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Abstract

1. Inflammation is one of the suggested pathways linking exposure to neighbour-
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hood air pollution and greenspace to psychological distress. Yet, inflammation has
Correspondence not been tested formally as a mediating factor in an adult human sample.
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Email: emily.midouhas@ucl.ac.uk 2. Using data from 6813 adults participating in Understanding Society, the present

L . study examines longitudinally the joint role of the two neighbourhood-level ex-
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Handling Editor: Ricardo Correia concentrations of nitrogen dioxide and availability of greenspace in participants'
neighbourhoods across England and Wales were examined. Psychological dis-
tress was measured with the General Health Questionnaire. Inflammation was
assessed with C-reactive protein and fibrinogen.

3. A structural equation model path analysis showed that, in fully adjusted models,
an increase in the amount of greenspace in one's neighbourhood was related to
lower psychological distress 4years later, but inflammation did not mediate this
relationship.

4. Neighbourhood-level air pollution, specifically nitrogen dioxide, was not associ-

ated with psychological distress.
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1 | INTRODUCTION

neighbourhood play in mental health and well-being. Air pollution

and greenspace are two aspects of the neighbourhood physical en-

The neighbourhood effects literature has paid much attention
to the link between the neighbourhood social environment and
adult psychological distress, with most studies exploring the role
of neighbourhood deprivation or disadvantage (Mair et al., 2008;
Paczkowski & Galea, 2010). A small but growing number of longitu-
dinal studies shows that the accumulation of deprivation exposure
across the life course has adverse effects on later mental health
(Jivraj et al., 2020). In the past two decades, researchers have also

been interested in the role that physical factors of the residential

vironment that have been associated with elevated and lower adult
psychological distress respectively (Braithwaite et al., 2019; Buoli
et al., 2018; Collins et al., 2020; Feng & Astell-Burt, 2018; Pinault
et al., 2020; Sass et al., 2017; Wang et al., 2019; Wendelboe-Nelson
et al.,, 2019). Several systematic review and meta-analysis studies
on the relationship between air pollution and mental health prob-
lems (including depression, anxiety and suicidal ideation) have been
published (Braithwaite et al., 2019; Fan et al., 2020; Liu et al., 2021;
Trushna et al., 2021; Zeng et al., 2019). Overall, these reviews have
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purported mixed findings, with the most consistent evidence for the
role of exposure to particulate matter (i.e. PM, . and PM,) in de-
pressive symptoms. There also is some evidence for a link between
particulate matter and suicidal ideation (Braithwaite et al., 2019;
Liu et al., 2021), and for an association between nitrogen dioxide
(NO,) and depression (Braithwaite et al., 2019; Liu et al., 2021).
The evidence for a link between air pollution and anxiety is mixed,;
some studies suggest a positive link (Braithwaite et al., 2019) and
some studies suggest a negative relationship (Trushna et al., 2021).
With regard to greenspace, cross-sectional and longitudinal studies
have found associations with several aspects of mental health and
well-being in adults, including higher life satisfaction, reduced mental
distress, better self-rated mental health, lower perceived stress and
lower levels of depression and anxiety (Collins et al., 2020; Crouse
et al., 2021; Gascon et al., 2015; Houlden et al., 2018; Wendelboe-
Nelson et al., 2019). However, although air pollution and greenspace
both seem to be associated with psychological distress, they have
rarely been measured simultaneously.

Greenspace and air pollution tend to be spatially, inversely re-
lated (Hystad et al., 2014; Thiering et al., 2016). Higher levels of
greenspace are typically related to lower levels of air pollution be-
cause where there is more greenspace, there is less traffic which, in
turn, is associated with lower levels of traffic-related air pollution.
Similarly, where there are more roads and more traffic, there is less
greenspace but more traffic-related air pollution. This means that
there is a systematic, inverse relationship between greenspace and
air pollution. Nonetheless, most studies to date investigated the role
of either greenspace or air pollution but not of both exposures to-
gether. This means that findings for each exposure may be biased
because studies did not account for potential confounding by the
other exposure (Klompmaker et al., 2019; Tzivian et al., 2015). A
positive effect of greenspace may be explained by lower levels of
air pollution; similarly, a negative effect of air pollution may be ex-
plained by lower levels of greenspace. This problem has also been
identified by Klompmaker et al. (2019) who investigated the asso-
ciations of greenspace, air pollution and traffic noise with mental
health in a large sample of Dutch adults, using single- and multi-ex-
posure models. Indicators of mental health were psychological dis-
tress, and prescriptions of anxiolytics, hypnotics and sedatives, and
antidepressants. In single-exposure models, the researchers found
associations of both greenspace and air pollution with mental health.
In multi-exposure models, these associations remained but were
attenuated. The researchers concluded that single-exposure mod-
els may overestimate the influence of a given exposure on mental
health, highlighting the importance of simultaneously investigating
the role of spatially correlated exposures. In a recent study, Crouse
et al. (2021) assessed the association of residential greenness with
mental health in a large Canadian sample. Indicators of mental health
were self-reported perceptions of life stress, psychological distress
and self-rated mental health. They found that, across all participants,
more greenness was associated with lower odds of poor self-rated
mental health. However, the association of greenness with psy-
chological distress depended on the level of urbanicity. A negative

association of greenness with psychological distress was only found
for adults who lived in the active core of cities (not in suburban
areas). Although not part of the main analysis, the researchers as-
sessed the role of air pollution in a sensitivity analysis. Adjusting for
air pollution did not change their results substantially. Additionally,
Mueller et al. (2019) investigated the role of air pollution and green-
space, simultaneously and alongside subjective area perceptions, in
the mental health of more than 3000 adolescents from the United
Kingdom. The researchers did not find an association of either
greenspace or air pollution with mental health. Although this study
used data on adolescents, not adults, it assessed the simultaneous
impact of air pollution and greenspace on mental health, and it used
the same data sources as our study (i.e. Understanding Society, the
Multiple Environmental Deprivation Index and air pollution esti-
mates from Mukhopadhyay and Sahu (2018)).

