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Ethnic and socioeconomic inequalities in air pollution
exposure: a cross-sectional analysis of nationwide
individual-level data from the Netherlands

Lieke van den Brekel, Virissa Lenters, Joreintje D Mackenbach, Gerard Hoek, Alfred Wagtendonk, Jeroen Lakerveld, Diederick E Grobbee,
llonca Vaartjes

Summary
Background Air pollution contributes to a large disease burden and some populations are disproportionately exposed.
We aimed to evaluate ethnic and socioeconomic differences in exposure to air pollution in the Netherlands.

Methods We did a nationwide, cross-sectional analysis of all residents of the Netherlands on Jan 1, 2019.
Sociodemographic information was centralised by Statistics Netherlands and mainly originated from the National
Population Register, the tax register, and education registers. Concentrations of NO,, PM, ;, PM,,, and elemental
carbon, modelled by the National Institute for Public Health and the Environment, were linked to the individual-level
demographic data. We assessed differences in air pollution exposures across the 40 largest minority ethnic groups.
Evaluation of how ethnicity intersected with socioeconomic position in relation to exposures was done for the ten
largest ethnic groups, plus Chinese and Indian groups, in both urban and rural areas using multivariable linear
regression analyses.

Findings The total study population consisted of 17251511 individuals. Minority ethnic groups were consistently
exposed to higher levels of air pollution than the ethnic Dutch population. The magnitude of inequalities varied
between the minority ethnic groups, with 3-44% higher exposures to NO, and 1-9% higher exposures to PM, ;
compared with the ethnic Dutch group. Average exposures were highest for the lowest socioeconomic group. Ethnic
inequalities in exposure remained after adjustment for socioeconomic position and were of similar magnitude in
urban and rural areas.

Interpretation The variability in air pollution exposure across ethnic and socioeconomic subgroups in the Netherlands
indicates environmental injustice at the intersection of social characteristics. The health consequences of the observed
inequalities and the underlying processes driving them warrant further investigation.

Funding The Gravitation programme of the Dutch Ministry of Education, Culture, and Science, the Netherlands
Organization for Scientific Research, the Netherlands Organisation for Health Research and Development, and

Amsterdam University Medical Center.
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Introduction
Air pollution emissions have major adverse consequences
for human health and the natural systems on which
health depends.! Globally, an estimated 4-9 million
deaths and 147 million disability-adjusted life-years were
attributable to air pollution in 2017® Cardiovascular
diseases, including myocardial infarction and stroke, are
the leading cause of mortality and morbidity from air
pollution exposure, followed by pulmonary diseases,
including chronic obstructive pulmonary disease, lung
cancer, and asthma.** In the EU, exposure to particu-
late matter (PM),,; was responsible for an estimated
379000 deaths and exposure to NO, was responsible for
an estimated 54000 deaths in 2018.°

Exposure to air pollution is not evenly distributed
across socially determined population groups, as
has been documented in the environmental justice
literature.”* Most research on this topic has been
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conducted in the USA and generally shows higher
exposures among marginalised populations, including
minority ethnic groups.” Studies in the USA have
shown that disparities differ in magnitude between
minority ethnic groups, underlining the importance of
assessing disparities across a detailed classification
of social groups.*™ Results from the USA cannot be
extrapolated to European countries due to their distinct
histories of migration, built environment development,
and spatial patterns of residential segregation. Within
Europe, several studies have shown that neighbour-
hoods with a higher percentage of immigrants are more
likely to contain toxic industrial facilities.”* In
the Netherlands, PM,, and NO, concentrations are
higher in neighbourhoods with a higher proportion of
immigrants from low-income and middle-income
countries (LMICs)." A study in England, Wales, and
Ireland assessing the average air pollution concentrations
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Research in context

