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ARTICLE INFO ABSTRACT

Keywords: Background: The association between socioeconomic status (SES) and environmental burden is context-

Air_ pollution dependent. Those with low SES may be more likely to live near major roads and industries where environ-

g“‘se mental exposures are high but may also be more likely to live further away from city centers. The aim of this
reenspace

study was to investigate the association between SES and environmental burden in Sweden.

Methods: The Swedish CArdioPulmonary biolmage Study (SCAPIS) cohort recruited participants from six Swedish
cities during 2013-2018. Residential environmental exposures (particulate matter <2.5 um [PMy 5], road traffic
noise, and lack of greenspace) and neighborhood-level SES factors (proportions with low-income, low education,
unemployment, rental units, foreign born) were assessed from participants’ addresses in 2018. Individual-level
SES factors (financial buffer, education, occupation, type of living, foreign born) were obtained from a ques-
tionnaire and neighborhood data from Statistics Sweden. Linear regression models were used to analyze the link
between environmental exposures and SES factors. Correlations between SES factors were analyzed using
Cramér’s V and Spearman rank correlations.

Results: The study included 23 320 SCAPIS participants in 1939 neighborhoods. The explanatory power of SES
factors differed substantially between factors and cities. A model with all ten SES factors could account for 25-88
%, 36-60 %, and 49-81 % of the spatial variance in PMj 5, noise, and lack of greenspace respectively. Neigh-
borhoods with more low-income earners, rental units and foreign born had more environmental burden.
Neighborhoods with more inhabitants with low education and unemployment had less environmental burden.
Associations were generally non-linear. Individual-level SES factors were not associated with environmental
burdens after adjusting for neighborhood SES factors. Individual and neighborhood SES were weakly correlated.
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Conclusion: Neighborhood SES factors accounted for a large proportion of the variance in environmental burdens,
whereas individual SES factors did not. The relationship between SES and environmental burden differed greatly

between indicators and cities.

1. Introduction

The intricate relationship between health and environmental risk
factors (“environmental burdens™) such as air pollution, transportation
noise, and lack of greenspace is becoming increasingly evident. Ambient
air pollution, for example, has been associated with systemic inflam-
mation, cardiovascular disease, respiratory disease, and overall mor-
tality (World Health Organization, 2016a). Exposure to road traffic
noise is associated with sleep disturbance and annoyance, as well as
cardiovascular and metabolic health (Clark & Paunovic, 2018; Sgrensen
et al., 2024; World Health Organization, 2018). A lack of green areas
such as parks and forests can exacerbate these problems, contributing to
reduced physical activity and increased stress, and heightened risk of
cardiovascular disease, and mortality (World Health Organization,
2016b). Socioeconomic status (SES) is also closely connected with
health, with consistent findings of higher disease burden and mortality
among individuals with lower SES (Braveman & Gottlieb, 2014; Fiscella
& Williams, 2004). The combination of environmental and SES factors
can have a potent and multifaceted influence on public health (Laurent
et al., 2007; O’Neill et al., 2003).

Studies of SES, and related concepts like socioeconomic deprivation
often uses indicators to estimate societal position, to measure the uneven
distribution of resources, constraints, and opportunities within a society
(Svallfors, 2006). Examples of indicators include income, education,
occupation, and type of residence. Because all these indicators try to
estimate a similar concept and “reflect overlapping resources in terms of
social standing” (Torssander & FErikson, 2010), they are often used
interchangeably in medical and environmental research. They are,
however, probably related to health through different mechanisms
(Hasselgren, 2019). Each indicator provides different information, and
their relevance can vary depending on the context (Bihagen & Hallerod,
2000; Galobardes et al., 2006). It is important to know how SES interacts
with environmental burdens in order to gain a better understanding of
who is most exposed and vulnerable, and where targeted preventive
efforts should be focused.

A main goal of environmental justice is environmental equity, also
known as environmental distributive justice; that is, the fair distribution
of environmental burdens and benefits regardless of SES (Hughes,
2012). In research focusing on environmental justice and the health
effects of environmental burdens, there seems to be a general explana-
tory framework emerging. Firstly, low SES areas/populations have more
hazardous environmental exposure. Secondly, low SES may create
vulnerability to environmental burdens via chronic stress, chronic dis-
ease, lifestyle factors, and so on, meaning that SES acts as an effect
modifier to the health effects of environmental burdens. The combina-
tion of these two mechanisms makes low-SES areas more vulnerable to
environmental burdens (Laurent et al., 2007; O’Neill et al., 2003).

The first part of this framework has mostly been based on research
from North America (Hajat et al., 2015). However, it is becoming
increasingly apparent that this may not be valid everywhere in the
world. In many Asian contexts, for instance, there is an opposite trend of
industrialization and urbanization, leading those with more resources to
live in city centers with more air pollution, more noise, and a lack of
greenspace (Hajat et al., 2015; Wang et al., 2022). In western Europe,
the relationship between SES factors and environmental burdens shows
mixed patterns, depending on country and city (Hajat et al., 2015).
Sweden is frequently highlighted as an exceptional case in terms of
systems and policies to reduce socioeconomic inequality
(Esping-Andersen, 2014). However, several factors challenge this idea.
Since the early 1990s, ethnic and socio-economic segregation have

increased, both contributing to the rise in residential segregation
(Scarpa, 2015). At the same time, Swedish housing policy has been
largely dismantled, leading to increased social and ethnic residential
segregation (Gustafsson et al., 2017). In Swedish cities, poor neighbor-
hoods are typically on the outskirts and are often ethnically diverse,
unlike the downtown poor areas in the US (Scarpa, 2015). Non-linear
patterns can emerge in some contexts and countries (Hajat et al.,
2015; Kopas et al., 2020). In addition to the different associations be-
tween SES and environmental burden, it seems that individual SES and
neighborhood SES can be considered as independent risk factors both for
environmental burden and for disease (Meijer et al., 2012; Pickett &
Pearl, 2001; Riva et al., 2007). There is a need for more research
comparing the impact of individual and neighborhood SES (Laurent
et al., 2007).

The overall aim of this study was to investigate the association be-
tween SES and environmental burden in Sweden. Specifically, we used
the population-based SCAPIS (the Swedish CArdioPulmonary biolmage
Study) cohort recruited in six Swedish cities to evaluate the difference in
environmental burden depending on SES, and to assess the extent to
which the variation in environmental burden can be accounted for by
SES factors. We also analyzed whether there were any differences in the
associations between neighborhood-level and individual-level SES fac-
tors on the one hand, and different environmental burdens on the other.
Finally, we investigated correlations between individual-level and
neighborhood-level SES factors.

2. Material and methods
2.1. Study participants

SCAPIS is a population-based cohort comprising 30 154 participants
aged 50-65 years at recruitment, drawn from six study sites, encom-
passing Swedish cities: Malmo, Gothenburg, Linkoping, Stockholm,
Uppsala, and Umeé. Participants were recruited during 2013-2018,
with a participation rate of 50.3 %. The primary objective of the cohort
was to investigate early indicators or predictors associated with car-
diovascular and pulmonary disease. A detailed account of the recruit-
ment process and study design has been published previously
(Bergstrom et al., 2015). A comprehensive two-day examination was
conducted to obtain health information on participants, including a
thorough clinical investigation. Participants were also required to
complete a questionnaire detailing cardiovascular risk factors and SES
factors such as occupation, place of residence, educational level, and
financial buffer.

