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RESUMO
Objetivo Avaliar os níveis de poluentes nos locais das 
novas escolas e se os alunos estão devidamente protegi-
dos dos riscos associados. 
Cenário A poluição atmosférica provoca danos na saúde 
das crianças, aumentando as taxas de infeçcões respira-
tórias, as agudizações de asma, as alergias e os cancros 
na infância. Outros efeitos incluem resultados neuro-
cognitivos mais fracos e doenças multissistémicas na 
idade adulta.  
Desenho Obtivemos uma lista de todas as 187 novas 
escolas propostas em Inglaterra entre 2017 e 2025 
e encontrámos localizações para 147 das mesmas. 
Avaliámos a qualidade do ar em função dos objetivos de 
qualidade do ar da OMS e do percentil de qualidade do ar 
da localização em relação aos níveis de poluição em todo 
o Reino Unido. Analisámos a legislação e as orientações 
relevantes.
Resultados A nossa análise revelou que 86% das novas 
escolas (126/147) ultrapassaram os três objetivos da 
OMS e que todos os locais ultrapassaram pelo menos 
um objetivo. A nível nacional, 76% (112/147) dos locais 
situavam-se no percentil 60 ou superior de poluição. Em 
Londres, o percentil mediano de poluição era o 90, com 
um mínimo de 76 e um máximo de 99 (IQR=83 a 94).
Conclusão As orientações para as propostas de loca-
lização da escolas não incluem qualquer requisito de 
avaliação da qualidade do ar no local identificado. A regu-
lamentação relativa à construção também não tem em 
conta a má qualidade geral do ar e subestima significati-
vamente os níveis dos principais poluentes atmosféricos 
nas imediações das escolas. Defendemos que a avaliação 
da qualidade do ar deve ser obrigatória na fase de pro-
posta e planeamento de qualquer novo edifício escolar 
e que as orientações e a legislação nacionais devem ser 
atualizadas com urgência.

INTRODUCTION 
Children’s right to clean air as part of a healthy 
environment is enshrined in the UN Conven-
tion on the Rights of the Child. Th e latest WHO 
Global Air Quality Guidelines (AQG) published 
in 2021 estimated that air pollution is responsible 
for nearly 7 million premature deaths annually.1 
Th e 2021 WHO Global AQG gives numerical 
targets for annual exposure to six pollutants: 
PM2.5, PM10, NO2, O3, SO2 and CO2, listed in table 
1. Th ese targets are defi ned as ‘the lowest expo-
sure level of an air pollutant above which … there 
is an increase in adverse health eff ects’. Th e 2021 
guideline signifi cantly revised the 2005 stan-
dards, with annual PM2.5 reduced by 50%, PM10 
by 25%, NO2 by 75% and introduced six new 
targets. Th ese changes were informed by a meta-
analysis of evidence regarding the adverse eff ects 
of air pollution.2 An analysis by City Hall (Th e 
Mayor of London Assembly) in 2021 estimated 
that more than 3.1 million children in England 

are attending schools in areas with unsafe levels 
of air pollution, exceeding WHO guideline targets 
for PM2.5.3

Increased research has allowed a better under-
standing of the biological mechanisms by which 
inhaled air pollutants cause cellular and tissue 
damage. It is proposed that inhaled particulates 
enter the airway, accumulate in cells, and cause 
epigenetic changes, protein aggregation, mito-
chondrial impairment and arteriosclerosis.4 5

Children are more susceptible to the harmful 
eff ects of pollutants as their developing tissues are 
undergoing rapid changes, paired with less deve-
loped anti-oxidant defence systems to respond to 
stress.6 7 Th is is exacerbated by a higher minute 
ventilation rate, and low stature, meaning they walk 
at the level of traffi  c fumes and higher concentra-
tions of pollutants.8

Th e acute eff ects on children include higher 
incidence of asthma, worsening of symptoms and 
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Key messages

What is the key question?
 Air pollution is detrimental to children’s 
health and has long-term effects on adult 
health.
 Air pollution targets have been reduced as 
harm has been proven at lower levels than 
previously thought.
 It is already known that many areas of 
England have poor air quality.

What is the bottom line?
This study contextualises and highlights 
alarmingly poor air quality surrounding 
new schools approved and proposed to 
open in England.
 This study provides descriptive data and 
visualisation of annual air quality breaches 
of WHO Air Quality Guidelines (AQG) tar-
gets surrounding new schools in England.
 This study analyses existing new school 
proposal and opening guidelines, including 
building regulations omitting statutory or 
mandatory recommendations to ameliorate 
poor air quality.

Why read on?
In terms of the opening and planning 
of new schools this study could impact 
policy and guidelines to include monito-
ring and expert guidance if AQG targets 
are breached.
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frequency of asthma exacerbations in those already diagnosed, 
increased sensitivity to allergens, shortness of breath, nose and 
throat irritation, more frequent and severe respiratory tract infec-
tions, and pneumonia.5–7 9 10

Long-term eff ects from air pollution include reduced lung 
function,6 intrauterine growth restriction (IUGR) and low birth 
weight,1 5 10 increased risk of chronic obstructive pulmonary 
disease (COPD), carcinoma and cerebrovascular and cardiovas-
cular diseases including ischaemic heart disease and strokes.5–7

In addition to the physical health eff ects, adverse outcomes 
have been proven on cognition, behaviour, psychomotor deve-
lopment and academic performance in children in relation to 
air pollution exposure.11 Positive associations have been found 
between long-term exposure to levels of PM2.5 and declines in 
cognition, symptoms of depression and mental health in adoles-
cents and adults,12,13 with consistent patterns of white matter 
volume reduction demonstrated in multiple studies combining 
neuroimaging modalities.11

Th e WHO stated: ‘air pollution is now recognised as the single 
biggest environmental threat to human health’.1 Th is study aims to 
visualise newly approved or proposed school locations in England 
in comparison to the WHO AQG targets. We provide an overview 
of the current status of new school locations and the extent they 
attain or surpass the WHO 2021 AQG targets. Our aim is to inform 
public policy and increase attention on this important issue.

METHODS
Data sources 
We identifi ed 187 newly approved, and pre-approved, school pro-
posals in England between 2017-2025.14 Locations were acquired 
for 147 (79%) of these schools from their websites, proposals, con-
sultation documents, local authority or multi-academy trust social 
media accounts, and contractor/architect project publications. For 
the seven greenfi eld sites that did not yet have postcodes, we iden-
tifi ed the closest residential or business postcode using GPS coor-
dinates, within 1–200 metres of the site. Proposals with no identifi -
able site at the time of our search were not included in the analysis 
(n=24), and an additional 16 proposals had been withdrawn.

We obtained air quality data from addresspollution. org for three 
WHO AQG pollutant metrics (PM2.5, PM10 and NO2). Th is is a free 
public service from the Central Offi  ce of Public Interest (COPI) 
that utilises air pollution data for every UK address sourced from 
a national 20 m/sq resolution model developed by Imperial Col-
lege London’s Environmental Research Group (ERG). Th e pollu-
tion data are annual averages from a national model based on 2019 
inputs. COPI calibrated this data with real-world pollution levels 
recorded at over 19 500 council monitors across the UK, resul-
ting in a more accurate national model. Th e website also assigns 
percentile rankings to addresses, assigning colour-coded rankings 

ranging from ‘low’ to ‘very high’, based on the address’s percen-
tile relative to nationwide pollution levels. Th ese are determined 
through standardising and calculating data for each pollutant at 
every address.15

PM2.5, PM10 and NO2 levels were recorded for every school lo-
cation, alongside the provided pollutant percentile. Th e number 
of WHO AQG targets breached was noted for each site (table 1, 
fi gure 1). We obtained longitude and latitude coordinates for each 
school location using a postcode conversion website.16

Statistical methods
Th e median (IQR) measures of PM2.5, PM10 and NO2 were 
presented for all schools, alongside the total number and 
percentage breaching each target. Th e pollution percentiles, were 
categorised into fi ve groups, represented by a colour gradient from 
light yellow (least polluted) to dark red (most polluted). Longi-
tude and latitude coordinate information was then used to depict 
this geographically, superimposing colours onto road maps, with 
marker size proportional to the school population. Th e analysis 
provided in this study was conducted without adjustment for 
external factors and is intended solely for descriptive purposes. 
All analyses were conducted on R studio version 4.2.2. Maps were 
built using R-package leafl et.17

RESULTS
Th e schools proposed exhibited varying sizes, with a median capa-
city of 420 (IQR=142 to 630). Primary Schools made up 40.8% 
(n=60) of the data, 29.9% (n=44) were Secondary Schools, 25.2% 
(n=37) were All-Th rough schools and 4.1% (n=6) were ages 16–19 
specifi cally.

Th e median (IQR) PM2.5 reading across all school sites was 10.94 
μg/m³ (9.95 to 11.53 μg/m³), more than double the WHO AQG of 
5 μg/m³. PM10 showed a median (IQR) of 17.40 μg/ m³ (16.18 to 
18.16 μg/m³), with the lower quartile surpassing the WHO AQG 
of 15 μg/m³. Th e median (IQR) NO2 level was 17.73 μg/m³ (14.27 
to 23.89 μg/m³) with the lower quartile also surpassing the WHO 
AQG target of 10 μg/m³. NO2 showed the most variability between 
locations of all three metrics. (table 1). 

Every school location exceeded at least one of the WHO AQG 
targets, and 86% (126/147) exceeded all three (PM2.5, PM10 and 
NO2). Only six locations breached only one WHO target, four in 
the South-West and one in the South-East and one in the West 
Midlands, the rest breached two or more targets (table 1, fi gure 1).

Th e median pollution percentile was 61 (IQR = 41 to 81), whereby 
76% (112/147) were in the 60th or greater percentile compared with 
pollution levels across the UK. Schools with elevated pollution per-
centiles exhibited a clustering pattern in major UK cities including 
London, Birmingham, Manchester, and Leeds. Conversely, schools 
in other large English cities, including Liverpool, Bristol, and 
Newcastle, were found to have lower pollution percentiles (fi gu-
re 2). Locations in Devon and Cornwall were seen to have the low-
est pollution percentile. 

Th e median pollution percentile for school locations in Central 
London was 90th (IQR = 83rd to 94th) with a minimum of 76th 
and maximum of 99th in comparison to the UK. School locations 
in the South-East of London appeared to have slightly lower pollu-
tion percentiles, however, this diff erence is minimal.

DISCUSSION 
In England, children of mandatory school age spend around 7 
hours a day, or 35 hours per week at school for more than half of 
the year. With wrap-around childcare, this can rise to as high as 55 
hours a week for some children. Evidence suggests that although 
on average children spend around 30% of their time at school, this 
accounts for 44% of pollution exposure.18

Tackling this is complex and requires systemic national strate-
gies to improve overall air quality as well as funding to identify 
high-risk schools and retrofi t modern ventilation systems. Ensu-
ring safe indoor air quality at newly built schools should be sim-
pler, but only if the need for harm reduction is considered early in 
the process of selecting new school locations and designing sites.
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In a previous publication, we showed that new school proposals 
do not consider air quality when assessing the suitability of a site. 
We obtained the proposal document for 36 (20%) of 180 of the same 
schools studied here (seven more proposals were approved subse-
quently), and searched each for the terms ‘air quality’ and ‘pollution’. 
Th e return rate was zero.19 Th is is likely due to a lack of a mandatory 
requirement, although even a non-mandatory prompt to consider 
this issue when proposing new schools could be benefi cial.

Our data shows that 86% of new school sites exceed three WHO 
AQG targets and this is not surprising given that schools are most 
needed in areas of higher population density, which are most like-
ly to be aff ected by signifi cant levels of pollution. Demographic 
changes across the UK mean the number of children enrolled in 
schools is projected to fall in the next 5 years20 and beyond. Th is 
may result in a need for the closure of existing schools and build-
ing of new ones, making it even more important that new schools 
are designed with air pollution in mind.

Statutory and non-statutory national guidance for new school 
proposals21 22 set out the standards against which each proposal 
is judged, including impact and equalities assessments, funding 
and fi nancial viability, and public consultations. It is mandatory 
that each proposal includes evidence of ‘suitable outdoor space 
in order to enable physical education … and for pupils to play 
outside safely’. Proposals must also specify how children will be 
able to ‘travel sustainably, where possible, e.g. by walking, cycling 
or using public transport’.21 22 Travel and outdoor play result in 
peaks of exposure to pollutants18 and yet neither air quality, nor 
pollution is mentioned in the national guidance for new propo-
sals.

We reviewed building regulations as we hoped once a new 
school was approved, poor air quality could be ameliorated by ro-
bust building design. Th e guidance states, ‘Major UK cities now 
require measures to tackle the problem of exposure of staff  and 
students to frequent high air pollution while working and study-
ing’ and ‘Th e elevated air pollution levels close to some schools 
mean that designers must consider: 

 … location of air intakes in unpolluted zones
 closing windows when external pollutant levels are high
 … eff ective air fi ltration in ventilation systems23’
Finally, a recommendation is made that ‘Designers can fi nd out 

about current air pollution levels in the area of a school using the 5 
day air pollution forecasts provided by the Met Offi  ce’.22

We believe this is inadequate as air quality can vary signifi cantly 
according to seasonal weather and traffi  c.

Th e regulations fail to take into account how widespread poor 
air quality is, and place greater emphasis on ventilation and fresh 
air than fi ltration systems. However, unfi ltered natural ventilation 
(windows and passive vents) brings polluted outdoor air inside and 
assumes that major pollutants are absent, which we have demon-
strated is not the case.

Th e 2022 Department for Education Sustainability and Climate 
Change Strategy24 sets out how schools can contribute to impro-
ving air quality by working towards carbon neutrality, but does not 
mention protecting children from the impact of the poor air qua-
lity that currently exists. 

Comprehensive recommendations have already been made 
by the Royal College of Paediatrics and Child Health (RCPCH) 
regarding protection from poor air quality at home and school, 
with regards to construction and maintenance of buildings, and 
enforcement measures. Th ese include:

 ‘Legally enforceable standards for indoor and outdoor air qua-
lity
 Increased Local Authority powers and funding to enforce

 adherence to minimum safe standards
 Access to site-specifi c air quality monitoring
 Revision of Buildings Regulations to ensure air quality checks 
are done at completion of construction and meeting standards 
is required for building sign-off  and continues to be monitored 
once buildings are in use.’25

However, performing air quality monitoring only once construc-
tion is complete risks missing the opportunity to reduce exposure 
to pollution by better building design and other interventions. 

Limitations
Th is study provides descriptive analysis using annual average air 
quality data derived from postcodes at new school locations, with 
fi gures serving as estimates of population exposure, thus limiting 
the depth of the analysis. Pollution levels are sensitive to factors 
such as time of day and seasonality, suggesting that a more de-
tailed analysis could benefi t from more granular pollution data. 
Furthermore, the data used in this analysis comes from a 2019 
national model developed by Imperial College London. Th is data 
represents a snapshot from 5 years ago and current pollution levels 
will vary. However, given the disruptions caused by the COVID-19 
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pandemic, using 2019 as a reference may be reasonable to assess 
‘normal’ pre-pandemic pollution levels.

We did not analyse the reasons for identifi ed poor air qua-
lity at individual sites, which may include proximity to roads and 
other transport routes, manufacturing sites etc. Dependent on the 
main cause diff erent local interventions, such as traffi  c reduction 
strategies (congestion zones, low traffi  c neighbourhoods, ‘School 
Streets’ which involve temporary road closures at peak times of 
school drop-off  and pick-up) may be fast and eff ective ways to 
improve air quality locally. We have therefore limited our recom-
mendations to ways that indoor air quality can be improved, even 
if outdoor pollutants remain high, as we believe this could have 
signifi cant health benefi ts and this aspect is not well considered in 
any existing literature or guidance. 

RECOMMENDATIONS AND CONCLUSION
We believe that the Department for Education should update the 
guidance on new school proposals so that an air quality assessment 
is mandatory at the proposal stage. New buildings or campuses of 
existing schools should be given the same consideration and the-
refore planning regulations also need to be updated. Th ese actions 
would ensure that:
1. Air quality dialogue is included in the public consultation stage.
2. Sites and buildings can be designed that minimise the impact of 

air pollution on children.
Building Regulations must also be updated to emphasise that 

poor air quality is widespread and signifi cantly detrimental to 
health. Th e suggested voluntary use of 5 day Met Offi  ce air pollution 

forecasts should be replaced. Both here and in the school proposal 
guidance, long-term exposure needs to be assessed according to 
the most up-to- date monitoring and modelled data. If two or more 
WHO AQG targets are breached we believe that on-site monitoring 
should be undertaken and expert advice should be sought.

Unless current recommendations are replaced with mandatory 
standards, it is unlikely that those proposing or designing new 
schools will make these assessments unless there is an individual 
already involved in the process who is both well-informed and pas-
sionate about reducing the impact of pollution.

We hope this study can infl uence school proposers, designers 
and national policy. Th e public health implications of avoidable 
childhood exposure to poor air quality could have significant 
eff ects on both the quality adjusted life years of the population 
and fi nancial health expenditure in the United Kingdom. Children 
deserve protection from avoidable harm while at school.
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RESUMO
Fundamentos Existe uma variação significativa na prá-
tica clínica da asma pediátrica aguda, particularmente nas 
agudizações graves. Não se sabe se esse facto se deve a 
diferenças nas linhas orientadoras clínicas.
Objetivos Descrever e comparar o conteúdo e a quali-
dade das linhas orientadoras clínicas para o tratamento 
de agudizações de asma agudas em crianças em diferen-
tes regiões geográficas.
Métodos Estudo observacional das linhas orientadoras 
para o tratamento da asma pediátrica aguda das institui-
ções no âmbito de uma colaboração global de seis redes 
regionais de investigação de urgências pediátricas.
Medições e principais resultados Foram identificadas 
158 linhas orientadoras. Metade das linhas orientadoras 
apresentava recomendações para pelo menos dois grupos 
etários e a maioria das linhas orientadoras apresentava 
recomendações de tratamento de acordo com a gravi-
dade da asma. A medicação anticolinérgica por inalação 
foi recomendada na maioria das linhas orientadoras para 
a asma grave e crítica, mas verificaram-se recomenda-
ções inconsistentes para a sua utilização em agudizações 
leves e moderadas. Outras terapêuticas inalatórias, como 
a mistura hélio-oxigénio (Heliox) e o magnésio nebuli-
zado, foram recomendadas de forma inconsistente para 
a doença grave e crítica. A terapêutica broncodilatadora 
parentérica e a adrenalina foram maioritariamente reser-
vadas para a asma grave e crítica, sendo o magnésio 
intravenoso o mais recomendado. Registaram-se diferen-
ças regionais na utilização de outros broncodilatadores 
parentéricos, em particular a aminofilina. 
A avaliação da qualidade das linhas orientadoras iden-
tificou classificações elevadas para clareza da apresen-
tação, âmbito e objetivo, mas identificou classificações 
baixas para envolvimento das partes interessadas, rigor 
do desenvolvimento, aplicabilidade e independência edi-
torial.
Conclusões As atuais linhas orientadoras para o trata-
mento de agudizações agudas da asma pediátrica apre-
sentam défices substanciais em importantes domínios de 
qualidade e fornecem orientações limitadas e inconsisten-
tes para agudizações graves.

INTRODUCTION 
Clinical practice guidelines guide management of 
paediatric asthma exacerbations in hospital set-
tings. Th ese documents may have been developed 
by international asthma bodies,1 by experts in indi-
vidual countries or regions,2–9 or created at specifi c 
hospitals.10

Most children attending emergency depart-
ments (EDs) have mild or moderate exacerbations, 
and quickly respond to fi rst-line therapy (usu-

ally inhaled bronchodilators and oral steroids) for 
which there is general consensus and considerable 
research support.11–13 In contrast, the management 
of severe asthma exacerbations is less clear due to a 
lack of robust evidence.14 15

Previous studies have documented signifi cant 
practice variation in acute asthma, particularly 
for severe exacerbations.16–18 It has not been deter-
mined whether this is due to diff erences in clinical 
guidelines. Further, it is unknown whether there 
is variation in guidelines within or between geo-
graphic regions/ countries.
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Key messages

WHAT IS ALREADY KNOWN 
ON THIS TOPIC
There is significant practice variation 
in acute paediatric asthma, particularly 
regarding severe exacerbations where 
there is inconsistent selection and utilisa-
tion of parenteral bronchodilators.

WHAT THIS STUDY ADDS
This observational study of 158 clinical gui-
delines from a global paediatric emergency 
research network found that current guide-
lines for the management of acute paedia-
tric asthma exacerbations have substantial 
deficits in important quality domains and 
are limited and inconsistent due to diffe-
rent interpretations of weak evidence to 
inform the management of severe or cri-
tical asthma.

HOW THIS STUDY MIGHT 
AFFECT RESEARCH, 
PRACTICE OR POLICY
The current development of hospital-
specific, region-specific or even national 
guidance risks considerable duplication of 
effort, inefficiency and production of guide-
lines which are not of high quality.
 Large, well-designed, multicentre randomi-
sed controlled trials are needed to provide 
a solid foundation for future clinical prac-
tice guidelines, which should be developed 
through a rigorous global collaborative pro-
cess to ensure high-quality robust guidance.
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ipratropium and magnesium; (4) parenteral bronchodilator medi-
cations, including intravenous magnesium and epinephrine; (5) 
oxygen therapy (including devices and fl ow rates); (6) non-invasive 
and invasive ventilation; (7) Heliox; and (8) ketamine.

A copy of the data extraction sheet is provided in online sup-
plemental appendix 1.

Guideline quality assessment
Each clinical practice guideline was assessed using the Appraisal of 
Guidelines for Research & Evaluation II (AGREE-II) instrument, 

Th e Pediatric Emergency Research Networks (PERN) asthma 
working group was formed in 2017, with the aims of developing 
consensus evidence-based asthma outcome measures and interna-
tional consensus guidelines for the conduct and reporting of clini-
cal trials of therapies for acute asthma exacerbations. Currently, 
the group comprises members from 17 countries.19

Th e aims of this study were to assess current clinical practice 
guidelines used in EDs associated with PERN. We aimed to:
1. Describe and compare recommendations for the management 

of acute exacerbations of asthma in children between geogra-
phic regions.

2. Assess guideline quality.

METHODS
Th is was an observational study of acute paediatric asthma guide-
lines from institutions belonging to a global emergency research net-
work. Th e project results are reported according to the Strengthening 
the Reporting of Observational Studies in Epidemiology statement.20

Setting and guideline collection
Physicians and hospitals were invited to participate in the study by 
email (October 2018) via the eight partner networks that belong to 
PERN, and to the members of the PERN asthma working group. 
Th e PERN comprises the following networks: Research in European 
Paediatric Emergency Medicine; Pediatric Emergency Care 
Applied Research Network (PECARN) and Pediatric Emergency 
Medicine Collaborative Research Committee of the American 
Academy of Pediatrics (PEM-CRC) from the USA; Pediatric 
Emergency Research Canada (PERC); Paediatric Research in 
Emergency Departments International Collaborative (PREDICT) 
from Australia and New Zealand; Paediatric Emergency Research 
in the United Kingdom & Ireland (PERUKI); Red de Investigación 
de la Sociedad Española de Urgencias de Pediatría/Spanish 
Pediatric Emergency Research Group (RISEUP/SPERG); and 
Red de Investigacion y Desarrollo de la Emergencia Pediatrica en 
Latinoamerica.21

Th e email recipients were invited to forward the email to other 
physicians and hospitals within their local geographical region and/
or research network. Th e request for participation was also shared 
on social media. Th is snowball approach aimed to encourage sam-
pling within countries without formal organised research networks.

Each participating hospital was asked to provide a copy of their 
current acute asthma guideline. Th is could include local, regional 
or national guidelines for management of acute onset of wheezing 
or asthma.

