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Abstract

Background Physical inactivity and air pollution are significant global health concerns, yet limited evidence
examines how residential air pollution is associated with physical activity behaviours among children. Existing
research has mainly focused on adults, older adults, or self-reported activity outcomes. This study examined the
association between residential carbon monoxide (CO) exposure, objectively measured physical activity, and
children’s reported preference for outdoor sports and games using data from the Millennium Cohort Study.

Methods This study used a cross-sectional secondary analysis of Sweep 4 Millennium Cohort Study data. Physical
activity was measured using accelerometer-derived total steps over one week. Residential CO exposure was derived
from linked MEDIx air pollution deciles and categorised into relatively lower and higher exposure groups. Linear
regression was used to examine the association between CO exposure and total steps. Logistic regression was used to
examine the association between CO exposure and preference for outdoor sports and games. Models were adjusted
for sex, ethnicity, and socio-economic position, with survey and non-response weights applied.

Results The analytic sample included 6,281 children. In the adjusted linear regression model, children living in areas
with higher CO exposure recorded, on average, 356.26 more steps than those living in areas with lower CO exposure.
In the adjusted logistic regression model, higher CO exposure was associated with slightly higher odds of reporting a
preference for outdoor sports and games. However, the adjusted step-count model explained only a small proportion
of variation in total steps.

Conclusion Higher residential CO exposure was modestly associated with higher total steps and greater reported
preference for outdoor sports and games. These findings should be interpreted cautiously because the study was
cross-sectional, explanatory power was low, and residual confounding by neighbourhood, household, school travel,
and built-environment factors is likely. Future studies should examine multiple pollutants alongside more detailed
contextual and environmental measures.
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Background

Physical inactivity and air pollution are major global pub-
lic health challenges, each contributing substantially to
the burden of disease [1]. In the United Kingdom (UK),
just over half of the 6-year-old children (53%) meet the
recommended physical activity guidelines [2]. At the
same time, air pollution remains a widespread concern,
with 9 out of 10 people worldwide living in areas where
air pollution levels exceed the World Health Organiza-
tion (WHO) air quality guidelines [3]. Given the impor-
tance of both physical activity and air pollution for
health, understanding how environmental exposures are
associated with children’s physical activity is of clear rele-
vance for research and policy. As healthy behaviours and
lifestyle patterns are often established early in life, iden-
tifying environmental and social factors linked to chil-
dren’s physical activity is particularly important [4].

Research has suggested that air pollution, in the con-
text of physical activity, may reduce or alter the health
benefits of being active outdoors [5]. Exposure to air pol-
lution has been associated with decreased lung function,
elevated blood pressure, and other cardiovascular and
respiratory outcomes, which may impair exercise toler-
ance and performance [6, 7]. However, the relationship
between air pollution and physical activity is complex
and not solely determined by physiological mechanisms.
Areas with higher pollutant exposure, such as urban or
traffic-dense environments, may also differ in walkabil-
ity, access to destinations, neighbourhood design, school
travel patterns, and opportunities for outdoor play. These
contextual factors may independently influence physical
activity behaviours, complicating the interpretation of
observed associations.

Despite this complexity, the existing evidence base
remains unevenly distributed across population groups.
Most studies examining the association between air pol-
lution and physical activityhave focused on adults and
older populations, with comparatively limited atten-
tion given to children. A mapping review by Tainio et al.
[8], found that the majority of included studies focused
on adults, while a few focused on older adults. Evidence
among children is therefore limited. One recent study
conducted in China, found that highly daily examined
the relationship between ambient air pollution, physi-
cal activity, and sedentary behaviour among children
and found that higher daily Air Quality Index levels
were associated with lower moderate-to-vigorous physi-
cal activity, fewer walking steps, and greater sedentary
behaviour among children [9]. Further research is needed
to better understand these associations in younger

populations, particularly using objective measures of
physical activity.

In addition, demographic and socio-economic charac-
teristics are likely to play an important in this context, as
they may influence both exposure to environmental risk
and opportunities for physical activity. Previous research
has highlighted differences in physical activity by sex
and ethnicity [10] alongside broader social inequalities
in environmental exposure [11, 12]. Children’s activ-
ity patterns may vary according to household income,
neighbourhood conditions, access to safe outdoor spaces,
school travel routines, and family resources, all of which
may interact with environmental exposures such as air
pollution.

Although the linked MEDIx dataset includes several
pollutants, including particulate matter (PM10), nitrogen
dioxide (NO,), ozone (Os), sulphur dioxide (SO,), and
carbon monoxide (CO), this study focuses on CO. This
is because the available CO exposure data (2001-2006)
most closely align with the Millennium Cohort Study
(MCS) Sweep 4 physical activity data collection period
[13]. CO may also serve as an indicator of combustion-
related and traffic-related exposures, which overlap
with environmental features relevant to walking, school
travel, and outdoor play. As such, this study should be
interpreted as an exploratory pollutant-specific analysis
rather than a comprehensive assessment of all ambient
air pollutants.

Previous research has also differed in how exposure
and outcome measures are assessed. For example, Wells
et al,, [12] examined self-reported changes in activity in
response to perceived or reported poor air quality using
data from the National Health and Nutrition Examina-
tion Survey. In contrast, the present study links residen-
tial annual mean CO exposure to objectively measured
physical activity over a one-week period. Comparisons
between studies should therefore be made with caution
due to the differences in study populations and measure-
ment approaches.

This study aimed to examine the cross-sectional asso-
ciation between residential CO exposure and physical
activity among 7-year-old children in the UK Millen-
nium Cohort Study. Specifically, the study examined
whether children living in areas with higher CO exposure
differed in their objectively measured total steps and in
their reported preference for outdoor sports and games,
after adjustment for selected demographic and socio-
economic characteristics.
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Methods

This study used a cross-sectional secondary analysis of
Sweep 4 data from the MCS, linked to residential area-
level MEDIXx air pollution data [13].

