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Background & objective of the study:

Air pollution is the largest environmental health priority and one of the most prominent risk factors
for ill-health worldwide." Outdoor air pollution research has tended to examine associations with
either gaseous (e.g., Nitrogen oxides — NOy) or particulate matter, defined by the size of material
(e.g., PM2s - particulate matter smaller than 2.5um). Exposure to a variety of pollutants such as
these have been associated with a host of physical health problems, such as cardiovascular or
respiratory ill-health.?2 There is also a growing evidence base for associations with poorer mental
health.*

Addressing mental ill-health is key global health priority as it is one of the leading causes of
disability worldwide.” As between half to three-quarters of individuals with mental disorders have
an age of onset by 18 years of age®°it is crucial to identify risk factors in early life to guide
preventive interventions. Exposure to higher levels of air pollution in childhood is one modifiable
potential risk factor.™

However, substantial questions remain in the literature regarding air pollution exposure and
development of mental health disorders' especially around the mechanistic pathways underlying
these associations.* In prior E-Risk work on this topic, there has been examination of associations
between air pollution exposure and psychotic experiences’? and psychopathology as a continuous
measure'? but only two studies that focused on mental health disorders — one in a small London
sub-sample of the E-Risk Study'# and one in a highly selective risk subsample.’® Such diagnostic
categories can help inform policy action, as despite the commonalities across disorders seen in the
general psychopathology factor ‘p’, services and systems are often designed around categories,
which may mean that more effective communication and action with policymakers and clinicians
may be possible utilising categorical outcomes. Therefore, this study aims to explore associations
between childhood air pollution exposure and diagnosed mental health disorders in the full E-Risk
cohort.

We will focus on specific mental health disorders over larger groupings, such as internalising
disorders, which may obscure specific effects. Specifically, we will examine longitudinal
associations between air pollution at age 10 and major depressive disorder, generalised anxiety
disorder, attention-deficit hyperactivity disorder and conduct disorder at age 18. These disorders
are prevalent in E-Risk,'® and have a high impact in terms of years’ lived with disability worldwide,’
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and for which evidence after air pollution exposure is currently more consistent, such as
depression or anxiety, though with some uncertainty remaining.*> This will also reduce multiple
testing that would occur utilising all available outcome categories.

Though putative mediators exist, such as neuroinflammation# there is limited evidence for any
particular mechanism of action for how air pollution exposure could lead to the development of
mental health disorders in humans. Cognition is one potential mediatory pathway as it is both
associated with prior air pollution exposure,'='® and with subsequent poorer mental health in early
life,20-25 though there is mixed evidence for these associations.?6-28

Exposure to air pollution has several proposed mechanisms of action in the brain.*'"2° Particulate
matter may cross directly via the olfactory nerve or indirectly via pulmonary pathways to the
brain.'” Both PM and gaseous pollutants such as NO, may also trigger systemic inflammatory
processes.'” Secondary processes, like neurodegeneration, oxidative stress or disruption to
cortical networks®® may lead to changes in cognition.*'” However putative physical mechanisms
manifest, these could lead to cognitive outcome changes, such as poorer IQ and working memory.
Deficiencies in these may then lead to increased risk for externalising disorders such as conduct
disorder®' and ADHD,3? possibly through poorer emotional control and increased aggression in
social situations,33 or poorer educational performance.?* For internalising disorders such as
depression and anxiety, similar pathways may exist, such as through poorer academic
achievement.?*

A previous study utilising E-Risk data® found that cognitive ability partly mediated the association
between childhood socioenvironmental adversity (which included air pollution exposure) and
subclinical psychotic phenomena in adolescence. However, no studies to date have explored
whether general and specific aspects of cognition might mediate associations between exposure to
different air pollutants during childhood and a range of mental disorders in early adulthood.

Therefore, our objectives are:

1) To investigate associations between exposure to different air pollutants at age 10 (NOx,
NOy, PM25, PM+o) and four common mental health disorders at age 18 (major depressive
disorder, generalised anxiety disorder, ADHD, conduct disorder).

2) To explore whether overall cognitive ability at age 12 mediates the association between
exposure to each air pollutant at age 10 and each mental health disorder at age 18.

3) To explore whether specific cognitive domains of crystallised ability, fluid ability, and
working memory at age 12 mediate the association between exposure to each air pollutant
at age 10 and each mental health disorder at age 18.

Significance of the study (for theory, research methods or clinical practice):

It is hoped that understanding associations between air pollution and mental health disorders can
help policy makers and health service providers make informed decisions on air pollution reduction
plans and subsequent expected improvements in mental health for young people. Further
assessment of mediatory pathways could provide understanding on how reduction in air pollution
might have an ongoing benefit, where reduction in exposure could improve mental health disorders
and 1Q / working memory in this age range. It may also indicate potential targets for preventive
interventions where exposure to high levels of air pollution cannot be avoided.