Data abstraction: guideline content
To reduce the risk of bias, each clinical guideline was independently
abstracted by two trained reviewers, who were provided with 
clear defi nitions, rules for interpretation of clinical guidelines and 
instructions for data extraction. Abstracted data were recorded on 
a paper-based form and then entered into a specifi cally designed 
Research Electronic Data Capture database hosted at Monash 
University.22 23

Any discrepancies between reviewers resulted in a discussion; 
if the discrepancy remained unresolved, a senior author (SC) was 
consulted about a fi nal decision.

We planned for guidelines written in languages other than 
English to be abstracted by two investigators fl uent in both English 
and the non-English language in which the guideline was writ-
ten. While this was possible for guidelines written in Spanish and 
Catalan, we were unable to achieve this goal for those written in 
Dutch and French. An online translator (Google Translate) was 
therefore used to extract guideline content from Dutch and French 
guidelines.

For each guideline, specifi c data were obtained on the defi ni-
tion of asthma (including age range); assessment of acute asthma 
severity (according to the criteria used within each guideline); 
and recommendations and severity thresholds for initiating vari-
ous treatments, including: (1) inhaled beta-agonist therapy; (2) 
systemic corticosteroids; (3) adjunctive therapy, such as inhaled 
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an international best-practice tool for the assessment of clinical 
practice guidelines.24 Two raters were used, in accordance with re-
commendations from AGREE-II, to increase the reliability of the 
instrument.24 All raters had specifi c training and were provided 
with an AGREE-II instruction manual. 23 items across six quality 
domains were assessed (scope and purpose; stakeholder involve-
ment; rigour of development; clarity of presentation; applicability; 
and editorial independence), as well as overall quality, and whether 
each reviewer would (1) recommend the guideline, (2) recommend 
use of the guideline with modifi cations or (3) not recommend the 
guideline.

Quality domain scores were determined by summing up all 
scores of the individual items in a domain and scaling the total 
as a percentage of the maximum possible score.25 Th e AGREE-II 
instrument does not provide specifi c advice on how to interpret 
domain scores and notes that ‘there are no empirical data to link 
specifi c quality scores with specifi c implementation outcomes’, but 
provides examples using a threshold of >70% as evidence of ‘high 
quality’.25 We considered domain scores >70% as a high rating, 
while those<40% refl ected a poor rating.

Th e process of online translation was deemed insuffi  cient to 
assess guideline quality. Th erefore, for the four guidelines written 
in Dutch or French, guideline content was extracted, but an assess-
ment of guideline quality was not performed.

Statistical methods
Guideline content was extracted and analysed descriptively. 
Guidelines were collated into the following six groups, based on 
established PERN networks: UK and Ireland (PERUKI network); 
Spain (RISEUP-SPERG network); USA (PEM-CRC and PECARN 
networks); Australia and New Zealand (PREDICT network); 
Canada (PERC network) and ‘Other’ (single guidelines from Nether-
lands, Romania, Switzerland, France, Zimbabwe, Singapore, India, 
Costa Rica and two guidelines from South Africa). We did not pre-
specify a sample size, as we aimed to obtain as many guidelines as 
possible throughout the participating networks.

Descriptive statistics were used to summarise guideline cha-
racteristics, treatment recommendations and guideline quality. 
Non-parametric data are reported using median and IQR, while 

categorical data are presented as count and percentage. We did not 
impute any missing data. Diff erences in proportions of categorical 
and non-parametric data are compared using the χ2 and Kruskal-
Wallis test, respectively. All analyses were performed using SPSS for 
Windows (IBM Released 2021. IBM SPSS Statistics for Windows, 
V.28.0. Armonk, New York, USA: IBM Corp.).

Patient and public involvement
Patients were not involved in the design of this study.

RESULTS
Th ere were 158 clinical guidelines identifi ed. Th e majority (95.6%) 
were from hospitals participating in national or regional PERN-
associated networks, with the greatest number submitted from the 
UK and Ireland (PERUKI network), Spain (RISEUP-SPERG net-
work) and the USA (PECARN and PEM-CRC networks) (table 1).

Most guidelines were written in English; the most common 
non-English language used was Spanish. Th e majority did not 
provide a specifi c age range for inclusion; 60/158 (38%) provided 
a minimum age, and 29/158 (18%) provided a maximum age. 
Half of the guidelines provided separate management guidance 
for specifi c age groups. Of these, 62/79 (78%) had recommenda-
tions for two age groups, while 17/79 (22%) provided advice for 
three age groups.

Most guidelines provided distinct treatment recommendations 
according to asthma severity, although this varied by region (table 
2). Mild asthma was addressed in over two-thirds, while 28 (18%) 
guidelines focused on asthma of moderate severity or worse, and 5 
(3%) guidelines focused only on severe asthma. Recommendations 
on treatment for critical/life-threatening asthma were provided in 
105 (66%), while 53 (34%) provided recommendations on severe 
(but not critical/life-threatening) asthma.

A summary of region-specifi c guidelines for each severity of 
asthma exacerbation is provided in online supplemental appendix 
2. Th ere were consistent recommendations for the use of inhaled 
short-acting beta-agonists at all levels of severity, and for systemic 
corticosteroids for moderate, severe and critical asthma (fi gure 
1). Inhaled anticholinergic therapy was recommended in most 
guidelines for severe and critical asthma, with a few guidelines 



Artigo original 

193 Craig S, et al. Arch Dis Child 2024;468–475. doi:10.1136/archdischild-2023-326739

also recommending this therapy for mild and moderate asthma. 
Th ere was considerable variation in inhaled anticholinergic re-
commendations for moderate asthma with over 90% of USA and 
Spanish guidelines recommending use compared with <30% of 
UK and Ireland. Some guidelines from the USA did not recom-
mend inhaled beta-agonists or systemic corticosteroids for critical 
asthma; however, these guidelines focused on ventilatory support 
rather than pharmacological therapy.

Recommendations for oxygen therapy were less clearly articu-
lated (fi gure 2). In general, supplemental oxygen delivered via 
low-fl ow nasal or face-mask route was the fi rst-line treatment, 
while high-fl ow nasal cannulae and non-invasive ventilation were 
reserved for severe and critical illness. Other inhaled therapies such 
as helium-oxygen mixture (Heliox) and nebulised magnesium were 
inconsistently recommended for severe and critical illness.

Parenteral bronchodilator therapy (fi gure 3) and epinephrine 
(fi gure 4) were mostly reserved for severe and critical asthma. 
Intravenous magnesium was most recommended, however, there 
were some diff erences in the choice of specifi c therapies between 
regions. In nine guidelines, intramuscular epinephrine was also 
specifi cally advised in cases where anaphylaxis was suspected.

With respect to guideline quality (table 3), clarity of guideline 
presentation and scope and purpose of the guideline were rated 
highly. In contrast, stakeholder involvement, rigour of develop-
ment, applicability and editorial independence received poor 
ratings. Only one guideline (the Global Strategy for Asthma 

Management and Prevention,26 provided as the guideline used in a 
Romanian hospital) was recommended for use without modifi ca-
tion. Ninety-eight (63.6%) guidelines were recommended for use 
with modifi cation, and 53 (34.4%) were not recommended.

DISCUSSION
Although clinical practice guidelines for the management of acute 
paediatric asthma provide consistent recommendations for mana-
gement of mild and moderate exacerbations, there is considerable 
variation in treatment recommendations for severe and critical 
presentations. Th e guidelines have defi cits in quality domains and 
are limited by a lack of robust evidence for the management of 
severe or critical asthma.

Th e use of inhaled bronchodilators and systemic corticosteroids 
for acute asthma exacerbations is supported by decades of practice 
and robust evidence.26 Th is is refl ected in consistent guideline re-
commendations. However, recommendations are inconsistent for 
children with severe or critical exacerbations, who require treat-
ment beyond fi rst-line therapies.

Cochrane reviews of escalated pharmacological treatment (be-
yond inhaled bronchodilators and systemic corticosteroids) of 
children with acute asthma exacerbations highlight a number of 
knowledge gaps.27 Th e evidence supporting intravenous magne-
sium is extremely limited (including only fi ve small randomised 
studies with disparate results from a total of 182 children),28 while 
only one study (showing no signifi cant benefi t) was identifi ed ad-
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dressing intravenous ketamine.29 Despite a meta-analysis of nearly 
3000 patients enrolled in trials of inhaled magnesium, review au-
thors noted that large, well-conducted trials had not shown clini-
cally meaningful benefi ts.30 Th is fi nding has been reinforced by 
a recent Canada-wide randomised trial of over 800 children de-
monstrating no diff erence in hospitalisation when nebulised mag-
nesium was added to nebulised albuterol.31

Meta-analyses of studies on intravenous beta2-agonists32 33 and/
or intravenous aminophylline34 have not demonstrated clinically 
signifi cant benefi t. Th ere is no available Cochrane review on the 
utility of parenteral epinephrine for acute severe asthma in chil-
dren.27

A recent Overview of Cochrane reviews of clinical trials on esca-
lated therapy for asthma27 assessed the evidence for parenteral bron-
chodilators, Heliox, respiratory support and inhaled magnesium. Th e 
review found that the majority of comparisons involved between one 
and three trials and fewer than 100 participants, making it diffi  cult to 
assess the balance between benefi ts and potential harms. Th e authors 
were unable to make fi rm practice recommendations.27

A large multicentre study comparing high-fl ow nasal oxygen to 
low-fl ow oxygen for children aged 1–4 years with hypoxic respira-
tory failure (including a subgroup of children diagnosed with ‘ob-
structive’ lung disease, such as wheezing, asthma), did not fi nd any 
overall benefi ts.35 A Cochrane review of the use of non-invasive 
ventilation in paediatric asthma identifi ed two trials, with a total 
of 40 children.36 Th e authors concluded that current evidence did 
not permit confi rmation or rejection of the eff ects of non-invasive 

ventilation for acute asthma in children, and recommended large, 
well-designed randomised controlled trials.

It is therefore apparent, that existing recommendations for the 
best management of severe acute paediatric asthma are currently 
based on suboptimal evidence with inconsistent, inconclusive or 
absent results and a paucity of adequately powered randomised 
controlled trials. Large observational studies have identifi ed that 
some outcomes (such as intubation) are likely too rare to be used 
as primary outcome measures, and practice-changing studies will 
require collaboration between a large number of centres.37 Th ere 
remains an urgent need for a global agreement regarding opti-
mised trial designs with the most relevant core outcome measures 
to provide better evidence to inform future clinical practice.19

Th e overall guideline quality was moderate in our study, with 
high ratings for clarity of presentation, scope and purpose. A 2013 
review of asthma guidelines providing recommendations for treat-
ment of both children and adults identifi ed signifi cant defi cits in 
guideline quality.38 Th e proportion of guidelines rated as adequate 
was low for assessed categories including: scope and purpose, 
44.1% (range: 10.0%–79.0%); stakeholder involvement, 33.8% 
(range: 4.0%–66.0%); rigour of development, 32.4% (range: 8.0%–
64.0%); clarity and presentation, 52.1% (range: 17.0%–85.0%); ap-
plicability, 21.1% (range: 3%–55%); and editorial independence, 
25% (range: 0%–58%).38 Our study has demonstrated improve-
ments in some areas (scope and purpose, clarity and presentation), 
but highlights ongoing defi cits in other important domains such as 
stakeholder involvement, rigour of development, applicability and 
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editorial independence.  Development of comprehensive, rigorous 
clinical guidance is a resource-intensive undertaking. Th e current 
development of hospital-specifi c, region-specifi c or even national 
guidance risks considerable duplication of eff ort and ineffi  ciency. 
However, the current 246-page comprehensive Global Initiative 
for Asthma (GINA) Management and Prevention does not provide 
easily accessible, stand-alone guidance for acute severe exacerba-
tions and provides little guidance beyond initial parenteral ma-
gnesium.26

Collaboration between GINA and the PERN Asthma working 
group could enable development of a focused living guideline 
based on the best available evidence, updated with emerging re-
search, and relevant to the emergency care of children globally. 
Such a guideline could then be readily adapted for local imple-
mentation.

Th e strengths of our study include solicitation of guidelines 
from a geographically wide representation by leveraging multiple 
research networks in paediatric emergency medicine and the ap-
praisal of guidelines using a validated tool.25

Despite this, there are limitations in our study. We did not ex-
tract data on methods of assessment of severity. Diff erences in 
severity assessment between countries/regions may explain diff e-
rences in the use of inhaled anticholinergics for moderate exacer-
bations of asthma.

Although we attempted to obtain clinical guidelines from hospi-
tals from many countries, a large proportion of the analysed guide-
lines were from the UK, Spain and the USA. Hospitals providing 
guidelines were members of active research networks, which may 
have introduced some bias. In addition, there were more guide-
lines from the UK than USA, despite a much larger number of 
hospitals and greater population size in the USA.

Although this may have introduced some bias, we made com-
parisons across geographical regions, thereby reducing the impact 
of diff erent numbers of guidelines from each network. We had rela-
tively few guidelines from Europe, Asia, South America or Africa, 
and did not have the capacity to fully translate guidelines from lan-
guages other than Spanish and Catalan.

Overall, around one-third of guidelines were not recommended 
by reviewers. Th e AGREE-II instrument requires appraisers to 
make an overall judgement as to whether or not they would re-
commend use of a particular guideline, however, does not require 
any explanation as to why this assessment was made.25 We did not 
ask appraisers to provide specifi c reasons for their assessment, so 
are unable to comment on the main reasons why these guidelines 
were not recommended.

In conclusion, current guidelines for the management of acute 
paediatric asthma exacerbations have substantial defi cits in im-
portant quality domains and are limited due to a lack of robust evi-
dence for the management of severe or critical asthma. Large, well-
designed, multicentre randomised controlled trials are needed to 
provide a solid foundation for future clinical practice guidelines.
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RESUMO
Contexto A potencial associação entre a utilização de 
corticosteroides inalados (CI) e o risco de pneumonia em 
adultos é controversa e as evidências pediátricas especí-
ficas são escassas. 
Objetivo Avaliar a potencial associação entre a utiliza-
ção de CI e o risco de hospitalização por pneumonia em 
crianças (2-17 anos) com asma.
Métodos Este foi um estudo de coorte baseado em 
dados de âmbito nacional provenientes da prática clínica 
habitual na Suécia (janeiro de 2007 a novembro de 2021). 
Entre 425 965 crianças com asma confirmada, foram 
identificados episódios de nova utilização e não utilização 
de CI através dos registos de medicamentos dispensados. 
Ajustámos para potenciais fatores confundidores com 
ponderação de sobreposição de pontuação de propensão 
e foi estimado o risco de uma hospitalização com pneu-
monia como diagnóstico primário. Também foram efetu-
adas múltiplas análises de subgrupos e de sensibilidade.  
Resultados Identificámos 249 351 episódios de CI 
(seguimento médio de 0,9 anos) e 214 840 episódios de 
não utilização (seguimento médio de 0,7 anos). Durante 
o seguimento, foram observados 369 eventos de hospi-
talização por pneumonia nos episódios de uso de CI e 
181 nos episódios de não uso de CI. A taxa de incidência 
ponderada de hospitalização por pneumonia foi de 14,5 
por 10 000 doentes-ano para os episódios de utilização 
de CI e de 14,6 para os episódios de não utilização. A HR 
ponderada para hospitalização por pneumonia associada 
ao uso de CI foi de 1,06 (IC 95% 0,88 a 1,28) e a dife-
rença de taxa absoluta foi de -0,06 (IC 95% -2,83 a 2,72) 
eventos por 10.000 doentes-ano, em comparação com a 
não utilização de CI.
Conclusões Neste estudo de coorte de âmbito nacio-
nal, não foram observadas evidências de uma associação 
entre a utilização de CI e o risco de hospitalização por 
pneumonia em crianças com asma em comparação com 
a não utilização de CI.

INTRODUCTION 
Inhaled corticosteroids (ICS) are the cornerstone 
of asthma pharmacotherapy and a common fi rst-
line treatment.1 Th ough considered generally safe, 
clinical studies suggest that ICS increase the risk of 
pneumonia in adults with COPD.2 Th e safety evi-
dence for children with asthma is limited.

ICS could increase the risk of pneumonia by 
immunosuppression and studies have shown in-
creased carriage of Streptococcus pneumoniae in 
asthma patients using ICS in comparison with no 
ICS use.3 However, meta-analyses of randomised 
controlled trials (RCTs) show evidence of a protec-
tive or null eff ect of ICS on the risk of pneumonia 
in asthma patients.4–6 A meta-analysis of RCTs on 
children (31 trials; 11 615 patients; age<18 years) 
found no diff erence in the risk of pneumonia be-
tween the ICS and placebo group.4 A meta-ana-

lysis of 10 RCTs of mostly adults (19 098 patients; 
age>12 years) found that ICS use decreased the 
risk of pneumonia.5 Although patients in the RCTs 
were 12 years or older, no children-specifi c results 
were presented.5 Another meta-analysis (26 RCTs; 
14 993 patients; age>4 years) also found that ICS 
use decreased the risk of pneumonia events.6 In 
contrast, two case–control studies in adults and pa-
tients aged 12–35 years with asthma, respectively, 
found that ICS use was associated with an increased 
risk of pneumonia.7 8 No paediatric-specifi c results 
based on real-world data have been presented to 
our knowledge.

Asthma is a chronic disease that requires long-
term pharmacotherapy to prevent harmful infl am-
mation, loss of lung function and long-term adverse 
eff ects. Most asthma patients develop symptoms 
and initiate ICS during childhood when the lungs 
and the immune system are still developing and the 
risk for respiratory infections is high.9 It is hence 
key to investigate potential adverse eff ects of ICS 
in children, such as the risk for pneumonia, and 
evidence from large real-world samples is needed.

In this study, we assessed the potential association 
between ICS use and the risk of hospitalisation for 
pneumonia in Swedish paediatric asthma patients 
(age 2–17 years), as compared with no ICS use.

METHODS
Source population and data sources
Th is was a Swedish nationwide cohort study using 
linked data from multiple Swedish national regis-
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Key messages

What is the key question?
 There is conflicting evidence regarding 
the potential association between inhaled 
corticosteroids (ICS) and risk of pneumo-
nia in asthma patients, with limited data 
on children.

 
What is the bottom line?

In our study, based on a large real-world 
sample of Swedish paediatric asthma 
patients (age 2–17 years), we found no 
association between ICS use and risk for 
hospitalisation due to pneumonia.

Why read on?
Our findings support the safe use of ICS 
with regard to the risk of pneumonia and 
may be useful in the management of pae-
diatric asthma.
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ters. Th e data sources are further described in online supplemental 
appendix etable 1. Th e study period was from 1 January 2007 to 
30 November 2021. Th e source population consisted of children 
aged 2–17 years residing in Sweden and with a confi rmed asthma 
diagnosis before or during the study period. Patients under the age 
of 2 years were not included in the primary analysis due to the 
diffi  culties in ascertaining both asthma and pneumonia in these 
patients.10 11 Confi rmed asthma was defi ned based on a previ-
ously validated algorithm (online supplemental appendix etable 2) 
using physician-assigned diagnosis records (international classifi -
cation of diseases, 10th revision (ICD-10) codes) from the Swedish 
National Patient Register and records of asthma drug dispensing 
(anatomical therapeutic chemical (ATC) codes) from the Swedish 
Prescribed Drug Register.12

Procedures 
Th e Swedish Prescribed Drug Register that contains details on 
dispensed prescription medication for all individuals residing in 
Sweden was used to identify exposure. From the children with 
confi rmed asthma, mutually exclusive episodes of ICS use and no 
use during the study period were identifi ed (see an overview of 
the design in online supplemental appendix efi gure 1).13 Th e in-
dex date for an ICS episode was the day of a new dispensing of an 
ICS drug. Potential index dates for no-use episodes were set with 
12-month intervals during the study period. Eligible episodes, 
both ICS and no-use episodes, were preceded by an 18-month pe-
riod of no ICS dispensing. No-use episodes were required to have 
at least one dispensing of another respiratory medication in the 
last 12 months to verify that patients during comparator episodes 
were currently or recently treated.  Th us, one asthma patient could 
contribute with multiple ICS and no-use episodes during the study 
period. Episodes did not overlap, and each outcome event was only 
accounted for once.

Th e following exclusion criteria were applied to all episodes 
based on their status at the index date: previous hospitalisation 
within the last 30 days, previous pneumonia within the last 60 
days, lived outside Sweden within the last 5 years, history of can-
cer, immune suppression including HIV, severe chronic lung dis-
ease or other life-limiting conditions.14 Th e exclusion criteria are 
further described in online supplemental appendix etable 2.

Outcome
Th e primary outcome was hospitalisation for pneumonia, defi ned 
as an inpatient contact with a physician-assigned primary diagno-
sis of pneumonia (ICD-10 codes J12-18), based on data from the 
Swedish National Patient Register. Th e date of admission was used 
as the event date. Th e secondary outcome was hospitalisation or 
emergency outpatient contact for pneumonia, which was defi ned 
as the primary outcome but extended to also include pneumonia 
in the emergency outpatient setting.

Statistical analyses
We used propensity score overlap weighting to control for con-
founding.15 16 With this method, we accounted for confounding 
by balancing the distribution of covariates at baseline between the 
treatment groups (ICS use and no-use episodes).17 With overlap 
weights, we estimated the average treatment eff ect in the overlap 
population. Th e propensity scores were estimated with logistic re-
gression. Th e potential confounders (baseline covariates) included 
in the propensity score were age, sex, season, socioeconomic sta-
tus of parents (disposable income, education level), history of lower 
respiratory tract infections (LRTI), trisomy 21 and congenital heart 
disease, previous use of asthma medication, and asthma-related and 
general healthcare utilisation (online supplemental appendix etable 
3). Potential confounders were defi ned based on status at the index 
date of each episode and balance was assessed with standardised 
mean diff erences. Missing values (less than 0.1%) were observed for 
parental income and education. Th e missing values were imputed 
with median and mode, respectively. Episodes were censored at the 
fi rst outcome event, maximum follow-up (12 months), end of study 
period (30 November 2021), age>17 years, initiation of an ICS drug 
(for no-use episodes), death or emigration.

Cox proportional hazards regression was used to estimate the 
association between ICS use and the risk of the outcome, as com-
pared with no use. Th e rates of outcome events during episodes 
of ICS use and no use were estimated. Cumulative incidence was 
estimated with the Kaplan-Meier function. Poisson regression was 
used to obtain absolute rate diff erences; events per 10 000 patient-
years. Th e time scale was time since the index date. Robust sand-
wich estimators were used to estimate standard errors that account 
for the weighted nature of the cohort.
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Subgroup analyses were performed based on sex, age group (2–5, 
6–11, 12–17 years) and type of ICS initiated (ICS as monotherapy, 
combination therapy of ICS and long-acting beta-agonists (LABA), 
any budesonide and any fl uticasone). Th ese subgroup analyses were 
conducted to explore potential eff ect modifi cation, as the associa-
tion between ICS use and the risk of pneumonia may vary between 
demographic groups and types of ICS therapy. A few sensitivity 
analyses were performed. First, children younger than 2 years were 
not included in the primary analysis, but in a sensitivity analysis all 
children of age 0–17 years were included. Second, we adjusted for 
additional potential confounders that required full register coverage 
since birth, which was only available for a subset of patients born 
in Sweden in 2006 or later. We adjusted for prematurity, small for 
gestational age, parity, LRTI before and aft er age 2 years in inpatient 
and outpatient care, respectively, and sibling with confi rmed asthma 
(online supplemental appendix etable 4). Th e literature suggests that 
LRTI early in life may be associated with an increased risk for deve-
loping asthma and recurrent LRTIs.18–20 Th ird, we used a less restric-
tive defi nition of the outcome, which included inpatient contacts 
with pneumonia as secondary diagnosis. Fourth, we performed an 
analysis where we excluded the years of the COVID-19 pandemic 
(2020–2021) from the study period, when the background incidence 
of hospitalisation for pneumonia in children might have been diff e-
rent. All analyses were performed in SAS Enterprise Guide V.7.1

Study population
We identifi ed 425 965 children with confi rmed asthma during 
the study period. From these patients, we identifi ed 249 351 ICS 
and 214 840 no-use episodes that met the inclusion criteria (fi gu-
re 1). Th e mean follow-up time was 0.9 and 0.7 years in the ICS 
and no-use episodes, respectively (the median was 1.0 year in both 
groups). In the unweighted cohort, the most imbalanced covari-
ates between ICS and no-use episodes included age, previous use 
of leucotriene receptor antagonists, number of respiratory drugs 
used and number of previous outpatient hospital contact for asth-
ma (table 1). In the weighted cohort, nearly exact balance between 
ICS and no-use episodes was achieved for all covariates. In the 
weighted cohort, the mean age at baseline was 10.5 years for both 
ICS use and no-use episodes, with females accounting for 46% of 
ICS use and no-use episodes.