Study sample

The MCS is an ongoing study that includes a sample of
all births in the UK for one year, beginning on 1 Septem-
ber 2000. So far, there have been 7 rounds of data collec-
tion involving around 19,519 children who participated
in at least one of these rounds [14]. The sampling design
intentionally over-represented disadvantaged areas and
ethnic minority populations in England, while ensuring
representation across the four UK countries [15]. The
present study used data drawn from Sweep 4, when the
cohort children were approximately 7 years old. Multiple
data sources were merged were merged, including lon-
gitudinal family data, interview and derived variables,
accelerometer-based physical activity data, and linked air
pollution data obtained via the UK Data Service.

The analytic sample comprised children with complete
data on all variables included in the analysis, includ-
ing accelerometer-derived physical activity, question-
naire responses, CO exposure, and covariates (1 =6,281),
as shown in Fig. 1. A complete-case approach was used
to ensure consistency across models. However, this
approach may have introduced selection bias if children
with complete data differed systematically from those

Children with classified ‘reliable PA data’
N=6675

MEDI x Air Pollution data
N= 13,857

MCS4 derived data
N=14043
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excluded. Survey design and non-response weights were
applied to account for the MCS sampling framework and
differential participation in accelerometer data collec-
tion [16, 17], although some residual selection bias may
remain.

Exposure variables

Air pollution exposure was derived by linking residential
postcodes to MEDIx data. Available pollutants included
particulate matter (PM10), nitrogen dioxide (NO,), ozone
(Os), sulphur dioxide (SO,), and carbon monoxide (CO).
These were measured as annual mean concentrations at
the 2001 Census ward level using 1 km grid data derived
from the National Atmospheric Emissions Inventory [18,
19]. Exposure values were converted into national deciles
ranging from 1 (“least polluted”) to 10 (“most polluted”)
across UK wards. Most pollutants covered the period
1999-2003, whereas CO exposure covered 2001-2006
[13, 20]

Although multiple pollutants were available, this anal-
ysis focused on CO because its exposure period most
closely aligned with the Sweep 4 physical activity data
collection period. CO may also serve as an indicator of
combustion- and traffic-related environmental exposures
relevant to children’s everyday activity environments. In
addition, area-level air pollution patterns, particularly
those associated with structural factors such as traffic
density and urban form, tend to remain relatively stable

MCS4 interview data
N=14043

MCS4 Family derived data
N= 13847

MCS longitudinal family file
N= 19243

|

I
| Duplicates and missing :_ o

1 data dropped :

J | J\

Final Sample
N=6281

Merging the
Datasets

Fig. 1 Overview of the process reaching the final sample size

Dropping duplicates
and missing data

Only keeping those with
complete data
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over time in the absence of major environmental or pol-
icy changes [18, 19]. Therefore, the CO measure is likely
to capture persistent spatial variation in environmental
exposure, even though it does not correspond exactly to
the timing of physical activity measurement. CO expo-
sure deciles were dichotomised into “less polluted” and
“more polluted” categories to facilitate interpretation of
relative differences in exposure within the dataset. How-
ever, this approach may reduce variability and obscure
potential dose-response relationships, which is acknowl-
edged in the Discussion.

Outcome variables

Children were asked to participate in the physical activity
monitoring study as part of the age 7 MCS survey. This
was objectively assessed using Actigraph GT1M accel-
erometers (May 2008-August 2009). Accelerometery is
widely used for objective assessment of physical activ-
ity in children, and comprehensive information on child
accelerometer procedures and wear-time criteria has
been previously documented [3, 21, 22]. The MCS chil-
dren wore accelerometers around their waists during

Children surveyed at MCS4
N=14043

Consent obtained from children
N=13219
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waking hours for seven consecutive days, removing them
only during water-based activities. A wear time of 10 h
per day for at least two consecutive days was considered
to provide reliable data. This established minimum wear
time aligns with other large accelerometer studies in chil-
dren [3]. This led to a total sample size of 6675 children
with 36,309 days of observation (Fig. 2). It is worth not-
ing that small discrepancies were identified in the demo-
graphic characteristics of the sample of children with
reliable data relative to the entire cohort sample inter-
viewed at age 7. Particularly, the boys in the South Asian
and Black/Black Caribbean groups demonstrated a lower
probability of having valid accelerometer data. Details
regarding factors influencing reliable data collection in
this study were explored by Rich et al. study [3].

The study also examined children’s self-reported pref-
erence for outdoor sports and games. Children were
asked, “How much do you like to play sports and games
outside?” Response options were “I don't like it} “I like it
a little’, and “I like it a lot” [23]. For the logistic regression
model, responses were dichotomised into “I like it” and
“I don't like it” to support interpretation. This measure

Children sent > 1 accelerometer
N=12625 (95.5%)

Children not sent accelerometers

N=594 (4.5%)

Children returned final accelerometer
N=10034 (79.5%)

Children with accelerometer data
N=8939

Children with classified ‘reliable data’
(>= 2 days, >= 10 hours)
N=6675

Fig. 2 Overview of the MCS4 accelerometer data (objective data)

Children did not return final
accelerometers

N=2591 (20.5%)




Kuroiwa et al. BMC Public Health (2026) 26:2824

reflects reported preference rather than objectively mea-
sured outdoor activity.