The overarching SCAPIS project was given ethical approval by the
Regional Ethical Review Board in Umeé (ref: 2010-228-31M), and the
current study was approved by the Swedish Ethical Review Authority
(refs: 2019-06469, 2022-00789-02, 2024-00088-02).

2.2. Environmental burden assessment

Environmental burdens were defined as cohort participants’ expo-
sure — or “burden” - to particulate air pollution (PM3 5 and PM;), road
traffic noise, and lack of residential greenspace in the year 2018. PM 5
was used as the main air pollutant measure (results for PM; are re-
ported in the supplement).

The air pollution modeling is described in depth elsewhere (Kilbo
Edlund et al., 2024). Briefly, source-specific local and regional atmo-
spheric dispersion modeling was performed covering all study sites.
Local source-specific air pollutants (PMy 5 and PM;o) were estimated
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using Gaussian-type dispersion modeling with a dynamic resolution
ranging from 50x50 to 500x500 m?. Local modeling was performed for
Gothenburg, Link6ping, and Umea by the Swedish Meteorological and
Hydrological Institute (SMHI), for Stockholm and Uppsala by the SLB-
analys at the Environment and Health Administration of the City of
Stockholm, and for Malmo by the Environmental Department of the City
of Malmo. Regional modeling for long-range atmospheric transport was
performed using the Eulerian model MATCH (Frohn et al., 2022) with a
resolution of 5 x 5 km combined with measurements at background
stations. All modeling was based on emission inventories covering the
sites for the year 2018.

Noise burden was defined as the annual average road traffic noise
exposure at the residential address, based on the European Union noise
indicator Lgen (day-evening-night noise level). This indicator measures
the energy equivalent noise exposure over a whole day, with noise
exposure during the evening (19:00-23:00) receiving a penalty of 5 dB
and noise exposure during the night (23:00-07:00) receiving a penalty
of 10 dB, as noise exposure during the evening and at night is considered
more detrimental (European Commission, 2002). Noise burden was
modeled using the Nordic Prediction Method, which takes traffic pa-
rameters and topographic factors into account (Bendtsen, 1999). A
simplified approach was used for receiver positions in dense urban areas
(Ogren & Barregard, 2016)

Lack of greenspace was defined as the inverse of the Normalized
Difference Vegetation Index (iNDVI) for the year 2018 in a 500m-radius
area surrounding a participant’s residence. NDVI uses differences in
light captured by satellite images to obtain a proportion of greenspace
(Huang et al., 2021). In this study, lack of residential greenspace could
theoretically range from iNDVI = O (indicating that all of the sur-
rounding area consisted of green space) to iNDVI = 1 (indicating no
green space in the surrounding area).

For each participant, residential address data for the year 2018 were
collected from the Swedish Tax Agency and geocoded, and environ-
mental burden data were assigned to participants using QGIS (QGIS
Development Team v3.22, 2023)

2.3. Socioeconomic factors

Two different types of SES data were used for this study, individual-
level and neighborhood-level.

2.3.1. Individual-level socioeconomic factors

Self-reported individual-level SES data were obtained at recruitment
through the SCAPIS cohort questionnaire. “No financial buffer” was
based on the participant’s ability to find 20 000 SEK (Swedish kronor,
ca. 2000 USD) in a week (yes/no). “Low education” was based on the
participant’s highest educational attainment, categorized into no high
school (low), high school degree (medium), or post-secondary education
(high). “Occupation” was obtained through occupational titles (current
occupation, or longest held occupation if this was missing), and cate-
gorized according to the ISCO-08 skill levels (1-4) of the occupation, or
as unemployed. Occupations with a skill level of 1-2 were then cate-
gorized as low-skilled, occupations with a level of 3—4 as high-skilled,
and no occupation as unemployed. “Type of residence” was defined as
owner-occupied house, owner-occupied apartment, rented apartment,
or other. “Foreign born” was defined as a participant born outside of
Sweden.

2.3.2. Neighborhood-level socioeconomic factors

Neighborhood-level SES data were obtained from Statistics Sweden
for the year 2018. Statistics Sweden has divided Sweden into 5984 De-
mographic Statistical Areas (DeSO), each containing 700-2700 in-
dividuals, based on voting districts, population-dense areas, and
geographic landmarks such as streets, waterways, and railways (SCB,
2023). These DeSO areas are henceforth referred to as neighborhoods.
SCAPIS participants were nested within neighborhoods based on their
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addresses in 2018 and assigned the neighborhood-level SES retrieved
from Statistics Sweden using QGIS.

Five neighborhood-level markers of low SES were used: low income,
defined as the proportion of the neighborhood population over the age
of 20 with an income in the lowest nationwide quartile (<168 516 SEK
[ca. 16 500 USD as of September 2024] per year); low education,
defined as the proportion of the population aged 25-64 with less than
high school education (i.e. <12 years); unemployment, defined as the
proportion of the population aged 16-64 that were unemployed; and
proportion of rental units, defined as the proportion of residential units
that were rental units; foreign born, defined as the proportion of the
population that was not born in Sweden. A neighborhood socioeconomic
deprivation index composed of four of the neighborhood factors (all
except neighborhood foreign born) was also used, in which the four SES
factors were weighted using principal component analysis to predict
death rates in Sweden: low income: 0.96, low education: 0.24, unem-
ployment: 0.87, proportion rental units: 0.69, in accordance with
Stromberg et al. (2021).

Neighborhoods were grouped in deciles for each neighborhood-level
SES factor, with the distribution of that SES factor in the respective
county used to define the deciles (i.e. all neighborhoods in Scania county
were used to assess deciles for the Malmo study site, those in Vastra
Gotaland for Gothenburg, those in Ostergétland for Linkoping, those in
Stockholm county for Stockholm, those in Uppsala county for Uppsala,
and those in Vasterbotten for Umed) in order to relate the SES of the
neighborhood to the county it is situated in For all SES factors, decile 10
corresponded to low SES (e.g. the highest proportion of low-income
earners for “low income”) and decile 1 to high SES. Fig. 1 gives a vi-
sual presentation of neighborhood SES and Fig. 2 of environmental
burdens. For descriptive statistics, neighborhoods were also grouped
based on quartiles for each SES factor to simplify the presentation.

Statistics Sweden has classified neighborhoods by urbanicity in three
categories: urban neighborhoods are densely populated areas located
centrally in the municipality, suburban neighborhoods are densely
populated areas that are not centrally located, and rural neighborhoods
are areas outside of densely populated areas.

