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Summary

Background Traffic-related air pollution is a risk factor for lung disease and early mortality. Clean air zones are public
health policy interventions used to reduce traffic-related air pollution in urban areas, but evidence of their health
benefits is limited. We describe a natural experiment study evaluating the impact of the Ultra Low Emission Zone
(ULEZ) in London, UK. The primary aim was to assess the impact of the ULEZ on children’s lung function growth
trajectories, by comparing forced expiratory volume in 1 s (FEV,;) measurements over 5 years between children in
London and Luton, UK.

Methods The Children’s Health in London and Luton (CHILL) study is a prospective, two-arm, parallel cohort study.
We recruited children aged 6-9 years from primary schools in central London (the original area of the ULEZ
implementation) and Luton (a comparator site with no clean air zone). Children were excluded if they had symptoms
of lung disease (excluding asthma) or learning or physical disabilities preventing them from giving informed assent.
Lung function was measured by spirometry at annual school visits at baseline (before ULEZ implementation) and
over the following 4 years. Annual residential exposures to nitrogen dioxide (NO,) and particulate matter with
aerodynamic diameters of less than 10 pm (PM,) and less than 2-5 pm (PM, ;) were estimated at each child’s home
address at 20 m2 resolution using a validated dispersion modelling system. The primary outcome was the annual rate
of lung function growth, measured as post-bronchodilator FEV, over the 5-year study period. We assessed growth
trajectories against individualised residential exposure to NO,, PM,, and PM, ;. We used mixed-effects linear
regression to compare lung function growth between London and Luton and to examine associations between air
pollution exposures and lung growth.

Findings Of 122 schools approached, 84 (69%) agreed to participate (44 schools in London; 40 schools in Luton). Of
9419 children invited, we recruited 3414 children (1664 in London and 1750 in Luton) between June 5, 2018, and
April 4, 2019, before ULEZ implementation. 3209 (94-0%) of 3414 children were included in the FEV, analysis
(1557 children in London, 1652 children in Luton). Children were similar across the two sites in terms of age, height,
and weight, with a higher proportion of girls in London (867 [56%] of 1557) than in Luton (809 [49%)] of 1652).
Baseline adjusted FEV, was lower in London than Luton (difference —38 mL, 95% CI -58 to -18; p=0-0002). At
baseline, children’s modelled annual exposures to NO,, the pollutant most reflective of exhaust emissions, were
18-95 pg/m3 (95% CI 18- 51 to 19-38; p<0-0001) higher in London than in Luton. Over the follow-up period, children’s
FEV, growth increased by 10 mL/year (95% CI 5 to 15; p=0-0002) more in London than in Luton (233 mL/year
vs 223 mL/year), with modelled residential exposures to NO, decreasing faster in London than in Luton (decreases of
—3.77 pg/m3 per year in London vs —1-77 pg/m3 per year in Luton; p<0-0001). After 4 years, mean FEV, reached
parity across sites: 2283 mL (2207 to 2354) in London; 2282 mL (2185 to 2376) in Luton. The proportion of children
with clinically impaired lung function fell from 184 (14%) of 1280 children to 51 (9%) of 585 children in London, and
from 126 (9%) of 1339 children to 41 (7%) of 606 children in Luton.

Interpretation Introduction of the London ULEZ was associated with improved lung function growth trajectories in
children in London compared with children in Luton, suggesting that previous deficits in lung development were

restored. This evidence supports wider implementation of clean air zones as a public health intervention.

Funding National Institute for Health and Care Research and Natural Environment Research Council UK Research
and Innovation.

Copyright © 2026 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0
license.

www.thelancet.com/public-health Published online August 18, 2026 https://doi.org/10.1016/52468-2667(26)00163-5

-

CrossMark

Lancet Public Health 2026

Published Online

August 18,2026
https://doi.org/10.1016/
$2468-2667(26)00163-5

*Contributed equally to this
work

‘tContributed equally to this
work

Wolfson Institute of
Population Health, Faculty of
Medicine and Dentistry,
Queen Mary University of
London, London, UK

(H EWood DPhil,

H Hajmohammadi PhD,

R E Dove PhD, J Scales PhD,

H S Kalsi PhD, L Cross SRN,

G Colligan MRes, L Sartori BSc,
J E Mitchell MSc, B Day,

A Keighley MA,

C Crichlow BEd(Hons),

V Toffolutti PhD,

Prof B Mihaylova DPhil,

Prof B Stuart PhD,

Prof C) Griffiths DPhil); Institute
for Health & Wellbeing
Research, University of
Bedfordshire, Luton, UK
(ITsocheva PhD, ) Chavda MSc,
Prof G Randhawa PhD); Centre
of the Cell, Queen Mary
University of London, London,
UK () Moon MChem, E Lie BSc,
K Petrovic PGCE,

M Keating PGCE, ] Le MDes,
Prof F Balkwill PhD); Royal
London Hospital, Barts Health
NHS Trust, London, UK

(J Mallari BSc); Environmental
Research Group and MRC
Centre for Environment and
Health, School of Public Health,
Imperial College London,
London, UK (A Beddows PhD,
N Assareh PhD, G Stewart PhD,
D Dajnak PhD, S Beevers PhD,
Prof F ) Kelly PhD,

IS Mudway PhD); Nuffield
Department of Primary Care
Health Sciences, University of
Oxford, Oxford, UK

(Prof M Fletcher MSc,



Articles

Prof A Sheikh MD,

Prof C} Griffiths,

Prof B Mihaylova);

Usher Institute, University of
Edinburgh, Edinburgh, UK
(Prof M Fletcher); Blizard
Institute, Faculty of Medicine
and Dentistry, Queen Mary
University of London, London,
UK (Prof ) Grigg MD);
Department of Primary Care
and Population Health,
University College London,
London, UK (Prof R Raine PhD);
Bradford Institute for Health
Research, Bradford, UK

(Prof M Mon-Williams PhD);
MRC Epidemiology Unit,
School of Clinical Medicine,
University of Cambridge,
Cambridge, UK

(Prof E van Sluijs PhD); School of
Medicine, University of
Nottingham, Nottingham, UK
(CNewby PhD); Division of
Biostatistics and Health Data
Science, Department of
Population and Public Health
Sciences, University of
Southern California,

Los Angeles, CA, USA

(Prof W ) Gauderman PhD)

Correspondence to:

Dr Helen E Wood, Wolfson
Institute of Population Health,
Faculty of Medicine and
Dentistry, Queen Mary University
of London, London E1 2AB, UK
helen.wood@qmul.ac.uk

See Online for appendix

Research in context

Evidence before this study

Exposure to traffic-related air pollution is strongly linked to
impaired lung development in children and adolescents.
Failure to reach maximal lung growth in early adulthood is an
established risk factor for asthma, chronic obstructive
pulmonary disease, cardiometabolic disease, and earlier
mortality. Clean air zones are the dominant public health
intervention being considered globally to improve traffic-
related air pollution in urban environments, but it remains
unknown whether they improve poor lung growth. Systematic
reviews addressing health effects of clean air zones have been
published, the most recent in 2023, published in

The Lancet Public Health, focusing on low-emission zones.
These showed that no studies have addressed impacts of clean
air zones on lung growth or development.