Evidence before this study

This study was informed by systematic reviews of inequalities
in exposure to air pollution and by scientific publications that
report absolute concentrations of air pollution by race and
ethnicity, resulting from a search of PubMed, Scopus, Web of
Science, and Google Scholar on April 14, 2022. The search
included the terms (“race” OR “ethnic” OR “nationality” OR
“"migrant”) AND (“particulate matter” OR “PM,.” OR “PM,,” OR
“NO,” OR “EC" OR “BC" OR “soot”) and additional synonyms of
these terms per search block. Studies from high-income
countries, as defined by the criteria of the World Bank, were
included. After full text screening, 47 original research articles
were identified, of which 42 were done in the USA, showing
higher exposure to hazardous pollutants for minority ethnic
groups including African American, Latin American, Asian
American, and native American populations. Several studies
reported on ethnic inequalities in exposure to air pollution in
European countries, although they define ethnic groups in less
detail than US-based studies or use aggregated data. These
studies show that neighbourhoods with a higher percentage of
immigrants are exposed to higher levels of air pollution and are
more likely to contain toxic industrial facilities. Asian and Latin
American populations live disproportionally more frequently in
the most polluted areas of Barcelona and Madrid (Spain), but
mixed results were found for African populations. A study in
England, Wales, and Ireland found that Pakistani, Bangladeshi,
Indian, African, and Caribbean populations were exposed to
higher air pollution levels than the majority population.
Findings on the socioeconomic gradient in exposure to air
pollution in Europe are less consistent than in US-based studies,
with some studies showing the highest exposures for lower
socioeconomic groups and others showing the highest
exposures for higher socioeconomic groups. Exposure

at a local district level found higher exposures to NO,,
SO,, PM, ;, PM,,, ozone, and carbon monoxide among
Pakistani, Bangladeshi, Indian, African, and Caribbean
populations compared with the majority population.”
Beyond these studies, there is a paucity of data on
exposure levels for the large variety of ethnic groups in
Europe. As underlying processes resulting in unequal
exposures are unlikely to be equal across ethnic groups
research to supplement these data are needed.

Exposure to air pollution is generally higher among
groups with a lower socioeconomic position, although
this association is more consistent in studies in the USA
than in Europe.”” Numerous studies have assessed the
extent to which socioeconomic position drives exposure
inequalities in air pollution between ethnicities, and
some have shown that ethnic inequalities remain upon
adjusting for socioeconomic position.*™"* However,
assessment of only the explanatory role of socioeconomic
position in ethnic exposure inequalities might overlook
marginalisation of populations at the intersection

inequalities at the intersection of social determinants were
assessed by one US-based study, which found up to 45 times
higher air toxicity scores for census tracts in urban areas with
a higher percentage of Black residents, a higher percentage of
female-headed households, and residents with a lower
socioeconomic position.

Added value of this study

To our knowledge, this study is the first in Europe to assess
differences in exposure to air pollution for a detailed
classification of various social groups and the first to assess
inequalities at the individual-level intersection of ethnicity and
socioeconomic position. We found that minority ethnic groups
were consistently exposed to higher levels of air pollution than
the ethnic Dutch population and that exposure also varied
considerably between minority ethnic groups. Inequalities
persisted after adjustment for socioeconomic position and
were largest for Surinamese, Moroccan, Turkish, and former
Netherlands Antillean and Aruban ethnic groups with lower
socioeconomic position living in highly urbanised areas.

Implications of all the available evidence

The persistence of inequalities in exposure when stratified for
socioeconomic position and urbanicity shows that higher air
pollution exposure among minority ethnic groups acts both
through and independently of these factors. Policies to
reduce air pollution should prioritise reducing inequalities.
Given our finding that inequalities in exposure were
consistent across NO,, PM, ., PM,,, and elemental carbon,
emissions reductions from multiple sources are needed,
including vehicular and industrial emissions. A greater
understanding is needed of the role that environmental
exposures have in influencing ethnic and socioeconomic
health disparities.

of these two social determinants. An intersectionality
approach, wherein multiple social identities might syner-
gistically reflect oppression and marginalisation, has
been integrated into environmental justice research
before.” Although there is no consensus or best standard
yet on intersectional methods, evaluating interaction
terms and exposure patterns across strata better captures
the complexities of associations between social deter-
minants than overall effect analyses.”® US-based studies
have described interactions between social determinants
and applied risk stratification related to air pollution
exposure.””