RESULTS
Primary analysis
In the ICS and no-use episodes, 369 and 181 incident hospitalisa-
tions for pneumonia were observed during follow-up, respectively 
(table 2). Th is translated to incidence rates of 15.8 and 11.5 events 
per 10 000 patient-years, respectively, and the unweighted HR 
associated with ICS use was 1.44 (95% CI 1.21 to 1.72; table 2). 
In the weighted cohort, the incidence rates were similar between 
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the groups, 14.5 events per 10 000 patient-years (cumulative inci-
dence 0.14%; fi gure 2) in the ICS episodes and 14.6 (cumulative 
incidence 0.13%) in the no-use episodes. We found no material 
diff erence between the groups, in relative or absolute terms. Th e 
weighted HR of hospitalisation for pneumonia associated with ICS 
use was 1.06 (95% CI 0.88 to 1.28; table 2 and fi gure 3), in com-
parison with no use. Th e absolute rate diff erence was −0.06 (95% 
CI −2.83 to 2.72) events per 10 000 patient-years.

Secondary and subgroup analyses
In the secondary analysis where both hospitalisations and emer-
gency outpatient visits for pneumonia were considered, 1104 and 
504 events in the ICS and no-use episodes were observed, re-
spectively. Th e weighted HR associated with ICS use was higher 
than the primary analysis, 1.10 (95% CI 0.98 to 1.23; table 2). 
Th e weighted HRs by age groups were 0.88 (95% CI 0.68 to 1.13) 
among children of age 2–5 years, 0.99 (95% CI 0.68 to 1.45) for 
age 6–11 years and 1.28 (95% CI 0.82 to 2.02) for age 12–17 years 
(fi gure 3). Th e results were similar between boys and girls, HRs 
of 1.12 (95% CI 0.85 to 1.46) and 1.06 (95% CI 0.82 to 1.38), 
respectively.

We performed analyses stratifi ed on the type of ICS that was ini-
tiated. In the analysis of ICS as monotherapy (222 872 episodes), 
the HR of hospitalisation for pneumonia was 1.04 (95% CI 0.86 to 
1.26) and it was higher in the analysis of ICS and LABA as combi-
nation therapy (26 692 episodes), HR 1.18 (95% CI 0.68 to 2.07). 
Th e results were similar in the analyses of ICS types, budesonide 
(167 109 episodes) and fl uticasone (80 699 episodes); we observed 
HRs of 1.03 (95% CI 0.81 to 1.30) and 1.05 (95% CI 0.83 to 1.34), 
respectively (fi gure 3).

Sensitivity analyses
In the sensitivity analysis where children under the age of 2 years 
were also included, higher weighted incidence rates of hospitalisa-
tion for pneumonia were observed; 36.6 events per 10 000 patient-
years in the ICS episodes and 32.6 in the no-use episodes.

Th e HR associated with ICS use was higher in this cohort than 
in the primary analysis, 1.23 (95% CI 1.09 to 1.38). In the analy-
sis where the outcome defi nition also included secondary diag-
noses, we observed a similar result as in the primary analysis, 
HR 1.03 (95% CI 0.87 to 1.23). Th e sensitivity analysis where we 
adjusted for additional potential confounders was restricted to 
patients with available data since birth (44% of the ICS episodes; 
max age 16 years). Th e unweighted cohort was fairly balanced on 
the additional potential confounders (online supplemental ap-
pendix etable 5) and the HRs with the same adjustment as in 
the primary analysis and with the additional adjustment were the 
same, 0.99 (95% CI 0.77 to 1.26) (fi gure 3). Finally, we found 

no diff erence in relation to the primary analysis when the study 
period ended before the COVID-19 pandemic, HR 1.01 (95% CI 
0.83 to 1.22).

DISCUSSION
In this Swedish nationwide cohort study, we assessed the potential 
association between ICS use and the risk of hospitalisation for pneu-
monia in children with asthma. Th e study was based on a sample 
of more than 425 965 patients from routine clinical practice during 
a study period of 15 years. Our results indicated no evidence of an 
association between ICS use and the risk of hospitalisation for pneu-
monia, as compared with no use. Based on the upper limit of the CI, 
our results were not compatible with an increased rate greater than 
2.7 events per 10 000 patient-years.

Th e results obtained from this study of patients in routine clini-
cal practice are in agreement with those of previous meta-analyses 
of RCTs providing children-specifi c results, which show a null or 
protective eff ect of ICS use on the risk of pneumonia.4 6 Cazeiro et al 
found no diff erence in risk of pneumonia between ICS and placebo 
groups (risk diff erence –0.1%; 95% CI –0.3% to 0.2%) among patients 
younger than 18 years.4 O’Byrne et al found a protective eff ect of ICS 
on the risk of pneumonia events in the age group 4–11 years, HR 
0.54 (95% CI 0.33 to 0.90).6 For serious pneumonia events, the results 
were imprecise, and a null eff ect was observed, HR 0.93 (95% CI 0.31 
to 2.78).  Th e corresponding result was similar for pneumonia events 
in the analysis that included adults (age 4 to 78 years) HR 0.51 (95% 
CI 0.35 to 0.74); while it was higher but still imprecise for serious 
pneumonia events, HR 1.30 (95% CI 0.53 to 3.14). 

Our results diff ered from those of previous observational studies, 
which showed an association between ICS use and increased risk 
for pneumonia: OR of 1.20 (95% CI 1.12 to 1.27) in adults7 and a 
rate ratio of 1.83 (95% CI 1.57 to 2.14) in patients aged 12–35 years.8 
Th e observed diff erences between results could be due to impor-
tant diff erences in the design (both previous studies used case–con-
trol designs), defi nition of the population (less strict defi nitions of 
asthma and no required use of respiratory medication in the no-use 
group in the previous studies), and in the confounding adjustment. 
Further, the previous studies analysed only or mostly adult popu-
lations. Th e impact of some design choices can be observed in the 
study by Qian et al.8 For example, the results of the primary analysis, 
a rate ratio of 1.83 (95% CI 1.57 to 2.14), was attenuated when the 
non-ICS users were restricted to current users of other respiratory 
medication, 1.61 (95% CI 1.38 to 1.89), and increased when the non-
ICS users instead did not use any other respiratory medication, 4.81 
(95% CI 3.56 to 6.51).

Asthma is a heterogenous disease and manifestation, and seve-
rity varies greatly between age groups.21–23 Children in general and 
those under the age of 5 years in particular are prone to developing 
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symptoms that may be misclassifi ed as asthma when infected with 
respiratory viruses.10 11 In our analysis, children aged 2–5 years had 
the highest unweighted rates of hospitalisation for pneumonia, 
especially ICS users. Our sensitivity analysis that included patients 
under the age of 2 years showed an increased risk of hospitalisa-
tion for pneumonia associated with ICS use. However, this incre-
ased risk should be interpreted with caution given the diffi  culties 
in ascertaining both asthma and pneumonia in the youngest chil-
dren.9–11 Further, we observed a higher but less precise HR in the 
age group 12–17 years. A similar imprecise (only 18 events in the 

ICS episodes) result was observed for the subgroup of patients 
initiating a combination therapy of ICS and LABA. Th e combina-
tion therapy is indicated for children older than 6 years and gene-
rally targets patients with more severe disease.24 Given the no-use 
design, this analysis might be subject to more extensive confoun-
ding by indication. 

Th e study had limitations. As in all observational drug safety stu-
dies, the analysis was subject to potential unmeasured confounding 
and several measures were taken to limit this risk. In the study design, 
we included only patients with confi rmed asthmatic disease based on 



Asma

205 Sielinou Kamgang K-H, et al. Thorax 2024;79:395–402. doi:10.1136/thorax-2023-220742

a validated algorithm.12 Th e defi nition of asthma was comparably 
strict and to avoid including patients with very mild or transient 
disease we additionally required that patients received respiratory 
pharmacotherapy in the last 12 months. Due to the diffi  culties in 
distinguishing asthma from obstructive bronchitis or viral-induced 
wheeze in very young children, those under the age of 2 years were 
excluded from the analysis.

In the statistical analysis, we adjusted for a large number of poten-
tial confounders, including comorbidities, asthma drug history and 
proxies of disease severity. We used propensity score overlap wei-
ghting to achieve nearly exact balance on all covariates. With this 
method, we effi  ciently estimated the HR in the patients with the 
most propensity score overlap.15 Further, we performed a sensitivity 
analysis with adjustment for additional potential confounders, inclu-
ding LRTIs at age below and above 2 years, prematurity, parity, small 
for gestational age, and having a sibling with asthma, in patients 
with available data since birth.  Th e additional adjustment did not 
change the results. Finally, the potential unmeasured confounding 
in the primary analysis was expected to bias the results away from 
the null, that is, unmeasured risk factors would be more prevalent 
in the ICS episodes than the no-use episodes. Hence, it is unlikely 
that the close-to null result of the study is explained by this bias. 
Nonetheless, the presence and impact of unmeasured confounding 
cannot be ruled out.

Outcome and exposure misclassifi cation are other potential bia-
ses. Outcome events were ascertained based on physician-assigned 
diagnosis codes in the Swedish National Patient Register. Validation 
studies have shown that the ICD-10 codes for pneumonia have high 
positive predictive values (85%–95%).25 26 To increase specifi city of 
the defi nition, we restricted our primary outcome to hospitalisations 
and required that pneumonia was the primary diagnosis, that is, the 
reason for admission. In a sensitivity analysis where secondary diag-
nosis codes were also included, the result did not change materially. 
A similar result was observed in the secondary analysis where we 
analysed the incidence of pneumonia in inpatient or emergency 
outpatient care. We did not analyse the risk of bacterial and viral 
pneumonia separately since the aetiology is diffi  cult to distinguish 
in children due to inaccurate diagnostic methods and the specifi c 
diagnosis codes have low validity.

Our exposure defi nition was based on data of dispensed prescrip-
tions of ICS as mono or combination therapy and low adherence 
would bias the results toward the null. Due to the great variability 
in dosing and general use patterns of ICS, we used a comparably 
short maximum follow-up of 12 months and to make sure that no 
patients used ICS recently we used a wash-out period of 18 months. 
It was not possible to investigate a potential association between the 
prescribed daily dose of ICS and the risk of pneumonia, since these 
data cannot be derived from the registers and the dose can vary over 
time within ICS dispensing. However, such an analysis would be of 
interest as higher ICS doses may be associated with greater immu-
nosuppression. 

In summary, based on nationwide data from routine clinical prac-
tice, we found no evidence of an association between ICS use and the 
risk of hospitalisation for pneumonia in children with asthma. Th e 
results were in accordance with results of previous RCTs on children, 
but not aligned with the previous observational data, which mainly 
included adults. To our knowledge, this is the fi rst large study that 
provides paediatric-specifi c evidence on the potential association 
between ICS use and the risk of hospitalisation for pneumonia. Our 
fi ndings further support the safety of ICS use for managing asthma 
in children.
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RESUMO
Contexto A asma mal controlada está associada a um 
aumento da morbilidade e da utilização dos recursos 
de saúde (URS). Por conseguinte, de modo a quantifi-
car o impacto ambiental dos cuidados com a asma, este 
estudo retrospetivo de coorte sobre o custo ambiental 
do tratamento baseado em CARBON (healthCARe-Based 
envirONmental cost of treatment) estimou as emissões de 
gases com efeito de estufa (GEE) no Reino Unido asso-
ciadas à gestão da asma bem controlada e da asma mal 
controlada.
Métodos Foram incluídos doentes com asma atual 
(com idade ≥12 anos) registados no Clinical Practice 
Research Datalink (2008-2019). As emissões de GEE, 
medidas como equivalente de dióxido de carbono 
(CO2e), foram estimadas para o uso de medicação 
relacionada com a asma, URS e agudizações durante 
o acompanhamento de doentes com asma classificados 
no início do estudo como bem controlados (<3 inalado-
res/ano de β2-agonista de curta duração (SABA) e sem 
agudizações) ou mal controlados (≥3 inaladores/ano de 
SABA ou ≥1 agudização). O excesso de emissões de GEE 
devido a um controlo inadequado da asma incluiu ≥3 
prescrições de recipientes de SABA/ano, agudizações e 
quaisquer consultas de clínica geral e de ambulatório no 
prazo de 10 dias após a hospitalização ou uma visita ao 
serviço de urgência. 
Resultados  Dos 236 506 doentes analisados, 47,3% 
apresentaram asma mal controlada no início do estudo. A 
nível nacional, a pegada de carbono global dos cuidados 
com asma no Reino Unido foi de 750 540 toneladas de 
CO2e/ano, tendo a asma mal controlada contribuído com 
um excesso de emissões de GEE de 303 874 toneladas 
de CO2e/ano, o que equivale às emissões de >124 000 
casas no Reino Unido. A asma mal controlada em com-
paração com a asma bem controlada gerou uma pegada 
de carbono excessiva em 3,1 vezes em termos globais e 
8,1 vezes em termos per capita, em grande parte induzida 
por SABA, com contribuições menores de URS.  
Conclusões Estes achados sugerem que a abordagem 
do elevada carga da asma mal controlada, incluindo a 
redução do elevado uso de SABA e do risco associado de 
agudizações, pode aliviar significativamente as emissões 
de carbono relacionadas com os cuidados para asma.

INTRODUCTION
In an eff ort to combat climate change, countries 
are seeking to decarbonise their economies, and 
the healthcare sector has emerged as a central 
target of improvement.1 2 Any patient interaction 
with the healthcare system generates a carbon 
footprint. Healthcare is one of the largest sources 
of greenhouse gas (GHG) emissions in the public 
sector, with a carbon footprint equivalent to 4.4% 
of global net GHG emissions.2 In 2020, the UK 
National Health Service established an ambitious 

goal of 80% reduction in its carbon footprint by 
2036‒2039, with the aim of achieving a ‘net zero’ 
carbon footprint by 2045.3 Th e Sustainable Health-
care Coalition (SHC) in the UK supports this eff ort 
with its stepwise process of computing the carbon 
impact of numerous diverse activities associated 
with healthcare services to estimate the overall car-
bon footprint for a specifi c care pathway or patient 
population. Th is calculation aff ords policymakers 
and healthcare providers (HCPs), among others, 
the opportunity to understand and consider sus-
tainability profi les when developing new models 
of care and clinical practice improvements that can 
support environmental targets.4 Understanding the 
carbon footprint of treatment interventions may 
assist in identifying practical strategies to reduce 
GHG emissions via patient-centric principles of 
improved disease management.
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Key messages

What is the key question?
 Despite advances in evidence-based tre-
atments, suboptimal asthma control is 
common.
 Poorly controlled asthma is associated 
with an increased risk of exacerbations, 
hospitalisations and mortality, resulting 
in significant healthcare resource utilisa-
tion (HCRU).
 To date, the environmental impact of 
asthma care, particularly poor disease 
control, has not been fully evaluated. 

What is the bottom line?
Our These study findings indicate that 
poorly controlled versus well-controlled 
asthma generated a larger overall and 
excess per capita carbon footprint, prima-
rily contributed by short-acting β2-agonist 
(SABA) use, with smaller contributions 
from inhaled corticosteroids use, exacer-
bations and HCRU.

Why read on?
Targeting improved asthma outcomes by 
mitigating the high burden of poorly con-
trolled asthma may elicit significant declines 
in carbon emissions, particularly through 
reducing high SABA use, enabling health-
care systems to meet their carbon emission 
reduction goals.

© Author(s) (or their 
employer(s)) 2024. No 
commercial re- use. See rights 
and permissions. Published 
by BMJ.
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Despite advances in evidence-based treatments, asthma con-
trol remains suboptimal across all disease severities.5 6 In the UK 
and Europe, approximately 50% of patients experience uncon-
trolled asthma.7 Poorly controlled asthma is associated with a 
risk of avoidable asthma-related mortality and exacerbations,8 9 
resulting in signifi cant healthcare resource utilisation (HCRU).10 
Th e environmental impact of asthma care, particularly poor dis-
ease control, has not been fully evaluated, with most of the at-
tention directed towards the global warming potential (GWP) 
of the hydrofl uoroalkane (HFA) propellants, which atomise the 
preventer medication in pressurised metered-dose inhalers (pM-
DIs).11–13 Patients with poorly controlled asthma incur greater 
asthma-related costs than those with well-controlled asthma.14 

15 Intuitively, the same may hold true for the carbon impact of 
asthma care, where poorly controlled disease is recognised as 
associated with a higher carbon footprint. One manifestation of 
inadequate asthma control is the increased use of short-acting 
β2-agonist (SABA) reliever therapy.16 SABAs provide immediate 
bronchodilation but lack anti-infl ammatory activity and, there-
fore, contribute little to achieving asthma control.17 Furthermore, 
SABA prescriptions of ≥3 canisters/year are associated with an 
increased risk of exacerbations, asthma-related mortality18 19 and 
incremental HCRU.18 Together, these factors imply that poor-
ly controlled asthma and the consequent rise in exacerbations 
may increase the carbon footprint of asthma care in terms of 
increased HCRU and the requirement for additional pharmaco-
therapy. Th e environmental impact of this unmet need may be 
better understood by estimating the carbon footprint of mana-
ging poorly controlled asthma.

Th is study, which is part of the healthCARe-Based envirON-
mental cost of treatment (CARBON) programme,20 is the fi rst to 
quantify asthma care-based GHG emissions as illustrated by UK 
prescribing practices and HCRU, with the specifi c objective of es-
timating GHG emissions related to the management of well-con-
trolled versus poorly controlled asthma.

METHODS
Th is retrospective, cohort study, based on the SABA use IN Asthma 
(SABINA) I UK study,18 extracted routinely collected,  anonymised 
pseudonymised primary care data from the Clinical Practice Re-
search Datalink (CPRD GOLD).21 Linked data on mortality from 
the Offi  ce for National Statistics (ONS),22 socioeconomic status 
(SES) from the Index of Multiple Deprivation (IMD 2015 in quin-
tiles at practice level)23 and secondary care from Hospital Episode 
Statistics (HES)24 were provided by CPRD for patients residing in 
England (online supplemental methods).

Study population
Patients (aged ≥12 years) with a validated record of a current asth-
ma diagnosis, current asthma (Read code25 within 3 years of study 
entry) and registered in CPRD GOLD English general practice be-
tween 1 January 2008 and 31 December 2019 were included in the 
analysis (online supplemental methods).

Study variables
At baseline, defi ned as 12 months preceding the index date, 
patients were categorised based on their asthma control status as 
well-controlled (no asthma exacerbations and <3 SABA canister 
prescriptions/year) or poorly controlled (≥3 SABA canister 
prescriptions/year or ≥1 asthma exacerbation). Th e index date was 
defi ned as the latest date of any of the following: 13th birthday; 
start date of the study period; the date 12 months aft er the general 
practitioner (GP) commenced up-to-standard or research-quality 
data; the date 12 months aft er continuous CPRD GOLD record 
availability or the date 12 months aft er the fi rst asthma Read code. 
Exacerbations were defi ned as a temporary worsening of asthma 
requiring a short course of oral corticosteroids (OCS), an emer-
gency department (ED) visit or hospitalisation.26 To balance diff e-
rences between actuation counts across inhalers, the SABA canister 
cut-off  was converted to 600 actuations/year according to the 200 

actuations that would be expected in a SABA pMDI—the predo-
minant device type prescribed for SABA in the UK.27

Patient demographics captured age; sex; SES (IMD1 (least de-
prived) to IMD5 (most deprived23)) and comorbidities, including 
anxiety, atopy, chronic obstructive pulmonary disease (COPD), 
gastro-oesophageal refl ux disease (GORD), pneumonia, diabetes, 
osteoporosis and depression.

Asthma severity was determined based on treatments proposed 
in the 2016 Scottish Intercollegiate Guidelines Network (SIGN)/ 
British Th oracic Society (BTS) guidelines.28

All asthma medication prescriptions (SABA, inhaled corticos-
teroids (ICS), ICS/long-acting β2-agonist (LABA), ICS/LABA/ 
long-acting muscarinic antagonist (LAMA), leukotriene receptor 
antagonist (LTRA), maintenance OCS (with a daily dose <10 
mg), theophylline, aminophylline and biologics) were evaluated 
at baseline. A cut-off  of 10 mg was considered for maintenance 
OCS based on clinical experience and studies conducted in the 
UK that estimated the median daily dose of maintenance OCS 
for severe asthma to be 10‒15 mg/day across several specialist 
centres.29 30

Asthma exacerbations, medication prescriptions and HCRU were 
evaluated during the postindex follow-up period. Asthma-related 
HCRU included primary care or GP visits (overall and within 10 
days of hospitalisation or an ED visit), outpatient visits (overall and 
within 10 days of hospitalisation or an ED visit), inpatient visits or 
hospitalisation and ED visits. Exacerbation-related HCRU included 
inpatient hospitalisations, ED visits and a GP-prescribed short 
course of OCS. Routine HCRU included asthma-related GP and 
outpatient visits (online supplemental methods).

GHG emissions, measured as carbon dioxide equivalent (CO2e 
(95% CI)), were assessed during follow-up years (online supple-
mental methods). Th e quantifi cation of GHG emissions associated 
with all asthma medications were based on the quantity and type 
of medications prescribed/possessed (as a surrogate for use) and 
the CO2e emission value for each asthma treatment. Th e carbon 
footprint of all inhaled treatments, as well as oral and injectable 
medications (SABA, ICS, ICS/LABA, ICS/LABA/LAMA, LAMA, 
LABA, LABA/LAMA, LTRA, maintenance OCS (with a daily dose 
<10 mg), theophylline, aminophylline and biologics), were quanti-
fi ed using the SimaPro soft ware modelling resource, and energy 
consumption data, Ecoinvent datasets and certifi ed published 
studies, together with modelled estimates12 31 32 and internal data, 
and are listed in online supplemental table S1. Calculations for the 
carbon footprint considered emissions from the entire life cycle 
of all asthma medications, including the manufacture and trans-
port of the inhaler device (eg, pMDI or dry powder inhaler (DPI)), 
drug, propellants (for pMDIs) and end-of-life disposal of inhalers. 
As commonly practised,33 34 product life cycle assessments were 
carried out using GWP values of HFAs for a 100-year time period 
obtained from the Intergovernmental Panel on Climate Change 
Fift h Assessment Report.35 GHG emissions associated with various 
HCRU components, including all healthcare visit types (GP visits, 
outpatient visits, ED visits and inpatient hospitalisation) were esti-
mated by applying the methodology and data obtained from the 
SHC Care Pathway Guidance4 and related assumptions (online 
supplemental table S2). Primary care/GP visits were identifi ed 
in the CPRD with asthma Read codes,25 while asthma-related 
outpatient (specialist) visits were identifi ed in the HES data with 
specialist code 340 (which identifi ed respiratory medicine) and 
International Classifi cation of Diseases 10th Revision codes, 
where available. 

Since CO2e emissions associated with diff erent types of HCRU 
can vary considerably, we conducted a post hoc sensitivity analysis 
to demonstrate the potential range of asthma care-related GHG 
emissions, HCRU CO2e at 0.1× and 10× of SHC values.