We searched MEDLINE, Web of Science, Cochrane, and
Transport Research International Documentation to identify
literature from Jan 23, 2023, the final search date of the most
recent systematic review, to Aug 15, 2025. We used the same
search terms, combining terms including “low emission? zon*
or clean air zon*”, “congestion or traffic or road?”, and “charg*
or payment? or tax* or zone? or zoning” with health outcomes,
with no restrictions on language of publication. This provided a
combined search with no language restrictions covering the
period from 1946 to August, 2025. We found no studies or
systematic reviews addressing impacts of clean air zones on
lung growth or development. Our previous evaluation of the
original London Low Emission Zone (implemented in 2008-12)
established an inverse association between traffic-related
pollution and lung volume in schoolchildren in London, UK.
However, that 5-year study used a repeated cross-sectional
design that assessed different groups of 8-9-year-olds each
year. Although the study showed that children in higher

Introduction
Studies from North America' and Europe,’ and our own
previous study in London (UK)* have shown that exposure
to traffic-related air pollution harms lung development in
children, causing suboptimal lung function and lung
growth trajectories, a major risk factor for chronic lung
disease and early mortality.*” Improvements in air quality
are associated with improved lung function trajectories in
adolescents.”” These studies raise the possibility that
targeted public health policies to improve urban air
quality might benefit lung development in children.
Clean air zones are the dominant public health
intervention designed to cut pollution. They have been
widely adopted across Europe.* Many other cities are
implementing clean air zones through the C40 Cities
Clean Air Accelerator programme.’ However, evidence of
their effectiveness on health outcomes is scant. In
April, 2019, the Ultra Low Emission Zone (ULEZ) was
introduced, initially in central London and expanding
in 2021 and 2023 to cover an area of 1500 km?2 across

pollution areas had smaller lungs, it did not include the
longitudinal data needed to evaluate individual growth rates.
The current study addresses these limitations by using a more
robust prospective cohort design. We undertook baseline
measurements before policy implementation, followed up the
same children sequentially to establish lung function growth
trajectories, and included a comparator cohort from a site
without a clean air zone (ie, Luton).

Added value of this study

To our knowledge, we provide the first evidence that air quality
improvements following introduction of a clean air zone are
associated with improved lung growth trajectories in children.
We established a prospective parallel cohort of 3414 school-
children aged 6-9 years before the implementation of London’s
Ultra Low Emission Zone (ULEZ), the world’s largest clean air
zone. The cohort comprised children recruited from central
London (where ULEZ was first implemented) and from Luton
(a comparator site with no clean air zone). We measured lung
function annually over 5 years, capturing data in the year
preceding ULEZ implementation and for 4 subsequent years.
We found that children’s lung growth accelerated following
ULEZ implementation and that improved air quality was
strongly related to lung growth.

Implications of all the available evidence

Our findings address a critical gap in the literature, showing
that air quality improvements following implementation of a
clean air zone are associated with accelerated lung growth
trajectories, a key parameter of children’s development relating
to risk of future morbidity and mortality. Children continue to
be exposed to poor air quality in cities globally. Decision makers
globally should consider accelerating the introduction of clean
air zones to improve children’s lung health.

London and a population of 9 million (appendix p 2).
This initiative created the opportunity for a natural
experimental evaluation of its health effects.” The aim of
this study was to assess the impact of the ULEZ on
children’s lung function by comparing lung growth
trajectories between children in London and children in
the comparator site of Luton.

Methods

Study design

The Children’s Health in London and Luton (CHILL)
study was a prospective parallel cohort study. We
established the CHILL cohort in the 12 months preceding
ULEZ implementation, approaching all primary schools
within or bordering the ULEZ in central London, as well
as all those in Luton, a large town 32 miles northwest of
London (population around 225000)."" We chose Luton
as a comparator site because it met five criteria: (1) being
geographically distant and therefore free from potential
contamination (spillover effects) from the ULEZ;
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(2) having a broadly similar population demographic to
that of London; (3) having no plans to enact any form of
low emission zone; (4) having a similar mixture of local
pollutant sources to those in central London; and
(5) having locations with established continuous air
quality monitoring sites that provided freely available
long-term trend data. These air quality monitoring sites
had to demonstrate urban background nitrogen dioxide
(NO,) concentrations near 40 mg/m3, with confirmed
exceedances of this threshold at roadside locations.”
Although Luton had a similar pollutant mix to London,
variables such as NO,, particulate matter with an
aerodynamic diameter less than 10 pm (PM,), and
particulate matter with an aerodynamic diameter less
than 2.5 pm (PM,,) were lower in Luton than in our
central London study area.

Children aged 6-9 years were invited to participate. All
parents completed a consent form and demographic
questionnaire, and all children provided verbal assent
(appendix p 20). Children were excluded if they had
symptoms of lung disease (excluding asthma) or learning
or physical disabilities that prevented them from giving
informed assent or performing study procedures.

The study was approved by Queen Mary University of
London Research Ethics Committee (April 4, 2018,
QMERC2018/08) and University of Bedfordshire Ethics
Committee of the Institute for Health Research
(April 13, 2018, IHREC842).

Procedures
Recruitment and baseline assessments began on
June 5, 2018, and were completed before the ULEZ was
implemented on April 8, 2019. Lung function was
measured by spirometry (Vitalograph) according to
American Thoracic Society/European Respiratory Society
(ATS/ERS) guidelines" at annual school visits at baseline
and over the following 4 years (appendix p 20). The
COVID-19 pandemic disrupted school visits between
March, 2020, and April, 2021. To compensate, we added a
fifth year of data collection, recruiting secondary schools
to which the older participants had moved (at age
11 years). Further details of COVID-19 restrictions and
protocol changes are given in the appendix (p 20).
Annual residential exposures at each child’s home
address were estimated at 20 m?2 resolution using the
validated London Toolkit/KCLurban dispersion modelling
system for NO,, PM,,, and PM, . This system coupled
WREF-CMAQ (version 5.3.1) for regional background with
ADMS-Roads (version 6) for street-scale dispersion across
five annual runs.® Model performance was validated
against 162 monitoring sites, yielding correlation
coefficients of 0-70-0-88 and a normalised mean bias
of 4% or less (appendix pp 22-28). These individualised
residential exposure assignments for NO,, PM,, and
PM, , were utilised as the primary independent variables
within the health models to determine their impact on
children’s lung function growth trajectories.

Outcomes

The primary outcome was to assess the impact of the
ULEZ on children’s lung function growth trajectories, by
comparing measurements of forced expiratory volume in
1s (FEV,) over 5 years between children in London and
children in the comparator site of Luton.