2.4. Statistical analysis

2.4.1. Exclusion and study sample

A complete-case analysis approach was employed, where partici-
pants with complete information on all SES factors and environmental
burdens were included in the analysis (Figure S1). Participants were
excluded from the current study if they died or moved to a non-modeled
area before 2018 (255 participants out of 30 154) or had missing co-
variate data. As 85 % of SCAPIS participants were living in urban
neighborhoods (Table S2), those in rural and suburban neighborhoods
were excluded from the main analysis; this accounted for most exclu-
sions (4020 out of 6834 exclusions), leaving 23 320 participants for our
analysis (Figure S1). A comparison of sociodemographic characteristics
was conducted between our study populations living in urban neigh-
borhoods and the excluded participants living in rural or suburban
neighborhoods, using t-tests or chi-square tests.

2.4.2. Model variance structure

A pre-analysis with a random-effects mixed model was performed to
separate total variance into between-neighborhood and within-
neighborhood variance. Since almost all the variance was between
neighborhoods and very little within neighborhoods (Table S1), analysis
was performed using multiple linear regression.

2.4.3. Regression models, R? values

The analysis used environmental burdens as the outcomes (depen-
dent variables) and SES factors as the explanatory variables (indepen-
dent variables). Multiple linear regression and the coefficient of
determination (Rz) were used to investigate how much of the between-
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E Unemployment ﬁ Rental units Foreign born
“p |

Fig. 1. Neighborhood socioeconomic status (SES) by city. Each column of maps is colorized based on neighborhood SES deciles within each county in Sweden. More
intense colors indicate lower SES (decile 10) such as neighborhoods with a high proportion of low income earners, low education level, high unemployment rate, high
proportion of rental units and high proportion of foreign born, respectively. Lighter or near-white areas indicate higher SES (decile 1) i.e. high income, high ed-
ucation level, low unemployment, low proportion rental units and Swedish-born. Only urban neighborhoods are included (outlined in black contour).

Air pollution Noise Greenspace

Air pollution, P

<3 4.1 52

| Noise, dB
[ I I
<25 39 53

>90% 72% 54% 36% 18%

Fig. 2. Modelled environmental burdens by city. Only urban neighborhoods are included (outlined in black). Environmental burdens ordered from left to right: air
pollution (PM, 5), road-traffic noise, lack of greenspace. Cities are ordered from bottom to top: Malmo, Gothenburg, Linkoping, Stockholm, Uppsala, and Ume&.

individual variance in environmental burden could be accounted for or file S1. In short, the following regression models were estimated to
“explained” by the models where SES factors were included as explan- compare R2 values: The first set of models (M1) included only one SES
atory variables. factor at a time: models M1.1 to M1.5 each included a single individual-

The SES factor models used are described in detail in Supplementary level SES factor, and models M1.6 to M1.10 each included a single
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neighborhood-level SES factor. The second set of models (M2) included
multiple/ aggregates of SES factors. Model M2.1 included all individual-
level SES factors. Model M2.2 included only the neighborhood-level
deprivation index, and model M2.3 included the deprivation index
along with all individual-level SES factors. To assess the added value of
using the deprivation index as a proxy for neighborhood SES, we
compared model M2.2 to model M2.4, which instead included the four
individual neighborhood-level SES factors used to construct the index
(income, education, unemployment, and rental housing). Similarly,
model M2.5, which included these four neighborhood-level SES factors
and all individual-level SES factors, was compared to model M2.3 to
assess whether the deprivation index adequately captured relevant SES
information. In addition to comparing R? values, models M2.2 and M2.4
were compared using the Akaike Information Criterion (AIC) to evaluate
the deprivation index further. Lastly, model M2.6 included all five
neighborhood-level and all five individual-level SES factors in one joint
model and served as our main model. To account for possible variation
in the relationship between SES and environmental burdens across
different cities, all models were estimated separately by city.

2.4.4. Effect visualization

The pattern of associations between SES factor deciles and each
environmental burden was first illustrated in graphs showing the mean
environmental burden per decile. The main analysis was then performed
using multiple linear regression models that allowed adjustment for
other SES factors. It estimated the effect size in environmental burdens
for M1.1-M1.10, the joint models M2.5 for the deprivation index, and
M2.6 for all other SES factors. A stratified analysis (men/women)
investigated gender-specific differences in socioeconomic deprivation
using M2.5 (deprivation index and all individual SES factors). Signifi-
cance testing was performed using type III F tests.

The correlation between SES factors was investigated using Cramér’s
V (for pairwise correlations of individual SES factors, and pairs with
individual and neighborhood-level SES factors) or Spearman rank cor-
relations (for pairwise correlation of neighborhood SES deciles). Cor-
relations by Cramér’s V were categorized into weak, moderate, and
strong based on the SAGE thresholds for the phi-coefficient
(Wiedmaier), but adjusting the thresholds based on the degrees of
freedom of the cross-tabulation (Liebetrau, 1983).

3. Results

Descriptive statistics of neighborhoods and participants by city are
presented in Table 1. In total, 23 320 participants were included within
1939 neighborhoods. The mean age of the study participants was 59
years, and there were approximately equal numbers of men and women.
The individual SES of participants was high overall, with only 7 % of the
participants having no financial buffer, 8 % having no high school de-
gree, and 3 % being unemployed. Neighborhood SES varied between
cities; Malmo generally had the lowest and Stockholm the highest
neighborhood SES. For example, the mean neighborhood unemploy-
ment rate in the highest quartile of unemployment was 42 % in Malmo
and 32-37 % in the other cities. The environmental burden also varied
between cities, especially for air pollution, where the mean concentra-
tion ranged from 7.3 pg/rn3 PM, 5 in Malmo to 4.1 pg/m3 PM, 5 in
Umea. There were relatively few participants in neighborhoods with
more low-income earners and neighborhoods with low education.

When comparing participants living in urban neighborhoods to those
living in rural or suburban neighborhoods, there were major differences
in demographic factors, SES factors, and environmental burdens
(Table S3). Participants in urban neighborhoods were less likely to have
a financial buffer, more likely to live in a rented apartment and be
foreign born, but more likely to have a higher education level and a
higher-skilled occupation compared to participants in rural and subur-
ban neighborhoods. Participants in urban neighborhoods also consis-
tently had lower neighborhood SES and more environmental burdens.
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3.1. Explanatory power of SES factors for variance in environmental
burden

The analysis of how much variance in environmental burden be-
tween individuals could be accounted for by the different SES factor
models revealed R? values that differed between cities and between
models (Fig. 3 and Table S4). Most of the neighborhood SES factors had
larger R? values than the individual SES factors, which were all small
except for type of residence.

For the model including all individual and neighborhood SES factors
(M2.6), R? varied between cities, ranging from 25 % to 88 % for air
pollution (PMs 5), 37 % to 60 % for noise burden, and 49 % to 81 % for
lack of greenspace. Overall, the R? values for environmental burdens in
Stockholm (25-49 %) were smaller in comparison to other cities, espe-
cially for air pollution.