Control variables
The analysis incorporated a limited set of demographic
and socio-economic control variables available for the
analytic models. Demographic and social characteristics
were collected through home-based interviews at age 7
and were captured at child and family level [23]. Child-
level characteristics included sex and ethnicity, catego-
rised as White, Mixed, South Asian, Black, and other
ethnic groups. Family-level socio-economic position was
represented using household income/socio-economic
categories derived from the MCS Sweep 4 data. This
measure captures household-level socio-economic cir-
cumstances rather than area-level deprivation. Area-level
deprivation was not included as an additional covariate
in the final models; this is acknowledged as a limitation
because neighbourhood deprivation may be associated
with both residential air pollution exposure and chil-
dren’s opportunities for physical activity [11].

Age was not included as a covariate because the anal-
ysis was restricted to children participating in Sweep
4 of the MCS at approximately age 7. As the analytic

Table 1 Descriptive Statistics Table, including a breakdown of
the variables used in this study

Variable N Unweighted Weighted
data Mean/(s.d) data
% of total Mean/(s.d)
% of total
All Children 6,281
Child's gender
Male 3,067 48.8% 50.8%
Female 3214 51.2% 49.2%
Child’s ethnicity
White 5538 88.2% 85.6%
Mixed 156 2.5% 3.1%
South Asian 366 5.8% 6.8%
Black 147 2.3% 3.1%
Other 74 1.2% 1.4%
Child's SEP
Lowest quintile 899 14.3% 20.1%
Second quintile 1,105 17.6% 19.8%
Third quintile 1,341 21.3% 19.9%
Fourth quintile 1,487 23.7% 20.5%
Highest quintile 1,450 23.1% 19.7%
Carbon Monoxide
Less polluted half 2,326 37.0% 33.8%
Most polluted half 3,955 63.0% 66.2%
Total Steps 10,406.71 1053.82
(3558.28) (3622.83)
How much do you like playing sports and games outside?
| like it 4,481 71.3% 71.5%
| don't like it 1,800 28.7% 29.5%
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sample represented a narrow age band, age variation was
expected to be limited. However, age would be an impor-
tant covariate in studies including children across wider
developmental stages.

The available models did not include several potentially
relevant contextual and behavioural variables, including
urban/rural location, season or weather at the time of
accelerometer wear, parental education, parental physi-
cal activity, neighbourhood walkability, car ownership,
school distance, housing density, or traffic density. These
omissions are acknowledged as potential sources of
residual confounding in the Discussion and Limitations
sections. A justification can be found in the Appendix
Section (Appendix 1). Key summary statistics are pre-
sented in Table 1.

Statistical analysis

Two models were used in this study. The first model
examined the association between CO exposure and
total steps. The second model examined the associa-
tion between CO exposure and preference for outdoor
sports and games. Both models used survey design and
non-response weights from the MCS4 and physical activ-
ity monitoring data to reduce potential sampling and
non-response bias [16, 17]. For the first model, the study
employed regression modelling to predict the relation-
ship between the explanatory variables and changes in
the outcome (total steps). This model was chosen as it
can assess the impact of the categorical exposure (CO)
on the continuous outcome while controlling for covari-
ates. Regression models enable estimation of coefficients
that illustrate the relationship between the exposure and
the outcome, providing a quantitative assessment. The
second model used logistic regression to analyse explana-
tory variables and their influence on changes in the out-
come (“how much do you like playing sports and games
outdoors?”). This modelling approach provides odds
ratios that measure the strength and direction of associa-
tions between these categorical variables. Logistic regres-
sion also accounts for multiple confounding variables,
helping control for potential sources of bias and assess
the individual influence of each categorical factor on the
outcome variable. The capability to analyse multiple vari-
ables makes logistic regression a crucial tool for examin-
ing complex relationships between categorical predictors
and outcomes. All tests were tested at a 5% confidence
level. Analyses were conducted using STATA/SE V.18 for
statistical computing.

Results

The study had a total of 6,281 participants. Table 1 pres-
ents the analytic sample characteristics, including sam-
ple sizes and percentages for the exposure, outcome,
and covariate variables included in the complete-case
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Table 2 Model 1, regression model examining the association between carbon monoxide on total steps

Total Steps Coef Std.err t-value p-value [95% conf interval] sig
Carbone Monoxide 356.26 131.40 2.71 0.007 97.90 614.62 **
Constant 11,722.36 22823 51.36 <0.001 11,273.64 12,171.08 *xX
Mean dependent var 10,503.82 SD dependent var 3622.83

R-squared 0.001 Number of obs 6,281

F-test 493 Prob>F 0.027

Akaike crit. (AIC) 120,270.3 Bayesian crit. (BIC) 120,344.4

""p<0.001

“p<0.01

p<0.05

Table 3 Model 1, regression model examining the association between carbon monoxide on total steps, adjusted for covariates

(child’s gender, ethnicity, and socio-economic position)

Total Steps Coef Std.err t-value p-value [95% conf interval] sig
Carbone Monoxide 356.26 131.40 271 0.007 97.90 614.62 **
Child's gender
Female —1423.97 116.24 —12.25 <0.001 —1652.51 —1195.43 d
Child’s ethnicity
Mixed —702.71 36945 -1.90 0.058 —1429.08 23.66
South Asian -1197.87 283.14 -423 <0.001 —1754.56 —-641.18 e
Black —282.59 72212 -0.39 0.696 —1702.33 113715
Other —452.58 33891 -1.34 0.183 -1118.90 213.74
Child's SEP
Second quintile —722.31 22296 —3.24 0.001 —1160.66 —283.95 **
Third quintile —92447 208.98 —442 <0.001 —133534 -513.59 i
Fourth quintile —73349 227.14 -3.23 0.001 —1180.06 —286.91 **
Highest quintile —805.25 224.89 —-3.58 <0.001 —1247.41 —363.09 i
Constant 11,722.36 22823 51.36 <0.001 11,273.64 12,171.08 i
Mean dependent var 10,503.82 SD dependent var 3622.83
R-squared 0.052 Number of obs 6,281
F-test 16.62 Prob>F <0.001
Akaike crit. (AIC) 120,270.3 Bayesian crit. (BIC) 120,344.4
"p<0.001
"p<0.01
"p<0.05

analysis. Only those with all the characteristics required
in this study were included in the complete case analy-
sis. The study participants come from a range of socio-
economic backgrounds, with 14.3% living in the lowest
quintile, 17.6% in the second, 21.3% in the third, 23.7%
in the fourth, and 23.1% in the highest. Most participants
were ethnically white (88.2%) compared with those from
other ethnic backgrounds (11.8%). Further, the sample
was quite evenly distributed for participants’ gender with
48.8% male and 51.2% female.