Studying the relationship between physical environment and
health comes with the question about underlying mechanisms. Both
air pollution and greenspace are linked to health via complex and inter-
twined pathways. The main way in which air pollution is meant to play
a role in mental health is by its effect on the central nervous system
(CNS; Buoli et al., 2018). Indeed, air pollution not only affects human
respiratory and cardiovascular systems but virtually every cell in the
human body. Pollutants enter the lung, enter the blood stream and
travel through the whole of the human body, affecting every organ,
including the CNS (Schraufnagel et al., 2019). Here they cause inflam-
mation, oxidative stress and changes in the blood-brain barrier, and
these effects are thought to be related to neurodevelopmental and
neurodegenerative diseases (Block & Calderon-Garciduenas, 2009;
Brockmeyer & D'Angiulli, 2016; Costa et al., 2020; Genc et al., 2012).
It has been suggested that the effect of air pollution on the CNS me-
diates the effect of air pollution on mental health. However, although
the link between air pollution and inflammation is supported by
the evidence (Chaparro et al., 2018; Chuang et al., 2007; Dadvand
et al., 2014; Midouhas et al., 2019; Mostafavi et al., 2015; Pekkanen
et al., 2000), the subsequent link between inflammation and mental
health is not well studied. Although inflammation has already been
linked to depression (Gimeno et al., 2009; Howren et al., 2009; Rook
et al.,, 2013), to the best of our knowledge, this is the first study to
investigate the mediating role of inflammation in the link between air
pollution and psychological distress in adults.

Several pathways have been suggested that may link greenspace
to mental health. These can be distinguished into ‘reducing harm’ (mit-
igation), ‘restoring capacities’ (restoration) and ‘building capacities’
(instoration), as proposed by Markevych et al. (2017). For example,
greenspace may ‘reduce harm’ by lessening exposure to environmen-
tal stressors; ‘restore capacities’ by helping people to replenish their
cognitive resources and to recover from stress; and ‘build capacities’
by promoting physical activity and social interactions. All these effects
of greenspace are, in turn, associated positively with health (Hartig
et al., 2014; Markevych et al., 2017). Although the evidence is not
yet conclusive, the three pathways above have been tested repeatedly
(Zhang et al., 2021). Another way in which greenspace may have a
positive effect on mental health is via reduced levels of inflammation.
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This is a plausible biological pathway that complements the psycho-
logical pathways described above. Exposure to a variety of microbes
(including bacteria and fungi) that are found in natural areas is thought
to reduce inflammation and to have immunoregulatory benefits (Rook
et al., 2013, 2014). In addition to this direct effect, inflammation may
also be reduced indirectly through reduced stress and increased phys-
ical activity (two of the pathways mentioned above). Both acute and
chronic psychological stress have been linked to increased levels of
inflammation (Black, 2002; Marsland et al., 2017; Rohleder, 2014;
Steptoe et al., 2007), whereas regular engagement in physical ac-
tivity has been linked to decreased levels of inflammation (Hamer
et al., 2012; Kasapis & Thompson, 2005). This makes neighbourhood
greenspace a promising factor for reducing levels of inflammation,
both directly and indirectly. Yet, as for air pollution, the mediating role
of inflammation in the link between greenspace and mental health
is not well studied. However, Midouhas et al. (2019), also using data
from Understanding Society, as in the present paper, examined the
joint contributions of the amount of air pollution and greenspace in a
resident's neighbourhood and later inflammation in adults. They found
a relationship between air pollution levels (specifically nitrogen diox-
ide) and one inflammatory marker, fibrinogen (but not C-reactive pro-
tein), adjusting for greenspace. Greenspace availability did not predict
inflammation levels in that study, suggesting that inflammation may
not mediate its effect on mental health which is shown to be a consis-
tent association in the literature. Moreover, there is research studying
the link between greenspace and cortisol, a biological marker of stress
(Jones et al., 2021; Roe et al., 2013; Ward Thompson et al., 2012).
However, this is the first study to test the mediating role of inflamma-
tion (marked by C-reactive protein and fibrinogen) in the link between
greenspace and psychological distress in adults.

1.1 | The present study

In the present study, we used longitudinal, multi-exposure models to
investigate the joint associations of neighbourhood air pollution and
greenspace with psychological distress in 6813 adults participat-
ing in Understanding Society (a UK longitudinal household study).
We also assessed the mediating role of inflammation in these as-
sociations. This study is an important contribution to the literature,
investigating a novel, biological pathway between the physical envi-
ronment and mental health.