Secondary outcomes,” including the impacts of the
ULEZ on physical activity, cognitive function, and health-
care utilisation, are beyond the scope of this paper and
will be reported separately.

Statistical analysis

The sample size calculation, and revised calculations
post-COVID-19, have been published" and are available
in the appendix (p 19). We designed our study to achieve
90% power at a 0-05 significance level for detecting a
difference in FEV, growth of 15 mL/year between the
London and Luton cohorts. This design required a total
of 3200 children, including 1600 children in London and
1600 children in Luton. We aimed to recruit 40 schools
per site with 40 children aged 6-9 years from each school.
We extended the study by 1 year to compensate for loss of
data collection during the COVID-19 pandemic (follow-
up years 1and 2).

We used a mixed-effects linear regression model with
random effects for child, age, and school to account for
clustering. All models included adjustment for the
following covariates: sex (categorical: male, female),
height (cm), ethnicity (categorical: White, Asian or Asian
British, Black or Black British, other), Index of Multiple
Deprivation 2019 (IMD 2019, deciles)* and parent-reported
asthma diagnosis (binary: yes or no). Because age and
height were highly correlated, we first regressed height on
age and used height residuals in the lung function models.

Our analysis followed a structured modelling approach,
first addressing the primary hypothesis of whether lung
function growth differed between sites, then examining
whether time trends in air pollutants differed between
sites, and finally examining the association between air
pollution and lung function growth.

We developed three models. The main model (model 1)
was lung function growth by site, which examined
difference in lung function growth between London and
Luton by including age, site, and their interaction,
adjusting for covariates. The interaction term, sitexage,
was included to indicate any difference in lung function
growth (slope) between London and Luton.

The second model (model 2) was air pollution changes
by site. This model assessed changes in residential air
pollution exposures over time in both London and Luton
by regressing child-specific and time-specific air pollution
assignments on age, site, and their interaction. The
interaction term, sitexage, was included to indicate any
differences in the effect of time on each pollutant between
London and Luton.

The final and third model (model 3) was the
association between air pollution and lung function
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growth, which was assessed using two variants. The
first one (model 3a) was used to investigate the overall
effect of air pollution on lung function growth across

39 secondary schools

invited
v

| 34 accepted

| 122 primary schools invited |

> 38 declined

| 84 accepted |

v

| 9419 children invited |

p{ 6005 did not consent

A

3414 recruited at baseline
2619 acceptable FEV, measurement
795 no acceptable FEV, measurement
97 absent
6 declined to participate
68 did not attempt spirometry
624 did not meet acceptability

criteria

237 lost to follow-up
218 left school or
moved away

19 withdrew

A

3177 retained at year 1 follow-up
2094 acceptable FEV, measurement
1083 no acceptable FEV, measurement
535 not visited (COVID-19)
81 absent
1declined to participate
25 did not attempt spirometry
441 did not meet acceptability
criteria

107 lost to follow-up
95 left school or
moved away

12 withdrew

A

3070 retained at year 2 follow-up
397 acceptable FEV, measurement
2673 no acceptable FEV, measurement
2480 not visited (COVID-19)
63 absent

2 did not attempt spirometry

129 did not meet acceptability 659 I;;; T:f:zﬂﬁg;gr
criteria moved away

92 withdrew
> 217 unable to be

g contacted

3 74 at schools not
2411 retained at year 3 follow-up visited
1686 acceptable FEV, measurement 2 died

725 no acceptable FEV, measurement
106 not visited (COVID-19)
142 absent
15 declined to participate
15 not assessed
447 did not meet acceptability

821 lost to follow-up

criteria 92 left school or
moved away

> 84 withdrew
‘ i 476 unable to be

contacted

1590 retained at year 4 follow-up 169 at schools not
1190 acceptable FEV, measurement visited
400 no acceptable FEV, measurement
124 absent

13 declined to participate
12 not assessed
251 did not meet acceptability
criteria

the entire cohort by including the interaction term
pollutant x age, without site-specific effects. This model
established the relationship between each pollutant
and lung function growth for the whole cohort.
The second one (model 3b) was used to examine
site-specific differences in air pollution effects on
growth by incorporating a three-way interaction
(pollutantxage x site) and comparing London and
Luton. This model established any differences in the
effect of each pollutant on lung function growth between
London and Luton (ie, effect modification by site). We
also included two-way interactions of air pollution with
age and air pollution with site in the third model.

For each of the three models, underlying assump-
tions were carefully checked, including linearity,
homoscedasticity, —and normality of residuals.
Stratification analyses were conducted to further examine
differences in lung function growth and the interaction
between growth and air pollution by sex, ethnicity,
socioeconomic deprivation (IMD <5 vs IMD =5), and
parent-reported asthma diagnosis. No formal adjustment
for multiplicity was made for secondary outcomes. We
did sensitivity analyses to examine whether the
associations between exposure to air pollution and lung
function growth were affected by exposure to incomplete
follow-up and second-hand smoke (appendix p 22).

The analysis for model 1 included all children who
provided at least one acceptable lung function
measurement (3209 of 3414 children for FEV, and
3094 of 3414 children for forced vital capacity [FVC]); for
model 3, it included all children who additionally had
air pollution exposure estimates (3073 of 3209 children
for FEV,and 2960 of 3094 children for FVC; missing
values resulted from residential address not being
provided or being incomplete); model 2 included all
children with at least one acceptable FEV, measurement
and air pollution exposures (3073 children). FEV, and
FVC measurements were deemed acceptable if they
met the criteria defined in the 2005 ATS/ERS
guidelines.* Manoeuvres were independently assessed
for acceptability by HSK and JS.

Descriptive statistics are presented as means (SD) for
normally distributed continuous variables, and as
median (IQR) for those not normally distributed.
Categorical variables are presented as counts and

Figure 1: Study profile

Primary school refers to a school for children aged 5-11 years, and secondary
school refers to a school for children aged 11-16 years. Acceptable FEV,
measurements were those that met the criteria defined in the 2005 American
Thoracic Society/European Respiratory Society guidelines.** Measurements that
failed the acceptability criteria were not included in analyses. Children who
declined to participate did not take part in any aspect of the health assessment
visit. Children who did not attempt spirometry might have taken part in other
aspects of the health assessment visit but declined to undertake spirometry or
were unable to due to physical or learning disabilities. FEV,=forced expiratory
volumeinis.
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percentages. All statistical analyses were undertaken
using STATA (version 18).