In the first model (Table 2), those living in areas
exposed to higher CO levels take an average of 285.68
more steps per day than those living in the less-polluted
half. The effect is statistically significant (p-value =0.027),
the coefficient is positive, and the standard error of this
estimate is 128.64, indicating a consistent positive rela-
tionship between pollution level and steps-based physi-
cal activity. Once adjusted for the covariates (Table 3),

individuals living in higher-exposed areas exhibited
356.26 more steps in their total step count compared to
those in the lower category, with a significant p-value
of 0.007. The R-squared value (0.052) indicates that the
model explains approximately 5.21% of the variance in
total steps. Furthermore, F=16.62 and p<0.001 indicate
that the model is statistically significant and that the pre-
dictors are related to the dependent variable. Females are
associated with a lower total of steps than males, with
p<0.001, indicating a strong, significant negative associa-
tion. Similarly, compared with the baseline group (indi-
viduals living in the lowest socio-economic quintile), all
other income categories are associated with lower total
steps, with p-values indicating strong statistical signifi-
cance. Interestingly, South Asians are the only group with
a significantly lower level of about 1197.87 units in steps
(p-value <0.001). Being female was associated with fewer
total steps than being male. Compared with the reference
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Table 4 Model 2, logistic regression model examining the association between carbon monoxide on children’s preferences for doing

outdoor sports and games

How much do you like playing sports and games outside? Odds ratio Std.err t-value p-value [95% conf interval]  sig
Carbone Monoxide 1.20 089 2.52 0.012 142 1.393 *
Constant 337 022 -16.88 <0.001 329 415 e
F-test 6.36 Prob>F 0.0121
""p<0.001

“p<0.01

p<0.05

Table 5 Model 2, logistic regression model examining the association between carbon monoxide on children’s preferences for doing

outdoor sports and games, adjusted for covariates

How much do you like playing sports and games outside? Odds ratio Std.err  t-value p-value [95% conf interval] sig
Carbone Monoxide 1.19 095 212 0.035 1.01 1.39 *
Child's gender

Female 1.53 120 547 <0.001 131 1.79 *xk
Child’s ethnicity

Mixed 947 195 —-0.26 0.793 632 1420

South Asian 954 167 -0.27 0.786 676 1.35

Black 1.30 337 1.01 0312 780 2.16

Other 645 235 -1.20 0.229 315 1.32
Child's SEP

Second quintile 911 a1 -0.76 0445 716 1.16

Third quintile 1.00 133 -0.03 0.975 774 1.30

Fourth quintile 790 093 -2.00 0.046 626 996 *

Highest quintile 839 109 -135 0.179 650 1.08
Constant 332 043 -8.49 <0.001 257 4284 *x%
F-test 4.82 Prob>F <0.001
""p<0.001
“p<0.01
"p<0.05

socio-economic group, children in higher-income cate-
gories also recorded lower total step counts. South Asian
children recorded significantly fewer steps than children
in the White reference group.

In the second model (Table 4), those living in more
polluted locations are, on average, 20% more likely than
those living in less polluted locations to report enjoying
being outside (OR=1.20; p=0.012). Once adjusted for
the covariates (Table 5), individuals living in more pol-
luted areas are 1.19 times (19%) more likely to play sports
and games outside than those living in less polluted areas
(p=0.035). This suggests a slightly higher likelihood of
liking outdoor activities with higher carbon monoxide
exposure, although the confidence interval (1.01 to 1.39)
indicates that the effect size and significance are mod-
est. Nevertheless, the F-statistic and associated p-values
(Tables 4 and 5) suggest that the overall models are sta-
tistically significant. Females were 1.53 times more likely
to answer that they like playing sports and games outside
than males, which is highly significant at p <0.001, indi-
cating stronger preferences for outdoor activities among
females in this sample. Individuals living in the second
to fifth quintile show odds ratios below 1, indicating a

lower likelihood of liking outdoor activities than the low-
est income bracket (first quintile), though only the fourth
quintile’s results are significant (p =0.046). Finally, none
of the ethnicity categories has odds ratios statistically
significantly different from the reference category (those
from white ethnic groups). This association was modest
and should be interpreted cautiously, particularly because
the confidence interval was close to the null value. Being
female was associated with higher odds of reporting a
preference for outdoor sports and games compared with
being male.

Discussion
This study examined whether average residential CO
exposure was associated with objectively measured phys-
ical activity and reported preference for outdoor sports
and games among 7-year-old children in the UK. Higher
CO exposure was modestly associated with higher total
steps and slightly higher odds of reporting a preference
for outdoor activities. However, these findings should be
interpreted with caution.