2 | METHODS
2.1 | Studysample

Understanding Society is a longitudinal study tracking annually around
40,000 households (at wave 1) in the United Kingdom. Its sample com-
prises the larger general population sample (GPS; a stratified clustered
random household sample recruited in 2009-2011 [wave 1]) and three
further samples: the Ethnic Minority Boost Sample, the former British

Household Panel Survey (BHPS) sample and the Immigrant and Ethnic
Minority Boost Sample. Data are available for 12 waves of interviews
thus far (2009-2020) and we used data from waves 1-4 (spanning 2009 -
2014). We include biomarker measures in our study including C-reactive
protein (CRP), fibrinogen and body mass index. These were taken during
a nurse visit after either the main wave 2 interview (2010-2012; GPS
participants) or the main wave 3 interview (2011-2013; BHPS partici-
pants; McFall et al., 2014). To be eligible to take part in the nurse visit,
individuals had to have: (1) taken part in the main interview, (2) been
aged 16+ years, (3) lived in any of the four UK countries (England, Wales,
Scotland and Northern Ireland) and (4) not been pregnant. More infor-
mation about the sampling and survey timeline are found here: https:/
www.understandingsociety.ac.uk/documentation/.

Our analytic sample (n=6813) included individuals aged 21+ years
(ages ranged 21-102) who took part in the biomarker measurement at
wave 2 or 3, had both fibrinogen and CRP data, were living in England/
Wales at both wave 1 and wave 2 or 3, had data on air pollution at
both wave 1 and wave 2 or 3, had valid data on psychological distress
at wave 4 and had complete data on all covariates (n=6813). As our air
pollution data for small areas was for England and Wales, our sample
comprised individuals living in those countries. In our analytic sample,
2962 (44%) participants were male and 3851 (56%) were female.

2.2 | Ethics

Understanding Society gained ethical approved from the University
of Essex Ethics Committee and the National Research Ethics Service.
Participants gave oral or written consent to participate.

2.3 | Measures

2.3.1 | Psychological distress at wave 4
(2012-2014)

The General Health Questionnaire-12 (GHQ; Goldberg, 1972), a 12-
item self-report measure for minor psychiatric disorders, was used to
measure psychological distress. The GHQ is able to identify changes in
typical functioning and caseness, the likelihood of the individual hav-
ing a minor psychiatric disorder. The items measure the inability to
carry out everyday activities and the appearance of new and distress-
ing symptoms. Additionally, they capture depression, feelings of strain,
inability to cope, anxiety-driven insomnia and low confidence. Each
frequency item (with a 4-point rating scale) asks whether the partici-
pant has recently experienced a certain symptom or behaviour. We
converted answers to the 12 items to a scale by recoding1 the scale for
individual items (O to 3 instead of 1 to 4), and then summing the 12

1The GHQ-12 scale recoding from 1-4 to 0-3 respectively is a standardized approach
used by Understanding Society to aid in interpretation by allowing participants to have a
score of 0. This is a rescaling along a continuum. Therefore, no information is lost and the
scale maintains its validity.
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answers, giving a scale ranging from O (the least distressed) to 36 (the
most distressed; Cox et al., 1987).

2.3.2 | Inflammatory markers at wave 2 (2010-
2012) or 3 (2011-2013)

Fibrinogen was analysed from citrate plasma samples using a modifi-
cation of the Clauss thrombin clotting method on the IL-ACS-TOPS
analyser. Intra- and inter-assay coefficients of variation were <7%.
Fibrinogen was treated as a continuous variable given there are no
established clinical thresholds. It was log-transformed for analyses
due to its skewed distribution.

C-reactive protein was analysed from serum using the N latex CRP
mono assay on the Behring Nephelometer Il Analyzer (Dade Behring,
Milton Keynes, UK). Intra- and inter-assay coefficients of variation
were less than 2%. Systemic inflammation is defined as CRP>3mg/L
levels. Participants with CRP levels higher than 10mg/L (5.6% of the
analytic sample), typically due to infection, were left out of the sample.

CRP was log-transformed and used as a continuous variable.

2.3.3 | Neighbourhood air pollution and greenspace
at wave 1 (2009-2011)

Neighbourhood air pollution was measured with modelled estimates of
annual concentrations of nitrogen dioxide (NO,) in micrograms per cubic
metre of air (pg/m3). Estimates were for Lower Layer Super Output Areas
(LSOAs) where study members lived in England and Wales
(Mukhopadhyay & Sahu, 2018) from 2009 to 2011. LSOAs are built from
Output Areas (the smallest standard areas of UK geography) and, on av-
erage, include about 600 homes and 1500 residents. Mukhopadhyay
and Sahu (2018) modelled air pollution data collected from the 144 ac-
tive Automatic Urban and Rural Network (AURN) stations in England and
Wales. AURN is the UK's largest automatic monitoring network and is
the main network used for compliance reporting against the Ambient Air
Quality Directives (http:/uk-air.defra.gov.uk/networks). The best geo-
statistical model obtained by Mukhopadhyay and Sahu (2018) was used
to predict NO, at the corners of 1-km grid-squares covering England and
Wales. These data were used to obtain NO, concentration estimates at
LSOA level.? A 1-unit increase in NO, is anincrease of 1 pg/m?>. Note that
neighbourhood air pollution was fixed for a given location over the time
observed but could vary between waves if the cohort member moved.?

This is true for all of our neighbourhood variables.