Statistical analysis
Mean (SD) and median (minimum, maximum) were used to de-
scribe continuous variables. Categorical data were expressed as 
numbers and percentages. 
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Overall GHG emissions, including emissions related to all asth-
ma medication prescriptions and HCRU, were calculated as total 
annual measure and per 10 000 person-years (per capita) to facili-
tate comparison across groups. Th ese values were also scaled up 

to the national UK asthma population of 5.4 million.36 To assess 
whether GHG emissions varied based on follow-up year, we also 
quantifi ed these measures for the second and third years of follow-
up.

GHG emissions during the fi rst year of follow-up were strati-
fi ed by baseline variables, including asthma control and BTS 
treatment steps (online supplemental table S3). Excess GHG 
emissions due to suboptimal asthma control included emissions 
from ≥3 SABA canister prescriptions/year, exacerbations and any 
GP and outpatient visits within 10 days of hospitalisation or an 
ED visit.

As a sensitivity analysis, multivariable HCRU incidence rates— 
adjusted for prespecifi ed covariates (sex, age, anxiety, atopy, 
COPD, GORD, pneumonia, depression, SABA canister count, SES 
and proportion of days covered by ICS prescriptions)—were quan-
tifi ed using a negative binomial regression model and multiplied 
with the relevant CO2e emission values to quantify total GHG 
emissions. Th ese covariates were selected a priori based on litera-
ture and modelling data from the SABINA I study.18

RESULTS
Of the 236 506 patients analysed, 47.3% were categorised as ha-
ving poorly controlled asthma (table 1). At baseline, patients 
with poorly controlled asthma versus those with well-controlled 
asthma received a greater number of prescriptions for SABA, ICS 
monotherapy and ICS/LABA. Demographics and baseline clinical 
characteristics stratifi ed by BTS steps are provided in online sup-
plemental table S4.

GHG emissions during the follow-up period
Overall GHG emissions attributed to asthma care were 27 108 
tonnes CO2e (range: (0.1×) 26 084‒(10×) 37 343 tonnes CO2e; 
95% CI 26 969 to 27 247), with poorly controlled asthma (21 363 
tonnes CO2e; range: (0.1×) 20 568‒(10×) 29 315 tonnes CO2e; 95% 
CI 21 244 to 21 482) associated with higher emissions versus well-
controlled asthma (5745 tonnes CO2e; range: (0.1×) 5517‒(10×) 
8028 tonnes CO2e; 95% CI 5702 to 5788; fi gure 1A). Poorly con-
trolled asthma was associated with 3.1-fold higher per capita GHG 
emissions than well-controlled asthma (1997 (95% CI 1985.9 to 
2008.1) vs 652.4 (95% CI 647.5 to 657.3) tonnes CO2e/10 000 per-
son-years). SABA relievers accounted for 60.7% of the per capita 
GHG emissions, with smaller contributions from other pharma-
cotherapies, exacerbations and routine HCRU (fi gure 1B). For 
all components, GHG emissions were greater for poorly control-
led asthma. SABA relievers contributed 1264.7 (95% CI 1257.3 
to 1272.0) vs 332.5 (95% CI 329.8 to 335.3) tonnes CO2e/10 000 
person-years in poorly controlled versus well-controlled asthma, 
respectively. Inpatient hospitalisations accounted for the highest 
per capita exacerbation-related GHG emissions, followed by ED 
visits and short courses of OCS (fi gure 1C). For routine HCRU, 
GP visits accounted for higher per capita GHG emissions than 
outpatient visits (fi gure 1D). Overall per capita GHG emissions in-
creased with greater asthma severity, with emissions being greater 
in poorly controlled versus well-controlled asthma across all BTS 
steps (0‒4; online supplemental fi gure S1A).

Scaled to the UK asthma population, overall emissions were 
equivalent to 750 540 tonnes CO2e (range: (0.1×) 722 202‒ (10×) 
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1 033 921 tonnes CO2e; 95% CI 746 692 to 754 388), with poorly 
controlled asthma as the major contributor (fi gure 1A).

Similar fi ndings were observed in the second and third years 
of follow-up (online supplemental fi gures S1C,D, S2 and S3). In a 
sensitivity analysis, modelling HCRU incidence rates adjusted for 
prespecifi ed covariates did not substantially alter the GHG emis-
sions observed (online supplemental fi gure S4).

Excess GHG emissions during the first year of follow-up
Excess GHG emissions due to suboptimal asthma control, defi ned 
as ≥3 SABA canisters and exacerbation-related care, accounted 
for 12 085 tonnes CO2e overall (range: (0.1×) 11 533‒(10×) 17 602 
tonnes CO2e; 95% CI 11 979 to 12 191), with poorly controlled 
asthma (10 975 tonnes CO2e; range: (0.1×) 10 485‒(10×) 15 873 
tonnes CO2e; 95% CI 10 880 to 11 070) associated with higher 
emissions versus well-controlled asthma (1110 tonnes CO2e; range: 
(0.1×) 1048‒(10×) 1729 tonnes CO2e; 95% CI 1087 to 1133; fi gure 
2A). Poorly controlled asthma was associated with 8.1-fold higher 
per capita excess GHG emissions than well-controlled asthma 
(1026.0 (95% CI 1017.1 to 1034.9) vs 126.0 (95% CI 123.4 to 128.7) 
tonnes CO2e/10 000 person-years). SABA relievers accounted for 
94.3% of the per capita excess emissions, with poorly controlled 
asthma and well-controlled asthma contributing 969.0 (95% CI 

961.6 to 976.4) and 116.6 (95% CI 114.3 to 118.9) tonnes CO2e/10 
000 person-years, respectively (fi gure 2B). Inpatient hospitalisa-
tions accounted for the highest per capita exacerbation-related ex-
cess GHG emissions (fi gure 2C). Per capita routine HCRU-related 
excess GHG emissions were 8.7-fold higher in poorly controlled 
asthma versus well-controlled asthma (fi gure 2D). Across disease 
severities, poorly controlled asthma was associated with greater 
excess emissions than well-controlled asthma (BTS steps 0–4; on-
line supplemental fi gure S1B).

Scaled to the national level, excess GHG emissions of 334 604 
tonnes CO2e (range: (0.1×) 319 329‒(10×) 487 351 tonnes CO2e; 
95% CI 331 670 to 337 537) were observed, with poorly controlled 
asthma contributing to 90.8% of these emissions (fi gure 2A).

GHG emissions during the first year of follow-up stratified by
medication use, SES and care pathway
When stratifi ed by SABA prescriptions (0 to >12 SABA canis-
ters), per capita GHG emissions increased with higher SABA 
canister counts (online supplemental table S5). High SABA use 
of 3‒12 canisters/year accounted for 58.3% of overall GHG emis-
sions (fi gure 3A). High SABA use of >12 canisters/year contri-
buted most to per capita GHG emissions versus high SABA use 
of 3‒12 canisters/year and optimal SABA use (fi gure 3B). Across 
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prescription volumes, SABA relievers contributed most to per 
capita GHG emissions, with smaller fractions from ICS use, 
exacerbations and routine HCRU (fi gure 3B). Inpatient hospitali-
sations accounted for the highest per capita exacerbation-related 
GHG emissions (fi gure 3C). For routine HCRU, the majority 
of per capita GHG emissions were contributed by GP visits for 
optimal SABA use and high SABA use of 3‒12 canisters/year 
(fi gure 3D).

Stratifi cation by SES indicated that per capita GHG emissions 
increased from least deprived (IMD1) to most deprived (IMD5) 
areas of the UK (fi gure 4A). Regardless of SES, SABA use and 
ICS use contributed most to overall GHG emissions (fi gure 4B). 
Although GHG emissions were not notably diff erent across IMD 
groups, they were highest in the most deprived areas. Per capita 
exacerbation-related GHG emissions were lowest in IMD1 and 
highest in IMD5 (fi gure 4C). Per capita routine HCRU-related 
GHG emissions were lowest in IMD5 and highest in IMD4 (fi gure 
4D). Th e GHG emissions stratifi ed by ICS dose and care pathway 
are provided in online supplemental tables S6 and S7.

DISCUSSION
In this nationwide study, asthma care accounted for 750 540 (95% 
CI 746 692 to 754 388) tonnes CO2e annually when scaled to the 
UK asthma population, with poorly controlled asthma contribu-
ting nearly 80% of these emissions. At the national level, poorly 
controlled asthma was associated with excess GHG emissions of 

303 874 (95% CI 301 239 to 306 509) tonnes CO2e annually, which 
was equivalent to emissions from >124 000 houses in the UK in 
2020.37 38 Poorly controlled asthma was associated with approxi-
mately eightfold higher per capita excess GHG emissions versus 
well-controlled asthma. SABA relievers represented the largest 
contributors to per capita asthma-related GHG emissions, ac-
counting for >60% of overall GHG emissions and >90% of excess 
GHG emissions. Th ese fi ndings indicate that eff orts to improve 
asthma treatment practices to curtail high SABA use as part of an 
overall management strategy that seeks to implement evidence-
based treatment recommendations and address other contributing 
factors to poor asthma control, such as suboptimal adherence to 
medication and poor inhaler technique,8 could result in substan-
tial carbon savings. Th is concept of coupling optimised patient 
outcomes with environmental targets to decrease GHG emissions 
would enable healthcare systems to meet their carbon emission 
reduction goals and might also be extended to other chronic pro-
gressive diseases, particularly those associated with multimorbidi-
ties. Notably, in an attempt to balance environmental sustainabi-
lity with respiratory healthcare, the European Respiratory Society 
in its recent position statement on asthma and the environment 
introduced the concept of the ‘green asthma patient’ and recom-
mended that patients should be supported by greener healthcare 
regulations to make lifestyle changes and conscious choices to re-
duce the environmental impact of their treatment, without com-
promising their health.39
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To our knowledge, no other study has attempted to quantify the 
carbon footprint of all aspects of asthma care, although the carbon 
footprint of healthcare systems has been estimated on a global40 as 
well as a country level.41–45 In the current study, routine HCRU and 
exacerbations contributed to overall GHG emissions, although 
in comparatively lower proportions than inhaled asthma phar-
macotherapies. Poorly controlled asthma generated higher emis-
sions associated with routine HCRU and exacerbations than well-
controlled asthma. Inpatient hospitalisations contributed most to 
exacerbation-related emissions. Per capita GHG emissions asso-
ciated with routine HCRU and exacerbations were higher among 
patients seen in both primary and specialty care settings versus 
primary care alone. Overall, these results align with previous re-
search on asthma-related HCRU.10 46

In line with previous studies,47 48 higher asthma care-related 
GHG emissions were observed among residents of the most socio-
economically deprived areas of the UK. Although GHG emissions 
were not notably diff erent across IMD groups, SABA and ICS use 

largely contributed to emissions, followed by exacerbations and 
routine HCRU. Th erefore, targeted interventions designed to in-
crease healthcare access for patients living in socioeconomically 
disadvantaged areas could promote improved clinical outcomes 
and deplete the carbon footprint of the UK health system.

Our study indicates that poorly controlled asthma contributes 
to a large proportion of asthma care-related GHG emissions, with 
SABA use emerging as the single largest contributor, irrespective 
of asthma control or SES. Since 2019, the Global Initiative for 
Asthma (GINA) no longer recommends SABA as the preferred 
reliever for acute asthma symptoms based on evidence of an in-
creased risk of severe exacerbations and asthma-related mortality 
associated with SABA-only treatment.49 Adoption of GINA-guided 
treatment strategies could assist healthcare systems to decarbonise 
care pathways. In addition, self-management of asthma, supported 
by asthma action plans and regular clinical evaluations, is funda-
mental to asthma control and has been shown to reduce asthma 
symptoms and HCRU, including unscheduled primary care vi-
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sits, ED visits and hospitalisations.50 Th erefore, prioritising asthma 
care through early and accurate diagnosis; use of recommended 
eff ective therapies and process improvements in asthma manage-
ment by clinicians, healthcare decision-makers and policymakers 
can foster better and sustained clinical outcomes and subsequently 
reduce excess GHG emissions.

Th e extraction of patient data from CPRD yielded results ge-
neralisable to the asthma population across the UK,51 and access to 
anonymised data routinely collected as part of patient care mitiga-
ted participation and recording biases. However, certain limita-
tions must be acknowledged. In spite of using validated Read codes 
with a high positive predictive value25 to identify an asthma diag-
nosis, all patients with mild disease may not have been captured. 
However, given the lower carbon footprint at BTS step 0 (~10% of 
the scaled national value), the omission of some patients with mild 
disease is expected to minimally impact overall GHG emissions. 
Although CO2e emissions were stratifi ed by ICS use and BTS treat-
ment steps, this analysis did not account for potential confounding 
by ICS dose. While a reduction in SABA use may be accompanied 

by an increase in ICS uptake,52 the decline in SABA-related carbon 
emissions is unlikely to be accompanied by an equivalent increase 
in GHG emissions associated with ICS-containing medications.  
Th is may be explained by the fact that pMDIs, which are more 
commonly prescribed in the UK as reliever therapy than preven-
ter therapy (>80% vs ~65%),27 have a considerably higher carbon 
footprint than DPIs (16.0–37.0 vs 0.8–2.0 kg CO2e per device),11 

31 53 54 commonly used for ICS-containing medications. While it is 
a challenge to quantify diff erences in the carbon footprint asso-
ciated with reliever and preventer inhaler use in a retrospective 
analysis, our fi ndings indicate that curbing high SABA use may be 
accompanied by an overall reduction in asthma care-related car-
bon emissions. Th e CPRD provides nationally representative and 
comprehensive real-world data from GP practices across the UK55; 
however, some aspects of health may be recorded infrequently, and 
certain patient groups may not be captured.51 Due to a lack of alter-
native measures of asthma symptom control in the CPRD, poorly 
controlled disease was defi ned based on prescription of ≥3 SABA 
canisters/year or ≥1 asthma exacerbation at baseline. Since the 
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carbon footprint of poorly controlled asthma was largely SABA-
induced, high reliever use at baseline, as part of the defi nition 
for poorly controlled disease, may partially explain the increased 
GHG emissions observed during follow-up. Patients with severe 
asthma and chronic OCS use were excluded from the study due 
to the inherent challenges of documenting their complete treat-
ment regimen in primary care records. Th ese patients likely ex-
perience higher asthma exacerbation rates and HCRU; however, 
as they were <0.3% of the study population, their exclusion would 
not have substantially altered the results. Finally, results from this 
study were largely descriptive in nature. Additionally, allowances 
must be made for several uncertainties. Factors other than the level 
of asthma symptom control, such as high reliever prescribing pat-
terns that have been observed in some primary care networks in 
the UK, may also have contributed to high SABA use.52 Prescription 
data may not refl ect actual dispensing in the real world which may 
contribute to an overestimation of the carbon footprint from pre-
scribed medication. However, once dispensed, the carbon impact 
of the inhaler device is already largely apparent regardless of inha-
ler use as manufacture and transport comprises the majority of the 
cradle-to-grave carbon footprint of inhaler devices.31 For a pMDI, 
the propellant contained within the inhaler will almost inevitably 
be released into the atmosphere, either through prescribed use or 
because patients commonly dispose of their dispensed inhalers 
(whether empty or not) in the general waste due to a lack of inhaler 
recycling schemes in the UK,31 where degradation of the canister 
will eventually result in the release of the contained propellant into 
the atmosphere, thereby contributing to global warming. Data on 
medication use during a hospital admission or an ED visit were 
not available. CO2e emissions were calculated by applying approxi-
mations based on published guidelines and estimates, which are 
susceptible to variability and tend to evolve over time. CO2e emis-
sions were calculated for standard types of HCRU, which may have 
lower or higher CO2e emissions than asthma-related HCRU and 
may also vary between healthcare institutions given regional and 
local diff erences in routine clinical practice. Th ese uncertainties 
were overcome, at least in part, by performing a sensitivity analysis 
to demonstrate the potential range of GHG emissions from 10-fold 
to one-tenth of current values. Finally, certain individual patients 
(in either the well-controlled or poorly controlled asthma groups) 
may have been classifi ed diff erently, as evidenced by the fact that 
a small proportion of patients categorised as having well-control-
led asthma at baseline experienced exacerbations during the fi rst 
year of follow-up. Nevertheless, the defi nition of poorly controlled 
asthma used in this study refl ects a level of SABA prescriptions 
that has clearly been associated with inadequate disease control 
and adverse outcomes.18 19

In conclusion, the present fi ndings demonstrate that target-
ing improved asthma outcomes by mitigating the high burden of 
poorly controlled asthma may elicit signifi cant declines in carbon 
emissions. HCPs and policymakers are in a unique position to as-
sist in resolving the current climate emergency by improving the 
quality of treatment across asthma severities through actionable 
process improvements and policies to ensure broader access to 
guideline-directed controller therapies, with a view towards opti-
mising patient-centric asthma care, curtailing high SABA use and 
minimising the risk of severe exacerbations.
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RESUMO
Contexto Os fatores reprodutores da mulher poderão 
influenciar o desenvolvimento da doença pulmonar 
obstrutiva crónica (DPOC) através do ambiente hormo-
nal, mas os estudos sobre este tema são limitados. Este 
estudo teve como objetivo avaliar se a idade da menarca, 
o número de filhos, a infertilidade, o aborto espontâneo, 
os nados-mortos e a idade da menopausa natural esta-
riam associados ao risco de DPOC.
Métodos Foram incluídas mulheres de três coortes com 
dados sobre fatores de reprodução, DPOC e covariáveis. 
Os modelos de regressão de Cox específicos para cada 
causa foram ajustados para o ano de nascimento, a raça, 
o nível de escolaridade, o índice de massa corporal e os 
anos de consumo de tabaco, estratificados por asma, e 
incorporando a interação entre o ano de nascimento e o 
tempo. Foram tidas em conta as diferenças entre coortes 
e as correlações dentro das coortes. 
Resultados No total, foram incluídas 283 070 mulheres 
e 10 737 (3,8%) desenvolveram DPOC após um segui-
mento médio de 11 (IQR 10-12) anos. As análises reve-
laram uma associação em forma de U entre a idade da 
menarca e a DPOC (≤11 vs. 13: HR 1,17, IC 95% 1,11 a 
1,23; ≥16 vs. 13: HR 1,24, IC 95% 1,21 a 1,27). Mulheres 
com três ou mais filhos (3 vs. 2: HR 1,14, IC 95% 1,12 
a 1,17; ≥4 vs. 2: HR 1,34, IC 95% 1,28 a 1,40), abortos 
múltiplos (2 vs. 0: HR 1,28, IC 95% 1,24 a 1. 32; ≥3 vs. 0: 
HR 1,36, IC 95% 1,30 a 1,43) ou nados-mortos (1 vs. 0: 
HR 1,38, IC 95% 1,25 a 1,53; ≥2 vs. 0: HR 1,67, IC 95% 
1,32 a 2,10) apresentaram maior risco de DPOC. Entre 
as mulheres pós-menopáusicas, a idade mais precoce da 
menopausa natural foi associada a um risco acrescido 
de DPOC (<40 vs. 50-51: HR 1,69, IC 95% 1,63 a 1,75; 
40-44 vs. 50-51: HR 1,42, IC 95% 1,38 a 1,47). 
Conclusões Vários fatores de reprodução feminina, 
incluindo idade da menarca, número de filhos, aborto 
espontâneo, nados-mortos e idade na menopausa natu-
ral, foram associados ao risco de DPOC.

INTRODUCTION 
Chronic obstructive pulmonary disease (COPD) 
is a chronic, progressive lung disease characterised
by respiratory symptoms associated with chronic 
airfl ow limitation.1 Globally, the estimated preva-
lence of COPD was about 3.9% in 2017, and the 
prevalence among men and women was 3.7% 
and 4.2%, respectively.2 Recent evidence indicates 
substantial gender diff erences in the susceptibility 
to, and severity of, COPD.3 Women appear to 
develop severe COPD at younger ages than men, 
and non-smokers with COPD are more likely to 
be women, indicating that women may be more 
susceptible.3

Female sex hormones are crucial modulators 
of lung development and diseases. Oestrogen 
and progesterone are involved in formation and 
maintenance of a full complement of alveoli.4 
Female sex hormones may infl uence the deve-
lopment of COPD through the properties of 

modulating bronchodilation, infl ammation, proli-
feration and cigarette smoke metabolism.5 6 Th e 
female hormonal environment varies according to 
diff erent phases and events in women’s reproduc-
tive life stages, such as menarche, pregnancy and 
menopause, and women with infertility or preg-
nancy loss oft en have diminished ovarian reserve 
and oestrogen defi ciency.7 8

A growing number of studies have revealed 
a higher risk of asthma among women during 
puberty, at pregnancy or aft er menopause, which 
indicates the role of sex hormones in the develop-
ment of asthma.9–11 However, studies on COPD are 
limited. As far as we know, there have been only 
fi ve studies on this topic, which showed that several 
reproductive histories (eg, age at menarche, high 
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parity, pregnancy loss and age at natural menopause) were asso-
ciated with the risk of COPD. But two of the studies were cross 
sectional and in the three longitudinal studies the female repro-
ductive factors were not assessed with fi ne grained categories 
due to limitation in sample size.12–16 Th e follow-up periods varied 
from 6 to 15.8 years, and the analyses did not include important 
confounding factors, such as asthma and pack years of smoking.

Th erefore, this study used individual level data from the Inter-
national Collaboration for a Life Course Approach to Reproduc-
tive Health and Chronic Disease Events (InterLACE) consortium 
to investigate whether women with earlier age at menarche, higher 
number of children, infertility, miscarriage, stillbirth or earlier age 
at menopause were at higher risk of COPD.

METHODS
Study design and participants
Th e InterLACE consortium is composed of 27 observational 
studies, pooling individual level data of more than 850 000 women 
from 12 countries.17 For our analysis, three cohorts with data on 
reproductive factors and COPD were included. Th ese were the 
Australian Longitudinal Study on Women’s Health 1946–51 cohort 
(ALSWH-mid), UK Biobank, and the Swedish Women’s Lifestyle 
and Health Study (WLH). Cohort characteristics are presented in 
online supplemental e-Table 1.

Two cohorts collected information on infertility and miscar-
riage, while only one cohort had data on stillbirths (online supple-
mental e-Table 1 and online supplemental e-Figure 1). Other 
reproductive histories were available in all three cohorts. Since the 
ages of infertility, miscarriage, stillbirths, and parity were not avail-
able, women who had COPD at or before the age of 40 years were 
excluded from the analyses of these variables. Analyses of miscar-
riages and stillbirths were restricted to women who had ever been 
pregnant. Analyses of age at menopause were restricted to women 
with natural menopause, and those with COPD before natural 
menopause were excluded. In the analysis of each reproductive 
factor, women with missing data on that factor, COPD or the 
covariates of birth year, race/ethnicity, education level, pack years 
of smoking, body mass index (BMI) and asthma were excluded. In 
ALSWH-mid and UK Biobank, women were followed up until 31 
December 2019 to exclude the potential infl uence of COVID-19 
infection. Women in WLH were followed up to the end of 2010.

Reproductive histories
Reproductive histories were collected at baseline or at follow-up 
surveys. Women were considered to experience infertility if they 
reported failure to establish a pregnancy aft er 12 months of regular 
unprotected sexual intercourse, were diagnosed with infertility 
or were receiving fertility treatment. Age at menarche was deter-
mined as the age of the fi rst menstrual period, and age at natural 
menopause was defi ned as the age of the last menstrual period 
in the absence of hysterectomy or oophorectomy. Th e number of 
each pregnancy outcome (ie, live birth, miscarriage and stillbirth) 
were self-reported. Th ese reproductive histories were categorised 
as age at menarche (≤11, 12, 13, 14, 15 and≥16 years), number of 
children (0, 1, 2, 3 and ≥4), infertility (never and ever), number of 
miscarriages (0, 1, 2 and ≥3), number of stillbirths (0, 1 and ≥2), 
and age at menopause (<40, 40–44, 45–47, 48–49, 50–51, 52–53 
and≥54). Th ree or more miscarriages were defi ned as recurrent 
miscarriages, and two or more stillbirths were defi ned as recurrent 
stillbirths. Menopause age <40 and 40–44 years were defi ned as 
premature and early menopause, respectively.