Comprehensive understanding of ethnic and socio-
economic disparities in exposure to air pollution in
European settings, including the Netherlands, is insuf-
ficient. Most studies have assessed ethnic differences in
air pollution exposure at the neighbourhood level,
missing finer-scale exposure contrasts (eg, living near
a major road). Assessment at the neighbourhood level
could also be more prone to confounding by other
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area-level determinants. Furthermore, differentiation
between ethnic groups has usually been done by
formulating broad, heterogeneous groups. Moreover, to
our knowledge, the inter-relationship between individual-
level ethnicity and socioeconomic position to air pollution
exposure has not been previously investigated in Europe.
Before the underlying processes and health consequences
of ethnic and socioeconomic inequalities in exposure to
air pollution can be identified, understood, and addressed,
we must evaluate to what extent these inequalities occur
and inter-relate. Therefore, the first aim of our study is to
identify individual-level differences in exposure to air
pollution between ethnic groups in the Netherlands. The
second aim of our study is to examine the inter-
relationships between ethnicity and socioeconomic
position to air pollution exposure.

Methods

Study design and participants

For this cross-sectional study, data on the average
concentrations of air pollutants for the year 2019 were
linked to sociodemographic data on all registered
residents of the Netherlands. Sociodemographic
information was centralised by Statistics Netherlands
and mainly originated from the National Population
Register, the tax register, and education registers.
A detailed description of the sources and generation of
the datasets from these registers can be found at Centraal
Bureau voor de Statistiek. From the National Population
Register, we created a cohort of all residents of the
Netherlands as of Jan 1, 2019. Coverage is expected to be
almost complete as registration is mandatory in the
Netherlands. However, asylum seekers are slightly under-
represented as registration can take up to 6 months from
arrival. Average concentrations of air pollutants at all
inhabited addresses in 2019 were linked to individuals in
the cohort based on residential address on Jan 1, 2019.
The study was conducted in compliance with privacy
legislation. The medical ethical review board of the
University Medical Center Utrecht deemed that ethical
approval for this study was not required and provided
a waiver for the Dutch Act on Medical Research Involving
Human Subjects (reference number 21-655/C).

Procedures

Total exposure to air pollution cannot be represented by
a single air pollutant due to different sources and
dispersion patterns. We therefore selected NO,, PM,
PM,, and elemental carbon as air pollutants to be
evaluated, given their importance from a regulatory and
health perspective.®” The average concentrations of
these air pollutants for the year 2019 were modelled and
mapped on a grid with a resolution of 25 m by the
National Institute for Public Health and the Environment.
The maps were constructed from 1 km resolution
nationwide background concentration maps combined
with local traffic information. In short, the nationwide
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background concentration maps were based on disper-
sion models including information on industrial,
vehicular, and household emissions in the Netherlands
and abroad, meteorological information, and chemical
information.” Two models (one for roads within cities
and one for highways in more open terrain) based on
local vehicular traffic data, originating from the Dutch
Nationaal Samenwerkingsprogramma Luchtkwaliteit”*
were combined with the national background maps.
Next, air pollution concentrations were calculated at
9 million datapoints in the Netherlands, which were then
interpolated to a raster map with a 25 m resolution using
ordinary Kriging. The Geoscience and Health Cohort
Consortium linked the air pollution concentration to
address locations and exported these to tabular format.**
Model prediction patterns and absolute concentrations
generally agreed well with measurements for NO, and
PM, ;*? however, quality quantification is hard to
interpret as measurements have been used in calibrating
the models. The models for elemental carbon were more
recently developed and are less well calibrated, resulting
in potential misclassification of the absolute concen-
trations.” As misclassification is expected to be similar
between social groups, comparisons of relative differ-
ences between groups will be interpretable.

To align with previous Dutch publications, we differ-
entiated between ethnic groups according to the Statistics
Netherlands’ definition for migration background, which
is based on country of birth of the person and their
parents.” If the person was born abroad but both parents
in the Netherlands, ethnicity was classified as Dutch. If the
person and both parents were born in the Netherlands, the
person’s ethnicity was classified as Dutch. If the person and
one or both parents was born abroad (ie, first-generation
immigrant), ethnicity was based on the person’s country of
birth. If the person was born in the Netherlands and one
of the parents was born abroad (ie, second-generation
immigrant), ethnicity was based on the country of birth of
the parent born abroad. If the person was born in the
Netherlands and both parents were born abroad (ie,
second-generation immigrant), ethnicity was based on the
mother’s country of birth.