2For each LSOA, Mukhopadhyay and Sahu (2018) identified the grid cells' corners that
fall inside that LSOA. They then took simple averages to arrive at the LSOA level
estimates. To obtain uncertainty of the estimates they used the Markov chain Monte
Carlo (MCMC) output at each of the grid corners falling within a particular LSOA. MCMC
methods, being iterative, produce LSOA aggregated estimates of a particular pollution
level at each of its iteration. Those iterative estimates were then used to obtain an
estimate of the uncertainty of each LSOA-level estimate of exposure to air pollution.
3NO2 estimates at waves 1 and 2/3 are correlated at 0.82. Therefore this suggests that
the level of air pollution exposure is stable across the first 3years of the study.

Neighbourhood greenspace was captured using data from the
Multiple Environmental Deprivation Index (MEDIx; http://cresh.
org.uk/cresh-themes/environmental-deprivation/medix-and-medcl
ass/). The MEDIx is an ordered measure of physical environment
deprivation which represents the balance of pathogenic and saluto-
genic characteristics in a ward (Richardson et al., 2010). The MEDIx
measures the amount of greenspace across the United Kingdom at
ward level. Electoral wards are the key building block of UK elec-
toral geography and typically have around 5500 residents (http://
www.ons.gov.uk/ons/guide-method/geography/beginner-s-guide/
administrative/england/electoral-wards-divisions/index.html).
The amount of greenspace was measured by combining data from
the Coordination of Information on the Environment (CORINE;
EEA, 2000) and the 2001 Generalised Land Use Database (GLUD;
Office of the Deputy Prime Minister, 2001). CORINE is a land cover
dataset from 2000 for the whole of the United Kingdom, derived
from remotely sensed satellite imagery. It does not capture small
green spaces (the smallest area mapped in the United Kingdom was
roughly 1ha). Thus, it is only sensitive to larger green spaces (e.g.
parks). GLUD categorises land use at high geographical resolution
(England only) into nine categories: greenspace, domestic gardens,
fresh water, domestic buildings, non-domestic buildings, roads,
paths, railways and other. GLUD estimates include all vegetated
areas larger than 5m? in an area (except for domestic gardens), re-
gardless of their accessibility (public or private). CORINE and GLUD
were combined to create estimates of the amount of greenspace
for each ward in the United Kingdom (Richardson & Mitchell, 2010;
https://cresh.org.uk/cresh-themes/green-spaces-and-health/ward-
level-green-space-estimates/). An increase in 1 unit of greenspace
is equivalent to an increase in one percentage point of greenspace.
In our analytic sample in England and Wales (covering both urban
and rural areas), the percentage of greenspace per ward ranges
11%-97%.

2.34 | Covariates

We adjusted for a range of covariates to reduce possible con-
founding as well as biases associated with neighbourhood selec-
tive sorting. These were neighbourhood deprivation, urbanicity
and noise from neighbours, age in years when inflammation was
measured (at waves 2/3), sex, individual and household socio-
economic factors (i.e. degree qualification, marital status, housing
tenure and household composition), and health-related behav-
iours and conditions.

Neighbourhood deprivation at wave 1 was measured with
the Carstairs index from 2011 capturing material deprivation in
LSOAs (Carstairs et al., 1989; Wheeler, 2014). Scores comprise
an unweighted combination of four Census variables: car owner-
ship, unemployment, low social class and overcrowding (Carstairs
et al., 1989). Each variable was standardised (z-scored). The z-scores
for each variable were summed to form a single deprivation score for

a given LSOA. A higher Carstairs score represents more deprivation.
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Urbanicity at wave 1 was measured with a household-level indica-
tor of whether the address lies within urban settlements (i.e. with a
population of 10,000 or more). Noise at wave 3 was measured with
a question to the respondents about whether they experience noise
from neighbours.

Household composition was measured by whether respondents
were living alone or with others and housing tenure was captured by
whether the respondent owned a home or not. Degree status was
measured by whether participants had obtained a university degree
or not and marital status was measured by whether participants were
partnered (married or in civil partnership) or not.

We measured a number of health-related behaviours and con-
ditions. These included body mass index (BMI), alcohol consumption,
smoking status, having a cardiovascular disease (CVD) or diabetes,
having asthma, having bronchitis and having cancer. (Less) alcohol
consumption was measured with the question, ‘How often have
you had an alcoholic drink during the last 12 months?’ with re-
sponses ranging from 1 (weekly) to 4 (never). Smoking status was
based on whether the participant reported being a current, regular
smoker (at least one cigarette per week) rather than a former reg-
ular smoker or having never been a regular smoker. Participants
with a history of cardiovascular diseases or diabetes (self-reported)
had a cardiovascular disease (i.e. angina, heart failure, coronary
heart disease, stroke, heart attack and/or emphysema) or diabe-
tes. We also controlled for having a history of another chronic dis-

ease (asthma, bronchitis or cancer).

2.4 | Analytic strategy

Analyses were performed in Stata 15.0 (StataCorp, 2017) and Mplus
version 8 (Muthén & Muthén, 2017). First, we examined descriptive
statistics of the analytic sample and the correlations between the
main variables of the study. Following that, we conducted a struc-
tural equation model (SEM) path analysis to test the relationship be-
tween the physical environment variables (NO, and greenspace) and
psychological distress. We specified paths for NO, and psychologi-
cal distress and greenspace and psychological distress. We then ad-
justed for neighbourhood, family and child covariates and, finally,
examined the extent to which the observed associations between
NO, and greenspace and psychological distress were mediated by
inflammation. Two models were run—one for each inflammatory
marker, fibrinogen and CRP—testing longitudinal associations (where
the physical environment variables were measured at wave 1, in-
flammation at wave 2 or 3 and psychological distress at wave 4). The
pathway from NO, and greenspace to inflammation was also ad-
justed for neighbourhood deprivation in order to rule out confound-
ing4 by the social environment. All models accounted for the complex
sampling design of Understanding Society. Stratification by

4Urbanicity and noise from neighbours were not significantly correlated with
inflammation (as reported in the results section); otherwise they would have also been
adjusted for.