Chronic obstructive pulmonary disease
COPD was retrospectively and prospectively identifi ed through 
self-reported and health administrative data, including pharma-
ceutical scripts, hospital admissions, hospital emergency presen-
tations and death registry data (online supplemental e-Table 1). 
All cohorts had hospital admission data, one cohort (ALSWH-
mid) had hospital emergency data and two cohorts (ALSWH-mid 
and UK Biobank) provided death registry data. Hospital admis-
sions, hospital emergency presentations and death registry data 
were coded using the ninth or 10th version of the International 

Classifi cation of Diseases (ICD-9 and ICD-10). ICD-9 codes 491, 
492 and 496, and ICD-10 codes J41, J43 and J44 were used to iden-
tify COPD cases. ALSWH-mid and UK Biobank also collected 
information on doctor diagnosed COPD and age at diagnosis 
through questionnaire items, and ALSWH-mid further identifi ed 
COPD cases through pharmaceutical data (Anatomical Th era-
peutic Chemical codes R03AC18, R03AL03, R03AL04, R03AL05, 
R03AL06 and R03AL08). Age at the earliest record of COPD (eg, 
self-reported, pharmaceutical, hospital or death record) was taken 
as the age of COPD onset.

Covariates
Covariates were collected at cohort entrance, including birth 
year (≤1950 and >1950), race or ethnicity (Caucasian, Asian and 
other), educational level (≤10, 11–12 and>12 years), pack years of 
smoking (0, 1–9, 10–19, 20–29 and ≥30 pack years) and asthma 
(never and ever). BMI (kg/m2) at cohort entrance was categorised 
as <18.5, 18.5–22.9, 23.0–27.4 and ≥27.5 for Asian women, and 
<18.5, 18.5–24.9, 25.0–29.9 and ≥30.0 for Caucasian and other 
women.

Statistical analysis
Continuous variables are summarised as median (IQR) and cate-
gorical variables as number (%). Cause specifi c Cox regression 
models were used to estimate HRs and two sided 95% CIs for the 
association between each reproductive variable and COPD. Age 
was used as a time scale. Survival time was from birth to the age 
at COPD or age at the last follow-up, whichever came fi rst. Th e 
proportional hazards assumption was assessed using the Schoen-
feld residuals and found to be violated for birth year and history of 
asthma on COPD (online supplemental e-Table 2). Th erefore, an 
interaction term between birth year and survival time was used to 
account for its time varying eff ect. Th e analyses were stratifi ed by 
asthma status. Th is assumed that the coeffi  cients of exposure were 
the same among women with and without asthma, but the func-
tion of time might diff er. All models were adjusted for potential 
confounders (ie, birth year, race/ethnicity, education level, BMI 
and pack years of smoking; fi gure 1).18–20 Cohort diff erences were 
taken into account by including a fi xed eff ect for cohort, and a 
robust sandwich estimate was used to account for within cohort 
correlation.21

Several sensitivity analyses were conducted. Firstly, random 
eff ects for the cohorts were fi tted. Secondly, Fine–Grey competing 
risk models were used to take competing risks of death of other 
causes (except COPD) into account. For this analysis, women from 
WLH were excluded because death registry data were not avail-
able. Th irdly, the analysis was restricted to women without asthma 
at cohort entrance. Fourthly, analysis by smoking status at cohort 
entrance was conducted to separate never smokers, past smokers, 
and current smokers. Fift hly, analyses of single reproductive factors 
were further restricted by or adjusted for potential confounding 
factors (fi gure 1). Analysis of number of children was restricted 
to women who did not have infertility. Miscarriage and stillbirth 
were included in the same model, when the previous pregnancy 
ending in miscarriage or stillbirth was associated with a higher 
risk of later stillbirth or miscarriage and subsequent COPD.18 
Analysis of age at natural menopause was further adjusted for age 
at menarche and number of children, or a single fertility issue (ie, 
infertility, miscarriage or stillbirth), which have previously been 
shown to be associated with age at natural menopause.22

Sixthly, multiple imputation was conducted to account for 
missing data. Missing data in each cohort were imputed sepa-
rately. Th e imputation model included all of the variables in the 
main analysis except for fertility issues (ie, infertility, miscarriage 
and stillbirth) and age at natural menopause, because none of the 
included cohorts had data on all three fertility issues and women 
who had a hysterectomy or oophorectomy could not experience 
natural menopause. A fully conditional method was used, in which 
the imputation methods for continuous and categorical variables 
were linear regression and logistic regression, respectively. Ten 
times imputed datasets for each cohort were combined to assess 
the robustness of thefi ndings. Additionally, two supplementary 
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analyses were conducted. Women with bilateral oophorectomy 
before menopause, who were excluded from the analysis of age at 
natural menopause, were included with age at bilateral oophorec-
tomy as an explanatory variable. Associations for COPD in each 
study were assessed separately, and the eff ects in a single study 
were combined using a random eff ects meta-analysis.

All tests of hypotheses were reported using a two sided 5% level 
of signifi cance. No adjustment for multiplicity of statistical tests 
was performed. All statistical analyses were performed using SAS 
V.9.4 (SAS Institute, Cary, North Carolina, USA), with PROC 
PHREG for Cox regression.

RESULTS
Overall, 283 070 women were included at a median (IQR) age of 
54 (46–62) years and followed up for a median (IQR) of 11 (10–12) 
years. Among them, 10 737 (3.8%) women developed COPD at 
a median (IQR) age of 63 (55–70) years. Of these COPD cases, 
7983 were identifi ed through a single data source (1729 from sur-
vey data, 95 from pharmaceutical scripts, 6102 from hospital data 
and 57 from death registry) and 2754 were identifi ed through at 
least two data sources. Th e characteristics of the women at cohort 
entrance are shown in table 1. Women with COPD were more likely 
to be older at cohort entrance, have ≤10 years of education, BMI 
≥30.0 kg/m2 (≥27.5 kg/m2 for Asian women), have ≥10 pack years 
of smoking and have asthma. In total, 53 205 (15.8%) women were 
excluded due to missing data, mainly for smoking and BMI (online 
supplemental e-Tables 3 and 4).

Th ere was a U shaped pattern of association for age at menarche 
and COPD. Women with age at menarche ≤11 had a higher risk of 
COPD (HR 1.17, 95% CI 1.11 to 1.23) compared with women expe-
riencing menarche at age 13 years (table 2). Among women expe-
riencing menarche aft er age 13 years, the HR for COPD increased 
from 1.10 (95% CI 1.07 to 1.13) to 1.24 (95% CI 1.21 to 1.27) when 
age at menarche increased from 14 to 16 years or more.

Women with children were at higher risk of COPD than women 
without children (HR 1.13, 95% CI 1.11 to 1.15; table 2). Compared 
with women with two children, women with three (HR 1.14, 95% 
CI 1.12 to 1.17) or more children (HR 1.34, 95% CI 1.28 to 1.40) 
were at increased risk of COPD, as well as women with one child 
(HR 1.18, 95% CI 1.14 to 1.21; table 2).

Women who experienced infertility had a higher risk of COPD 
(HR 1.13, 95% CI 1.10 to 1.16) than women who did not experience 
infertility (table 2). Among women who had ever been pregnant, a 
history of miscarriage was associated with a higher risk of COPD 
(HR 1.15, 95% CI 1.15 to 1.16) compared with women without 
miscarriage, and the risk of COPD further increased in women 
with more miscarriages (miscarriage=1: HR 1.08, 95% CI 1.08 to 
1.09; miscarriage=2: HR 1.28, 95% CI 1.24 to 1.32; miscarriage ≥3: 
HR 1.36, 95% CI 1.30 to 1.43; table 2). Similarly, compared with 
women without stillbirth, women with stillbirth had a higher risk 
of COPD (HR 1.42, 95% CI 1.29 to 1.56), and the HRs for COPD 
associated with single and recurrent stillbirths were 1.38 (95% CI 
1.25 to 1.53) and 1.67 (95% CI 1.32 to 2.10), respectively (table 2).

Among women with natural menopause, the risk of COPD was 
inversely associated with age at menopause, ranging from 1.69 
(1.63–1.75) for menopause before the age of 40 to 0.79 (0.78–0.79) 
for menopause at or over the age of 54, compared with women 
experiencing natural menopause at age 50–51 years (table 2).

Sensitivity analyses
Firstly, the models with random eff ects for the cohorts revealed 
almost the same estimated HRs and slightly wider 95% CIs (online 
supplemental e-Table 5). Secondly, results from Fine–Grey com-
peting risk analysis were consistent with the results from the main 
analysis, although the association for infertility was no longer 
statistically signifi cant (online supplemental e-Table 6). Th irdly, 
analysis restricted to women without asthma at cohort entrance 
revealed similar results (online supplemental e-Table 7). Fourthly, 
associations observed in the main analysis persisted among never 
smokers, past smokers and current smokers, while the eff ect of 
infertility was only observed in current smokers (online supple-
mental e-Table 8). Fift hly, aft er restricting the analysis to women 
without infertility issue, the association between number of chil-
dren and COPD did not change except for an increase in HR for the 
eff ect of no children (online supplemental e-Table 9). Th e estimated 
HRs (95% CIs) for miscarriage and stillbirth decreased slightly 
when both miscarriage and stillbirth were included in the same 
model (online supplemental e-Table 10). Th e association for age at 
natural menopause remained the same aft er additional adjustment 
of age at menarche and number of children or fertility issue (ie, 
infertility, miscarriage or stillbirth; online supplemental e-Tables 11 
and 12). Sixthly, fi ndings from the multiple imputed datasets were
consistent with the main analysis (online supplemental e-Tables 
13 and 14, online supplemental e-Text 1). Supplementary analysis
showed that younger age at bilateral oophorectomy was associated 
with a higher risk of COPD (online supplemental e-Table 15). Th e 
associations of female reproductive histories with COPD in the 
individual studies are presented in online supplemental e-Figures 
2–6, as well as the overall eff ects from random eff ects meta-analy-
sis. Th e estimated eff ect sizes in each cohort separately were gene-
rally consistent, except for age at menarche. In the ALSWH-mid 
cohort, the adjusted HRs did not show a U shaped association for 
age at menarche, but the data still indicated a higher risk of COPD 
among women experiencing menarche at age ≥15 years.

DISCUSSION
In this pooled analysis of individual level data from 283 070 women, 
several female reproductive factors were found to be associated with 
the risk of COPD. Women with earlier or later age at menarche had 
an increased risk of COPD, as well as women with three or more 
children. A history of infertility, miscarriage or stillbirth, especially 
multiple miscarriages or stillbirths, was associated with a higher risk 
of COPD. Among women who had experienced natural menopause, 
earlier age at menopause was associated with an increased risk of 
COPD. 

As far as we know, there were three previous studies assessing the 
association between female reproductive factors and COPD. Tang et 
al’s study included 271 271 female participants in UK Biobank, and 
found that age at menarche <12 years (HR 1.15, 95% CI 1.00 to 1.32) 
or >15 years (HR 1.37, 95% CI 1.11 to 1.71), number of children 
>3 (HR 1.45, 95% CI 1.16 to 1.82) and age at natural menopause 
<47 years (HR 1.44, 95% CI 1.19 to 1.75) or 47–49 years (HR 1.25, 
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95% CI 1.00 to 1.57) were associated with a higher risk of COPD.12 
Findings from our study were mainly consistent with Tang et al’s 
fi nding. In their study, women were aged 40–69 years at baseline, 
and 2170 women with COPD at baseline were excluded.12 Some of 
these COPD cases might have occurred aft er the relevant reproduc-
tive events. In our study, only women with COPD before the age of 
40 years were excluded (n=1122). Also, the follow-up period in our 
study was longer than that in Tang et al’s study (median follow-up 
period 6 vs 11 years). With more COPD cases, our study had enough 
power to assess the association for less common reproductive events, 
such as premature menopause, early menopause, recurrent miscar-
riages and stillbirths, which had not been assessed by Tang et al’s 
study.

For fertility problems, Westergaard et al’s study enrolled 1 370 896 
women from Denmark who had ever been pregnant, and found that 
those with primary recurrent pregnancy loss (≥3 consecutive preg-
nancy losses before a live birth) had an increased risk of COPD (inci-
dence rate ratio 1.56, 95% CI 1.24 to 1.96).13 Similarly, a cross sectional 
study enrolled 302 510 women from China and showed that ≥2 preg-
nancy losses was associated with the risk of COPD (OR 1.25, 95% 
CI 1.17 to 1.32), while the associations for ≥2 miscarriages and ≥2 

stillbirths did not persist aft er adjustment.15 In our study, longitudinal 
data showed that miscarriage and stillbirth were associated with an 
increased risk of COPD, and the risk of COPD tended to be higher 
among women with recurrent miscarriages or recurrent stillbirths. 

COPD and asthma have some similar symptoms and infl amma-
tory mechanisms. Worsening asthma symptoms have been asso-
ciated with oestrogen changes through several female reproductive 
stages (eg, menarche, pregnancy and menopause).5 Similarly, in this 
study, the risk of COPD was associated with multiple female repro-
ductive factors, indicating the role of oestrogen changes in COPD 
development. Oestrogen might infl uence the development of COPD 
in a complex way. In infancy and childhood, oestrogen accelerates 
lung maturation and termination of lung growth.23 Girls with early 
menarche might experience insuffi  cient lung growth in early life, 
lower lung function and greater predisposition to COPD in later 
life.24 Meanwhile, in the presence of allergens, oestrogen augments 
airway infl ammation by enhancing Th 2 cell diff erentiation, upregula-
ting proinfl ammatory cytokines (eg, interleukin (IL)-1 β and IL-17A) 
and downregulating anti-infl ammatory cytokines (eg, IL-10) among 
asthmatic women.23 Sensitised individuals might be at greater risk of 
COPD due to airway hyperresponsiveness, neutrophilic infl amma-
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tion and remodelling.23 Oestrogen’s proliferative eff ects on airway 
smooth muscle could further worsen airway structure.25

Also, oestrogen has been implicated in the two phase metabolism 
of cigarette smoke. Oestrogen may upregulate the phase I enzymes 
without alerting the expression of phase II enzymes, resulting in 
the accumulation of intermediate metabolites and greater airway 
damage.6 However, oestrogen has been demonstrated to mediate an 
anti-infl ammatory response (eg, suppressing neutrophilic infl am-
mation and alveolar cell apoptosis), which would be protective in 
COPD.23 Given oestrogen’s multiple eff ects on the lung, the overall 
eff ect of oestrogen might diff er depending on the timing. In the 
early or middle reproductive stage, long or higher accumulated 
exposure to oestrogen would be detrimental to the lung, leading 
to a higher risk of COPD among women with early menarche or 
multiple live births. In the later stage, oestrogen may be protective, 
since earlier age at menopause or bilateral oophorectomy (indicates 
shorter exposure to oestrogen) were associated with a higher risk 
of COPD.

Some common factors might also have a role in the association 
between reproductive factors and COPD. Autoimmune diseases, 

such as antiphospholipid syndrome, autoimmune thyroid disease 
and type 1 diabetes mellitus, may aff ect all stages of fertility and 
pregnancy, commonly manifesting as delayed puberty, infertility 
and pregnancy loss.26 27 Autoimmune components also exist in 
COPD and underlie chronic mucosal infl ammatory responses of 
bronchitis.28 A pre-existing autoimmune condition that persisted 
aft er a complicated reproductive stage could be involved in the 
development of COPD. Other social and environmental factors, 
such as smoking, air pollution, underweight, low socioeconomic 
status, poor health related quality of life and low social support, 
which are associated with later menarche, low parity and pregnancy 
loss, are also well established risk factors for COPD.19 20 29 Some 
factors (ie, smoking, BMI and educational level) were adjusted in 
our study, and explained part of the associations of reproductive 
histories with COPD, but data on other factors, such as air pollu-
tion, were not available.

Th is study had several limitations. Volunteer bias could exist. 
Participants with poor health might be less likely to take part in 
the study. Compared with the general population, participants over 
represented women with a better socioeconomic status and healthier 
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lifestyle, which might aff ect the generalisability of the fi ndings.30–32 
Detailed data on contraceptive medications and hormone replace-
ment therapy (eg, type, dose, time and duration of use) were not 
available, so their eff ect on COPD could not be explored. Other 
reproductive histories in this study were self-reported, which might 
introduce recall bias. For the outcome event, there might be uniden-
tifi ed COPD cases since COPD may oft en be undiagnosed until it 
is clinically apparent, and COPD cases identifi ed through hospital 
data could represent more severe cases. Th is might limit the genera-
lisability of the current fi ndings to the risk of COPD across all levels 
of severity. 

Heterogeneity might exist in the diagnosis of COPD, which was 
inconsistent among the three cohorts during the research periods. 
Additionally, other potential confounders, such as parental history of 
COPD, childhood respiratory infection, secondhand smoking, occu-
pational exposure and tuberculosis, were not available in all cohorts. 
Finally, women being excluded due to missing data might lead to 
sample bias. Findings from the imputed dataset and complete dataset 
were similar, and so it is plausible that the infl uence of sample bias 
was small.

CONCLUSION
Th is study showed that female reproductive factors, including age 
at menarche, number of children, infertility, number of miscar-
riages and stillbirths, and age at natural menopause, were associ-
ated with an increased risk of COPD. Health professionals should 
consider the potential risk of COPD among women with such 
reproductive histories. Further research is needed to understand 
the mechanisms linking multiple female reproductive histories 
and COPD.
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RESUMO
Contexto A obstrução das vias aéreas é definida pela 
espirometria como uma razão baixa entre o volume expi-
ratório forçado em 1 s (FEV1) e a capacidade vital forçada 
(FVC). Esta razão baixa pode ter origem num FEV1 baixo 
(clássico) ou num FEV1 normal em combinação com uma 
grande FVC (dissináptica). As implicações clínicas da obs-
trução dissináptica durante a infância e a adolescência na 
população em geral permanecem pouco claras.
Objetivos Investigar a associação entre obstrução das 
vias aéreas com um FEV1 baixo ou normal na infância e 
adolescência, e asma, pieira e hiperresponsividade brôn-
quica (BHR).
Métodos Nas coortes de nascimento BAMSE (Barn/Child, 
Allergy, Milieu, Stockholm, Epidemiology; Suécia) e PIAMA 
(Prevention and Incidence of Asthma and Mite Allergy; 
Países Baixos), a obstrução (rácio FEV1:FVC inferior ao 
limite inferior do normal, LLN) aos 8, 12 (apenas PIAMA) 
ou 16 anos foi classificada como obstrução clássica (FEV1 
<LLN) ou dissináptica (FEV1 ≥LLN). As associações trans-
versais e longitudinais entre estes dois tipos de obstrução 
e os resultados de saúde respiratória foram estimadas por 
regressão logística ajustada à coorte em dados agrupados.
Resultados A prevalência de obstrução clássica aos 8, 12 
e 16 anos nas duas coortes foi de 1,5%, 1,1% e 1,5%, 
respetivamente. A obstrução dissináptica foi ligeiramente 
mais prevalente: 3,9%, 2,5% e 4,6%, respetivamente. A 
obstrução, independentemente do FEV1, foi consistente-
mente associada a maiores probabilidades de asma (obs-
trução dissináptica: OR 2,29, IC 95% 1,40 a 3,74), pieira, 
uso de medicação para a asma e BHR em comparação com 
o grupo de função pulmonar normal. Aproximadamente 
um terço dos indivíduos com obstrução dissináptica na 
infância permaneceu dissináptico durante a adolescência.
Implicações clínicas As crianças e adolescentes com 
obstrução das vias aéreas apresentaram, independen-
temente do nível de FEV1, maior prevalência de asma e 
pieira. O seguimento e o tratamento nestas idades devem 
ser orientados pela presença de obstrução das vias aéreas.  

INTRODUCTION
Airway obstruction is widely recognised as a key 
characteristic and prognostic marker of childhood 
wheezing and asthma.1–3 Obstruction is defi ned as a 
low ratio of forced expiratory volume in 1 s (FEV1) 
over forced vital capacity (FVC) and is generally 
considered to be the result of airway narrowing.4 

Consequently, FEV1, as a marker of airway calibre, 
is frequently low in subjects with obstruction. Air-
way obstruction with normal FEV1 could be a sign 
of physiological variability (ie fl uctuations) in lung 
function resulting from airway hyperresponsive-
ness, or could be the result of anatomical unequal 
growth of the airways and lung parenchyma, also 
referred to as dysanapsis.4 5 Regardless, it has not 
been well established if subjects who fulfi l the crite-
ria of an FEV1 to FVC ratio less than the lower limit 
of normal (LLN) originating from a low FEV1 have 

a greater risk of asthma and wheezing in compari-
son with subjects with an FEV1 to FVC ratio less 
than the LLN originating from a normal FEV1 with 
a relatively larger FVC.

Dysanapsis was first described by Green et al5 
in 1974 and refers to within and between-indi-
vidual differences in the growth of airway calibre 
and lung size. To a certain extent, dysanapsis is 
normal during development as lung function pa-
rameters reflecting flow and volume grow at dif-
ferent rates during childhood and adolescence.6 
While FVC grows faster than FEV1 in childhood, 
the opposite trend is observed in adolescence. 
Additionally, the interpretation of differing 
growth rates in FEV1 and FVC becomes more 
complex due to variations in growth between 
males and females at different stages of deve-
lopment. Dysanapsis has been associated with 
obesity regardless of asthma status, greater use 
of asthma medication and asthma disease exa-
cerbations in children with obesity.7 In the adult 
population, dysanapsis has been identified as a 
risk factor for the development of chronic ob-
structive pulmonary disease (COPD).8 However, 
the clinical implications of airway obstruction 
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Key messages

WHAT IS ALREADY KNOWN 
ON THIS TOPIC
Airway obstruction (forced expiratory 
volume in 1 second (FEV1) to forced vital 
capacity (FVC) ratio less than the lower 
limit of normal) is widely recognised as 
a key characteristic of childhood asthma.
 The obstructive ratio may originate from 
a low FEV1 or a normal FEV1 in combina-
tion with a large FVC.

WHAT THIS STUDY ADDS
Children and adolescents with airway 
obstruction, defined by low FEV1 to FVC 
ratio, have higher risks of asthma, whe-
ezing, use of inhaled corticosteroids and 
bronchial hyperresponsiveness indepen-
dent of their FEV1 levels.

HOW THIS STUDY MIGHT 
AFFECT RESEARCH, 
PRACTICE OR POLICY
We recommend a careful evaluation of 
the FEV1 to FVC ratio in the diagnostic 
workup of children, similar to its applica-
tion in the diagnosis of chronic obstruc-
tive pulmonary disease in adults.
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with a normal FEV1 during childhood and adolescence in the 
general population remain unclear.4

We therefore aimed to investigate the association between air-
way obstruction originating from either a low FEV1 (classic ob-
struction) or a normal FEV1 (dysanaptic obstruction) in childhood 
and adolescence, and respiratory health outcomes. Furthermore, 
we investigated the stability of these obstruction phenotypes from 
childhood to adolescence. We hypothesised that both classic and 
dysanaptic obstructions in childhood and adolescence were asso-
ciated with a higher prevalence of asthma and wheezing compared 
with those without airway obstruction.