For the models with separate neighborhood SES factors
(M1.6-M1.10), proportion of rental units showed larger R? values than
individual SES factors and at least one other neighborhood SES factor in
all cities and was the single neighborhood SES factor that had the largest
R? values in both Malmé (21-30 %) and Stockholm (9 %-19 %).
Neighborhood low income had the largest R? values in Linképing (27-55
%) and Uppsala (15-26 %), neighborhood low education had the largest
R? values in Umed (24-53 %), while neighborhood foreign born had the
largest R2 value in Gothenburg (27-30 %). The deprivation index model
(M2.2) did not have larger R? values than the models with its component
neighborhood SES factors (M2.4) for any environmental burden or city.
Furthermore, the models with the neighborhood SES factors making up
the deprivation index had a better model fit (lower AIC scores)
compared to the deprivation index models for all cities (Table S5).

Among the individual SES factors (M1.1-M1.5), lack of financial
buffer, low education, occupation, and being foreign born had R2 values
close to O in all cities for all environmental burdens. This was also re-
flected in the model with all individual SES factors (M2.1), where R?
values were equivalent to those of the model with only individual type of
residence (M1.4). Moreover, individual type of residence had larger R?
values than some neighborhood SES factors in all environmental bur-
dens in all cities, particularly in Stockholm. R? values for the models
with four neighborhood SES factors (M2.4) were equal to the R? values
from the models with all individual and the four neighborhood SES
factors (M2.5), even in cities where individual type of residence had
large R? values.

3.2. Association between SES factors and environmental burdens

The pattern of the association between SES factors and environ-
mental burdens in the regression models differed by SES factor and city
(Fig. 4, Table S6 and S7 [including PMj¢]). In general, neighborhoods
with more deprivation, more low-income earners, more rental units,
and/or more foreign born had more environmental burdens, while
neighborhoods with low education and/or more unemployment had less
environmental burden. All associations between neighborhood SES
factors and environmental burdens were statistically significant (p-
values from F-tests all <0.01). For particulate air pollution exposure, the
variability between cities was larger than the variation by SES within
cities (Figures S2 and S3), while for road traffic noise and lack of
greenspace the variability by SES within cities was larger than that be-
tween cities. There were minimal differences in the association between
neighborhood socioeconomic deprivation and environmental burdens
stratified by gender (Figure S4).

For neighborhood SES factors, associations were similar in the
separate SES factor models (M1.6-M1.10, Figure S5) and the joint model
with the independent effect of each SES factor (M2.6, Fig. 4). In contrast,
the effect estimates between environmental burden and individual SES
factors were small and mostly non-significant in the joint model
compared to separate SES factor models (M1.1-M1.5, Fig. 5 and
Tables S6 and S7). Individual type of residence remained significant in



Table 1
Descriptive statistics for study participants and neighborhoods, divided by city.

Linkoping

Stockholm

Uppsala

Umeéd

All!

Malmé Gothenburg
Individual-level demographics
No of participants, n (%) 5387 (23 %) 5453 (23 %)
Age, mean (SD) 60 (5) 60 (4)
Sex, n (%)

Men 2509 (47 %) 2578 (47 %)
Women 2878 (53 %) 2875 (53 %)
Recruitment year, mean (min-max) 2016 (14 -18) 2015 (13 -17)

Individual-level SES factors
Has financial bufferz, n (%) 4802 (89 %) 4986 (91 %)
No financial buffer?, n (%) 585 (11 %) 467 (9 %)
Education, n (%)
High (post-secondary education) 2253 (42 %) 2530 (46 %)
Medium (high school degree) 2559 (48 %) 2367 (43 %)
Low (no high school degree) 575 (11 %) 556 (10 %)
Occupation, n (%)
High-skilled (ISCO-08 skill level 3-4) 3020 (56 %) 3284 (60 %)
Low-skilled (ISCO-08 skill level 1-2) 2077 (39 %) 1995 (37 %)
Unemployed 290 (5 %) 174 (3 %)
Type of residence, n (%)
Owner-occupied house 2027 (38 %) 2105 (39 %)
Owner-occupied apartment 2009 (37 %) 1590 (29 %)
Rented apartment 1306 (24 %) 1719 (32 %)
Other 45 (1 %) 39 (1 %)
Born in Sweden, count (%) 4162 (77 %) 4475 (82 %)
Foreign born, count (%) 1225 (23 %) 978 (18 %)
Environmental burden
Air pollution, mean® (SD), pg/m3 PM, 5 7.3(0.2) 4.5 (0.5)
Road traffic noise, mean® (SD), dB 58 (6) 59 (6)
Lack of greenspace, mean® (SD), iNDVI 500 m radius 0.6 (0.11) 0.6 (0.14)
Neighborhood-level SES factors
Neighborhoods/DeSO areas, n 258 368
% low-income earners, mean (min-max)
Q1 19 % (14 - 22) 15% (9 - 18)
Q2 24 % (22 - 26) 20 % (18 - 22)
Q3 29 % (26 - 33) 25 % (22 -28)
Q4 43 % (33-76) 36 % (28 - 78)
% low-education®, mean (min-max)
Q1 4% (1-7) 5%(1-7)
Q2 9% (7 -11) 9% (7 -11)
Q3 13 % (11 - 16) 12 % (11 - 15)
Q4 22 % (16 - 51) 22 % (15 - 40)
% unemploymentﬁ, mean (min-max)
Q1 19% (15 - 21) 15% (9-17)
Q2 24 % (21 - 25) 19 % (17 - 20)
Q3 29 % (25 - 33) 23 % (21 - 26)
Q4 42 % (33-72) 34 % (26 - 64)
% rental units’, mean (min-max)
Q1 2% (0-8) 3% (-9
Q2 15 % (10 - 25) 18 % (9 - 29)
Q3 40 % (27 - 53) 46 % (31 - 59)
Q4 72 % (53 - 100) 80 % (60 - 100)
Deprivation indexa, mean % (min-max)
Q1 (lowest deprivation) 11 % (7 - 13) 8% (6-11)
Q2 15% (13-17) 13% (11 - 16)
Q3 20 % (17 - 24) 19 % (16 - 23)

3155 (14 %)
59 (5)

1575 (50 %)
1580 (50 %)
2017 (15-18)

2986 (95 %)
169 (5 %)

1434 (45 %)
1488 (47 %)
233 (7 %)

1912 (61 %)
1153 (37 %)
90 (3 %)

1433 (45 %)
827 (26 %)
883 (28 %)
12 (0 %)
2902 (92 %)
253 (8 %)

4.9 (0.2)
57 (6)
0.5 (0.12)

88

15 % (12-18)
20 % (18 - 23)
26 % (23 - 29)
39 % (29 - 66)

5%(2-7)
8% (7 - 10)
12% (11-14)
24 % (15 - 34)

17 % (13-17)
20 % (18- 21)
24 % (22 - 28)
37 % (28 - 62)

4% (1-10)
22% (12-34)
52 % (38 - 63)
78 % (64 - 100)

9% (7-11)
14 % (11 - 16)
21 % (17 - 24)

4609 (20 %)
59 (4)

2293 (50 %)
2316 (50 %)
2016 (14 - 18)

4377 (95 %)
232 (5 %)

2299 (50 %)
1978 (43 %)
332 (7 %)