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results
Of 122 schools approached, 84 (69%) agreed to participate
(44 of 66 schools in London; 40 of 56 schools in Luton;
figure 1). We invited 9419 children of whom 3414 (36-2%)
provided consent to participate (1664 [36-7%)] of 4533 in
London; 1750 [35-8%] of 4886 in Luton). Children not
providing at least one acceptable outcome measure of
FEV, were excluded from all analyses, and those not
providing at least one acceptable measure of FVC were
excluded from the analyses for that outcome. For the
FEV, analysis, 3209 (94-0%) of 3414 children were
included (1557 children in London, 1652 children in
Luton), providing 7993 individual measurements across
5 years. For the FVC analysis, 3094 (90-6%) children
were included (1503 in London, 1591 in Luton).

Children were similar at recruitment across the
two sites for age, height, and weight, with a higher

London Luton Coefficient (95% CI)* p value
Number of participants included 1557 1652 FEV: (mL)
in analysis* Peryear in Luton 223 (220 t0 227) <0.0001
Age, years 8:0(0:9) 7-8(0-8) Per site at baseline
Sex Luton Ref
Female 867 (56%) 809 (49%) London 38 (58 t0-18) <00001
Male 690 (44%) 843 (51%) Site xyear
Height, cm 129:3(8-1) 1277 (7-4) Luton Ref
Weight, kg 291(7-4) 281(6:8) London 10 (5 to0 15) <0.0001
BMI, kg/m? 172 (2:9) 17:0(2:8) FVC (mL)
Ethnicity Peryear in Luton 252 (248 to 256) <0-0001
White 476 (31%) 634 (38%) Per site at baseline
Asian or Asian British 346 (22%) 644 (39%) Luton Ref
Black or Black British 294 (19%) 124 (8%) London -5 (-78 to-31) <0:0001
Mixed 207 (13%) 130 (8%) Site xyear
Other 135 (9%) ( %) Luton Ref
Missing 99 (6%) 0(5%) London 7(2t013) <0.0001
Socioeconomic deprivationt 3:6(17) 40(21) L . .
o “Year” indicates the effect of time on lung function growth (whether FEV: and
Missing 155 (10%) 130 (8%) FVC differed over time across the 5-year study). “Site” indicates the effect of site at
Smoking in the household 242 (16%) 383 (23%) baseline on lung function growth (whether FEV: and FVC differed between sites
Missing 13 (1%) 11 (1%) [London, intervention site vs Luton, comparator site] before implementation of
. . the Ultra Low Emission Zone). “Site x year” indicates the effect of any interaction
Parent-reported asthma diagnosis 140 (9%) 212 (19%) between time and site (whether there was a difference in the effect of time on
Missing 82 (5%) 73 (4%) FEV1and FVC between sites). FEVi=forced expiratory volume in 1s. FVC=forced
. . . . vital capacity. *Adjusted for sex, residuals of height, ethnicity, Index of Multiple
Values are mean (SD) for continuous variables and n (%) for categorical variables. Deprivation 2019, and parent-reported asthma diagnosis.
*Children were excluded from analysis if they did not provide a single acceptable
measurement of post-bronchodilator forced expiratory volume in 1 s from any of Table 2: Model results for lung function growth
the five annual health assessments. tSocioeconomic deprivation was 1 using
deciles of the Index of Multiple Deprivation 2019, in which decile 1 represents the . . . .
most deprived 10% of areas, while decile 10 represents the least deprived 10%. proportion of glrlS in London (867 [56%] of 1557 Chlldren)
than in Luton (809 [49%] of 1652 children; table 1,
Table 1: Participant characteristics at baseline by study site .
appendix p 6).

Both cohorts were ethnically diverse (table 1). The
largest group in London was White children (476 [31%] of
1557 children), followed by Asian or Asian British
children (346 [22%]), Black or Black British children
(294 [19%]), and children of mixed ethnicity (207 [13%)]).
In Luton, the largest group was Asian or Asian British
children (644 [39%)] of 1652), with a similar proportion of
White children (634 [38%)]), and smaller proportions of
children of mixed ethnicity (130 [8%]) and Black or Black
British children (124 [8%]). Both cohorts lived in areas of
moderate socioeconomic deprivation, according to
IMD 2019 (appendix p 6).”* The average annual loss to
follow-up was 16-5% per year, with 1590 participants
remaining at the end of follow-up (46-6% of those
recruited; figure 1).” Retention was similar across sites
(754 [45%] of 1664 children in London, 836 [48%] of
1750 children in Luton). The baseline characteristics of
children retained throughout the study and those lost to
follow-up were similar, except for a higher proportion of
missing data at baseline among those lost to follow-up
(reflecting lower parental questionnaire returns;
appendix p 7).

At baseline, 184 (14%) of 1280 children with successful
FEV, measurement in London had a clinically low FEV,
(pre-bronchodilator FEV, <80% of predicted value)
compared with 126 (9%) of 1339 children in Luton
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FEV, (mL)

NO, (ug/m?)

Mean FEV, (mL)

Median NO, (pg/m?)

A B
2500~ [ Luton 2900
[ London
2300 T 2700 —1—_1_
L 2500
2100
g 2300
1900 S 2100
z
1700 1900
1700
1500 } 1500
1300 T T 1300 T T
2018-19 2019-20 2020-21 2021-22 2022-23 2018-19 2019-20 2020-21 2021-22 2022-23
Year* Year®
Mean FVC (mL)
Luton 1396 1600 1999 2048 2282 Luton 1632 1855 2328 2364 2623
London 1358 1571 1987 2038 2283 London 1577 1807 2271 2331 2598
C D
40 40
R - I 35
30 30
25 T 254
>
20 =2 20
15+ = 154
10
5 -
0
2018 2019 2020 2021 2022
Year
Median PM, ¢ (ug/m?)
Luton 156 16-8 121 119 13-2 Luton 110 102 73 7-6 79
London 345 355 275 27.0 27.0 London 121 12:0 104 105 101

Figure 2: Lung function and air pollution by site and year

Lung function values (FEV, [A] and FVC[B]) are adjusted means from our model examining lung function growth by site (adjusted for sex, residuals of height, ethnicity,

Index of Multiple Deprivation 2019, and parent-reported asthma diagnosis). Air pollution values (NO, [C] and PM,, [D]) are medians of individual estimated annual exposures, based on residential
address. Error bars are 95% Cls (for FEV, and FVC) and IQR (for NO, and PM, ). Red dashed lines on panels C and D are exposure limits from the WHO Air Quality Guideline for NO, and PM,, respectively.
FEV,=forced expiratory volume in 1 5. FVC=forced vital capacity. NO,=nitrogen dioxide. PM, ;=particulate matter with an aerodynamic diameter less than 2-5 pm. *Date ranges for the five visits are

provided in the appendix (p 20).