METHODS
Study population
Th is study uses data from the population-based BAMSE (Barn/ 
Child, Allergy, Milieu, Stockholm, Epidemiology; Sweden) and 
PIAMA (Prevention and Incidence of Asthma and Mite Allergy; 
the Netherlands) birth cohorts. Th e BAMSE birth cohort consists 
of 4089 subjects born between 1994 and 1996 in Stockholm, Swe-
den.9 10 Follow-up was performed by questionnaires at ages 1, 2, 4, 
8, 12 and 16 years, and clinical assessment was performed at ages 
4, 8 and 16 years. Th e PIAMA cohort consists of 3963 newborns 
from 1996/1997 in the Netherlands.11 12 Questionnaires were com-
pleted by parents during pregnancy, at 3 months, annually until 
the age of 8, and at ages 11, 14 and 16 years. Clinical examinations 
were performed at ages 4, 8, 12 and 16 years. In the PIAMA cohort, 
informed (parental) consent was obtained as summarised in Wijga 
et al.13

Clinical assessment
Lung function testing was performed by spirometry according 
to the American Th oracic Society/European Respiratory Society 
criteria in both cohorts.14 Additional information regarding lung 
function testing at each measurement point in both cohorts is pro-
vided in online supplemental fi le S1. We calculated the z-scores for 
FEV1, FVC and FEV1:FVC using the Global Lung Function Initia-
tive (GLI) reference equations.15 To improve comparability of the 
data, mean centring of the z-scores was performed separately for 
each cohort and age group. Th is was done by calculating the mean 
z-score (FEV1, FVC and FEV1:FVC) in healthy subjects (ie, never 
asthma, no wheezing in the past year and never smoking (age 16 
only)) and subsequently subtracting this mean z-score from each 
individual z-score.16 Bronchial hyperresponsiveness (BHR) was 
tested in all high-risk and in a random selection of low-risk chil-
dren of the PIAMA cohort at age 8.13 Defi nitions for BHR, allergic 
sensitisation and allergic rhinitis for both cohorts are provided in 
online supplemental fi le S2.

Defi nition of airway obstruction groups
Subjects with a z-score for FEV1:FVC (zFEV1:FVC) <LLN (defi ned 
as the fi ft h percentile of the distribution, which corresponds to a 
z-score of −1.645) were classifi ed as obstructive (fi gure 1). Sub-
jects with both zFEV1:FVC <LLN and zFEV1 <LLN were classifi ed 

as classic obstructive, whereas those with zFEV1:FVC <LLN and 
zFEV1 ≥LLN were classifi ed as dysanaptic obstructive. Th e nor-
mal lung function group was identifi ed by zFEV1:FVC ≥LLN and 
both zFEV1 and zFVC ≥LLN. Subjects with zFEV1:FVC ≥LLN and 
zFEV1 and/or zFVC <LLN were excluded from subsequent analy-
ses (online supplemental fi le S3).

Asthma and wheezing
Asthma was defi ned as fulfi lling two of the following three crite-
ria, according to the Mechanisms of the Development of ALLergy 
(MeDALL) defi nition,17 as agreed by international experts: ever 
had doctor-diagnosed asthma, wheezing within the last 12 months 
and use of any asthma medication within the last 12 months. All 
these variables were defi ned using data collected by questionnaires 
(online supplemental fi le S2).

Statistical analysis
Cohort-specifi c descriptive analyses were reported as mean and 
SD for normally distributed continuous variables and as percen-
tages for categorical variables. Pearson’s χ2 and independent sam-
ple t-test were used to compare diff erences between the obstruc-
tion groups. We analysed the cross-sectional association between 
classic and dysanaptic obstruction and the prevalence of asthma 
according to the MeDALL defi nition and its components separate-
ly (ie, ever doctor-diagnosed asthma, wheezing and use of asthma 
medication in the past 12 months; online supplemental fi le S2) and 
use of inhaled corticosteroids (ICS) at ages 8, 12 and 16.17 To ana-
lyse these associations, we performed a cohort-adjusted logistic re-
gression on pooled data to estimate the OR using the normal lung 



Epidemiologia respiratória

223 Koefoed HJL, et al. Thorax 2024;79:573–580. doi:10.1136/thorax-2023-220952

function group as reference. To investigate diff erences between 
classic and dysanaptic obstruction, we repeated the analysis with 
the dysanaptic group as reference. We investigated the role of body 
mass index (BMI) as a possible confounder by means of meta-an-
alysing cohort-specifi c estimates using inverse-variance weighted 
averages with the ‘meta’ package (V.4.15.1) in R (V.4.0.5) report-
ing fi xed eff ects.18 We also analysed the prospective association 
between obstructive groups at age 8 and the risk of asthma, whee-
zing and medication use at age 16 by means of logistic regression 
using subjects with normal lung function as the reference group. 
For subjects with two lung function measurements available, we 
compared obstructive group membership at ages 8 and 16 years 
by means of cross-tabulation. Statistical analyses were performed 
using SPSS (V.27.0) and R (V.4.2.2). Statistical signifi cance was set 
at a 5% level.

RESULTS 
Study population
From the BAMSE and PIAMA cohorts, 1736 and 1013 participants
were included in the cross-sectional analysis at the age of 8 years 
(table 1). At the age of 16 years, the number of subjects included 
was 1956 (BAMSE) and 693 (PIAMA). Additionally, we included 
1222 subjects at the age of 12 years from the PIAMA cohort. Based 
on atypical lung function patterns (fi gure 1), we excluded 109, 45 
and 123 subjects at the ages of 8, 12 (PIAMA only) and 16 (online 
supplemental fi le S3). Th e longitudinal analysis of the transition 

between the obstructive groups from ages 8 to 16 included 1131 
subjects from the BAMSE cohort and 308 subjects from the PIA-
MA cohort (online supplemental fi le S4).

Th e included subjects at age 16 in the BAMSE cohort and at all 
ages in the PIAMA cohort were more likely to be female compared 
with the excluded participants. Additionally, the included subjects 
from both cohorts were more likely to have higher socioeconomic 
status and to be breastfed in the fi rst 16 weeks of life, less likely 
to be exposed to maternal smoking during pregnancy or have a 
mother who smoked at each follow-up point. Subjects included at 
age 8 in the PIAMA cohort more oft en had a mother with asthma 
(online supplemental fi le S5).

Prevalence of airway obstruction groups
Most subjects in both cohorts (between 92.3% and 96.4%) had a 
normal lung function at ages 8–16 years (table 1). Th e prevalence 
of classic and dysanaptic obstruction ranged from 1.0% to 2.2% 
and from 2.5% to 5.5%, respectively, throughout the 8–16 years age 
range. Lung function levels for all groups, including mean-centred
z-scores, are provided in online supplemental fi le S6.

Characteristics of classic and dysanaptic obstruction
At the 8-year follow-up, the dysanaptic obstruction group in the 
PIAMA cohort was on average older and taller compared with 
subjects with a normal lung function. Subjects with dysanaptic 
obstruction had a higher BMI in both cohorts at age 8 compared 
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with the normal group (table 2). In contrast, subjects with classic 
obstruction did not have a diff erent BMI compared with the dys-
anaptic obstructive or normal group at any measurement point. 
In both cohorts at age 8, dysanaptic obstruction was associated 
with higher zFEV1:FVC compared with classic obstruction (online 
supplemental fi le S7). Th is association was also seen at age 12 in 
PIAMA and at age 16 in BAMSE. Dysanaptic obstruction was as-
sociated with a higher prevalence of environmental tobacco smoke 
exposure at ages 8 and 16 in the BAMSE cohort and a higher pre-
valence of personal smoking at age 16 in the PIAMA cohort. Th ere 
was no signifi cant diff erence in the proportion of male and female 
subjects between the obstructive groups at ages 8, 12 and 16 (on-
line supplemental fi les S8 and S9). 

In the BAMSE cohort, subjects with dysanaptic obstruction 
more frequently had a mother who smoked during pregnancy 
compared with the normal group. Also, birth by means of a cae-
sarean section was more prevalent in the dysanaptic obstruction 
group at age 8 compared with normal in the BAMSE cohort. Ad-
ditionally, breastfeeding for more than 16 weeks was less prevalent 
in BAMSE subjects with dysanaptic obstruction at age 8 compared 
with subjects with normal lung function.

Airway obstruction groups and cross-sectional associations
with asthma and wheezing
Subjects with either classic or dysanaptic obstruction had higher 
odds of having asthma compared with subjects with normal lung 
function at ages 8 and 16 (age 8: classic, OR 5.25, 95% CI 2.71 to 
10.15; dysanaptic, OR 2.29, 95% CI 1.40 to 3.74) (fi gure 2, online 
supplemental fi le S10). Furthermore, subjects with either form of 
airway obstruction were more likely to experience wheezing and use 
ICS in the past 12 months at ages 8 and 16 (online supplemental 
fi le S10). At age 12 years in the PIAMA cohort, dysanaptic, but not 
classic, obstruction was associated with higher odds of asthma, 
wheezing and asthma medication use. Both classic and dysanaptic 
obstructions were associated with higher odds of ICS use at age 12 
in the PIAMA cohort (online supplemental fi le S10). Additional 
adjustment for BMI resulted in similar estimates, and all associa-
tions remained signifi cant (online supplemental fi le S11).

Comparing asthma and wheezing between the two obstructive 
groups, subjects with classic obstruction had higher odds of asthma 
(OR 2.29, 95% CI 1.03 to 5.12) and wheezing in the past 12 months 
(OR 2.56, 95% CI 1.09 to 5.98) at the age of 8 years compared with 
subjects with dysanaptic obstruction (online supplemental fi le S12).

Bronchial hyperresponsiveness
Of the subjects with classic and dysanaptic obstruction at age 8, 
82.4% (n=14) and 60.0% (n=30) were BHR-positive, compared with 
40.4% (n=339) in the normal group (online supplemental fi les S13 
and S14). Both types of airway obstruction were associated with 
higher odds of BHR compared with the normal group (table 3), with 
no signifi cant diff erence between the obstructive groups.

Allergic rhinitis
At age 8, classic, but not dysanaptic, obstruction was associated with
higher odds of allergic rhinitis compared with the normal group 
(table 3). Th is association was not observed at ages 12 and 16 for 
either obstructive group (online supplemental fi les S15 and S16).

Allergic sensitisation
In the cross-sectional analysis of obstructive groups and allergic 
sensitisation at age 8, subjects with dysanaptic obstruction showed 
higher odds of sensitisation to common inhalant allergens (OR 1.86, 
95% CI 1.22 to 2.77) and allergic polysensitisation (OR 1.85, 95% 
CI 1.18 to 2.89) compared with the normal group (table 3). Allergic 
sensitisation did not diff er between the obstructive groups (online 
supplemental fi le S13).

Obstruction groups and their longitudinal association with
asthma and wheezing
Subjects with either classic or dysanaptic obstruction at age 8 had 
higher odds of having asthma, wheezing, asthma medication use 
and use of ICS in the past 12 months at age 16 compared with 
subjects with normal lung function (table 4). Th e association 
between airway obstruction at age 8 and wheezing and medication 
use at age 16 was similar between subjects with classic and dysana-
ptic obstruction; however, classic obstruction was associated with 
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a higher OR of doctor-diagnosed asthma at age 16 compared with 
dysanaptic obstruction (online supplemental fi le S17).

Transition between obstructive groups in childhood and
adolescence
In both the BAMSE and PIAMA cohorts, majority of the participants
with a normal lung function at age 8 also had a normal lung func-
tion at follow-up in adolescence (ie, at age 16). Most subjects with 
classic and dysanaptic obstruction at age 8 showed normal lung 
function in subsequent measurements (66.7% and 54.7%, respec-
tively). However, one-third (34.0%) of the subjects with dysanaptic 
obstruction at age 8 remained in this group in adolescence (table 5).
Of the subjects with normal lung function at age 8, 0.7% and 4.1% 
developed classic and dysanaptic obstruction at age 16, respectively.
Transition between lung function groups for each cohort is presented 
in online supplemental fi le S18. Lung function levels per subject 
(zFEV1 and zFEV1:FVC) for those who changed group membership 
are presented in online supplemental fi les S19 and S20.

DISCUSSION
In this study, we show that airway obstruction in childhood and 
adolescence, defi ned by low FEV1 to FVC ratio, with either a low or 
a normal FEV1 was associated with a higher prevalence of asthma, 
wheezing, use of ICS and BHR. Furthermore, obstructive lung 
function in childhood was, regardless of FEV1, associated with a 
higher prevalence of asthma, wheezing and medication use in ado-
lescence. Dysanaptic obstruction was associated with higher BMI 
in childhood in both cohorts and in adolescence in the BAMSE 
cohort, an association not seen in classic obstructive lung func-
tion. Of subjects with a dysanaptic obstructive lung function in 
childhood, one-third remained in the same group in adolescence. 

A low or below-normal FEV1 is widely recognised as a key cha-
racteristic and prognostic marker of childhood wheezing and 
asthma,2 3 19–23 and the Global Initiative for Asthma guidelines 
identify low FEV1 as a risk factor for asthma exacerbations and 
persistent airfl ow limitation in adolescents and children ages 6–11 
years.2 However, low FEV1 is oft en not observed in childhood 
asthma.16 Our fi ndings support this observation, showing that air-
way obstruction, defi ned by low FEV1 to FVC ratio, with a normal 
FEV1 was two to three times more frequent than the combination 
of a low ratio with a low FEV1 at the ages of 8, 12 and 16 years. 

Growth of FEV1 and FVC during development is non-parallel.6 
Th is divergence is attributed to diff erences in body composition 
during growth, timing of growth spurt and dimensions and mus-
cular strength of the thoracic cage.24 Ongoing growth may account 
for the relatively higher prevalence of normal versus low FEV1 in 
obstruction during childhood and adolescence. In our study, sub-
jects with a low FEV1 to FVC ratio carried a similar prevalence of 
wheezing, asthma and ICS use regardless of their FEV1 level. Im-
portantly, both classic and dysanaptic obstructions were associated 
with a higher prevalence of BHR at age 8. Th e precise mechanism 
explaining the association between a relatively narrow airway cali-
bre to lung volume and BHR is not fully understood. Th is may 
result from abnormalities in airway smooth muscle contractility 
such as a myogenic contractile response to greater stretching, or 
the mechanisms of autonomic regulation could play a role.25 26 
Based on our fi ndings, we recommend a careful evaluation of the 
FEV1 to FVC ratio, even if FEV1 is normal, while considering the 
unique characteristics of each patient, to assess the risk of current 
or future respiratory disease.

In both cohorts, dysanaptic obstruction was associated with 
higher BMI, particularly at age 8, although BMI values were gene-
rally within the normal range. Th is is consistent with previous 
studies showing a positive association between childhood BMI 
and relatively higher growth of FVC compared with FEV1.27 Mean-
while, in adults with obesity, the opposite pattern is seen as the 
physical eff ects of abdominal obesity reduce the chest wall compli-
ance and obstruct the downward displacement of the diaphragm 
during inspiration, resulting in a lower FVC.28 29 Th e precise mecha-
nisms underlying the association between a greater FVC in chil-
dren and a higher BMI are uncertain. According to a meta-analy-
sis of 25 000 children from 24 birth cohorts, greater infant weight 
gain could be associated with greater FVC compared with FEV1 at 
age 8.5 years.30 Alternatively, a higher BMI could be a proxy for a 
greater muscle mass. 

Dysanaptic obstruction was found to be associated with early 
childhood risk factors, including birth by caesarean section and a 
lower prevalence of breastfeeding, although results varied across 
cohorts. Notably, dysanaptic obstruction was associated with a 
higher prevalence of wheezing in the fi rst year of life. Th is suggests 
that factors contributing to airway obstruction in childhood may 
partly originate from the fi rst years of life. Future studies should 
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investigate the association between early life exposures and the dif-
ferential development of FEV1 and FVC. In lung development, dy-
sanapsis has been suggested to be caused by diff erential airway and 
lung growth velocities during childhood and adolescence.4 While 
FVC grows faster than FEV1 in childhood, the opposite trend is 
observed in adolescence. Additionally, prepubescent girls have 
larger airway size relative to lung size than boys.31 32 Conversely, 
growth of airways relative to volume is enhanced in adolescent 
boys. Th ese diff erences in lung development may partially explain 
the sex shift  in asthma prevalence and disease severity observed 
in adolescence. We did not fi nd any diff erences in the prevalence 
of dysanaptic obstruction between the sexes during childhood or 
adolescence. Th is could be due to the LLN as a cut-off  not captu-
ring longitudinal diff erences in FEV1 and FVC growth between the 
sexes. Alternatively, we did not see these diff erences in our data 
as the reference equations adjusted for diff erential growth diff e-
rences in FEV1 and FVC between the sexes.6 We did observe that 
approximately half of the subjects with dysanaptic obstruction 
transitioned to a normal state in adolescence, indicating plasti-
city of lung function growth during this period.33 In contrast, 34% 
remained dysanaptic obstructive during adolescence, while only 
11.1% remained classic obstructive, suggesting an early childhood 
origin of dysanaptic obstruction.31 32

Th is study has strengths and limitations that should be con-
sidered when evaluating our fi ndings. First, we used popula-
tion-based birth cohorts with multiple lung function meas-
urements and included a validated asthma defi nition based 
on multiple variables.34 As the GLI fi t diff ers between co-
horts,16 we performed mean centring to improve comparabil-
ity. Previous research on dysanapsis in the paediatric popu-
lation has applied a more stringent defi nition of dysanaptic ob-
struction using higher cut-off  levels for FEV1 and FVC; how-
ever, this was done in clinical cohorts enriched with patients with 
asthma.7 In our population-based cohorts, stricter defi nitions of 
dysanaptic obstruction yielded insuffi  cient numbers of subjects to 
investigate diff erent forms of airway obstruction and respiratory 
health outcomes. Regardless, we observed signifi cant diff erences 

in the distribution of the FEV1 to FVC ratio and FVC between 
these two forms of airway obstruction, indicating that they are dis-
tinct from each other.

We realise that dysanapsis in our cohorts may refl ect ongoing 
bronchial constriction as opposed to non-reversible diff erences in 
airway calibre and volume. A subject with large FEV1 and FVC could 
be classifi ed as dysanaptic obstructive if FEV1 is lowered (due to 
increased variability) while FVC remains high. Consequently, sub-
jects with both high FEV1 and FVC may be classifi ed as dysanaptic 
obstructive, partly due to lung function variability in subjects with 
asthma-like symptoms. Additionally, the accuracy of spirometry 
refl ecting airway calibre and lung size in the paediatric population 
remains uncertain. Further elucidation of anatomical versus physi-
ological obstructive lung function patterns requires reversibility 
testing and imaging studies. Furthermore, it would be interesting to 
compare established biomarkers of asthma disease such as fraction-
al exhaled nitric oxide (FeNO) and blood eosinophils between the 
airway obstruction groups. Th e prevalence of allergic sensitisation 
and allergic rhinitis was higher in dysanaptic obstruction compared 
with normal; however, this analysis was complicated by low statisti-
cal power. Th e prevalence of BHR at age 8 refl ects the selection of 
high-risk children and is not applicable to the general population; 
however, the comparison between lung function groups is informa-
tive. Additionally, both cohorts are of primarily Caucasian descent. 
Future studies should investigate the generalisability of our fi ndings 
to populations of other ancestries. Furthermore, although we strive 
to refl ect the general population, the external validity of our fi ndings 
may be impacted by attrition bias. Consequently, we recommend 
validation of our results in other population-based cohorts.

Th e objective of this study was to examine the co-occurrence of 
two respiratory phenotypes, that is, airway obstruction and asth-
ma/wheezing/medication use/BHR, from a clinical perspective. As 
both phenotypes are likely to have the same underlying aetiology 
and/or causative agents, we did not adjust for any covariates. How-
ever, we examined BMI as a potential confounder and observed 
that associations remained materially unchanged in the adjusted 
analyses.

Previous studies have shown that in children, adolescents and 
young adults, a subgroup with an obstructive lung function and 
normal FEV1 parameters exists.35 36 A normal FEV1, in the case of 
airway obstruction, may make physicians less inclined to pursue 
medical follow-up. However, our results showing associations be-
tween airway obstruction, irrespective of the level of FEV1, and 
a higher prevalence of asthma, wheezing and ICS use led us to 
conclude that the ratio between FEV1 and FVC is more important 
than FEV1 when evaluating the risk of adverse respiratory health 
outcomes in childhood and adolescence. Th erefore, we recom-
mend a careful evaluation of the FEV1 to FVC ratio in the diag-
nostic workup of children with wheezing, similar to its application 
in COPD diagnosis in adults.37 Future research should address if 
dysanaptic obstruction during childhood and adolescence is as-
sociated with subsequent development of COPD.
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RESUMO
Introdução Revisões sistemáticas anteriores forneceram 
estimativas heterogéneas e diferentes sobre a eficácia 
da reabilitação pulmonar após agudizações de doença 
pulmonar obstrutiva crónica (DPOC). O objetivo desta 
revisão foi examinar a eficácia dos programas de reabili-
tação pulmonar iniciados nas 3 semanas seguintes à alta 
hospitalar após uma exacerbação de DPOC.
Métodos Foi realizada uma atualização de uma revisão de 
Cochrane anterior utilizando o Cochrane Airways Review 
Group Specialised Register. As pesquisas foram realizadas 
entre outubro de 2015 e agosto de 2023 relativamente a 
estudos que iniciaram a reabilitação pulmonar no prazo 
de 3 semanas após a alta hospitalar. Foram excluídos os 
estudos que avaliaram o impacto da reabilitação pulmonar 
exclusivamente em regime de internamento. Os gráficos de 
floresta foram criados utilizando um método genérico de 
efeitos aleatórios de variância inversa.
Resultado Foram incluídos dezassete estudos. A reabi-
litação pulmonar após a alta hospitalar reduziu as rea-
dmissões hospitalares (OR 0,48, IC 95% 0,30 a 0,77, 
I2=67%), melhorou a capacidade de exercício (teste de 
caminhada de 6 minutos, diferença média (DM) 57 m, 
IC 95% 29 a 86, I2=89%; teste de caminhada incremen-
tal, DM 43 m, IC 95% 6 a 79, I2=81%), a qualidade de 
vida relacionada com a saúde (Questionário da Doença 
Respiratória do Hospital Saint George, DM -8. 7 pontos, 
IC 95% -12,5 a -4,9, I2=59%; Questionário das Doenças 
Respiratórias Crónicas (CRQ)-emoção, DM 1,0 pontos, IC 
95% 0,4 a 1,6, I2=74%; CRQ-fadiga, DM 0,9 pontos, IC 
95% 0,1 a 1. 6, I2=91%), e dispneia (CRQ-dispneia, DM 
1,0 pontos, IC 95% 0,3 a 1,7, I2=87%; Escala de dispneia 
modificada do Medical Research Council, DM -0,3 pontos, 
IC 95% -0,5 a -0,1, 2=60%). Não foram observados efei-
tos significativos no CRQ-mastery, no teste de avaliação 
da DPOC, no EuroQol-5 Dimension-5 Level e na mortali-
dade. Não foram registados quaisquer eventos adversos 
relacionados com a intervenção.
Discussão A reabilitação pulmonar efetuada após a alta 
hospitalar por agudização de DPOC resulta numa redução 
das readmissões hospitalares e em melhorias na capaci-
dade de exercício, na qualidade de vida relacionada com 
a saúde e na dispneia, na ausência de quaisquer eventos 
adversos relacionados com a intervenção.
Número de registo do ensaio CRD42023406397.

INTRODUCTION 
Acute exacerbations of chronic obstructive pulmo-
nary disease (COPD) are signifi cant events in the 
trajectory of the disease. Th ese events can lead to 
rapid deteriorations in patient health status, oft en 
resulting in hospital admissions and mortality.1–3 
Acute exacerbations of COPD are associated with 
reduced health-related quality of life and exercise 
capacity.4 Mortality and rehospitalisation rates 
during the year following an initial hospitalisation 
in patients with COPD were approximately 35% 
and 60%, respectively.5–11
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Key messages

WHAT IS ALREADY KNOWN 
ON THIS TOPIC
Previous versions of a Cochrane review 
have demonstrated the efficacy of pulmo-
nary rehabilitation during or following 
an acute exacerbation of COPD in terms 
of reducing hospital re-admissions and 
improving exercise capacity and health-
related quality of life.
 However, the latest version of the review 
in 2016 presented updated evidence 
which reduced confidence in the obser-
ved benefits of pulmonary rehabilitation 
in the context of an acute exacerbation of 
COPD.