The exposure and outcome measures were not contem-
poraneous, although, as described in the Methods, the
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CO measure is likely to reflect longer-term spatial differ-
ences in air pollution exposure. Further, the explanatory
power of the adjusted model is central to interpretation.
The model explained approximately 5.2% of the vari-
ance in total steps, indicating that most variation in chil-
dren’s physical activity was not captured by the variables
included. Physical activity in children is shaped by a wide
range of influences, including family routines, school
travel, seasonality, weather, neighbourhood design, access
to outdoor space, and parental activity. Previous research
has also highlighted the importance of parental influence
in shaping children’s physical activity behaviours [24,
25]. Taken together, the observed association between
CO exposure and total steps is modest and should not
be interpreted as evidence of a meaningful determinant
of children’s physical activity. Comparison with previ-
ous studies requires caution because the exposure and
outcome measures differ substantially. Smith et al. [26]
examined neighbourhood environmental characteris-
tics, including NO,, in relation to accelerometer-mea-
sured physical activity among adults, whereas Wells et al.
[12] examined self-reported activity change in response
to perceived or reported poor air quality [12, 26]. By
contrast, the present study examined residential CO
exposure in relation to children’s one-week accelerome-
ter-measured total steps and self-reported outdoor play
preference. These methodological differences mean that
the present findings should not be interpreted as directly
contradicting previous studies. Rather, they suggest that
associations may vary by pollutant, age group, exposure
measurement, behavioural outcome, and contextual fac-
tors. The CO exposure variable used in this analysis was
based on relative deciles across UK wards rather than
absolute pollutant concentrations [13]. Therefore, the
“more polluted” category should be interpreted as rela-
tively higher CO exposure within the linked dataset, not
necessarily as exposure above a health-based national or
international threshold. This limits direct comparison
with WHO guideline values or other international mea-
sures of harmful air pollution [27].

The unexpected positive association between higher
CO exposure and total steps is unlikely to reflect a direct
behavioural effect of air pollution. A more plausible
explanation is that CO exposure is capturing broader
neighbourhood characteristics. Areas with higher CO
exposure are often more urban or traffic-dense and may
also offer shorter distances to school, greater walkabil-
ity, more local destinations, and different opportuni-
ties for outdoor play [28]. These contextual factors may
increase children’s daily steps independently of pollution
exposure. In the absence of direct measures of urbanic-
ity, walkability, traffic density, school distance, housing
density, parental activity, or car ownership, residual con-
founding is likely.
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In addition, children and their families are unlikely to
base activity decisions on long-term air pollution expo-
sure, particularly when it is not visible or explicitly com-
municated. Annual residential air pollution measures do
not necessarily correspond to visible pollution or day-
to-day perceptions of environmental risk. While pre-
vious studies have examined behavioural responses to
perceived poor air quality [12], the present study did not
measure perception, awareness, or behavioural adapta-
tion. Therefore, the findings should not be interpreted
as evidence that children or parents consciously modi-
fied physical activity behaviour in response to air pollu-
tion exposure. Children’s physical activity is also shaped
by routine structures such as school travel, playground
time, organised activities, and family routines, rather
than deliberate responses to environmental exposure.
The observed association between higher CO exposure
and total steps is therefore more consistent with charac-
teristics of urban and walkable environments than behav-
ioural responses to pollution.

Being female was associated with lower total steps
compared with being male, although girls had higher
odds of reporting a preference for outdoor sports and
games. This suggests that reported preference for out-
door play and objectively measured physical activity
may capture different aspects of behaviour. Preferences
may not translate directly into total activity, particularly
where opportunities for activity are shaped by parental
rules, school routines, safety perceptions, social norms,
or access to outdoor spaces. Previous studies have also
reported sex differences in physical activity among chil-
dren [29], and parental correlates of outdoor play may
differ for boys and girls [30].

Socio-economic position was also associated with chil-
dren’s total steps, although interpretation is complex.
Household socio-economic circumstances may shape
children’s physical activity through access to organised
activities, school travel patterns, neighbourhood safety,
housing conditions, car ownership, parental working
patterns, and access to outdoor space. At the same time,
socio-economic conditions may be associated with resi-
dential environmental exposure [11, 31]. As area-level
deprivation and detailed built-environment measures
were not included, these findings should be interpreted
cautiously.

Similarly, although ethnicity was not associated with
reported preference for outdoor activity, South Asian
children recorded lower total steps than children in the
White reference group. This should be interpreted cau-
tiously, given the limited representation of some groups
and the likelihood that differences reflect broader social,
cultural, and environmental factors not captured in the
present analysis. Future research using more diverse sam-
ples and richer contextual data is needed.
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Strengths and limitations

This study has several strengths. It used a large UK
child cohort and included objectively measured physi-
cal activity, reducing reliance on self-reported activity
data. The use of linked environmental exposure data
also enabled examination of residential CO exposure
in relation to children’s physical activity and outdoor
play preferences [13]. In addition, the analysis applied
survey and non-response weights to account for the
MCS sampling design and accelerometer non-response
[16, 17].