(appendix p 8). At the end of the study, these values had
dropped to 51 (9%) of 585 children in London and 41 (7%)
of 606 children in Luton (appendix p 8). The FEV,/FVC
ratio was similar between children in London (87-8%
[SD 6-3]) and Luton (87-2% [6-4]) at baseline and changed
little across the 5-year study in either site (appendix p 8).
Our main model, examining lung function growth by
site, showed that children’s baseline adjusted mean FEV,
(before ULEZ implementation) was significantly lower
in London than in Luton (difference —38 mL, 95% CI
—-58 to —18; p=0-0002; table 2). Across the following
4 years, children’s FEV, increased by 223 mlL/year
(95% CI 220 to 227) in Luton. In London, however,
children’s lung function growth was significantly greater,
with an additional increase in FEV, of 10 mL/year (5 to 15;
p=0-0002; 233 mL/year), such that by the end of the
study, the adjusted mean FEV,reached parity (2283 mL
[95% CI 2207 to 2354] in London; 2282 mL [2185 to 2376]
in Luton; figure 2A). Similarly, FVC was significantly
lower at baseline in London (difference -55 mlL,
—78 to —31; p<0-0001) and increased by a greater amount
over follow-up (7 mL/year, 2 to 13; p=0-0071) compared
with children in Luton (table 2). After 4 years, the
difference in FVC across sites fell by more than half, with

FVC only 25 mLlower in London (2598 mL, 2513 to 2683)
than in Luton (2623 mL, 2513 to 2734; figure 2B).

Stratifying by sex indicated that estimated FEV, growth
was significantly higher in girls than in boys (p=0-018),
while for FVC growth, the difference between boys and
girls was not significant. Stratification by ethnicity
revealed that for both FEV; and FVC, lung function
growth was significantly higher in White children than in
children from other ethnic groups. Differences in growth
rates between White and Asian or Asian British children
and between White and Black or Black British children
were significant (p<0-0001), based on the agexethnicity
interaction terms (appendix p 21). Across both sites, there
was no difference in estimated lung function growth
when stratified by deprivation. We additionally ran a
stratification analysis using the main model to investigate
any impact of parent-reported asthma diagnosis on lung
function growth, finding no significant difference between
the two groups (appendix p 20).

The appendix (p 9) shows the median estimated
residential annual exposures to air pollutants by site and
study year. Our second model, examining trends in
exposure to air pollution estimates over time, showed
that at Dbaseline, children’s estimated mean annual
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Coefficient (95% Cl)* p value
NO, (ug/m’)
Peryear in Luton -1.77 (-1.91to -1-62) <0-0001
Per site at baseline
Luton Ref
London 18-95 (18-51t0 19-38) <0-0001
Site xyear
Luton Ref
London -2.00 (-221t0-1.78) <0-0001
PM,, (pg/m’)
Peryearin Luton -1.26 (-1:35t0-1-17) <0-0001
Per site at baseline
Luton Ref
London 2:03 (176 t0 2:30) <0-0001
Site xyear
Luton Ref
London 0-61(0-47to 0:74) <0-0001
PM, , (ug/m’)
Peryear in Luton -1.06 (-1-12 to -0-99) <0-0001
Per site at baseline
Luton Ref
London 138 (1119 t0 1-58) <0-0001
Site xyear
Luton Ref
London 0-28 (0-18 t0 0-38) <0-0001
“Year” indicates the effect of time (whether NO,, PM,,, and PM, , differed over time
across the 5-year study). “Site” indicates the effect of site at baseline (whether NO,,
PM,,, and PM,  differed between sites [London, intervention site vs Luton,
comparator site] before implementation of the Ultra Low Emission Zone).
“Site xyear” indicates the effect of any interaction between time and site (whether
there is a difference in the effect of time on NO,, PM,,, and PM, ; between sites).
NO,=nitrogen dioxide. PM,,=particulate matter with an aerodynamic diameter less
than 10 pm. PM, =particulate matter with an aerodynamic diameter less than
2.5 pm. *Adjusted for sex, residuals of height, ethnicity, Index of Multiple
Deprivation 2019, and parent-reported asthma diagnosis.
Table 3: Model results for air pollution changes

exposures to air pollution were significantly higher in
London than in Luton (by 18-95 pg/m3 for NO, [95% CI
18-51 to 19-38; p<0-0001], 2-03 pg/m3 for PM,,
[1-76 to 2-30; p<0-0001], and 1-38 pg/m3 for PM,,
[1-19 to 1-58; p<0-0001]; table 3). In Luton, estimated
mean annual exposures decreased significantly by an
average of -1.77 pg/m3 per year (-1-91 to -1-62;
p<0-0001) for NO,, —1-26 pg/m3 per year (-1-35 to -1-17;
p<0-0001) for PM,, and -1-06 pug/m3 per year
(-1-12 to —0-99; p<0-0001) for PM,, However, in
London, annual NO, exposures decreased significantly
faster, by an additional decrease of —2-00 pg/m3 per year
(—2-21 to —1-78; p<0-0001), while average PM exposures
decreased significantly slower than in Luton (by
0-61 pg/m3 per year less [0-47 to 0-74; p<0-0001] for
PM, and 0-28 pg/m3 per year less [0-18 to 0-38;
p<0-0001] for PM,;). The overall decrease in mean
estimated NO, exposure in London during the study was
more than double that in Luton (15-1vs7-1 pg/m3), while

-5 1
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Figure 3: Association (coefficient [95% Cl]) between air pollution (ug/m?®)
and the annual rate of lung function growth (mL/year) across the entire
cohort, presenting the exposure-growth association (not policy time
trends)

Data are illustrated per unit change in pollutant (A) and per IQR (B). Associations
are adjusted for interaction of age and site, interaction of air pollution and age,
interaction of air pollution and site, sex, residuals of height, ethnicity, Index of
Multiple Deprivation 2019, and parent-reported asthma diagnosis. For both the
FEV, and FVC analyses, the IQRs were 16-51 pg/m?* (NO,), 6-:06 pg/m’ (PM,,), and
4-52 pg/m? (PM, ;).FEV,=forced expiratory volume in 1 s. FVC=forced vital
capacity. NO,=nitrogen dioxide. PM, ;=particulate matter with an aerodynamic
diameter less than 2.5 pm. PM, =particulate matter with an aerodynamic diameter less
than 10 pm. *p<0-0001.

the decrease in mean estimated PM,, exposure was
approximately half in London compared with Luton
(2-6 vs 5-0 pg/m3), and the decrease in mean PM, ; was
similar between sites (3-1 vs 4-2 pg/m3). Figure 2 shows
the medians of individual estimated annual exposures
for NO, and PM,;, along with WHO Air Quality
Guidelines, illustrating that for both pollutants, estimated
annual exposures remained above these guidelines by
the end of the study in both London and Luton. The
appendix (p 9) presents descriptive annual modelled
residential exposure assignments for participants
contributing lung function data; it should not be
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interpreted as a measured policy time series. The 2019
estimates included both pre-ULEZ and post-ULEZ
months; the largest observed NO, step change occurred
between 2019 and 2020 during COVID-19-related travel
disruption, and subsequent annual medians plateaued.