Data analysis methods:

We will utilise STATA 18.0 MP. We will consider the level of missingness in the data. If missing
data can be predicted by observed data and it is likely missing at random, we will utilise multiple
imputation through chained equations to impute missing data for covariates only. Analyses will
initially be conducted without any covariates and then re-run including assigned sex at birth, family
socioeconomic status (SES) (assessed at age 5), neighbourhood deprivation (averaged across
ages 5-10), family psychiatric history (assessed at age 12) and tobacco smoking up to 18 years of
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age. Note, prior to analysis, the air pollutants will be rescaled to interquartile range increments, to
facilitate comparison of statistical effect sizes across air pollutants with different absolute
concentration ranges.

Our main analyses will assess:

1) That higher air pollution exposure at age 10 is associated with higher odds of mental
health disorders at age 18

We will separately test the associations between NO», NOy, PM2sand PMjo at age 10 with each
diagnostic outcome of generalised anxiety disorder, major depressive disorder, conduct disorder,
and attention-deficit hyperactivity disorder at age 18 using binary logistic regression and taking into
account the non-independence of data obtained from twins by use of the CLUSTER command. We
will report associated odds ratios (OR) and 95% confidence intervals (Cls), representing the
increased odds for a disorder per IQR increase in exposure.

2) That statistically significant adjusted associations between higher air pollution exposure
at age 10 and mental health disorders at age 18 (p<0.05) are partially mediated by cognitive
ability total score at age 12

Statistically significant adjusted associations (at p<0.05) between each pollutant and mental health
disorder (generalised anxiety disorder, major depressive disorder, conduct disorder, and attention-
deficit hyperactivity disorder) will be taken forward to the mediation analysis. We will test the
associations between each pollutant at age 10 and mental disorders at age 18 with overall
cognitive ability scores (IQ) at age 12 as a single mediator (Figure 1).

We will utilise a generalised parametric structural equation modelling approach, which is a
statistical technique to test different pathways of the effect of pollutants’ exposure on mental health
disorders (gsem package in Stata version 18.0 MP), and will allow for us to account for the non-
independence of data obtained from twins.

We will use gsem to partition the total effect (TE) of each relevant pollutant at age 10 on each
relevant mental health disorder at age 18 into the natural direct effect (NDE) (the effects not
mediated via overall cognitive ability score) and the natural indirect effect (NIE) (the effects
mediated via overall cognitive ability score). We will report the proportion of the effect mediated by
overall cognitive ability (NIE/[NDE + NIE]). We will estimate these using bootstrapping (with 500
replications) to recover the correct SEs for direct and indirect effects. We will report associated
odds ratios (OR) and 95% confidence intervals (Cls), representing the increased odds for a
disorder per IQR increase in exposure. Statistical significance will be set a priori at p < 0.05.

3) That statistically significant adjusted associations between higher air pollution exposure
at age 10 and mental health disorders at age 18 (p<0.05) are partially mediated by cognitive
ability sub-domains (crystallised ability, fluid ability, and working memory) at age 12

We will use a multiple mediator model following a two-step procedure (Figure 2):

a) First step: We will first test the associations between each pollutant at age 10 and multiple
continuous mediators of cognitive ability subdomains (crystallised ability, fluid ability, and working
memory) at age 12 with the use of linear regression models. We a priori define a p-value lower
than 0.15 to select appropriate mediators to include in our final mediation analyses.3 Multiple
mediators require independence from each other, so we will test independence by examining
partial correlations between our mediators after accounting for the non-independence of data
obtained from twins.

b) Second step: We will assess correlation between the subdomains of cognition included from the
first step. If there is a correlation coefficient of 0.7 or greater between any two subdomains, then
we will examine each subdomain as mediators in step three in independent models. If all
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coefficients are below 0.7, we will proceed as follows, with an additional sensitivity analysis to
examine each subdomain as a separate mediator.

¢) Third step: We will use a generalised parametric structural equation modelling approach. We will
estimate the total effect through estimating the NIE and NDE of the effect of pollutant exposure on
generalised anxiety disorder, major depressive disorder, conduct disorder, and attention-deficit
hyperactivity disorder. The NDE represents the effect of pollutant exposure on mental health
disorders that was independent of crystallised ability, fluid ability, and working memory. The NIE
represents the proportion of the pollutant exposure that could be explained by its effect with
changes in crystallised ability, fluid ability, and working memory.