WHAT THIS STUDY ADDS
This systematic review provides an update 
of a Cochrane review assessing the effects 
of pulmonary rehabilitation following an 
acute exacerbation of COPD.
 Adopting ‘refined’ inclusion and exclu-
sion criteria to better reflect pulmonary 
rehabilitation programmes commonly 
delivered in clinical practice, this review 
demonstrates benefits of pulmonary reha-
bilitation initiated within 3 weeks pos-
thospital discharge on reducing hospital 
re-admissions and improving exercise 
capacity and health-related quality of life 
with no reported adverse events related to 
the intervention.

HOW THIS STUDY MIGHT 
AFFECT RESEARCH, 
PRACTICE OR POLICY
This review was used to inform the 
American Thoracic Society Clinical 
Practice Guideline on Pulmonary 
Rehabilitation.
 Pooled analyses were used to make policy 
recommendations on the delivery of pul-
monary rehabilitation following an acute 
exacerbation of COPD.
 Pooling of studies permitted specific 
future research recommendations to be 
considered in the context of pulmonary 
rehabilitation delivery following an acute 
exacerbation of COPD.
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It has been long proposed that pulmonary rehabilitation could 
be an eff ective intervention in the posthospitalisation phase in 
patients with COPD as it encompasses elements that are known 
to improve health status and prognosis, such as physical exercise 
and self-management education.12 13 Th is has been reiterated by 
previous versions of a Cochrane review14 15 and recent reviews16–19 
which demonstrated favourable eff ects of pulmonary rehabilita-
tion during hospital admission and/or following discharge on 
clinical and patient-reported outcomes. Subsequently, guidelines 
and position statements provided positive recommendations 
for the use of pulmonary rehabilitation following exacerbations 
of COPD.12 13 However, the latest update of the aforementioned 
Cochrane review20 reported reduced confi dence in observed es-
timates with heterogeneity present across the majority of out-
comes.

Evidence to date has mainly focused on pulmonary rehabilita-
tion programmes delivered during hospitalisation for acute ex-
acerbation of COPD or combined these studies with posthospi-
tal discharge programmes. Acute hospital rehabilitation is not a 
widely available model in most parts of the world, and evidence 
is currently confl icting with regards to the risks and benefi ts.19–21 
Th erefore, it is important to understand the evidence based on 
studies which conducted pulmonary rehabilitation programmes 
taking place in the posthospital discharge phase, which is a more 
commonly available model.

Th e purpose of this systematic review was to summarise evi-
dence relating to whether pulmonary rehabilitation delivered 
posthospital discharge for exacerbation of COPD improved clini-
cal outcomes compared with no pulmonary rehabilitation.

METHODS
Th is systematic review conformed to the methods outlined in the 
Cochrane Handbook for Systematic Reviews of Interventions.22 
Th e protocol for this review (CRD42023406397) was pre-regis-
tered on PROSPERO (International Prospective Register of Sys-
tematic Reviews; www.crd.york.ac.uk/PROSPERO/) and was un-
dertaken as part of a clinical guideline.23 Th is systematic review 
was an update of a previous Cochrane review,20 although with a re-
fi ned protocol as detailed below. Th e systematic review was funded 
by the American Th oracic Society (ATS).

Population
Patients with COPD following inpatient or outpatient care for 
acute exacerbation. For studies that included patients with mixed 
diagnoses, the study was included if >90% of participants had 
COPD.

Intervention
Outpatient pulmonary rehabilitation programmes which com-
prised of at least physical exercise (endurance and/or strength 
exercise), delivered to patients with COPD following hospital 
discharge for an exacerbation. Studies incorporating an inpatient 
rehabilitation programme were included if a rehabilitation pro-
gramme was continued following discharge, with solely inpatient 
pulmonary rehabilitation programmes excluded from both the 
Puhan et al20 review and the updated search. Pulmonary rehabili-
tation programmes were required to commence within 3 weeks 
of hospital discharge as the effi  cacy of pulmonary rehabilitation 
in ‘stable’ COPD (ie, >4 weeks postexacerbation) has been de-
monstrated.24 Studies which had an upper limit that fell outside 
this 3-week timeframe were conservatively included. No limits on 
the minimum number of exercise sessions were set as an inclu-
sion/exclusion criterion. Pulmonary rehabilitation programmes 
could include additional elements such as self-management 
education, dietary advice, breathing exercises and psychologi-
cal support. Pulmonary rehabilitation programmes which only 
included inspiratory muscle training or neuromuscular stimula-
tion, but no whole-body physical exercise training programmes 
were excluded.

Comparator
Th e comparator was any concurrent control group labelled as usual 
care, provided that an exercise programme was not implemented 
as part of usual care. Trials with comparator groups which received 
or were off ered ‘delayed’ pulmonary rehabilitation were eligible for 
inclusion if data were obtainable up to the point the comparator 
group were off ered pulmonary rehabilitation.

Outcomes
Th e primary outcome was hospital re-admissions. Secondary out-
come measures were functional exercise capacity (6 min walk test 
(6MWT), incremental shuttle walk test (ISWT), endurance shuttle 
walk test (ESWT)), health-related quality of life (St. George’s Respi-
ratory Questionnaire (SGRQ), Chronic Respiratory Disease Ques-
tionnaire (CRQ), COPD Assessment Test (CAT), EuroQol-5 Dimen-
sion-5 Level (EQ-5D-5L)), dyspnoea (dyspnoea domain of CRQ, 
modifi ed Medical Research Council (mMRC) Dyspnoea Scale), mor-
tality and adverse events.

Study design
Studies were included if they were randomised controlled trials. 
Trials which used a randomised cross-over design were eligible up 
to the point of cross-over.
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Search strategy
Th e details of search strategies from previous versions of the Pu-
han et al14 20 review can be found in the freely accessible Cochrane 
Library. Th e search period for this update covered from October 
2015 to February 2022, with an additional updated search from 
February 2022 to August 2023.

Searches for this update were conducted using the Cochrane 
Airways Review Group Specialised Register (CAGR) (see online 
supplemental material). Th e search strategy for the CAGR is out-
lined in online supplemental table S1 with no restrictions placed 
on language. Searches of ClinicalTrials. gov and the WHO trials 
portal were also undertaken. Supplementary searches in the form 
of asking guideline committee members to identify any further 
potentially relevant studies were undertaken as well as screening 
reference lists of included studies. Included studies from Puhan 
et al20 were re-screened independently by two reviewers for inclu-
sion against the criteria of this review. Updated search results were 
screened using Covidence (Covidence systematic review soft ware, 
Veritas Health Innovation, Melbourne, Australia). Aft er removal 
of duplicate citations, articles were independently screened based 
on title and abstract by two reviewers. Full texts were retrieved for 
studies not excluded based on title and abstract and reviewed in-
dependently by two reviewers. Discrepancies between reviewers 
were resolved through inclusion of a third reviewer.

Data extraction and management
For included studies from the updated search, data extraction was 
completed using an adapted Microsoft  Excel form based on the 
Cochrane Data Extraction Template. Details extracted included 
study author, publication years, study design, interventions, par-
ticipants and outcome measures. Data for the outcomes of hospital 
re-admissions, mortality and adverse events were extracted to the 
timepoint of 12 months of follow-up within relevant studies. For 
outcomes relating to functional exercise capacity, health-related 
quality of life and dyspnoea, data were extracted from the end of 
rehabilitation or nearest follow-up time point. Discharge was con-
sidered the baseline in all studies. Included studies from Puhan et 
al20 had data duplicated into forest plots if data conformed to the 
methods outlined in this review, if not, then data were re-extracted 
for analyses.

Quality appraisal and risk of bias assessment
Th e Puhan et al20 review was critically appraised for methodologi-
cal quality using the AMSTAR 2 tool.25 Risk of bias was assessed 
using the Cochrane ‘Risk of bias’ tool26 (see online supplemental 
material). Risk of bias was independently assessed by two review-
ers with disagreements resolved through inclusion of a third re-
viewer. Th e addressing of discrepancies with Puhan et al20 are out-
lined in the supplementary material. 

Data synthesis
Meta-analyses were performed using Review Manager V.5.4. 
Study authors were contacted to obtain any missing data. ORs 
were used for dichotomous outcomes. Measures of eff ect were 
computed using mean diff erences (MDs) or postintervention 
values in a generic inverse variance random eff ects method. Sta-
tistical heterogeneity was interpreted using the I2 value. Where 
the I2 statistic was >50%, and there were more than three studies 
included, data were reported with potential sources of hetero-
geneity explored using the subgroup analyses of Puhan et al.20 
Prespecifi ed subgroup analysis was undertaken for programme 
characteristics and risk of bias (online supplemental material). 
Where heterogeneity could not be explained by subgroup analy-
ses, sensitivity analyses were performed removing outliers pro-
vided there were distinguishing clinical intervention features 
that warranted removal (eg, poor intervention adherence). Fun-
nel plots were created when data from more than 10 studies were 
available.

Quality of evidence
Th e Grading of Recommendations, Assessment, Development, 
and Evaluation approach (GRADE) was used in accordance with 
recommended guidelines27 to assess the quality of the evidence 
(see online supplemental material).

RESULTS
Ten studies included in Puhan et al20 did not meet the criteria of 
the current review (online supplemental table S2), with 10 stu-
dies included. With the updated search, following screening for 
title, abstract and full-text, seven met the inclusion criteria with 
reasons for excluding full texts provided in online supplemental 
table S2. Th ese were combined with the studies included from 
Puhan et al20 for a total of 17 studies included in the current re-
view (fi gure 1).

Characteristics of included studies
Th e characteristics of included studies are reported in online sup-
plemental table S3.28–44 A total of 1724 patients with chronic res-
piratory disease were randomised following hospitalisation for 
an exacerbation of which 96% had a primary diagnosis of COPD. 
Sample sizes ranged from 26 to 389. Six studies commenced an 
inpatient acute care rehabilitation programme and continued to 
off er an outpatient rehabilitation programme postdischarge,28 32 

34 35 37 44 whereas the other included studies off ered an outpatient 
rehabilitation programme between discharge and 4 weeks postdis-
charge.29–31 33 36 38–43 Four included studies28 30 35 44 off ered ‘delayed’ 
pulmonary rehabilitation in the control group. One study35 in-
cluded data from chronic respiratory diseases other than COPD, 
for which data were obtained pertaining to the COPD population 
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only. Another study28 had multiple intervention arms of relevance, 
so these intervention groups were combined for comparison in 
the meta-analyses. Details surrounding the extensiveness of pul-
monary rehabilitation programmes are provided in online supple-
mental table S4.

Th e systematic review of Puhan et al20 was deemed to be of high 
methodological quality. Risk of bias judgements within individu-
al studies can be found in online supplemental fi gure S1 with 12 
studies presenting with a high risk of bias28–30 34 36–38 40–44 and 5 stu-
dies presenting with a moderate risk of bias.31–33 35 39 Risk of bias 
assessments were hindered due to the inability to blind partici-
pants to exercise training introducing performance bias, as well as 
inadequate reporting of methods and outcomes.

Primary outcome
Hospital re-admissions
Th irteen studies reported hospital re-admissions up to 12 
months as an outcome28 30 31 33–35 37–42 44 of which 12 studies (1309 
participants) were able to be included in a meta-analysis.30 31 33–35 

37–42 44 Moderate quality evidence, downgraded due to the pre-
sence of substantial heterogeneity, showed that posthospital dis-
charge pulmonary rehabilitation reduced hospital re-admission 
(OR 0.48, 95% CI 0.30 to 0.77, p=0.002, I2=67%, fi gure 2). Th ere 
was no evidence of publication bias (online supplemental fi gure 
S2A). Subgroup analyses for programme characteristics and risk 
of bias did not explain heterogeneity (online supplemental fi gure 
S2).

Secondary outcomes
Exercise capacity
6 min walk test
Twelve studies including 943 participants reported 6MWT as an 
outcome.28 29 31–34 36–39 43 44 Low-quality evidence, downgraded due to 
the presence of substantial heterogeneity as well as selection, per-
formance and detection bias across included studies, showed that 
posthospital discharge pulmonary rehabilitation improved 6MWT 
(MD 57.49 m, 95% CI 28.68 to 86.29 m, p<0.001, I2=89%, fi gure 
3A). Th ere was no evidence of publication bias (online supplemen-
tal fi gure S3A). Subgroup analyses for programme characteristics 
and risk of bias did not explain heterogeneity (online supplemen-
tal fi gure S3).

Incremental shuttle walk test
Five studies including 560 participants reported ISWT as an 
outcome.30 35 40–42 Low-quality evidence, downgraded due to the 
presence of substantial heterogeneity as well as performance and 
detection bias across included studies, showed that posthospital 
discharge pulmonary rehabilitation signifi cantly improved ISWT 
(MD 42.55 m, 95% CI 6.29 to 78.82 m, p=0.02, I2=81%, fi gure 3B). 
Subgroup analyses showed that studies with unclear or high risk 
of bias favoured an eff ect with rehabilitation as opposed to a single 
study35 with low risk of bias showing no eff ect (online supplemen-
tal fi gure S4D). Remaining subgroup analyses of programme cha-
racteristics and other risk of bias domains did not explain hetero-
geneity (online supplemental fi gure S4). Sensitivity analysis with 
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the removal of Greening et al35 which reported low intervention 
adherence reduced heterogeneity to levels deemed unimportant 
and demonstrated a signifi cant improvement in ISWT with post-
hospital discharge pulmonary rehabilitation (MD 55.59 m, 95% CI 
32.26 to 78.93 m, p<0.001, I2=41%) (online supplemental fi gure 
S4E).

Endurance shuttle walk test
Three studies including 500 participants reported ESWT as an 
outcome.30 35 42 Very low-quality evidence, downgraded due to 
the presence of substantial heterogeneity, imprecision in effect 
estimates, and performance and detection bias across included 

studies, showed that posthospital discharge pulmonary rehabil-
itation did not significantly improve ESWT (MD 91.35 s, 95% 
CI −43.01 to 225.70 s, p=0.18, I2=69%, figure 3C). Subgroup 
analyses to investigate heterogeneity were not undertaken due 
to the low number of included studies. Sensitivity analysis with 
the removal of Greening et al35 which reported low interven-
tion adherence reduced heterogeneity to levels deemed unim-
portant and demonstrated a significant improvement in ESWT 
with posthospital discharge pulmonary rehabilitation (MD 
161.44 s, 95% CI 54.94 to 267.94 s, p=0.003, I2=0%) (online sup-
plemental figure S5). For Greening et al,35 data were obtained 
from the study authors.

Figure 4 Trial-level data, eff ect estimates and forest plot of comparison for change in (A) St. George’s Respiratory Questionnaire (SGRQ)-
Total, (B) Chronic Respiratory Disease Questionnaire (CRQ)-emotion, (C) CRQ-fatigue, (D) CRQ-mastery, (E) chronic obstructive 
pulmonary disease (COPD) Assessment Test (CAT), and (F) EuroQol-5 Dimension-5 Level (EQ-5D-5L) following posthospital 
discharge pulmonary rehabilitation.
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Health-related quality of life
St. George’s Respiratory Questionnaire
Nine studies including 888 participants reported SGRQ as an out-
come.29 31 35 36 38–42 Low-quality evidence, downgraded due to the 
presence of substantial heterogeneity as well as performance and 
detection bias across included studies, showed that posthospital dis-
charge pulmonary rehabilitation signifi cantly reduced SGRQ total 
score (MD −8.70 points, 95% CI −12.45 to −4.94 points, p<0.001, 
I2=59%, fi gure 4A). Subgroup analyses demonstrated a signifi cantly 
greater decrease in SGRQ total score following posthospital dis-
charge pulmonary rehabilitation in studies demonstrating unclear 
or high risk of bias compared with studies with a low risk of bias for 
the domains of random sequence generation or blinding of outcome 
assessment (online supplemental fi gure S6C,E). Remaining sub-
group analyses of programme characteristics and other risk of bias 
domains did not explain heterogeneity (online supplemental fi gure 
S6). Sensitivity analysis with the removal of Greening et al35 which 
reported low intervention adherence reduced heterogeneity to levels 
deemed unimportant and demonstrated a signifi cant reduction in 
SGRQ total score with posthospital discharge pulmonary rehabili-
tation (MD −9.69 points, 95% CI −12.80 to −6.57 points, p<0.001, 
I2=29%) (online supplemental fi gure S6F).

CRQ (emotion, fatigue and mastery domains)
Four studies including 205 patients with COPD reported CRQ as 
an outcome.34 37 40 42 Low-quality evidence, downgraded due to the 
presence of substantial heterogeneity as well as performance and 
detection bias across included studies showed that posthospital 
discharge pulmonary rehabilitation improved CRQ-emotion (MD 
1.01 points, 95% CI 0.41 to 1.60 points, p=0.001, I2=74%, fi gure 
4B) and CRQ-fatigue (MD 0.88 points, 95% CI 0.12 to 1.64 points, 
p=0.02, I2=91%, fi gure 4C). Very low quality evidence, downgra-
ded due to the presence of substantial heterogeneity, imprecision 
in eff ect estimates, and performance and detection bias across in-
cluded studies showed that posthospital discharge pulmonary re-
habilitation did not signifi cantly improve CRQ-mastery (MD 1.07 
points, 95% CI −0.20 to 2.35 points, p=0.10, I2=96%, fi gure 4D). 
Subgroup analyses demonstrated a signifi cantly greater increase 
in CRQ-emotion, CRQ-fatigue and CRQ-mastery following post-
hospital discharge pulmonary rehabilitation in studies classifi ed as 
having extensive rehabilitation programmes compared with a sin-
gle study with a less-extensive rehabilitation programme (online 
supplemental fi gure S7A,E and I). Remaining subgroup analyses 
of programme characteristics and risk of bias domains did not ex-
plain heterogeneity (online supplemental fi gure S7).

COPD Assessment Test
Five studies including 533 participants reported CAT as an outcome.28 

30–33 Low-quality evidence, downgraded due to the presence of hetero-
geneity and imprecision in eff ect estimates showed that posthospital 
discharge pulmonary rehabilitation did not improve CAT Score (MD 
−1.99 points, 95% CI −4.73 to 0.75 points, p=0.15, I2=88%, fi gure 4E). 
Subgroup analyses for programme characteristics and risk of bias did 
not explain heterogeneity (online supplemental fi gure S8).

EuroQol-5 Dimension-5 Level
Two studies including 60 participants reported EQ-5D-5L as an 
outcome.28 41 Very low quality evidence, downgraded due to the 
presence of substantial heterogeneity, imprecision in eff ect esti-
mates, as well as performance, detection and attrition bias across 
included studies showed that posthospital discharge pulmonary 
rehabilitation did not improve EQ-5D-5L Score (MD 0.04 points, 
95% CI −0.15 to 0.24 points, p=0.67, I2=73%, fi gure 4F). Due to the 
small number of included studies, subgroup analyses to investigate 
heterogeneity could not be performed. For Cox et al,28 data were 
obtained from the study authors.

Dyspnoea
CRQ (dyspnoea domain)
Four studies including 205 participants reported CRQ-dyspnoea 
as an outcome.34 37 40 42 Low-quality evidence, downgraded due to 
the presence of substantial heterogeneity as well as performance 
and detection bias across included studies showed that posthos-
pital discharge pulmonary rehabilitation signifi cantly improved 
CRQ-dyspnoea score (MD 0.99 points, 95% CI 0.25 to 1.73 points, 
p=0.008, I2=87%, fi gure 5A). Subgroup analyses demonstrated a 
greater increase in CRQ-dyspnoea score following posthospital 
discharge pulmonary rehabilitation with extensive rehabilitation 
programmes compared with a single study with a less-extensive 
rehabilitation programme (online supplemental fi gure S9A). A 
single study with a follow-up period >3 months and unclear or 
high risk of bias for random sequence generation and alloca-
tion concealment demonstrated signifi cantly greater increases in 
CRQ-dyspnoea score following posthospital discharge pulmonary 
rehabilitation compared with studies with a follow-up period ≤3 
months and low risk of bias for random sequence generation and 
allocation concealment (online supplemental fi gure S9B–D).

modified Medical Research Council
Nine studies including 798 participants reported mMRC as an 
outcome.28 29 31–33 37–39 41 Low quality evidence, downgraded

Figure 5 Trial-level data, eff ect estimates and forest plot of comparison for change in (A) Chronic Respiratory Disease Questionnaire 
(CRQ)-dyspnoea score and (B) Modifi ed Medical Research Council (mMRC) score following posthospital discharge pulmonary 
rehabilitation.
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due to the presence of substantial heterogeneity as well as per-
formance and detection bias across included studies showed that 
posthospital discharge pulmonary rehabilitation improved mMRC 
score (MD −0.31 points, 95% CI −0.48 to −0.14 points, p<0.001, 
I2=60%, fi gure 5B). Subgroup analyses demonstrated greater re-
ductions in mMRC score following posthospital discharge pulmo-
nary rehabilitation in studies with low risk of bias compared with 
studies with unclear or high risk of bias for random sequence ge-
neration or blinding of outcome assessment(online supplemental 
fi gure S9G,I). Remaining subgroup analyses of programme cha-
racteristics and other risk of bias domains did not explain hetero-
geneity (online supplemental fi gure S9).

Mortality
Nine studies including 995 participants reported mortality as an 
outcome.30 31 34 35 38–40 43 44 Moderate-quality evidence, downgraded 
due to the presence of imprecision in eff ect estimates, showed 
that posthospital discharge pulmonary rehabilitation did not sig-
nifi cantly aff ect mortality (OR 0.75, 95% CI 0.47 to 1.20, p=0.24, 
I2=0%, fi gure 6). For three studies,30 35 44 data were obtained from 
study authors.

Adverse events 
Four studies including 229 participants reported adverse events as 
an outcome.28 34 37 40 Th ree studies reported no adverse events34 37 40 
with one study28 reporting no diff erences between pulmonary re-
habilitation and usual care groups, of which none were attributed 
to the intervention. Th e evidence was graded as moderate quality.

Th e full evidence profi le comprising the GRADE assessment on 
a per outcome basis is reported in the supplementary material (on-
line supplemental table S5).

Summary of main findings
Th is latest data synthesis suggests that, on average, pulmonary 
rehabilitation delivered posthospital discharge for exacerbation 
of  COPD reduces hospital re-admissions (↓52%), improves exer-
cise capacity (6MWT, ↑57 m; ISWT, ↑43 m), health-related qua-
lity of life (SGRQ, ↓9 points; CRQ-Emotion, ↑1 point; CRQ-
Fatigue, ↑0.9 points), and dyspnoea (CRQ-Dyspnoea, ↑1 point; 
mMRC, ↓0.3 points) with values oft en exceeding reported mini-
mal clinically important diff erences (MCID) of 30 m for 6MWT,45 
0.5 points for CRQ domains46 and 4 points for SGRQ.47 However, 
heterogeneity was apparent among most pooled analyses, and the 
lower ends of CIs did not exceed the MCID for exercise capacity, 
health-related quality of life and dyspnoea outcomes, meaning the 
fi ndings should be interpreted with a degree of caution. Not all 
outcomes for exercise capacity (ie, ESWT) and health-related qua-
lity of life (CRQ-Mastery, CAT, EQ-5D-5L) signifi cantly favoured 
an eff ect with pulmonary rehabilitation, but these analyses were 
based on smaller sample sizes and number of included studies. 
Th ere is no evidence that pulmonary rehabilitation programmes 
delivered posthospital discharge for COPD exacerbations signifi -
cantly reduces mortality. Th ere is also no evidence to suggest that 
posthospital discharge pulmonary rehabilitation presents a risk of

harm in patients with COPD, as evidenced by a lack of adverse 
events.