Long-term air pollution exposure (NO, PM,, and
PM, ) across both sites was associated with reductions in
children’s annual lung function growth rate. An IQR
increase in estimated NO, exposure (16-51 pg/m3) was
associated with decreases in FEV, of -21-46 mL/year
(95% CI —26-41 to —16-51) and decreases in FVC of
—14-86 mL/year (-19-81 to —-9-91). IQR increases in
estimated exposures to PM,, (6-06 pg/m3) and PM,
(4-52 pg/m3) were associated with decreases in FEV, of
—11-51 mL/year (-15-15 to —8-48) and —14-46 mL/year
(-17-63 to —10-85), respectively, and with decreases in
FVC of -10-30 mL/year (-13-94 to -6-67) and
—11.75 mL/year (-15-37 to —8-14), respectively (figure 3;
and appendix pp 15-16). Exploratory spline-based
exposure-response analyses suggested some non-
linearity for PM, and PM,, at the upper end of the
exposure distribution (appendix p 17). However, these
estimates in this range were based on sparse data
and might be influenced by residual confounding,
co-pollutant correlation, or exposure measurement error.
The more reliable overall and quartile-based associations
are reported in the appendix (p 16).

The appendix (p 12) shows results for the model with
the effects of air pollutants stratified by site, including
the three-way interaction (model 3b). Exploratory
subgroup analyses by sex and deprivation index did not
show any significant differences in the negative
associations of air pollutants on estimated lung function
growth. Differences in the impact of air pollution on
annual lung function growth were significant for Asian
and Black children compared with White children
(p<0-05), indicating larger pollution-related growth
deficits in these groups. In contrast, the estimated
impact for children of Mixed ethnicity did not differ
significantly from that observed in White children
(appendix p 21).

We examined whether the association between air
pollution exposure and lung function growth differed
between children who completed all five annual
assessments and those with incomplete follow-up. To
assess this, we extended the primary mixed-effects model
to allow the estimated impact of air pollution on annual
lung function growth to vary by follow-up completion
status, while retaining all original covariates and site
terms. In single-pollutant models (NO,, PM,, and PM, ),
there was no evidence that the pollution-related growth
deficit differed between children with complete and
incomplete follow-up. The estimated differences in
annual growth associated with air pollution were very
similar between the two groups and not significant,
suggesting that incomplete follow-up did not materially
bias the estimated association (appendix p 22).

Children’s exposure to second-hand smoke was
assessed via parental questionnaire. Sensitivity analysis
revealed that exposure to second-hand smoke was not
significantly associated with lung function growth
(appendix p 22).

Discussion

In the CHILL study, the reduction in air pollution
exposure, predominantly due to reduced NO, from
vehicle exhaust emissions, following the introduction of
London’s ULEZ was associated with improvements
in children’s lung function growth trajectories.””
Before ULEZ implementation, traffic-related pollution
exposures were higher in London than Luton, and
children in London had lower FEV, and FVC on average
than those in Luton. Over the following 4 years,
children’s lung function growth rate in London exceeded
that in Luton, resulting in average FEV, reaching parity
across the two sites by the end of the study. We also
observed a greater decrease in the proportion of children
with clinically impaired lung function in London than in
Luton. During the same period, modelled year-on-year
residential exposures to NO, fell more rapidly in London
than in Luton.

We have previously reported reduced lung function
volumes in London schoolchildren associated with
elevated exposures to traffic-related pollution.’ The lung
function deficit observed at the start of the present study
in London children compared with Luton children is
consistent with that work.

At the study’s outset, exposure to NO, in London was
more than double that in Luton. This finding reflected
the well documented challenges posed by diesel vehicle
emissions in central London, which prompted a series of
policy interventions aimed at improving air quality,***"*
culminating in the introduction and phased expansion of
the ULEZ from April, 2019, to August, 2023.”

The ULEZ has been the most impactful strategy for air
pollution reduction in London to date, with well
documented city-wide changes in air pollution, demon-
strating significant reductions in roadside NO,
concentrations (although evidence for improvements in
PM,; has been less consistent).”* In this study, the
exposure trend model indicates that PM,; and PM,,
declined at both sites, with faster average declines in
Luton than in London, whereas NO, declined more
rapidly in London. This divergence is consistent with
pollutant-specific behaviour and the primary focus of the
ULEZ on exhaust emissions. NO, is closely linked to
road-traffic exhaust and is therefore expected to be
comparatively responsive to changes in vehicle fleet
composition and compliance within the ULEZ. By
contrast, PM, ; and PM,, mass comprise a heterogeneous
mixture, with substantial contributions from regional
background and non-exhaust sources (eg, brake and tyre
wear, resuspension), which are less directly targeted by
emissions standards and might be more weakly reflected
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in annual residential-address estimates. Differences in
PM trends between London and Luton cannot therefore
be straightforwardly attributed to the ULEZ. Any
policy-related PM signal is more readily attenuated by
spatial averaging and by measurement and modelling
uncertainty.

In Luton, during the period of our study, actions taken
by the local council to improve air quality included
development of cycling and walking networks and
workplace travel plans, anti-idling campaigns and
reduced speed limits, improvements in town centre car
parks, and air quality workshops for schoolchildren.”
London’s ULEZ is, by comparison, a much more compre-
hensive air quality improvement policy, producing larger
declines in traffic-related pollution.

Our findings accord with studies in North America and
Sweden, which documented improving lung function
growth in children and adolescents relating to
improvements in air quality.*’

Triangulation with other outcomes and qualitative
enquiry can complement associations found in natural
experiment studies to support potential causality.”
Following ULEZ implementation, we found that children
in London were four times as likely to switch from inactive
to active travel to school, compared with children in
Luton,” and that parents, children, and teachers described
the air in London as cleaner, traffic less congested, and
asthma less troublesome.” Furthermore, a recent parallel
interrupted time series evaluation showed that ULEZ
implementation ~ was  associated ~ with  reduced
cardiovascular and all-cause hospitalisation in adults.”
These complementary findings suggest the ULEZ might
have a societal, systemic impact, extending beyond air
quality improvement. Implementation of a clean air zone
in Bradford, UK, was followed by reductions in primary
care consultations for respiratory and cardiovascular
disease and falls in NO, concentrations,” while a recent
systematic review showed beneficial impacts of clean air
zones on cardiovascular outcomes.*

Strengths of our study include its prospective parallel
longitudinal design, with a distant comparator site to
avoid spillover effects; the inclusion of comparably
diverse populations with significant traffic-related
pollution exposures; and a statistical power sufficient to
detect clinically meaningful differences in lung function
growth. Our study benefited from high-quality spirometry
across the two sites, with external validation. We used
high-resolution modelled annual air pollutant exposures
at the level of residential address, estimated using a well
validated model. Residential annual estimates smooth
near-road microenvironments and exposures during
commutes and while at school, and therefore likely
underestimate ULEZ-relevant changes. Differences in
baseline characteristics between sites were accounted for
in our analyses by adjusting for covariates. Extending data
collection compensated for school closures during the
COVID-19 pandemic.