This study has several limitations that affect inter-
pretation. First, the cross-sectional design precludes
causal inference. The findings should therefore be
interpreted as associations between residential CO
exposure and physical activity outcomes, not as evi-
dence that CO exposure changes children’s activity
behaviour. Second, there was a temporal mismatch
between the exposure and outcome measures. CO
exposure was measured as average residential area-
level exposure over an extended period, whereas
physical activity was recorded over one week using
accelerometry. This may have introduced exposure
misclassification if pollution levels during the accel-
erometer week differed from the longer-term average.
Third, there was potential spatial mismatch because
children’s physical activity may have occurred outside
the residential neighbourhood, including at school,
during travel, or in other neighbourhoods. Residen-
tial CO exposure may therefore not fully represent the
pollution exposure experienced during the week of
physical activity monitoring. Fourth, the models did
not include several potentially important confound-
ers, including urban/rural location, season, weather,
parental education, parental physical activity, car
ownership, school distance, neighbourhood walk-
ability, traffic density, housing density, or area-level
deprivation. These omitted factors may explain part
of the observed association between CO exposure and
physical activity. Fifth, the complete-case analysis may
have introduced selection bias. Children with valid
accelerometer data and complete covariate informa-
tion may differ from those excluded in ways related
to physical activity, socio-economic circumstances,
ethnicity, or residential environment. Although sur-
vey and non-response weights were applied, these may
not fully account for all differences between included
and excluded participants [16, 17]. Sixth, dichotomis-
ing CO exposure into “less polluted” and “more pol-
luted” halves improved interpretability but may have
reduced information and obscured dose-response
patterns across the original deciles. Future research
could examine pollutant exposure using more granu-
lar categories or continuous exposure measures where
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available. Finally, awareness of wearing an accelerom-
eter may have affected recorded physical activity lev-
els overall. However, there is no clear reason to expect
this reactivity to differ systematically by residential CO
exposure category. Therefore, this issue is likely to be
less important for the exposure-outcome association
than the temporal and spatial exposure limitations
described above.

Conclusion

This study examined the cross-sectional association
between residential carbon monoxide exposure, objec-
tively measured physical activity, and preference for
outdoor sports and games among 7-year-old children
in the UK Millennium Cohort Study. Higher residen-
tial CO exposure was modestly associated with higher
total steps and slightly higher odds of reporting a pref-
erence for outdoor sports and games. However, these
findings should be interpreted cautiously. The adjusted
model explained only a small proportion of the varia-
tion in total steps, and the observed associations may
reflect residual confounding by urbanicity, neighbour-
hood walkability, school travel, traffic density, housing
density, deprivation, family characteristics, or other
contextual factors not captured in the analysis.

The findings do not suggest that CO exposure pro-
motes physical activity. Rather, they highlight the
complexity of examining children’s physical activity
in relation to environmental exposures using cross-
sectional data. Future studies should examine multi-
ple pollutants, use more temporally aligned exposure
and activity data, and include richer measures of the
built environment, school travel, weather, parental
behaviours, household characteristics, and area-level
deprivation. This would help clarify whether observed
associations reflect pollutant exposure itself or the
broader social and environmental contexts in which
children live.

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/512889-026-28149-8.

[ Supplementary Material 1. J

Acknowledgements

I, Mona, would like to express my sincere gratitude to my supervisor,
Professor Nicola Shelton, for her exceptional mentorship and unwavering
support throughout the course of this research. Her insightful guidance,
academic expertise, and continual encouragement were instrumental
during the challenging yet deeply rewarding process of completing this
dissertation. | am especially appreciative of her openness to my research
ideas and her thoughtful feedback, which consistently helped refine and
strengthen the project. In addition, | would like to extend my heartfelt thanks
to Celine Tabche for her outstanding mentorship and invaluable support
in the process of preparing and submitting this paper for publication. Her
generous commitment of time, insightful editorial guidance, and genuine


https://doi.org/10.1186/s12889-026-28149-8
https://doi.org/10.1186/s12889-026-28149-8

Kuroiwa et al. BMC Public Health (2026) 26:2824

encouragement played a pivotal role in translating this research into
publishable work. Her expertise and dedication significantly enriched this
paper, and | am truly grateful for the opportunity to work closely with her.

Authors’ contributions

MK: Data validation, data analysis, and writing initial draft. HWM & JP: Data
collection, validation, and analysis. CT: Final manuscript writing, editing and
reviewing. NS: Supervising, conceptualisation, editing, and reviewing the initial
draft.

Funding
No funding was provided to conduct this study.

Data availability

This study utilises secondary data from the Millennium Cohort Study (MCS),
including the core MCS dataset and a derived dataset, Millennium Cohort
Study, Sweeps 1-6, 2001-2015: Linked to MEDIx Air Pollution Deciles, which is
available through the UK Data Service.

Declarations

Ethics approval and consent to participate

This study utilises secondary data from the Millennium Cohort Study (MCS),
including the core MCS dataset and a derived dataset, Millennium Cohort
Study, Sweeps 1-6, 2001-2015: Linked to MEDIx Air Pollution Deciles, which is
available through the UK Data Service. Ethics approval for the primary MCS4
data collection was granted by the Northern and Yorkshire Research Ethics
Committee (REC number: 07/MRE03/32). The MCS4 main stage accelerometer
study was reviewed by both the Northern and Yorkshire REC (REC number:
07/MRE03/32) and the UCL Ethics Committee (REC number: 1325/002).
Additionally, written informed consent was obtained from respondents’
parents for both them and their children.

Competing interests
The authors declare no competing interests.

Author details

'School of Public Health, Imperial College London, London, UK
’Department of Behavioural Science & Health, University College London,
London, UK

*Department of Epidemiology and Public Health, University College
London, London, UK

“Population Health Sciences, University College London, London, UK

Received: 14 May 2025 / Accepted: 9 June 2026
Published online: 27 June 2026

References

1. Hankey S, Marshall JD, Brauer M. Health impacts of the built environment:
within-urban variability in physical inactivity, air pollution, and ischemic heart
disease mortality. Environ Health Perspect. 2012;120(2):247. https://doi.org/1
0.1289/EHP.1103806.

2. Hesketh KR, et al. Activity behaviors in British 6-year-olds: cross-sectional
associations and longitudinal change during the school transition. J Phys Act
Health. 2022;19(8):558-65. https://doi.org/10.1123/JPAH.2021-0718.

3. Rich C et al. Quality control methods in accelerometer data processing:
defining minimum wear time. PLoS ONE. 2013;8(6):67206. https://doi.org/10
.1371/JOURNAL.PONE.0067206.