Government Office region, population density and minority ethnic
density and non-independence of observations resulting from clus-
ter sampling (households within postal sectors; Asparouhov &
Muthen, 2006) were taken into account. To test for mediation in a
path analysis framework, we fitted an explicit test for the indirect
effects of the predictors (NO, and greenspace) via the mediating
variable (inflammatory markers) with bootstrapped bias-corrected
confidence intervals, recommended by MacKinnon (2012) and
Hayes (2017). Bootstrapping confidence intervals involves resam-
pling a single dataset to create multiple simulated samples to calcu-
late the intervals. Additionally, we modelled residual covariances
among independent variables and used full information maximum
likelihood estimation. Given the complex design of Understanding
Society, the Chi-square test of model fit was not available with rep-
licate weights. The value (0.001) of the standardized root mean
squared residual (SRMR), a fit index, was less than the recommended
cut-off value indicating a good fit to the data (<0.08) (Hu &
Bentler, 1999).

3 | RESULTS
3.1 | Descriptive statistics

Table 1 displays the descriptive statistics of all study variables.
Participants in the analytic sample lived in areas with, on average,
54% greenspace. They were exposed to annual mean concentrations
of NO, (37 pg/m3) well above the recently revised legal levels set
by World Health Organisation (reduced to 10 pg/m?® from 40 ug/m?3).
The majority lived in urban areas (78%) and did not experience noise
from their neighbours (80%).

The correlations among area-level variables, inflammatory mark-
ers and psychological distress are shown in Table 2. Higher levels of
NO, were positively related to psychological distress and fibrinogen
and negatively related to greenspace. Greenspace was negatively
related to CRP and psychological distress. Finally, both fibrinogen
and CRP were related to psychological distress. Noise from neigh-
bours and urbanicity were unrelated to the inflammatory markers
and therefore were not adjusted for in the pathways from NO, and
greenspace to inflammation (only in that from NO, and greenspace
to psychological distress). Area deprivation was significantly associ-
ated with both inflammatory markers and therefore was controlled
for in these associations.

3.2 | SEMresults
3.2.1 | Results for fibrinogen

Results from the fully adjusted SEM for fibrinogen (Table 3) show
that NO, at wave 1 did not significantly predict psychological
distress at wave 4. However, NO, predicted increased levels of
fibrinogen (b=0.01, SE=0.006, p<0.05, $=0.031). Greenspace
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TABLE 1 Descriptive statistics of the main variables of the study TABLE 1 (Continued)
(n=6813)—(NO, as continuous raw variable & GHQ caseness)

Categorical
Continuous
n %
UEEL] =1 Bronchitis
Fibrinogen log (g/L) 1.00 0.21 Yes 9 1.3
CRP Iog (mg/L) 0.29 0.91 No 6717 98.7
Psychological distress at wave 4 1.71 3.01 Cancer
NO, (ng/m°) at wave 1 37.00 7.29 Yes 148 19
Greenspace (%) at wave 1 54.29 26.37 No 6665 98.1
A el ailon eve 1L e s U Gl Note: Fibrinogen and CRP are log-transformed. Means and %s are
Higher BMI 24.61 5.78 weighted. Ns are unweighted.
Age 50.33 16.14 Abbreviations: BMI, body mass index; CRP, C-reactive protein; GHQ,
General Health Questionnaire.
Categorical
n % was a significant predictor of psychological distress (b=0.0.01,
Noise from neighbours at wave 3 SE=0.004, p<0.01, p=0.05) even after adjusting for covariates.
Yes 1245 20.0 However, greenspace did not predict increased levels of fibrino-
No 5453 80.0 gen. Furthermore, fibrinogen was not related to psychological
Urbanicity at wave 1 distress.
Urban 5122 779
Rural 1688 22.1
Gender 3.2.2 | Results for CRP
Male 2962 44.6
Female 3851 554 With regard to CRP, in the fully adjusted SEM (Table 4) greenspace
Education (but not NO,) at wave 1 significantly predicted psychological distress
atwave 4 (h=0.01, SE=0.004, p <0.01, f=0.05). Both area NO, and
Degree 2602 37.8 .
greenspace were unrelated to CRP. In contrast to the results for fi-
Other 4207 62.2 N A . X . . .
brinogen, an increase in CRP was associated with an increase in psy-
Marital status . .
chological distress (h=0.15, SE=0.074, p<0.05, 5=0.02).
Partnered 4120 57.3
Not partnered 2693 427
Housing tenure 3.3 | Mediation analysis
Owns house/flat 5301 72.9
Does not own 1504 271 3.3.1 | Results for fibrinogen
Household composition
Living alone 1503 19.6 Fibrinogen did not mediate the relationship between NO, and
Living with people 5310 80.4 psychological distress (indirect effect: b=0.000, SE=0.000, 95%
Current smoker Cl=-0.001,0.001, p=0.000; total effect: b=0.006, SE=0.006, 95%
Yes 1283 20.7 Cl=-0.006, 0.018, p=0.014; direct effect: b=0.006, SE=0.006,
No 5529 79.3 95% Cl=-0.006, 0.018, =0.014). Similarly, fibrinogen did not
Alcohol consumption mediate the relationship between greenspace and psychologi-
H 1 H . — — 0, —
Weekly 3787 501 cal distress (indirect effect: b=0.000, SE=0.000, 95% Cl=0.000,
— . . — — o)
Monthly 900 15.0 0.000, #=0.000; total effect: b=0.004, SE=0.002, p<0.05, 95%
Cl=0.000, 0.008, p=0.037; direct effect: b=0.004, SE=0.002,
Less often than month 1082 18.4 .
p<0.05, 95% Cl=0.000, 0.008, p=0.037). Figure 1 shows all paths
Never 429 7.5 . .
that were tested in this model.
Cardiovascular disease or diabetes
Yes 756 10.0
No 6057 20.0 3.3.2 | Results for CRP
Asthma
Yes 723 10.5 CRP did not mediate the relationship between NO, and psychologi-
No 6090 89.5 cal distress (indirect effect: b=0.000, SE=0.000, 95% Cl=-0.002,
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TABLE 2 Correlations among the main study variables.