3182 (69 %)
1311 (28 %)
116 (3 %)

1946 (42 %)
1638 (36 %)
993 (22 %)
32 (1 %)
3846 (83 %)
763 (17 %)

6 (0.3)
58 (8)
0.6 (0.13)

1037

15% (9-17)

19 % (17 - 21)
23 % (21 - 26)
33 % (26 - 56)

3%(1-5)
6% (5-8)

10 % (8 - 14)
18 % (14 - 37)

16 % (10 - 18)
20 % (18 - 21)
23 % (21 - 26)
32 % (26 - 53)

2% (0-7)

15 % (7 - 27)
38 % (27 - 52)
71 % (52 - 100)

9% (5 -10)
13 % (10-15)
17 % (15 - 20)

3279 (14 %)
59 (5)

1522 (46 %)
1757 (54 %)
2017 (15-18)

3096 (94 %)
183 (6 %)

1885 (57 %)
1212 (37 %)
182 (6 %)

2245 (68 %)
965 (29 %)
69 (2 %)

1270 (39 %)
1457 (44 %)
536 (16 %)
16 (0 %)
2794 (85 %)
485 (15 %)

5.3 (0.1)
55 (8)
0.5 (0.11)

126

17 % (12 - 19)
20 % (19 - 23)
26 % (24 - 28)
37 % (29 - 83)

3% (0-5)

7 % (5 - 10)
11 % (10-13)
17 % (14 - 26)

17 % (15 - 18)
20 % (18 - 22)
25 % (22 - 29)
37 % (29 - 64)

2% (0-6)

13 % (7 - 20)
31 % (20 - 44)
72 % (45 - 100)

9% (7-11)
12% (11-14)
17 % (14 - 21)

1437 (6 %)
58 (4)

681 (47 %)
756 (53 %)
2017 (16 - 18)

1349 (94 %)
88 (6 %)

704 (49 %)
636 (44 %)
97 (7 %)

834 (58 %)
573 (40 %)
30 (2 %)

742 (52 %)
378 (26 %)
308 (21 %)
9 (1 %)
1331 (93 %)
106 (7 %)

4.1 (0.3)
55 (5)
0.5 (0.11)

63

15% (10 -17)
20 % (18 - 22)
25 % (23 - 26)
36 % (27 - 73)

4% (2-6)
6% (6-7)
9% (8-11)
13% (12-17)

16 % (14 - 17)
19 % (17 - 20)
23 % (21 - 25)
32 % (26 - 62)

4% (0-8)

26 % (19 - 33)
43 % (34 - 53)
66 % (53 - 100)

8% (7-8)
14 % (11 - 16)
19% (17 - 21)

23 320 (100 %)
59 (5)

11,158 (48 %)
12,162 (52 %)
2017 (15 - 18)

21 596 (93 %)
1724 (7 %)

11,105 (48 %)
10,240 (44 %)
1975 (8 %)

14,477 (62 %)
8074 (35 %)
769 (3 %)

9523 (41 %)
7899 (34 %)
5745 (25 %)
153 (1 %)

19 510 (84 %)
3810 (16 %)

5.6 (1.1)
58 (7)
0.6 (0.13)

1939

16 % (9 - 22), n = 5824

21 % (17 - 26), n = 6061
26 % (21 - 33), n = 6153
38 % (26 - 83), n = 5282

4% (0-7),n=11,491
8% (5-11), n = 5880
12 % (8 - 16), n = 3398
20 % (12 - 51), n = 2551

16 % (9 - 21), n = 3686

20 % (17 - 25), n = 5990
25 % (21 - 33), n = 8238
37 % (26 - 72), n = 5406

3% (0-10), n = 5921

17 % (7 - 34), n = 4915
42 % (20 - 63), n = 6269
74 % (45 - 100), n = 6215

9% (5-13),n=>5161
13 % (10 - 17), n = 5834
19 % (14 - 24), n = 6576

(continued on next page)
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Fig. 3. Coefficient of determination ®R? presented by city. The regression models including individual SES factors were M1.1 (lack of financial buffer), M1.2 (low
education), M1.3 (occupation), M1.4 (type of residence), and M1.5 (foreign born); and the models including neighborhood factors were M1.6 (low income), M1.7
(low education), M1.8 (unemployment), M1.9 (proportion of rental units), and M1.10 (foreign born). Regression models including multiple/aggregate SES factors
were M2.1 (all individual factors), M2.2 (neighborhood deprivation index), M2.3 (neighborhood deprivation index and all individual factors), M2.4 (four component
neighborhood factors of the deprivation index; low income, low education, unemployment and proportion of rental units), M2.5 (four component neighborhood
factors and all neighborhood SES factors) and M2.6 (all neighborhood and all individual SES factors. Air pollution was defined as PM, s, noise as road traffic noise

(Lgen), and lack of greenspace as the inverse of NDVI in a 500 m radius.

(Goodman et al., 2011). Another study in four French cities found that
neighborhoods with more deprivation had more nitrogen dioxide (NO2)
in Lille and Marseille but less NO, in Paris (Padilla et al. (2014), simi-
larly to our findings where the size and pattern of the association
differed between cities. One previous study of children in Malmo,
Sweden, reported more NO; burden in neighborhoods with low income
(Chaix et al., 2006), in line with our results for Malmo. Another study in

Scania (the county encompassing Malmo) studying SES and NO5 noted
that size and direction of the association varied even between cities of
the same county (Stroh et al., 2005).

Differences between North America and Europe have also been
observed for noise exposure. A recent systematic review of “sonic
injustice” including 20 European and 12 North American studies showed
that low SES was associated with more noise burden in North America
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Fig. 4. Associations between neighborhood SES factors and environmental burdens, divided by city. The regression estimates show differences in environmental
burden using SES factor decile 1 as reference. A low decile indicates a low neighborhood SES. The top row (deprivation index) is estimated using M2.3 (with
neighborhood deprivation index and the 5 individual SES factors as the explanatory variables). The rest of the rows (income, education, etc.) are estimated using
M2.6 (with 5 individual and 5 neighborhood SES factors), and show the independent effects of each neighborhood SES factor after adjustment for all other SES
factors. P-values from type III F-tests were all <0.01 for all neighborhood SES factors, environmental burdens, and cities (Table S6). For example, low-income decile 7
(medium-low SES neighborhoods) in Linkoping would have less greenspace (0.3 iNDVI, or 30 % less greenspace) compared to low-income decile 1 (high SES
neighborhoods) after adjusting for other SES factors. Each of the three vertical axes are scaled to present the estimate relative to the range of the environmental
burden, thus allowing a comparison of the magnitude of the association between environmental burdens. Air pollution was measured as PM, 5 noise as road traffic

noise (Lgen), and lack of greenspace as the inverse of NDVI in a 500 m radius.

(60 % found low SES to be associated with more noise, 2 % found the
opposite result, and 38 % found no significant association) but mixed
results in Europe (31 % found low SES to be associated with more noise,
12 % found the opposite result, and 57 % found no significant associa-
tions) (Trudeau et al., 2023). The difference between Europe and North
America was also echoed in the systematic review by Dreger et al.
(2019). There were also differences between cities in the same countries,
such as in the UK where the association between SES and noise differed
by city (Peris & Arguelles, 2023).