As above, to quantify the magnitude of mediation, we will report the proportion of the total effect
(TE) mediated by crystallised ability, fluid ability, and working memory (NIE/[NDE + NIE]). We will
estimate using bootstrapping (500 replications) to recover the correct SEs for direct and indirect
effects. We will report associated odds ratios (OR) and 95% confidence intervals (Cls),
representing the increased odds for a disorder per IQR increase in exposure. Statistical
significance will be set a priori at p < 0.05 with no adjustment for multiple testing.

Sensitivity analyses:

Following prior E-Risk air pollution analyses, we will conduct four sensitivity analyses.'>'3 To
address the high correlation between pollutants, we will re-run full model analyses utilising one
gaseous and one particulate exposure. To assess the role of the highest levels of exposure, we will
re-run full model analyses after dichotomising air pollution exposure into the top quartile vs the
bottom three quartiles. To assess the role that moving address can have on air pollution exposure,
we will repeat analysis after removing participants who moved before age 10, or between age 10
and 18. Lastly, to assess unmeasured confounding for the main association (objective 1), we will
calculate and report the E-value, a statistical reporting of the strength of any unmeasured
confounding.?”

We will, conditional on step two of hypothesis 3, conduct an additional sensitivity analysis reporting
the magnitude of mediation using each cognitive subdomain as a mediator in its own model, with
the same reporting as in step three of hypothesis 3.

Assigned sex at birth Overall cognitive ability
(age 12) \
/ - = Tobacco smoking
~ (up to age 18)
Air pollution Mental health disorders
(age 10) (age 18)
Family SES
(age 5)
Neighbourhood SES . —
(age 5-10) Family psychiatric history
(age 12)

Figure 1 Directed Acyclic Graph for exposure, outcome, mediators and confounders proposed in this study for objective 2.. Green
square = exposure, blue square = outcome, yellow square = mediator and red square = confounding variables. Blue lines represent
the natural indirect effect, and green line represents the natural direct effect of air pollution exposure on mental health disorders.
Grey lines represent confounding associations. SES = Socio-economic status
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(age 10) (age 18)

Family SES
(age 5)

Neighbourhood SES

(age 5-10) Family psychiatric history

(age 12)

Figure 2 Directed Acyclic Graph for exposure, outcome, mediators and confounders proposed in this study for objective 3. Green
square = exposure, blue square = outcome, yellow square = mediator and red square = confounding variables. Blue lines represent
the natural indirect effect, and green line represents the natural direct effect of air pollution exposure on mental health disorders.
Grey lines represent confounding associations. SES = Socio-economic status.

Variables needed and at which ages:

Age 5

FAMILYID Unique family identifier
ATWINID Twin A ID (ex chkdg)
BTWINID Twin B ID (ex chkdg)
RORDERP5 Random Twin Order
RISKS Sample Groups
COHORT Cohort

SAMPSEX Sex of Twins: In sample
ZYGOSITY Zygosity

SESWQ35 Social Class Composite

P5CACORNCategory Acorn Category at Age 5 based on 2001 CENSUS
Age 7

P7CACORNCategory Acorn Category at Age 7 based on 2001 CENSUS
Age 10

Home NO2_ P10 Nitrogen dioxide (ug/m?®) - Home address - P10
Home_NOX_P10 Nitrogen oxide (ug/m?) - Home address - P10
Home_PM25 P10 Particulate matter 2.5 (ug/m?) - Home address - P10
Home PM10_P10 Particulate matter 10 (ug/m?3) - Home - P10

P10CACORNCategory Acorn Category at Age 10 based on 2001 CENSUS
NMOVEL510 Number of residence changes 5 to 10, LHC

Age 12

FSIQ12E_STD Standardised values of fsig12e, m(100) sd(15) — Elder
MRE_SS12 Matrix Reasoning Scaled Score, 12E

INFE_SS12 Information Scaled Score, 12E
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DSE_SS12 Digit Span Scaled Score, 12E
FHANYPM12 Proportion of family members with valid data with any psychiatric disorder
LC5M12 N changes of address — since age 10
Age 18
DXMDEE18 Major depressive episode, dsm4 — P18 — Elder
DXGADE18 Gen Anxiety Disorder, dsm4_based - P18 — Elder
DXADHD5X_18E DSM-5 ADHD Dx (based on >=5 Symp) [incl 4 NEET & meds] - P18 - ET
CDMODE18 Moderate Conduct Disorder (>=5 count) - P18 - Elder
SMKDLYE18 Ever a daily smoker, elder

NEIGBRHDE1218  Neighbourhood address across phases 12 and 18 — Elder
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