1. 2. &, 4. 5. 6 7. 8
1. Fibrinogen log (g/L) at wave 2/3 1
2. CRP log (mg/L) at wave 2/3 0.39*** 1
3. Psychological distress at wave 4 0.03* 0.06*** 1
4.NO, (ng/m°) at wave 1 0.04*** 0.02 0.04** 1
5. Greenspace (%) at wave 1 -0.01 -0.04** -0.03* -0.57*** 1
6. Area deprivation at wave 1 0.06*** 0.11*** 0.11*** 0.36*** -0.42*** 1
7. Noise from neighbours at wave 3 -0.02 -0.01 0.08*** 0.09*** -0.11"** 0.15*** 1
8. Urban area at wave 1 0.00 0.02 0.03** 0.48*** -0.66™** 0.34*** -0.10*** 1

Abbreviation: CRP, C-reactive protein.
*p<0.05; **p<0.01; **p<0.001.

TABLE 3 Fully adjusted model for psychological distress through fibrinogen (N=6813)—(only neighbourhood covariates shown).

Coefficient (SE) Beta 95% CI
Direct paths to psychological distress
1.NO, at wave 1 — psychological distress 0.006 (0.006) 0.014 [-0.006, 0.018]
2. Greenspace at wave 1 — psychological distress 0.004* (0.002) 0.037 [0.000, 0.008]
3. Deprivation at wave 1 — psychological distress 0.026 (0.017) 0.026 [-0.007, 0.60]
4. Noise — psychological distress 0.253* (0.106) 0.034 [0.045,0.462]
5. Urban area at wave 1 — psychological distress 0.106 (0.105) 0.015 [-0.100, 0.311]
6. Fibrinogen — psychological distress 0.045 (0.189) 0.003 [-0.325, 0.415]
Paths to fibrinogen
1.NO, at wave 1 fibrinogen 0.001*** (0.000) 0.050 [0.001, 0.002]
2. Greenspace at wave 1 — fibrinogen 0.000 (0.000) 0.017 [0.000, 0.000]
3. Deprivation at wave 1 — fibrinogen 0.002* (0.001) 0.030 [0.000, 0.004]

*p<0.05; ***p<0.001.

0.000, p=-0.001; total effect: b=0.006, SE=0.006, 95% Cl=-0.015,
0.044, p=0.014; direct effect: b=0.006, SE=0.006, 95% Cl=-0.015,
0.044, p=0.015). Furthermore, there was no mediation by CRP for the
relationship between greenspace and psychological distress (indirect
effect: b=0.000, SE=0.000, 95% CI=0.001, 0.074, 5=0.000; total ef-
fect: b=0.004, SE=0.002, p<0.01, 95% Cl=0.001, 0.073, p=0.037;
direct effect: b=0.004, SE=0.002, p<0.05, 95% Cl=0.001, 0.068,
$=0.037). Figure 2 shows all paths that were tested in this model.

4 | DISCUSSION

Using a UK GPS, this study examined the roles of neighbourhood
air pollution and greenspace in adult psychological distress and
the mediating role of inflammation—a key theorised pathway link-
ing the built environment to mental health. Adjusting for a range of
possible confounders, including area social deprivation, urbanicity
and self-reported noise from neighbours, we found that the amount
of air pollution in one's neighbourhood was unrelated, but that the
amount of greenspace was related to psychological distress. The asso-
ciation of greenspace with psychological distress was not mediated by

inflammation. These findings suggest that higher levels of greenspace
in the neighbourhood may be more important for adult mental health
than lower levels of air pollution, and that the link between greenspace
and psychological distress may be explained by pathways other than
inflammation. However, we need to consider characteristics and limi-

tations of our study that may contribute to our (null-)findings.