Comparison with other reviews
Th ere are fi ve previous relevant reviews of pulmonary rehabili-
tation following exacerbation of COPD.16–20 Th e current review 
agrees with previous pooled evidence, in terms of reduced hospital 
admissions, improvements in health-related quality of life, exercise 
capacity and dyspnoea with pulmonary rehabilitation following an 
exacerbation of COPD.16–18 20 Our review provides the latest upda-
ted evidence in this area leveraging criteria for a clinically relevant, 
and more widely available pulmonary rehabilitation programme 
model which can be implemented in practice. Previous reviews17 

19 20 have incorporated studies focused on pulmonary rehabilita-
tion during admission, which is a model not widely available in 
clinical care. Other reviews16 18 also excluded pulmonary rehabili-
tation programmes which were of a largely unsupervised nature, 
while the current review included these studies given the increas-
ing evidence surrounding the effi  cacy of unsupervised exercise in 
COPD.48

Strengths and limitations
A key strength of the current review is that successful eff orts were 
made to obtain data from authors for inclusion in meta-analyses. 
Data were able to be obtained before the point of cross-over to 
include studies in which ‘delayed’ pulmonary rehabilitation was 
off ered in the control group. A limitation of the review was hete-
rogeneity which was reported across a majority of outcomes, 
which reduces confi dence in where the ‘true’ observed eff ect lies. 
For outcomes such as hospital re-admissions, 6MWT and CAT, 
heterogeneity could not be explained by subgroup analyses and 
there were no clear distinguishing intervention features (eg, fre-
quency, intensity, time and type of exercise intervention) to war-
rant a sensitivity analysis to explore heterogeneity. Broadly speak-
ing, it is worth noting that subgroup analyses on the extensiveness 
of pulmonary rehabilitation programmes tended to favour those 
that were extensive compared with those that were less extensive. 
Sensitivity analyses that were able to be performed with the re-
moval of Greening et al35 on the basis of poor intervention adhe-
rence did address heterogeneity for the outcomes of SGRQ, ISWT 
and ESWT, suggesting intervention adherence could be an im-
portant factor in explaining the underlying heterogeneity. Several 
outcomes were graded as very low to low quality evidence due to 
the presence of unclear or high risk of bias, heterogeneity and/or 
imprecision in estimated eff ects meaning some observed eff ects 
must be interpreted with caution. With regards to performance 
bias, it is important to note that blinding of participants is not pos-
sible with exercise-based interventions such as pulmonary reha-
bilitation. Th e data relating to mortality, as well as that presented 
in other relevant reviews, needs to be interpreted with caution as 
trials were not powered to detect diff erences in mortality. Finally, 
the interpretation of estimated eff ects in line with MCIDs needs to 
be undertaken with caution as the MCIDs are based on pulmonary 
rehabilitation for people with stable COPD, and it is not clear as to

Figure 6 Trial-level data, eff ect estimates and forest plot of comparison for change in (A) Chronic Respiratory Disease Questionnaire 
(CRQ)-dyspnoea score and (B) Modifi ed Medical Research Council (mMRC) score following posthospital discharge pulmonary 
rehabilitation.
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whether MCIDs for included outcomes diff er signifi cantly in the 
postexacerbation population.

Implications for clinical practice
Th e fi ndings from the current review support the implementation 
of pulmonary rehabilitation initiated within 3 weeks of hospital 
discharge for patients admitted with an exacerbation of COPD. 
Improvements in key clinical outcomes such as hospital re-ad-
mission, exercise capacity and health-related quality of life in the 
absence of adverse events support the use of pulmonary rehabilita-
tion in the postacute exacerbation phase. Hospital re-admissions 
in particular pose a signifi cant burden on patients, families and the 
healthcare system with emphasis placed on avoiding these events. 
Th e evidence presented in the current review demonstrates the 
utility of pulmonary rehabilitation in achieving this goal. Recent 
evidence has demonstrated the substantial cost savings of pul-
monary rehabilitation in patients with COPD following hospital 
discharge49 meaning pulmonary rehabilitation should be consi-
dered as part of the COPD postexacerbation treatment pathway. 
However, with the presence of heterogeneity, which can be par-
tially explained by pulmonary rehabilitation components such as 
programme extensiveness (eg, largely supervised, at least twice a 
week for a minimum of 16 sessions, include progressive aerobic 
and resistance exercise training, and provide comprehensive self-
management education) and adherence to pulmonary rehabilita-
tion programmes, such programmes need to adhere to guidance 
and the frequency, intensity, time and type principles of exercise 
training while promoting/ensuring compliance throughout.12

Implications for future research
Th e quality of evidence presented in this review ranges from very 
low to moderate. Poor reporting of information pertaining to risk 
of bias assessments and appropriate blinding of outcome asses-
sors are areas which should be addressed in future research. Un-
explained heterogeneity for several outcomes suggests that future 
research is required to ascertain the optimal intervention compo-
nents and true eff ect estimates. Such studies should conform to 
guidance on pulmonary rehabilitation12 and adopt a design based 
on a minimum of two supervised exercise sessions a week for at 
least 6–8 weeks ensuring to achieve 16 or more sessions in total. 
Exercise training should include both aerobic and resistance-based
components ensuring that intensity is progressed in a measu-
rable way. Furthermore, if assessing outcomes such as hospital re-
admissions and mortality, clinical trials need to be appropriately 
powered for such outcomes and allow a suitable observation pe-
riod for events to be measured. Intervention compliance should be 
a key measure of future research alongside healthcare use, exercise 
capacity, health-related quality of life, dyspnoea and adverse event 
outcomes. Despite the benefi ts demonstrated, studies need to as-
certain the correct timing for implementing pulmonary rehabilita-
tion following hospitalisation for an exacerbation of COPD.

Conclusions
In conclusion, this systematic review and meta-analyses provide 
evidence that pulmonary rehabilitation delivered posthospital dis-
charge for an exacerbation of COPD results in a reduction in hospital 
re-admissions and improvements in exercise capacity, health-related 
quality of life and dyspnoea in the absence of any intervention-rela-
ted adverse events. However, unexplained heterogeneity for several 
outcomes means results should be interpreted with caution. Ne-
vertheless, these fi ndings support the need to develop strategies to 
ensure that people with COPD are off ered pulmonary rehabilitation 
following hospital discharge for an exacerbation.
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RESUMO
A asma pediátrica é um problema de saúde global 
crescente, para o qual os atuais tratamentos nem 
sempre são eficazes. Esta revisão explora como o 
desencadeamento anormal do reflexo autonómico de 
mergulho pode ser importante para explicar os resulta-
dos da investigação e a experiência da asma no mundo 
real. Coloca-se a hipótese de que o stresse durante a 
gravidez está associado à asma infantil Isto resulta 
num aumento da capacidade de resposta parassimpá-
tica e, especificamente, no trigger excessivo do reflexo 
de mergulho em resposta ao humedecimento e ao 
arrefecimento da face e do nariz, como ocorre com 
infecções das vias aéreas superiores e rinite alérgica. 
Nos mamíferos aquáticos, o reflexo inclui, sobretudo, 
a contração do músculo liso das vias respiratórias para 
minimizar o volume dos pulmões e evitar a narcose por 
nitrogénio em mergulhos em profundidade. 

INTRODUCTION 
Asthma is the most common chronic disease among
children globally and the number of children affec-
ted is increasing in developing countries.1 2 UK 
data from the Royal College of Physicians’ national 
asthma audit suggests that children are presenting 
with more severe asthma attacks than recorded 
in previous audits.3 UK asthma mortality is much 
higher than other European countries. These con-
cerns have driven efforts to improve the delivery of 
asthma care.4 Exploring new hypotheses about the 
cause of asthma might usefully result in changes 
in treatment to the benefit of patients. This paper 
explores the possibility that asthma might occur 
because of antenatally determined changes in auto-
nomic development resulting in increased triggering 
of the parasympathetic components of the diving 
reflex and its subsequent triggering by classically 
conditioned reflex responses. Such a hypothesis 
might explain counterintuitive findings from rese-
arch into asthma heritability, the role of allergy and 
the ineffectiveness of inflammometry.

Registry-based twin studies, using well-esta-
blished methods to estimate the relative genetic 
(nature) versus environmental (nurture) deter-
minants of asthma, suggest that genetic factors 
account for approximately 60%–80% of asthma 
susceptibility, with only a modest or no effect attri-
butable to environmental effects shared between 
family members.5 Despite such findings, genome-
wide and epigenome-wide association studies fall 
short of explaining the disease’s polygenic herita-
bility.6 7

Atopy is highly associated with asthma, but there 
is little evidence that the association is causal. Studies 
comparing changes in asthma incidence within geo-
graphical locations over time show significant rises 
in the number of patients with asthma, with little 
change in the incidence of atopy and vice versa.8 

Authors of British Thoracic Society (BTS) asthma 
guidelines do not recommend allergen avoidance to 
treat asthma symptoms and highlight the paradoxi-
cal effects of removing cats and dogs from the homes 
of children with evidence of sensitisation to their 

pets.9 Metanalyses of allergen avoidance confirm a 
lack of evidence for the benefits of allergen control 
in treating asthma and allergic rhinitis.10 11 Such fin-
dings suggest that while allergically triggered symp-
toms might be important in initiating asthma, they 
are less important as an ongoing cause of symptoms.

While there is good evidence that airways inflam-
mation is associated with the asthma phenotype, 
there are significant shortcomings in managing 
asthma according to indices of airways inflamma-
tion. Raised fractional exhaled nitric oxide (FeNO) 
levels in steroid-naive patients might usefully sug-
gests an asthma diagnosis, but paediatric studies 
have found that such levels are insensitive and will 
miss up to 50% of affected children.12 Randomised 
controlled trials consistently fail to demonstrate 
benefits for FeNO levels in decision making about 
the use of asthma therapies.12 Routine measurement 
of FeNO as part of asthma care is not recommended 
in BTS/Scottish Intercollegiate Guidelines Network 
guidelines. While this failure of inflammometry to 
improve asthma outcomes is commonly attributed 
to poor adherence, it might also be due to the limi-
ted efficacy of high-dose versus low-dose steroids. 
Cochrane analyses of dose responses to inhaled 
corticosteroids identified 89 studies with negative 
results for clinically important outcome measures 
and just one study suggesting high doses versus low 
doses of budesonide reduced acute exacerbations in 
severe asthma.13–15

These findings are difficult to explain within the 
prevailing narrative of asthma as a genetically deter-
mined, allergically driven, inflammatory disease 
process. The following hypothesis addresses these 
shortcomings. Three components are suggested 
as relevant to the development and persistence of 
asthma (figure 1). The first is the impact of maternal 
stressors on early life development during pregnancy. 
These stressors affect the antenatal development of 
the nervous system favouring increased parasympa-
thetic stress responses. The second is the impact of 
this predisposition on the bronchoconstrictive com-
ponent of the diving reflex as triggered by wetting 
and cooling of the face and nostrils. Third, classically 
conditioned autonomic reflexes result in recurrent 
wheezing. These reflexes occur in response to neutral 
stimuli that were present at the time of initial wheezy 
episodes.

Step 1: Antenatal stressors result in fetal pro-
gramming favouring increased parasympathe-
tic responsiveness
Th is hypothesis builds on the developmental 
origins of disease concept proposed by Barker.16 
His observation that nutritional indices at birth 
were associated with chronic diseases in later life, 
spurred many prospective cohort studies to identi-
fy the important risk factors for diseases across the 
life course. Antenatal stress has been consistently 
identifi ed as an important risk factor for childhood 
asthma17 but the cause is not clear.18 Suggested 
mechanisms include eff ects on immune, neuroen-
docrine and oxidative stress systems. Eff ects on the 
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development of the autonomic nervous system might also be im-
portant. Vulnerable fetuses, stressed in utero at a critical period for 
the development of autonomic homoeostatic mechanisms, could 
be predisposed to neurally derived mechanisms which, when trig-
gered by postnatal factors, result in asthma.

An important component of acute asthma attacks is neurally dri-
ven contraction of bronchial smooth muscle via the vagus nerve. 
Th e anticholinergic drug ipratropium bromide works as a broncho-
dilator in addition to the eff ects of β-2 agonist drugs by blocking 
these neural pathways.19 Heart rate variability indices have been 
used in many studies as a marker of parasympathetic responsive-
ness. Th ese markers are associated with increased asthma severity.20

Th ere is evidence suggesting the sympathetic part of the auto-
nomic nervous system, (the classical ‘fi ght or fl ight’ response), is 
diminished in patients with asthma. While circulating epinephrine 
levels in heart failure, septicaemia and hypoglycaemia typically 
increase to 17 times above basal levels, in acute asthma attacks 
epinephrine levels have been reported to be at the lower end of 
the normal range.21 Although fi ndings are not consistent across all 
studies, patients with asthma have reduced adrenergic responses 
aft er exercise, antigen bronchoprovocation and hyperventilation.22

Antenatal stress might be an important confounder for other an-
tenatal risk factors for asthma (table 1). For example, extreme pre-
term birth is highly associated with asthma.23 While chronic lung 
disease of prematurity among such infants might adversely impact 
on lung growth and result in bronchial hyper-reactivity, these in-
fants spend what would have been their third trimester ex utero. 
Th ey have therefore been exposed to more stressful circumstances 
than most infants during this critical period for the development 
of the autonomic nervous system.24 Studies characterising out-
comes for autonomic function aft er preterm birth are inconsistent. 
However in one, a subgroup of premature infants who went on to 
have acute life-threatening events had distinct autonomic develop-
ment trajectories characterised by increased parasympathetic and 
decreased sympathetic tone.25 Similar trajectories might be impor-
tant risk factors for asthma. 

A maternal history of asthma is strongly associated with asthma 
in her off spring. Many studies report that anxiety disorders are 
more common in patients with asthma and particularly among 
women. Anxiety increases the perception of respiratory symptoms 
and thus the likelihood of an asthma diagnosis.26 Although smo-
kers state that cigarettes help them relax, there is good evidence 

that tobacco dependency is associated with higher stress levels.27 
Th ere are similar associations for obesity28 and pre-eclampsia.29

Although it has been suggested that the association between 
caesarean section (CS) and asthma might be due to changes in 
microbiota, recent research suggests that maternal vaginal strains 
make up a small and transient fraction of the neonatal intestinal 
microbiota aft er birth.30 A systematic review has shown that wo-
men who request a CS have signifi cantly raised anxiety and de-
pression.31 Th ese feelings are not alleviated by them knowing they 
can have their chosen mode of delivery. Th ere are many confound-
ing medical factors determining whether women opt for a CS, but 
the only published study assessing the risk of childhood asthma 
in women opting for CS without medical indication, had a higher 
OR for childhood asthma than all other CS studies (OR 1.58; 95% 
CI 1.17 to 2.13).31

Exposure to air pollutants is increasingly recognised as having 
adverse respiratory health eff ects, but thus far antenatal exposure 
appears to only have a weak association with subsequent asthma32 
except in male off spring with mothers who had experienced ante-
natal stress.33

Step 2: Increased vagal responsiveness after exposure to en-
vironmental triggers results in an exaggerated diving reflex
Th e parasympathetic nervous system subserves more complex 
functions than ‘rest and digest’ as is commonly popularised. It is 
active in many autonomic refl exes including the diving refl ex. Th is 
is present in all mammals. It is greater in infants, who instinctively 
trigger the response when submerged, and aquatic mammals. In 
clinical settings, cold water facial immersion is used to trigger the 
refl ex to treat supraventricular tachycardia. Th e resulting brady-
cardia is part of an adaptive survival response to maximise time 
spent underwater.34 Th e refl ex is triggered by chilling or wetting 
the nostrils and face. Studies in rats have shown how the refl ex is 
initiated by excitation of nerves in the anterior nasal passages.35

Less well appreciated is that bronchoconstriction is part of the 
diving refl ex. Reducing lung volume through airway narrowing re-
duces the systemic absorption of nitrogen when diving at depth to 
prevent nitrogen narcosis—the bends.36 Th ere is no good explana-
tion for why humans and other land mammals have smooth mus-
cle in their airways. It might be that its presence is an evolutionary 
remnant of our aquatic past. Th e diving refl ex in humans, when 
exaggerated by increased parasympathetic responsiveness, might 
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be the mechanism whereby bronchospasm occurs in relation to 
being exposed to cooling and wetting of the face and nostrils as 
occurs aft er coryzal or allergic symptoms.

Bradycardia, as elicited by the diving refl ex, is increased in a sub-
group of patients with asthma compared with non-asthmatic con-
trols and decreases in heart rate are associated with the underlying 
degree of hyper-responsiveness measured by methacholine chal-
lenge.37 One small study has demonstrated that bronchoconstric-
tion is also a component of the diving response in man but whe-
ther this occurs to a greater extent in patients with asthma has not 
been studied.38 Asthma prevalence is high among elite swimmers 
and winter sports athletes, but this is thought to be largely an eff ect 
of breathing at high ventilation rates and volumes.39 Swimming in 
public pools is also associated with increased asthma but this is 
likely to be due to chlorine exposure. Interestingly, there is emer-
ging evidence that open water swimming alleviates asthma.40 Th is 
might be due to improvements in mental well-being but might also 
occur through resetting of the diving refl ex aft er repeat immer-
sions in the cold water environment within which it originated.

Th e most important postnatal risk factors for asthma are wheezy 
illnesses in early childhood, oft en caused by rhinovirus, and evi-
dence of allergic sensitisation. Initial wheezy illnesses are unrespon-
sive to bronchodilators.41 Why the pathophysiology changes, and 
reversible smooth muscle contraction becomes a cause of recurrent 
viral-associated wheeze, has not been explained. It is possible that 
initial infections predispose to the development of refl ex vagal bron-
choconstriction in response to further episodes of wetting of the 
nostrils. Th e association between asthma and allergic rhinitis might 
also be due to wetting of the nostrils by nasal secretions.

Step 3: Situational cues and contexts cause recurrent,
classically conditioned activation of the diving reflex
Classical conditioning is a form of associative learning. Subjects 
learn something about the causal fabric of their environment or, 
in an experimental setting, the relationship of stimuli. Stimuli can 
be arranged so that one stimulus provides information about the 
likely occurrence of another. Over time learning becomes incorpo-
rated into the nervous system’s autonomic brainstem pathways and 
causes involuntary physiological changes in response to what were 
previously neutral stimuli.

Classical conditioning is also known as Pavlovian conditioning 
in recognition of research by the Russian physiologist Ivan Pav-
lov.  He elicited an involuntary parasympathetic refl ex; salivation, 
in response to a previously neutral stimulus; the sound of a bell. 
Similarly, asthma could be an involuntary parasympathetic refl ex 
in response to neutral stimuli present at a time when airways ob-
struction occurred aft er infection or allergen exposure.

Th is type of refl ex is well characterised in guinea pig research 
models of asthma.43–45 Animals can be sensitised to egg albumen 
by intraperitoneal injections of egg white. Two weeks later, placing 
the animals in a chamber and exposing them to a fi ne mist of egg 
white produces asthma-like symptoms. Most develop tolerance 
to the mist aft er repeated exposure but among those that don’t, 
many develop respiratory symptoms aft er inhaling saline mist and 
eventually just by being in the chamber. Th is is an example of cue 
and context conditioning. Th e cue is the saline aerosol mist, and 
the context is the chamber in which the mist had previously been 
given. Smaller chambers cause more severe symptoms.

Studies have used other neutral stimuli as cues introduced at 
the same time as the albumen mist including bells and smells. 
Responses to these stimuli are accompanied by rises in histamine 
levels and prevented by atropine injection.41 Wheezing is greater in 
stressed animals but stressing animals without exposure to a con-
ditioned stimulus does not cause respiratory symptoms. Such fi nd-
ings have implications for the way in which stress during child-
hood might exacerbate wheezing but is not the underlying cause.

Similar cue and context conditioning occurs in adults with al-
lergic rhinitis aft er just one learning session exposing subjects 
to a strong smell at the same time as an unconditioned stimulus 
(allergen) to which the subjects were sensitised.46 Such studies 
have not been replicated in patients with asthma but patients 
with asthma have been induced to have asthma attacks by sug-
gestion aft er inhaling saline which they believe is a solution of an 
allergen to which they are allergic.47 Symptoms occurred in al-
most half of those challenged and reversed aft er inhaling normal 
saline which the subjects were told was a bronchodilator. Patients 
with asthma, having associated inhaling specifi c allergens with 
the occurrence of asthma attacks, might reasonably be assumed 
to have suff ered airways obstruction through a classically condi-
tioned refl ex.

Th e signifi cant improvements in lung function in the placebo 
arms of randomised controlled asthma trials might also be ex-
plained as a cue conditioned response to taking an inhaler for 
which there is belief in there being a high probability of eff ective-
ness. Th ere are likely to be individuals who continue to have asth-
ma symptoms because of ongoing allergic sensitisation, but the 
extent to which this occurs might be less than appreciated.9
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Implications
If asthma has a signifi cant neurobehavioural component, the 
highly inheritable nature of asthma, as suggested by twin studies in 
which identical twins are far more likely to both have asthma than 
non-identical twins, could be due to mimicry. While psychologists 
defi ne mimicry as the unconscious automatic repetition of beha-
viour performed by others, mimicry can also result in the repeti-
tion of autonomic responses.48 49 Identical twins are more empathic 
to each other than non-identical twins. An identical twin is there-
fore more likely to have autonomically driven bronchoconstric-
tion than a non-identical twin when confronted by their wheezy 
sibling. Such a mechanism might explain why the heritability of 
asthma cannot be explained genetically.5

While allergic nasal symptoms as a trigger for the diving refl ex 
might in part explain the relationship between atopy and asthma, 
this relationship is far more complex. Th ere is now increasing epi-
demiological evidence suggesting that the atopic march’s preva-
lence has been overstated and that the hygiene hypothesis is in-
correct. Th ese fi ndings have reignited discussion about alternative 
models to better explain the pathophysiological and epidemiologi-
cal processes that result in what may or may not be ongoing al-
lergic disease.50 

Th ere is a strong association between stress and asthma but the ex-
tent to which this occurs in developing countries and the associated 
morbidity is underappreciated.51 Similarly, there is evidence for an as-
sociation between post-traumatic stress disorders and asthma most 
clearly demonstrated among 9/11 responders to the destruction of the 
twin towers in New York.52 In the few studies that have investigated 
the phenomena, asthma is increased in war zones.53 Mirroring the as-
sociation between inequality and poor mental health, there is an asso-
ciation between asthma and increasing inequality at a national level.54 
Th ese data are consisten  with the way in which asthma is increa-
singly recognised in many parts of the developing world and beco-
ming more severe in developed countries where young people in-
creasingly suff er from stress-related mental health problems.

Vagally induced bronchoconstriction is exacerbated by viral in-
fections55 and eosinophil mediators.56 Th e anti-infl ammatory bene-
fi ts of inhaled corticosteroids could be through downregulating 
such mechanisms. Th e lack of a dose response for inhaled cortico-
steroids57 could be because these drugs do not prevent ongoing re-
fl ex vagal excitation of smooth muscle. Th e eff ectiveness of precision 
biologics might be a result of anti-infl ammatory eff ects that restore 
presynaptic M2 receptor suppression of vagal activity (fi gure 2). 

High doses of anticholinergics are eff ective adjuncts to β-2 ago-
nists for acute asthma but are less eff ective than β-adrenergics. Th is 
is because they act on the neurogenic cause of bronchoconstriction 
as opposed to directly reversing the contraction of smooth muscle. 
Regular use of the anticholinergic tiotropium for chronic asthma 
has modest clinical benefi ts although it has been shown to be as 
eff ective as long-acting β-2 agonists in preventing symptoms in 
adults.58 Th e limited effi  cacy of anticholinergics is probably due to 
insuffi  cient dose and the non-selective blocking of receptors that 
inhibit the vagal nerve as well as those causing smooth muscle con-
traction (fi gure 2).59 60 Th e development of selective M3 postsynap-
tic receptor antagonists might result in more eff ective treatment.61

CONCLUSION
Th is hypothesis is consistent with much of what is known about 
asthma. Th e evidence base in support of it is limited but studies 
could readily be done to confi rm or refute it. Th ese might usefully 
further characterise how the autonomic nervous system is altered 
in patients with asthma, the extent to which bronchoconstriction 
exists as a component of the diving refl ex in patients with asthma, and 
whether cue and context conditioning occurs in the same way it has 
been demonstrated in allergic rhinitis. Interventional studies to sup-
press the diving refl ex and classically conditioned wheezing might re-
sult in new eff ective treatments with less reliance on medication.
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