruzieva O, Agius RM, Beelen R, Custovic A, Cyrys J, et al. Air Pollution Exposure and Lung
Function in Children: The ESCAPE Project. Environ Health Perspect 2013. doi:10.1289/ehp.1306770.
Horak F Jr, Studnicka M, Gartner C, Spengler JD, Tauber E, Urbanek R, et al. Particulate matter and
lung function growth in children: a 3-yr follow-up study in Austrian schoolchildren. Eur Respir J
2002;19:838-45.

Downs SH, Schindler C, Liu L-JS, Keidel D, Bayer-Oglesby L, Brutsche MH, et al. Reduced exposure to
PM10 and attenuated age-related decline in lung function. N Engl J Med 2007;357:2338-47.
doi:10.1056/NEJMo0a073625.

Thomsen SF, van der Sluis S, Stensballe LG, Posthuma D, Skytthe A, Kyvik KO, et al. Exploring the
association between severe respiratory syncytial virus infection and asthma: a registry-based twin
study. Am J Respir Crit Care Med 2009;179:1091-7. d0i:10.1164/rccm.200809-14710C.

Bont L, Ramilo O. The relationship between RSV bronchiolitis and recurrent wheeze: the chicken and
the egg. Early Hum Dev 2011;87 Suppl 1:551-4. doi:10.1016/j.earlhumdev.2011.01.011.

Haland G, Lgdrup Carlsen KC, Mowinckel P, Munthe-Kaas MC, Devulapalli CS, Berntsen S, et al. Lung
function at 10 yr is not impaired by early childhood lower respiratory tract infections. Pediatr Allergy

21

Page 21 of 24



Immunol Off Publ Eur Soc Pediatr Allergy Immunol 2009;20:254—60. doi:10.1111/j.1399-
3038.2008.00781.x.

[77] Grootendorst DC, Rabe KF. Mechanisms of bronchial hyperreactivity in asthma and chronic
obstructive pulmonary disease. Proc Am Thorac Soc 2004;1:77—-87. doi:10.1513/pats.2306025.

[78] Sterk PJ, Fabbri LM, Quanjer PH, Cockcroft DW, O’Byrne PM, Anderson SD, et al. Airway
responsiveness. Standardized challenge testing with pharmacological, physical and sensitizing stimuli
in adults. Report Working Party Standardization of Lung Function Tests, European Community for
Steel and Coal. Official Statement of the European Respiratory Society. Eur Respir J Suppl 1993;16:53—
83.

[79] Narayanan M, Owers-Bradley J, Beardsmore CS, Mada M, Ball I, Garipov R, et al. Alveolarization
continues during childhood and adolescence: new evidence from helium-3 magnetic resonance. AmJ
Respir Crit Care Med 2012;185:186-91. d0i:10.1164/rccm.201107-13480C.

[80] Lenney W, Gilchrist FJ, Kouzouna A, Pandyan AD, Ball V. The problems and limitations of cohort
studies. Breathe 2014;10:306-11. doi:10.1183/20734735.002313.

[81] Longo DL, Drazen JM. Data Sharing. N Engl J Med 2016;374:276-7. doi:10.1056/NEJMe1516564.

[82] Custovic A, Ainsworth J, Arshad H, Bishop C, Buchan |, Cullinan P, et al. The Study Team for Early Life
Asthma Research (STELAR) consortium “Asthma e-lab”: team science bringing data, methods and
investigators together. Thorax 2015;70:799-801. doi:10.1136/thoraxjnl-2015-206781.

22

Page 22 of 24



Figure 1: PRISMA flowchart showing numbers of articles reviewed for the systematic review
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Figure 2: Summary of childhood factors associated with a significant reduction in subsequent

lung function
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