4.1 | Air pollution and psychological distress

Overall, our findings are only partly in line with the existing literature.
The null association of air pollution with psychological distress was es-
pecially unexpected. Both short- and long-term exposures of air pol-
lution have been shown to be associated with psychological distress
symptoms and disorders including NO, but there are few looking across
several years of exposure as we do (across 4years). Zeng et al's (2019)
systematic review and meta-analysis found weaker evidence for long-
term (more than a year) NO, exposures being detrimental than shorter-
term ones (less than a month). However, a more recent systematic
review and meta-analysis (Borroni et al., 2022) found evidence for
both longer-term (more than 30days) and shorter-term effects of NO,
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TABLE 4 Fully adjusted model for psychological distress through CRP (N=6813)—(only neighbourhood covariates shown).
Coefficient (SE) Beta 95% CI
Direct paths to psychological distress

1.NO, at wave 1— psychological distress 0.006 (0.006) 0.015 [-0.006, 0.018]

2. Greenspace at wave 1 — psychological distress 0.004* (0.002) 0.037 [0.000, 0.008]

3. Deprivation at wave 1 — psychological distress 0.024 (0.017) 0.024 [-0.009, 0.058]

4. Noise — psychological distress 0.256* (0.106) 0.034 [0.048, 0.465]

5. Urban area at wave 1 — psychological distress 0.106 (0.105) 0.015 [-0.099,0.312]

6. CRP — psychological distress 0.093* (0.040) 0.028 [0.015,0.170]

Paths to CRP

1.NO, at wave 1 —CRP -0.003 (0.002) -0.020 [-0.006, 0.001]

2. Greenspace at wave 1 — CRP 0.000 (0.000) -0.010 [-0.001, 0.001]

3. Deprivation at wave 1 — CRP 0.022*** (0.004) 0.071 [0.013,0.031]
Abbreviation: CRP, C-reactive protein.
*p<0.05; ***p<0.001.

NO,Wl  ~qo———eme
: .——___—“—““““—__:::::: Psychological
Fibrinogen ~ _____-—-——"7 distress w4
> w2/w3 —
/,/// 0.04* /////
Greenspace wl = . - T
S ////

FIGURE 1 SEM and path analysis for Fibrinogen.
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FIGURE 2 SEM and path analysis for C-reactive protein.

Nevertheless, studies have found stronger evidence that PM, another
primary air pollutant, has long-term impacts. In Li et al's (2021) system-
atic review, the authors identified a 2% increase in risk of depression as

Note: ——# =no significant association
—> = significant association

-~ Psychological
M distress w4

Note: ——# =no significant association
— =significant association

a result of ‘short-term’ exposure (defined as exposure within 1 month)
to PM compared to an 18% increase in risk following ‘long-term’ expo-
sure (defined as exposure over a period equal to or greater than 1 year).

FSUBD1T SUOWIWOD dAIIEa1D 3|geal|dde au Aq pausenob ale sapile YO ‘38N Jo sajni Joj AkeiqiT auluQ 43I\ UO (SUO R IPUOI-PUR-SWLRY W0 A3 1M ARe.d 1 BU 1 UO//SMNY) SUORIPUOD pue SWd | Y1 39S " [7202/70/0T] Uo ARig1TauluQ AB|IM 'S901ABS ARiqi TON uopuoabe|jo AsAIUN AQ S9S0T EUed/Z00T OT/I0p/W0d AS | IM A feiq 1 U1 |UO'S feuInosag/sdny wouy pepeojumod ‘T ‘v202 ‘YTE8S.SE



142 PEOPLE BRITIS

MIDOUHAS ET AL.

Additionally, although area deprivation was related to more psychologi-
cal distress in the correlations matrix, in the fully adjusted model it was
not, unexpectedly. Therefore, the deprivation coefficient was likely at-
tenuated by the additional neighbourhood exposures including air pol-
lution and greenspace given the moderate correlations among these
variables presented in the matrix. Moreover, the direct relationship be-
tween deprivation and psychological distress may have been absorbed
by the indirect effect via the inflammatory markers.

Second, although we found an association of air pollution with one
marker of inflammation—fibrinogen—it may take much longer for the
impact of inflammation to be seen on psychological distress symp-
toms. In other words, although exposure to air pollution can have an
effect on inflammation after a relatively short period of time—after
a year (Dadvand et al., 2014; Gao et al., 2020) or even a week (Li
et al., 2017)—this may not directly or immediately translate into an
effect on mental health. Those participants who develop inflammation
as a result of air pollution could exhibit symptoms of depression and
anxiety not after 4 years but at a later point in their lives, not captured
in the present study. Future research might look at psychological dis-
tress several years beyond the 4 years examined here.

Fibrinogen and CRP are both considered to be important for cap-
turing systemic inflammation. CRP has been linked with psycholog-
ical distress in several studies but fibrinogen shows mixed results
in relation to psychological distress (Hamilton et al., 2021). There is
evidence to support CRP as a stable marker of inflammation (Lassale
et al., 2018) and some research shows that fibrinogen may be more
dependent than CRP on individuals' risk profiles including socio-eco-
nomic status and related factors (Hamilton et al., 2021; Ndrepepa
et al., 2014). This supports the fairly weak correlation we found be-
tween the two markers in our study, indicating they are picking up
on different processes and may explain partly the differential find-
ings in the CRP and fibrinogen models.

Finally, one could suspect that levels of air pollution in our
study were too low to affect mental health. Many studies finding
links between air pollution and depression have been conducted
in countries where pollution levels are especially high, such as
Korea (Cho et al., 2014; Lim et al., 2012). The average annual mean
concentration of NO, in our UK sample was 38 pg/m3. This is much
higher than the WHO guideline of an NO, annual mean concentra-
tion of 10 pg/m3 (https://www.who.int/news-room/fact-sheets/
detail/ambient-(outdoor)-air-quality-and-health), so we can as-
sume that the null association of air pollution with psychological
distress is not due to too low levels of air pollution. In other words,
in theory, levels of air pollution in our sample would have been
high enough to affect mental health. Future research might ex-
plore this relationship in a sample living in an urban setting with
higher levels of pollution.