For greenspace, the heterogeneity in terminology and methods is
larger, but differences between regions have also been observed. Pop-
ulations in the global south have less greenspace compared to the global
north (Chen et al., 2022). Within Europe, there are also differences be-
tween regions, as countries in northern and western Europe have more
greenspace compared to eastern Europe (EEA, 2019, 2022). Although
these regional differences are not causal, they correlate with global so-
cioeconomic differences between the global south/north and European
east/west that are consistent with global socioeconomic differences.

Inequality by SES can also be seen within countries, where low SES is
associated with less greenspace (Han et al., 2023). One study in Stock-
holm, Sweden, found that neighborhoods with low income have less
greenspace, which is consistent with our results (Goldenberg et al.,
2018). A recent cohort study in Uppsala, Sweden, also reported an as-
sociation between lack of greenspace and neighborhoods with low in-
come (Stucki et al., 2023), in line with our findings.

When viewing our results in combination with previous studies
conducted throughout the world, we conclude that even when
comparing cities in the same country, the local geographical context
creates differences in the association between SES and environmental
burdens. Furthermore, since a pooled analysis of many cities does not
capture these differences (and, indeed, we observed reverse associations
in some cities compared to the pooled analysis), city-dependent differ-
ences in associations should be allowed for when using SES as a possible
confounder in studies of environmental risk factors and health.
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Fig. 5. Associations between individual SES factors and environmental burden, divided by city. Estimates are shown with 95 % confidence intervals. The red dots are
estimates from M2.6, adjusting for 5 individual and 5 neighborhood SES factors. The green dots are from separate individual SES factor models (M1.1-M1.5), only
adjusted for the respective factor. P-values are presented in Tables S6 and S7. The different color columns show, from left to right, estimates for the following SES
factors: Financial buffer (ref: has financial buffer); Education (ref: high education); Occupation (ref: high-skilled occupation); Type of living (ref: living in an owner-
occupied house); Foreign born (ref: born in Sweden). Air pollution was measured as PM s, noise as road traffic noise (Lgen), and lack of greenspace as the inverse of

NDVI in a 500 m radius.

4.2. Differences between SES factors and the use of deprivation indices

When examining associations with environmental burden, we found
major differences in both size and direction between different neigh-
borhood SES factors. In London, UK, neighborhoods with less education
have been shown to have less NOy (similar to our associations between
PM, 5 and low education), while neighborhoods with more deprivation
(using an index) had more NOy (Goodman et al., 2011). Differences
between SES factors were also found in four French cities; for example,
in Lille, both neighborhoods with more white-collar workers (high SES)
and neighborhoods with more deprivation (low SES, index score) had
less NO3 burden (Padilla et al., 2014). Our occupation-related SES factor
showed the opposite pattern to Lille, as neighborhoods with more un-
employment (low SES) had less air pollution burden. For noise, Trudeau
et al. (2023) also noted that deprivation indices in different studies
mostly had the same direction of the association (more deprivation
associated with more noise), but that education and income, for
example, had mixed patterns depending on the study. Dreger et al.
(2019) also found differences between SES factors, where education had
more mixed results compared to other factors. For greenspace, a study in
the UK found mixed (depending on city/region) associations between
crime rates and lack of greenspace, while those with low education
consistently had less greenspace (Bao et al., 2023). Another study in
multiple cities in Australia similarly found differences between socio-
economic factors, e.g. where foreign born participants had less green-
space while participants with lower education had more greenspace
(Zhang & Luo, 2024). Our results suggest that the direction of the as-
sociations of one specific SES factor cannot always be applied, since the
directions of the associations may differ by SES factors.

Our results also suggest that a deprivation index may not be better
than separate SES factors in accounting for variation in environmental
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burden. Using only a deprivation index may lead to misleading results,
as it is not representative of the associations for the different factors
within the index. As discussed above, Goodman et al. (2011) and Padilla
et al. (2014) noticed a similar discrepancy; their main SES indicator was
a deprivation index, but their associations with separate SES factors
showed the opposite pattern to the index. There is also heterogeneity in
how deprivation indices are constructed. For example, Goodman et al.
(2011) used a deprivation index comprising employment, education,
crime, barriers to housing and service, and environment, while we used
a deprivation index including four neighborhood SES factors that was
originally developed to predict death rates in Sweden (Stromberg et al.
(2021). Caution may be needed when using the latter index outside its
intended health-related context.

4.3. Non-linear patterns of association

Many of the associations between SES and environmental burden we
observed were non-linear; for example, the inverse U-shaped association
between environmental burden and neighborhood low income, where
the largest environmental burden was seen in deciles 6-7 (for Gothen-
burg and Linkoping). This is similar to the results of a study in India that
showed inverted U-shaped patterns between exposure to air pollution
from coal-fired power plants and illiteracy and poverty as markers of
SES (Kopas et al., 2020) . The authors of this Indian study theorized that
this may have been due to the context in developing countries, where the
most socioeconomically vulnerable populations are excluded from the
consequences of industrial developments such as urbanization and
increased traffic pollution (Kopas et al., 2020). Our results indicate that,
although sociopolitical causes may differ, this pattern of association is
not unique to developing countries.

Non-linear associations have also been observed in previous
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European studies conducted in cities such as Strasburg, where non-linear
associations similar to our results were found between deprivation and
NO, (Havard et al. (2009), and Helsinki, where a similar pattern was
seen between median income and PMy 5 (Gosztonyi et al., 2023).

Table 2

Sustainable Cities and Society 130 (2025) 106557

Right-skewed U-shaped patterns were also common in studies where
high SES was associated with more noise (Trudeau et al., 2023). In
France, while an approximately linear association was seen in Paris, the
association was non-linear in Lyon (Padilla et al., 2014). We saw a

Table and heatmap of different measures of correlation between different SES factors.

Cramér's V Spearman correlation
Malmo (O] 2 (3 4) (5) ® (@ @ (9 (10
Individual
(1) No financial buffer
(2) Low education Weak
(3) Occupation Weak Strong
Moderat Moderat
(4) Type of living @ Weak e
(5) Foreign born Weak Weak Weak Weak
Neighbourhood
Moderat
(6) Low income Weak Weak Weak Strong e
Moderat Moderat Moderat
(7) Low education Weak Weak e e e
Moderat Moderat
(8) Unemployment Weak Weak Weak e e
(9) proportion rental
units Weak Weak Weak Strong Weak
(10) Deprivation index  Weak Weak Weak Strong Weak
Moderat Moderat
(11) Foreign born Weak Weak Weak @ @
Gothenburg (1) (2) 3) (4) (5)
Individual
(1) No financial buffer
(2) Low education Weak
(3) Occupation Weak Strong
(4) Type of living Weak Weak Weak
(5) Foreign born Weak Weak Weak Weak
Neighbourhood
Moderat
(6) Low income Weak Weak Weak e Weak
Moderat Moderat
(7) Low education Weak Weak e Weak e
Moderat
(8) Unemployment Weak Weak Weak e Weak
(9) proportion rental
units Weak Weak Weak Strong Weak
(10) Deprivation index  Weak Weak Weak Strong Weak
Moderat Moderat
(11) Foreign born Weak Weak Weak e e
Linkdping 1) 2) 3) 4) (5)
Individual
(1) No financial buffer
(2) Low education Weak
(3) Occupation Weak Strong
Moderat  Moderat
(4) Type of living Weak e e
(5) Foreign born Weak Weak Weak Weak
Neighbourhood
(6) Low income Weak Weak Weak Strong Weak
Moderat
(7) Low education Weak Weak Weak e Weak
Moderat
(8) Unemployment Weak Weak Weak e Weak
(9) proportion rental
units Weak Weak Weak Strong Weak
(10) Deprivation index  Weak Weak Weak Strong Weak
(11) Foreign born Weak Weak Weak Strong Weak
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Table 2 (continued)
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Stockholm (1) 2) 3) 4) (5)