4. Mollborn S, et al. Health lifestyles in early childhood. J Health Social Behav.
2014,55(4):386. https://doi.org/10.1177/0022146514555981.

5. Hahad O, et al.Physical activity in polluted air—net benefit or harm to
cardiovascular health? A comprehensive review, Antioxidants. 2021;10(11).
https://doi.org/10.3390/ANTIOX10111787.

6. Cakmaks, et al. The influence of air pollution on cardiovascular and pul-
monary function and exercise capacity: Canadian Health Measures Survey
(CHMS). Environ Res. 2011;111(8):1309-12. https://doi.org/10.1016/J.ENVRES.
2011.09.016.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 10 of 11

Cutrufello PT, et al. Inhaled whole exhaust and its effect on exercise perfor-
mance and vascular function. Inhal Toxicol. 2011;23(11):658-67. https://doi.or
9/10.3109/08958378.2011.604106.

Tainio M, et al. Air pollution, physical activity and health: A mapping review of
the evidence. Environ Intern. 2021;147:105954. https://doi.org/10.1016/J.ENVI
NT.2020.105954.

Yu H, Zhang H. Impact of ambient air pollution on physical activity and
sedentary behavior in children. BMC Public Health. 2023;23(1):1-10. https://d
0i.0rg/10.1186/512889-023-15269-8/TABLES/4.

Wen, X-J. et al. (2009) ‘Association of self-reported leisure—time physical
inactivity with particulate matter 2.5 air pollution. J Environ Health, 72(1), pp.
40-46. https://go-gale-com.libproxy.ucl.ac.uk/ps/i.do?p=AONE&sw=w&issn=
00220892&v=2.1&it=r&id=GALE%7CA203660235&sid=googleScholar&linkac
cess=fulltext (Accessed: 23 November 2023).

Evans, G.W. and Kantrowitz, E. Socioeconomic status and health: The
potential role of environmental risk exposure. Annual Review Public Health.
2002;23:303-31. Available at: https://doi.org/10.1146/annurev.publhealth.23.
112001.112349.

Wells EM, Dearborn DG, Jackson LW. Activity change in response to bad air
quality, national health and nutrition examination survey, 2007-2010. PLoS
ONE. 2012;7(11):50526. https://doi.org/10.1371/JOURNAL.PONE.0050526.
David Church and Emily Midouhas. MEIX air pollution data at ward level
linked to MCS1 and MCS2. London. 2016. Available at: https://doc.ukdataservi
ce.ac.uk/doc/8153/mrdoc/pdf/data_note_mcs_medix_air_pollution_data.pd
f. Accessed: 26 February 2024.

Joshi H, Fitzsimons E. The Millennium Cohort Study: the making of a multi-
purpose resource for social science and policy. Longitud Life Course Stud.
2016;7(4):409-30. https://doi.org/10.14301/LLCS.V714.410.

Hawkes D, Hughes G, Joshi H. The Millennium Cohort Study: Technical Report
on Sampling 4th Edited by lan Plewis . Centre for Longitudinal Studies. UK
Data Service; 2007. https://doc.ukdataservice.ac.uk/doc/4683/mrdoc/pdf/mc
s_technical_report_on_sampling_4th_edition.pdf.

Griffiths LJ, Cortina Borja M, Sera F, et al. How active are our children? Findings
from the Millennium Cohort Study. BMJ Open. 2013;3:¢002893. https://doi.or
9/10.1136/bmjopen-2013002893.

Mansournia, M.A. and Altman, D.G. Inverse probability weighting; BMJ.
2016;352. https://doi.org/10.1136/BMJ.I189.

Richardson EA, et al.'Developing summary measures of health-related
multiple physical environmental deprivation for epidemiological research’.
2010;42(7):1650-68. https://doi.org/10.1068/a42459.

Shortt NK, et al. Re-engaging with the physical environment: a health-related
environmental classification of the UK. Area. 2011;43(1):76-87. https://doi.org
/10.1111/).1475-4762.2010.00960.X.

DEFRA. Modelled background pollution data- Defra, UK. Department for
Environment, Food and Rural Affairs (Defra), Nobel House, 17 Smith Square,
London SW1P 3JR helpline@defra.gsi.gov.uk. 2024. https://uk-airdefra.gov.uk/
data/pcm-data.

Riddoch CJ, et al. Physical activity levels and patterns of 9- and 15-yr-old
European children. Med Sci Sports Exerc. 2004;36(1):86-92. https://doi.org/10
.1249/01.MSS.0000106174.43932.92.

Riddoch CJ, et al. Objective measurement of levels and patterns of physical
activity. Arch Dis Childhood. 2007;92(11):963-9. https://doi.org/10.1136/ADC.
2006.112136.

MCS. Millennium cohort study sweep 4 questionnaire documentation. UK
Data Service. 2009. https://doc.ukdataservice.ac.uk/doc/6411/mrdoc/pdf/mc
s4_capi_documentation.pdf.

Kimiecik JC, Horn TS. Parental beliefs and children’s moderate-to-vigorous
physical activity. Res Quart Exerc Sport. 1998;69(2):163-75. https://doi.org/10.
1080/02701367.1998.10607681.

Trost SG, Loprinzi PD, (2011) 'Parental influences on physical activity behavior
in children and adolescents: a brief review, 5(2), pp. 171-181. https://doi.org/
10.1177/1559827610387236

Smith L, Panter J, Ogilvie D. Characteristics of the environment and physical
activity in midlife: Findings from UK Biobank. Prevent Med. 2019;118:150-8.
https://doi.org/10.1016/J.YPMED.2018.10.024.

WHO (2024) Air pollution. Available at: https://www.who.int/health-topics/ai
r-pollution#tab=tab_1 (Accessed: 25 Febr 2024).