Our study has limitations. We could not ensure that
either the participating schools or children were entirely
representative of their local populations. However,
participation rates for schools (over two-thirds) and
children (over one-third) were high, and their demo-
graphic characteristics were broadly similar to local
borough data available at the start of the study (appendix
p 18). Representative sampling in a school setting would
not be logistically or ethically practical, hence there might
have been some self-selection bias that we were unable to
control for. Other studies have used opt-out approaches,
but this is generally not favoured by ethics committees
where health-relevant data are being collected. We
undertook extensive engagement with children and
parents at the schools during recruitment to encourage
participation.

Our exposure assessment used high-resolution
(20mx20m) modelled residential ambient concen-
trations to capture intra-urban spatial gradients.
Residential modelled concentration does not explicitly
account for individual time-activity patterns. Empirical
studies in comparable London children’s cohorts’®
demonstrate that incorporating activity weighting does
not materially alter health effect estimates in children.
Any measurement error in ambient surrogates is
expected to be classical, attenuating associations towards
the null.” Thus, our findings are likely conservative
estimates of the true health impacts.

Total loss to follow-up was 53% (1824 of 3414 children,
with 1590 [47%] remaining after 5 years); however, this
number was within our predictions, and participants
leaving the cohort were similar to those remaining
with respect to key covariates (appendix p 7). Including
additional sites with or without clean air zones would have
been helpful, but we were unable to extend our data
collection, and no existing datasets with comparable lung
function data were available. There might be unmeasured
reasons why children in London could have more rapid
lung function growth than those in Luton. The COVID-19
pandemic saw travel and population restrictions,
including school closures, but these applied nationally,
hence children in London and Luton would have had
comparable experiences during and after COVID-19
isolation restrictions. Descriptive annual medians in the
appendix (p 9) should be interpreted cautiously because
they represent modelled residential exposure assignments,
not a measured policy time series. The 2019 estimates
include both pre-ULEZ and post-ULEZ months, while the
largest observed NO, reduction occurred between 2019
and 2020 during COVID-19-related travel disruption, after
which annual values plateaued. Inference therefore rests
on longitudinal growth models using repeated individual
exposure assignments rather than on simple year-to-year
comparisons of annual medians.

Although FEV, values reached parity across the two sites
by the end of the study, for FVC there remained an average
difference of 25 mL. Both FEV, and FVC are established
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measures reflecting risk of long-term disease and mortality,
with FVC more related to restrictive lung disorders.”

Both groups of children lived in highly polluted areas
before the study, so both are likely to have traffic-related
lung function impairment. It is unknown whether
continued exposure to less polluted air can deliver further
improvements in lung function across both groups.
Extending assessment of the CHILL cohort into
adolescence (under way) should address whether this is
the case and permit analysis of air pollution exposure
trends beyond 2022, which was beyond the scope of the
current study.

In summary, we show that children in London had
improved lung function growth trajectories following
ULEZ implementation, associated with significant
reductions in exhaust emissions. 4 years after imple-
mentation of the ULEZ, FEV, reached parity with a
comparator population in Luton, with the proportion of
children with clinically impaired lung function falling.
Children showed similar improvements in FVC between
London and Luton, but the FVC levels remained lower in
London at the end of the study, implying there were still
gains to be made. The observed improvements could
potentially prevent long-term adverse health impacts in
adulthood, including premature mortality. These
findings support the wider use of effective clean air zones
as a public health policy intervention to improve the lung
health of children in cities.

Contributors

CJG, ISM, AS, |G, GR, WJG, HEW, RED, S, HSK, IT, BD, AK, CC, SB,
VT, BM, RR, MM-W, EvS, FJK, CN, FB, JMo, EL, KP, MK, and JL
conceived and/or designed the study. HEW, HSK, RED, JS, IT, JC, GC,
LC, LS, JEM, MM-W, EvS, CJG, and ISM supervised data collection.
HEW, HSK, RED, JS, IT, JC, GC, LC, LS, JEM, and CJG collected data.
HEW, HH, BS, CN, RED, JS, JEM, SB, AB, NA, GS, DD, VT, BM, |Ma,
WJG, CJG, and ISM analysed data. HEW, HH, WJG, ISM, CJG, BS, AS,
RED, JS, BD, SB, VT, MF, BM, and CN interpreted data. HEW, CJG,
and ISM drafted the manuscript. All authors revised the manuscript for
important intellectual content and approved the final version.

HEW, HH, BS, and CN accessed and verified the data. All authors vouch
for the completeness and accuracy of the data and the fidelity of the

study to the protocol, had access to all the included data, and had final
responsibility for the decision to submit for publication.

Declaration of interests
We declare no competing interests.

Data sharing

De-identified participant data can be requested from CJG in accordance
with the study data sharing policy. Any data requests will be subject to
review by the authors.

Acknowledgments

This work was supported by the National Institute for Health and Care
Research (NIHR) Public Health Research (grant number 16/139/01)
with additional funding by NIHR Collaboration for Leadership in
Applied Health Research North Thames, Barts Charity, NIHR Applied
Research Collaborations (ARC) North Thames, Natural Environment
Research Council (NERC) UK Research and Innovation (UKRI; NE/
T001895/1), and the NERC UKRI-funded DREaM study (NE/T0018951).
EvS is funded by the Medical Research Council (MRC; MC UU
00006/5). BM acknowledges support by the NTHR Barts Biomedical
Research Centre (NTHR203330). CJG is supported by the NTHR ARC
North Thames. ISM and FJK are part funded by the NIHR Health
Protection Research Unit in Environmental Exposure and Health.

The views expressed in this publication are those of the authors and not
necessarily those of the NTHR or the UK Department of Health and
Social Care. CHILL (PHR 16/139/01) and MRC PHICAZ (MR/
T03226X/1) form a pair of studies led by Queen Mary University of
London and Imperial College London, respectively, evaluating the
impacts of the London ULEZ on health. We are grateful to all
participating children, parents, teachers, school staff, and schools for
their important contributions to this study and to our Independent
Scientific Committee, chaired by Bert Brunekreef, whose advice and
oversight has been invaluable.

References

1 Gauderman WJ, Vora H, McConnell R, et al. Effect of exposure to
traffic on lung development from 10 to 18 years of age: a cohort
study. Lancet 2007; 369: 571-77.

2 Gehring U, Gruzieva O, Agius RM, et al. Air pollution exposure and
lung function in children: the ESCAPE project.

Environ Health Perspect 2013; 121: 1357-64.

3 Mudway IS, Dundas I, Wood HE, et al. Impact of London’s low
emission zone on air quality and children’s respiratory health:

a sequential annual cross-sectional study. Lancet Public Health 2019;
4: €28-40.

4 Lange P, Celli B, Agusti A, et al. Lung-function trajectories leading
to chronic obstructive pulmonary disease. N Engl ] Med 2015;

373: 111-22.