Individual

(1) No financial buffer

(2) Low education Weak

Moderat

(3) Occupation Weak e

(4) Type of living Weak Weak Weak

(5) Foreign born Weak Weak Weak Weak

Neighbourhood

(6) Low income Weak Weak Weak Strong Weak
Moderat

(7) Low education Weak Weak Weak e Weak
Moderat

(8) Unemployment Weak Weak Weak e Weak

(9) proportion rental

units Weak Weak Weak Strong Weak

(10) Deprivation index  Weak Weak Weak Strong Weak

(11) Foreign born Weak Weak Weak Strong Weak

Uppsala Q)] (2) 3) (4) (5)

Individual

(1) No financial buffer

(2) Low education Weak

(3) Occupation Weak Strong

Moderat Moderat

(4) Type of living @ Weak e

(5) Foreign born Weak Weak Weak Weak

Neighbourhood

(6) Low income Weak Weak Weak Strong Weak

(7) Low education Weak Weak Weak Strong Weak

(8) Unemployment Weak Weak Weak Strong Weak

(9) proportion rental

units Weak Weak Weak Strong Weak

(10) Deprivation index  Weak Weak Weak Strong Weak

(11) Foreign born Weak Weak Weak Strong Weak

Umea () 2) (3) 4) (5)

Individual

(1) No financial buffer

(2) Low education Weak

(3) Occupation Weak Strong

(4) Type of living Weak Weak Weak

(5) Foreign born Weak Weak Weak Weak

Neighbourhood
Moderat

(6) Low income Weak Weak Weak e Weak
Moderat

(7) Low education Weak Weak Weak e Weak
Moderat

(8) Unemployment Weak Weak Weak e Weak

(9) proportion rental

units Weak Weak Weak Strong Weak
Moderat

(10) Deprivation index  Weak Weak Weak e Weak
Moderat

(11) Foreign born Weak Weak Weak e Weak

® 9

(10)

® (9 (10

In the deprivation index, the four SES factors were weighted as follows: low income: 0.96, low education: 0.24, unemployment: 0.87, proportion rental units: 0.69.
Correlations between SES factors were estimated using Cramér’s V or Spearman rank correlation. Correlations by Cramér’s V were categorized into weak, moderate
and strong according to the SAGE thresholds for the phi-coefficient (Wiedmaier), where thresholds changed depending on the degrees of freedom of the
cross-tabulation (Liebetrau, 1983). Spearman rank correlation coefficients are shown using a light to dark green gradient for negative correlations (darker means a
stronger negative correlation) and a light to dark blue gradient for positive correlations (darker means a stronger positive correlation).

similar pattern in Malmo and Stockholm that had approximately linear
patterns between income and environmental burdens. But in Uppsala we
found non-linear associations with neighborhood income and this was
also the case for other measures of SES in Malmo and Stockholm.

12

However, some studies have found linear patterns (Wang et al. (2022);
Goodman et al. (2011). This further emphasizes the need to take local
differences into account, even within countries.
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4.4. Urban settings

One way to interpret the mixed and non-linear associations between
SES and environmental burdens is by understanding differences in the
urban settings, especially socioeconomic segregation gradients. Road
traffic noise, air pollution, and lack of greenspace are strongly connected
to urbanicity. Air pollution, in particular, was shown to have an
urban-suburban gradient both in our study (Fig. 2) and in other studies
globally (Flacke et al., 2016; Goodman et al., 2011; O’Neill et al., 2003;
Padilla et al., 2014).

The gradient of SES segregation in the US, where those with high SES
are found in the suburbs, creates a suburban—urban SES gradient, and
consequently low SES is associated with more environmental burdens
(Massey & Tannen, 2018; Sharp & Iceland, 2013). In Europe, the
geographical gradient of socioeconomic segregation is more mixed. For
example, the study of four French cities found that those with low SES
lived in suburbs in Paris but more centrally in Lille, and consequently
that low SES was associated with more NO, in Lille but with less NO5 in
Paris (Padilla et al., 2014). Most of the socioeconomic segregation gra-
dients in the six cities in our study were similar to the situation in Lille
(low SES centrally), which may explain why our results were more
consistent with those from Lille than those from Paris (Padilla et al.,
2014). However, several of the cities in the present study also have
suburbs with low SES; for example, Gothenburg has suburbs with both
very high and low SES, and urban neighborhoods with medium-low SES.
This socioeconomic segregation pattern is likely the cause of the
right-skewed U-shaped pattern of associations between SES and envi-
ronmental burden pattern in Gothenburg. In Lyon, the socioeconomic
segregation gradient was mixed, with very low and very high SES
neighborhoods in suburbs, and medium SES centrally, and Padilla et al.
(2014) found similar results to Gothenburg.

The differences between SES factors can also be viewed in this
manner. If we examine neighborhood low education, the pattern is the
complete opposite, with low-education neighborhoods having an
urban-suburban gradient in which high education is found in the urban
center (Fig. 1); this may explain the differences in the directions of the
associations between low education and low income. Overall, examining
urbanicity and specific urban settings may give some understanding of
our results, as well as results in similar studies.

4.5. Differences between environmental burdens

For each SES factor, we found similar associations with all included
environmental burdens, similar to previous studies in Dortmund, Ger-
many (low SES was significantly associated with more air pollution and
lack of greenspace, and non-significantly associated with noise), and
Ghent, Belgium (low SES was associated with more air pollution and
noise) (Flacke et al., 2016; Verbeek, 2019). Interestingly, the results
from those two studies indicated weaker associations between SES and
noise, whereas the sizes of our associations were proportionally greater
for noise compared to air pollution. Furthermore, the German and
Belgian studies found that the associations with noise did not vary much
between SES factors in their respective cities, but in Sweden we found
similar R? values for environmental burdens and larger variability by
SES within cities compared to between cities. A difference between our
study and most others is that we used particle matter to assess air
pollution burden (PM; 5 and PM;g), while many others used NO3/NO
(Flacke et al., 2016; Goodman et al., 2011; Padilla et al., 2014; Verbeek,
2019). NOy arises from more local sources of air pollution, making local
variability more noticeable compared to PM. We opted to use PM as our
air pollution indicator as it is more clearly related to health outcomes
(World Health Organization, 2021).