Melis C, et al. (2020) ‘Norwegian kindergarten children’s knowledge about
the environmental component of sustainable development! Sustainability.
2020;12(19):8037. https://doi.org/10.3390/SU12198037.


https://doi.org/10.1289/EHP.1103806
https://doi.org/10.1289/EHP.1103806
https://doi.org/10.1123/JPAH.2021-0718
https://doi.org/10.1371/JOURNAL.PONE.0067206
https://doi.org/10.1371/JOURNAL.PONE.0067206
https://doi.org/10.1177/0022146514555981
https://doi.org/10.3390/ANTIOX10111787
https://doi.org/10.1016/J.ENVRES.2011.09.016
https://doi.org/10.1016/J.ENVRES.2011.09.016
https://doi.org/10.3109/08958378.2011.604106
https://doi.org/10.3109/08958378.2011.604106
https://doi.org/10.1016/J.ENVINT.2020.105954
https://doi.org/10.1016/J.ENVINT.2020.105954
https://doi.org/10.1186/S12889-023-15269-8/TABLES/4
https://doi.org/10.1186/S12889-023-15269-8/TABLES/4
https://go-gale-com.libproxy.ucl.ac.uk/ps/i.do?p=AONE%26sw=w%26issn=00220892%26v=2.1%26it=r%26id=GALE%7CA203660235%26sid=googleScholar%26linkaccess=fulltext
https://go-gale-com.libproxy.ucl.ac.uk/ps/i.do?p=AONE%26sw=w%26issn=00220892%26v=2.1%26it=r%26id=GALE%7CA203660235%26sid=googleScholar%26linkaccess=fulltext
https://go-gale-com.libproxy.ucl.ac.uk/ps/i.do?p=AONE%26sw=w%26issn=00220892%26v=2.1%26it=r%26id=GALE%7CA203660235%26sid=googleScholar%26linkaccess=fulltext
https://doi.org/10.1146/annurev.publhealth.23.112001.112349
https://doi.org/10.1146/annurev.publhealth.23.112001.112349
https://doi.org/10.1371/JOURNAL.PONE.0050526
https://doc.ukdataservice.ac.uk/doc/8153/mrdoc/pdf/data_note_mcs_medix_air_pollution_data.pdf
https://doc.ukdataservice.ac.uk/doc/8153/mrdoc/pdf/data_note_mcs_medix_air_pollution_data.pdf
https://doc.ukdataservice.ac.uk/doc/8153/mrdoc/pdf/data_note_mcs_medix_air_pollution_data.pdf
https://doi.org/10.14301/LLCS.V7I4.410
https://doc.ukdataservice.ac.uk/doc/4683/mrdoc/pdf/mcs_technical_report_on_sampling_4th_edition.pdf
https://doc.ukdataservice.ac.uk/doc/4683/mrdoc/pdf/mcs_technical_report_on_sampling_4th_edition.pdf
https://doi.org/10.1136/bmjopen-2013002893
https://doi.org/10.1136/bmjopen-2013002893
https://doi.org/10.1136/BMJ.I189
https://doi.org/10.1068/a42459
https://doi.org/10.1111/J.1475-4762.2010.00960.X
https://doi.org/10.1111/J.1475-4762.2010.00960.X
mailto:helpline@defra.gsi.gov.uk
https://uk-air.defra.gov.uk/data/pcm-data
https://uk-air.defra.gov.uk/data/pcm-data
https://doi.org/10.1249/01.MSS.0000106174.43932.92
https://doi.org/10.1249/01.MSS.0000106174.43932.92
https://doi.org/10.1136/ADC.2006.112136
https://doi.org/10.1136/ADC.2006.112136
https://doc.ukdataservice.ac.uk/doc/6411/mrdoc/pdf/mcs4_capi_documentation.pdf
https://doc.ukdataservice.ac.uk/doc/6411/mrdoc/pdf/mcs4_capi_documentation.pdf
https://doi.org/10.1080/02701367.1998.10607681
https://doi.org/10.1080/02701367.1998.10607681
https://doi.org/10.1177/1559827610387236
https://doi.org/10.1177/1559827610387236
https://doi.org/10.1016/J.YPMED.2018.10.024
https://www.who.int/health-topics/air-pollution#tab=tab_1
https://www.who.int/health-topics/air-pollution#tab=tab_1
https://doi.org/10.3390/SU12198037

Kuroiwa et al. BMC Public Health (2026) 26:2824

29.

30.

Telford, RM. et al. (2016) 'Why are girls less physically active than boys? Find-
ings from the LOOK Longitudinal Study, PLoS ONE, 11(3). https://doi.org/10.1
371/JOURNALPONE.0150041

Boxberger K, Reimers AK.'Parental Correlates of outdoor play in boys and
girls aged 0 to 12—a systematic review, Intern J Environ Res Public Health.
2019;16(2). https://doi.org/10.3390/1JERPH16020190.

Batisse E, et al. Socio-economic inequalities in exposure to industrial

air pollution emissions in Quebec public schools. Can J Public Health.
2017;108(6):2503-9. https://doi.org/10.17269/CJPH.108.6166/METRICS.

Page 11 of 11

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1371/JOURNAL.PONE.0150041
https://doi.org/10.1371/JOURNAL.PONE.0150041
https://doi.org/10.3390/IJERPH16020190
https://doi.org/10.17269/CJPH.108.6166/METRICS

	﻿Associations between carbon monoxide exposure, physical activity, and outdoor play preferences among UK children: evidence from the millennium cohort study
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Study sample
	﻿Exposure variables
	﻿Outcome variables
	﻿Control variables
	﻿Statistical analysis

	﻿Results
	﻿Discussion
	﻿Strengths and limitations

	﻿Conclusion
	﻿References