5  Melén E, Faner R, Allinson JP, et al. Lung-function trajectories:
relevance and implementation in clinical practice. Lancet 2024;
403: 1494-503.

6 Gauderman WJ, Urman R, Avol E, et al. Association of improved air
quality with lung development in children. N Engl | Med 2015;

372: 905-13.

7 YuZ, Merid SK, Bellander T, et al. Associations of improved air
quality with lung function growth from childhood to adulthood:
the BAMSE study. Eur Respir ] 2023; 61: 2201783.

8  Clean Cities Campaign. Clean Cities. The development trends of
low- and zero-emission zones in Europe. 2022. https://
cleancitiescampaign.org/research-list/the-development-trends-of-
low-and-zero-emission-zones-in-europe/ (accessed Feb 12, 2026).

9  Peralta E. Clean air cities: 5 years of scaling up action on air
pollution. Clean Air Fund blog. June 3, 2024. https://www.
cleanairfund.org/news-item/clean-air-cities/ (accessed
Feb 12, 2026).

10 Craig P, Cooper C, Gunnell D, et al. Using natural experiments to
evaluate population health interventions: new Medical Research
Council guidance. J Epidemiol Community Health 2012;

66: 1182-86.

11 Tsocheva I, Scales J, Dove R, et al. Investigating the impact of
London’s ultra low emission zone on children’s health: children’s
health in London and Luton (CHILL) protocol for a prospective
parallel cohort study. BMC Pediatr 2023; 23: 556.

12 Wood HE, Dove RE, Chavda J, et al. Cohort profile: the children’s
health in London and Luton (CHILL) cohort. Int ] Epidemiol 2025;
54: dyaf055.

13 Luton Borough Council. 2022 air quality annual status report (ASR).
2022. https://www.airqualityengland.co.uk/assets/documents/
Luton/LBC_ASR_2022_Final.pdf (accessed June 19, 2026).

14 Miller MR, Hankinson J, Brusasco V, et al. Standardisation of
spirometry. Eur Respir ] 2005; 26: 319-38.

15  Beevers SD, Kitwiroon N, Williams ML, Carslaw DC. One way
coupling of CMAQ and a road source dispersion model for fine
scale air pollution predictions. Atmos Environ 2012; 59: 47-58.

16 UK Government. English indices of deprivation 2019. Ministry of
Housing, Communities & Local Government. Sept 26, 2019.
https://www.gov.uk/government/statistics /english-indices-of-
deprivation-2019 (accessed Feb 26, 2025).

17 UK Government. Regional ethnic diversity. Office for National
Statistics. Dec 22, 2019. https://www.ethnicity-facts-figures.service.
gov.uk/uk-population-by-ethnicity/national-and-regional-
populations/regional-ethnic-diversity/latest/ (accessed
Feb 26, 2025).

18  Holmes E. Ethnicity, language, nationality and religion. Census 2021.
Luton Borough Council. December, 2022. https://static.luton.gov.uk/
community_and_living/lists/lutondocuments/PDF/observatory/2021-
census-national-identity.pdf (accessed Feb 26, 2025).

www.thelancet.com/public-health Published online August 18, 2026 https://doi.org/10.1016/52468-2667(26)00163-5



Articles

19

20

21

22

23

24

25

Greater London Authority. Central London Ultra Low Emission
Zone — 2020 report. March 1, 2021. https://www.london.gov.uk/
programmes-and-strategies/environment-and-climate-change/
environment-publications/central-london-ultra-low-emission-zone-
2020-report (accessed May 1, 2026).

Mayor of London, London Assembly. Inner London Ultra Low
Emission Zone expansion one year report. Greater London
Authority. Feb 10, 2023. https://www.london.gov.uk/programmes-
strategies /environment-and-climate-change/environment-and-
climate-change-publications/inner-london-ultra-low-emission-zone-
expansion-one-year-report (accessed May 1, 2026).

Kelly F, Anderson HR, Armstrong B, et al. The impact of the
congestion charging scheme on air quality in London. Part 1.
Emissions modeling and analysis of air pollution measurements.
Res Rep Health Eff Inst 2011; 155: 5-71.

Prieto-Rodriguez J, Perz-Villadoniga MJ, Salas R, Russo A.

Impact of London toxicity charge and Ultra Low Emission Zone

on NO,. Transp Policy 2022; 129: 23747,

Mayor of London, London Assembly. The Ultra Low Emission Zone
(ULEZ) for London. Greater London Authority. 2026. https://www.
london.gov.uk/programmes-strategies /environment-and-climate-
change/pollution-and-air-quality/ultra-low-emission-zone-ulez-
london (accessed March 3, 2026).

Torjesen I. Expanding London’s Ultra Low Emission Zone has
improved air quality, report finds. BM] 2024; 386: q1861.

Craig P, Campbell M, Deidda M, et al. Using natural experiments
to evaluate population health and health system interventions:
new framework for producers and users of evidence. BMJ 2025;
388: €080505.

26

27

28

29

30

31

32

Xiao C, Scales J, Chavda ], et al. Children’s Health in London and
Luton (CHILL) cohort: a 12-month natural experimental study of
the effects of the Ultra Low Emission Zone on children’s travel to
school. Int | Behav Nutr Phys Act 2024; 21: 89.

Alliott O, van Sluijs E, Dove R, et al. London’s Ultra Low Emission
Zone and active travel to school: a qualitative study exploring the
experiences of children, families and teachers. BMJ Open 2025;

15: €091929.

Chamberlain RC, Hodsoll J, Cai C, et al. Association of vehicle
emission charging zones with adult emergency hospital
admissions: an interrupted time series analysis of the toxicity
charge and Ultra Low Emission Zone in London, UK. Environ Int
2026; 213: 110324.

Mebrahtu TF, Santorelli G, Yang TC, et al. Impact of an urban
city-wide Bradford clean air plan on health service use and nitrogen
dioxide 24 months after implementation: an interrupted time series
analysis. Environ Res 2025; 270: 120988.

Chamberlain RC, Fecht D, Davies B, Laverty AA. Health effects of
low emission and congestion charging zones: a systematic review.
Lancet Public Health 2023; 8: €559-74.

Katsouyanni K, Evangelopoulos D, Wood D, et al. Investigating the
consequences of measurement error of gradually more
sophisticated long-term personal exposure models in assessing
health effects: the London study (MELONS). Res Rep Health Eff Inst
2025; 2025: 1-78.

Hole DJ, Watt GC, Davey-Smith G, Hart CL, Gillis CR,

Hawthorne VM. Impaired lung function and mortality risk in men
and women: findings from the Renfrew and Paisley prospective
population study. BMJ 1996; 313: 711-15.

www.thelancet.com/public-health Published online August 18, 2026 https://doi.org/10.1016/52468-2667(26)00163-5

11