While our results suggest that inequality in environmental exposure
for different burdens will follow the same pattern for any specific SES
factors, more studies using multiple environmental burdens are needed
to properly understand the connections. Multiple environmental
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burdens likely increase the risk of negative health effects, especially in
low SES groups (EEA, 2019; Morello-Frosch et al., 2011; Solomon et al.,
2016).

4.6. Individual and neighborhood SES factors, and correlation between
SES factors

We found that neighborhood SES factors were more clearly associ-
ated with environmental factors, in comparison to individual SES fac-
tors. Similarly, Goodman et al. (2011) found that the association
between individual SES and NOy became weaker in joint models with
neighborhood SES. Wang et al. (2022) found a significant association
between individual SES and air pollution, but the association was
weaker than the one found for neighborhood factors. A Swedish study
based on women living in Uppsala (Stucki et al. (2023) mostly used
individual SES factors, but also included neighborhood median income
as an SES factor. In contrast to our results, that study found larger effect
sizes for most of the individual factors (education, civil status, age) than
for neighborhood income, but individual/household income did not
have a strong effect compared to neighborhood income. One reason for
the difference between those results and ours may be that the Uppsala
study did not include other neighborhood factors. For example, when we
compared M2.2 (deprivation index) and M2.3 (deprivation index + in-
dividual factors), the R? value for M2.3 was substantially higher,
whereas R? values for M2.4 (with four neighborhood factors) and M2.5
(with all individual and the component neighborhood factors) were
almost the same. Our findings suggest that when multiple neighborhood
SES factors are already accounted for, the addition of individual SES
factors may not contribute much to SES factor models investigating as-
sociations with environmental burdens.

One important finding was the low correlation between individual
and neighborhood SES. The lower R? values and magnitudes of associ-
ation indicate that individual SES may not be as important as neigh-
borhood SES for the association with environmental burden. Individual
type of residence was an exception, but this was correlated to the
neighborhood type of residence. The model with individual type of
residence might therefore have captured the explanatory effects of
neighborhood type of residence, as shown by the similar R? values in the
joint models M2.4 and M2.5. Our results suggest that in Sweden, indi-
vidual SES factors are often independent of neighborhood SES. This may
be relevant to other contexts outside of environmental research.

The weak association between environmental burden and individual
SES factors may not be applicable to other contexts, such as when
looking at how SES affects the association between environmental
burden and health effects. While our results suggest that neighborhood
factors are more important for distributive environmental justice, the
meta-analysis by Laurent et al. (2007) noted the opposite; that is, studies
using individual SES showed clearer environmental burden—SES inter-
action effects in their association with mortality. Individual SES is likely
more important in studies of the health effects of environmental expo-
sures than it is when investigating distributive environmental justice.

4.7. Strengths and limitations

There are several limitations to our findings. Firstly, our study only
included participants living in urban neighborhoods, as there were too
few rural/suburban participants for separate analyses. Since local
context seems to matter in the association between SES factors and
environmental burdens, generalizing our results outside of urban envi-
ronments should be done with caution.

Secondly, although the SCAPIS cohort is population-based, it is not
fully representative of the general population. The overall participation
rate in the SCAPIS pilot study was 50 %, but a pilot study indicated that
it was lower in low-SES neighborhoods (Bjork et al., 2017). In our data,
the distribution of the neighborhood SES of our population indicated
that there were fewer participants in low-SES neighborhoods. Combined
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with the pilot SCAPIS study findings, this would indicate that socio-
economically vulnerable participants may have participated to a lower
extent and thus be underrepresented in our study. Selection into a study
can be viewed as a collider problem when estimating the effect of X
(here SES) on an outcome (here environmental exposure). If both X and
Y affect participation, then participation is a collider, and analysing only
those who participated leads to collider bias (Nohr & Liew, 2018). In our
analysis, it seems likely that X could affect participation. But it seems
less likely that Y=exposure affects the choice to participate. However,
the high nonresponse rates could have skewed our results and must be
considered in the interpretation.

Thirdly, our model with all SES factors (M2.6) included highly
correlated factors, which may have introduced multicollinearity.
Generally, including highly correlated explanatory variables produce
estimates with higher uncertainty, as reflected in wider confidence in-
tervals for the estimates. However, the estimates from the multivariate
models are generally unbiased, which is not the case for the single
explanatory variable model, as this single variable becomes a proxy for
the joint effect of the correlated variables. In a regression analysis with
the aim to adjust for SES, we would likely have included only one SES
factor. However, in our analyses, different aspects of SES were the main
interest. We also reported estimates from univariate models
(M1.1-M1.10), which were not considerably different from the separate
effect estimates from M2.6. Therefore, we believe the joint model pro-
vides more robust and interpretable estimates overall. Nonetheless, the
high correlation between predictors should be considered when inter-
preting these results.

Finally, we did not take spatial autocorrelation into account, which
could have led to overestimated effect estimates and worse model fit, as
observed in previous studies comparing models adjusting/not adjusting
for spatial autocorrelation (Bao et al., 2023; Havard et al., 2009; Ver-
beek, 2019). The reason we decided not to use a multilevel model
structure was that we found almost no within-neighborhood variation in
air pollution.

This study also has several strengths. We analyzed several environ-
mental exposures to get a comprehensive view of the association be-
tween SES and environmental burden, using high-quality individual and
neighborhood data from a well-characterized cohort. The cohort was
used to study associations between environmental burden and health,
making these analyses directly relevant to future studies using the
cohort. Another key strength is the availability of data for multiple
urban sites in Sweden with exposure and outcome data obtained
through similar methodology, allowing detailed and accurate compari-
sons due to homogeneity between the data sets.

5. Conclusions

In this large population-based middle-aged cohort in six Swedish
cities, we found that SES factors were associated with environmental
burdens, but with major differences between cities and between SES
factors. Putting our findings within the context of previous studies, the
main take-home messages are as follows:

1) There are major differences between cities in Sweden when it comes
to the associations between SES and environmental burden. Both the
pattern and strength of the association may differ, although the di-
rections were the same for all six cities in this study. Non-linear as-
sociations were common in our analyses. Future multi-city studies of
environmental risk factors and health that adjust for SES should
allow for city-specific differences and for non-linearity.
Interventions for environmental justice need to consider who is most
affected in their specific local contexts. In some settings, areas with
the most environmental burden are not always the areas with the
most social vulnerability.

Different measures of neighborhood SES (income, education, un-
employment, etc.) have substantially different and sometimes

2

—

3

-
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opposite associations with environmental burden. It is therefore
difficult to capture these differences in simple indices of deprivation.

4) Area-level and individual-level SES should be seen as independent
factors, and area-level SES seems to be more important for explaining
variance in environmental burden. Individual and area-level SES are
generally weakly correlated.

5) The pattern of association with SES seems to be similar for different
environmental burdens.
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