4.2 | Greenspace and psychological distress

Although air pollution was unrelated to psychological distress, the
amount of greenspace in the neighbourhood was associated with

psychological distress 4 years later (in models adjusted for air pol-
lution). This finding is in line with a large body of literature sug-
gesting an association of (neighbourhood) greenspace with (adult)
mental health. Inflammation, our hypothesised pathway, did not
mediate this association. This suggests that other pathways from
greenspace to psychological distress may be more important, such
as reducing ambient noise, restoring directed attention capaci-
ties or promoting physical activity and social interactions (Hartig
et al., 2014; Markevych et al., 2017; Zhang et al., 2021). It is also
possible that a longer period of exposure to greenspace may be
needed to reduce inflammation levels before they can lower de-
pressive symptoms. We also have no knowledge of the extent to
which our participants use greenspace—we only know the amount
of greenspace in their immediate surroundings. There is likely to
be wide variability in views of and experiences with nature, par-
ticularly in urban settings, and these variations may affect the link
between the presence of greenspace and inflammation. For ex-
ample, incidental or passive exposure to greenspace may affect
psychological pathways, such as restoration. However, a different
level of exposure or experience may be necessary to result in ef-
fects on inflammation. One could imagine that a more immersed
experience of greenspace may have a greater physiological effect
(e.g. via changes in the human microbiome), which, in turn, could
reduce inflammation. As a result, future research should aim to
understand whether the amount of time and level of immersion in
greenspace is important. Similarly, different types of greenspace
or greenery are likely to have a different effect on inflammation. As
we used a generic measure of greenspace quantity, we could not
distinguish between different types of greenspace such as parks,
private gardens and greenways. Future research could assess
whether different types of greenspace have different effects on
inflammation. Moreover, understanding whether there are differ-
ences in the exposure effect depending on the amount of greenery
is needed. For example, there may be open spaces (e.g. for sports)
with little or no greenery that can still reduce stress and benefit
psychological health given opportunities for physical activity and
social interaction. Future research should also continue to exam-
ine the reasons why greenspaces can benefit individuals as they
are likely to be complex and multifaceted. In summary, although
we did find a relationship between greenspace and psychological
distress, which may be explained by pathways not assessed in this
study, we did not find a relationship between greenspace and in-
flammation. It is possible that more time, a certain level of engage-
ment or experience, or particular types of greenery are necessary

for greenspace to affect levels of inflammation.

4.3 | Limitations

Our study has a range of limitations. Many of these pertain to our
measures of air pollution and greenspace. First, the greenspace
measure was based on data from 2000 and 2001 and there is a
chance that there were small shifts in greenery between 2000 and
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2009. For example, the Committee on Climate Change reported
a decrease in urban greenspace in England from 63% to 55%
(Committee on Climate Change, 2019) suggesting a small drop in
greenspace in cities due to urbanisation. However, despite a possi-
ble overestimation of the amount of greenery in residential (urban)
areas, a significant association between greenspace and psycho-
logical distress was found. Additionally, an LSOA is a unit of UK
geography that varies in size and shape. As we do not know where
exactly the individual lived in an LSOA, and because the LSOA may
not have captured the individual's actual activity space or subjec-
tive conception of their neighbourhood, exposure misclassifica-
tion must be considered as one of the main limitations of this study
and could explain any null findings. In other words, inferring the
individual's air pollution and greenspace exposure from the LSOA
in which they live may not accurately capture their true exposure.
Relatedly, because long-term exposure may be relevant for the
associations of exposures with inflammation and mental health,
we should note that we did not have information about our sam-
ple's neighbourhood history (prior to 2009). Without these data,
we must assume that individuals of our sample had lived in similar
neighbourhoods with similar levels of air pollution and greenspace
prior to 2009, but this may not always be true. Another limitation
(i.e. common in observational studies of neighbourhood effects) is
that we cannot make definite inferences about causality. Although
the causal effect of greenspace on psychological distress is plau-
sible, and although we accounted for several neighbourhood- and
individual-level confounders, we cannot fully rule out reverse
causality or residual confounding. Finally, we should also note the
drawback of our measures of inflammation only being available at
one timepoint limiting our ability to test how changes in inflamma-
tion over time may mediate the relationship between greenspace

and mental health problems.

5 | CONCLUSION

In this study, we used data on a UK GPS to assess the combined
associations of neighbourhood air pollution and greenspace with
psychological distress, and the mediating role of inflammation in
these relationships. We found an association of greenspace with
psychological distress, but this was not mediated by inflammation.
We did not find an association of air pollution with psychological
distress; however, air pollution was associated with a marker of in-
flammation (fibrinogen). Together these results do not provide evi-
dence for a mediating role of inflammation in physical environment
effects on health. However, we have discussed several limitations
regarding our measures of air pollution and greenspace, and the
longitudinal aspects of our study, which may contribute to our null
findings regarding the mediating role of inflammation. Despite the
null findings regarding inflammation as a mediator, our findings sug-
gest that greenery promotes good mental health in adults and thus
area policies should continue to work on ensuring greenspace provi-
sion for all regardless of residential locale. Future research should

investigate this novel, biological pathway (inflammation) further, ad-
dressing the problem of exposure misclassification and assessing the
mediating role of inflammation in the link between short-, mid- and
long-term exposure to air pollution, greenspace and other physical
environment factors, and mental health.
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