The primary outcome was differences in exposure to
air pollution between ethnic groups in the Netherlands.
For the primary analyses, a combination of standardised
disposable household income and taxable assets was
used as an indicator of individual-level socioeconomic
position. These data are available from the national tax
register and are nearly complete. The main taxable assets
are houses, shares, and savings. Debts are deducted
from these. Income was determined as gross household
income minus income transfers, such as alimony, income
insurance premiums, health insurance premiums, and
taxes. Income was standardised by household composition
by dividing the value by an equivalence factor derived by
Statistics Netherlands: E=(Pv+[0-8xPk])o5 where Pv is
the number of adults and Pk the number of children in

For sources and generation of

datasets see www.chs.nl/
microdata
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Data are n (%) unless otherwise specified. The 12 main ethnic groups represent the ten largest ethnic groups plus Indian and Chinese groups. The total cohort also includes the smaller ethnic groups (9% of the total). *Former Netherlands Antillean and

Aruban. tSocioeconomic position defined by standardised disposable household income and assets.

Table 1: Population characteristics
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the household. This adjustment results in a lower
standardised disposable household income for larger
households, an approach widely used in research into
socioeconomic inequality.* Income and assets were
equally weighted, divided into percentiles, and summed
into tertiles indicating a low, middle, or high
socioeconomic position.

As a sensitivity analysis, to capture multiple domains
of socioeconomic position, we constructed a composite
socioeconomic position index by scoring and summing
income and assets (low=0, middle=1, high=2), highest
level of attained education (low=0, middle=1, high=2)
and job-seeker registration (yes=0, no=2) into one
variable. Level of education was divided into lower
(primary school and lower levels of secondary school),
middle (higher levels of secondary school), or higher
(college and university) levels. Registration as a job
seeker is obligatory in the Netherlands to receive
unemployment benefits. We did not use this composite
socioeconomic position index in the primary analysis
due to the high proportion of missing values for
education (32-0%), especially for older inhabitants and
for people who completed education abroad. We
excluded individuals younger than 25 years from the
sensitivity analysis because they are frequently still
studying, which would make level of attained education
a less reliable indicator of socioeconomic position.
Neighbourhood average standardised household
income, categorised into tertiles, was used as an
indicator of neighbourhood-level socioeconomic
position. The socioeconomic position index scores were
divided into three categories representing low, middle,
and high socioeconomic position.

Age (in years) and gender (approximated by sex as
registered at birth) were obtained from the National
Population Register. Neighbourhoods in the Netherlands
are defined as a homogeneously bounded part of
a municipality from a building or socioeconomic
perspective.” Urbanicity was defined by the neighbour-
hoods’ address density. The neighbourhood’s address
density was the average address density around
residential address in the neighbourhood. The address
density around residential address was calculated as the
number of addresses in a 1 km?2 circular buffer around
the residential address. We divided urbanicity into
two categories indicating that the residential address
was situated in a rural to moderately urbanised
neighbourhood (<2000 addresses per km2) or a highly
urbanised neighbourhood (>2000 addresses per km?2).
We selected this cutoff to capture highly urbanised areas
and still maintain sufficient numbers per ethnic and
socioeconomic category.

Statistical analysis

We calculated mean (SD) exposures for the 40 largest
ethnic groups in the Netherlands (representing 98% of
the total population). Using independent sample ¢ tests
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NO, (ug/m®)  NO, percentage
difference
compared with
Dutch individuals

PM,, (ng/m*)  PM,, percentage PM,, (ug/m°) PM,, percentage
difference difference
compared with compared with
Dutch individuals Dutch individuals

Total cohort (n=17251511) 175 (4-3)

Dutch (n=13175068) 16-9 (4-1)

Turkish (n=409372) 20-4 (4-0) 20-1%
Moroccan (n=401871) 20-8 (3:9) 22:8%
Indonesian (n=358196) 18-4(4-1) 8-4%
Surinamese (n=353425) 20-6 (4-3) 21-4%
German (n=350703) 17-4 (4-1) 2-8%
Polish (n=184692) 186 (4-2) 97%
Antillean and Aruban* (n=160 960) 20-0 (4-6) 183%
Belgian (n=119 457) 17:9 (3-7) 5.4%
Syrian (n=97997) 17-6 (4-0) 3-6%
Chinese (n=77363) 19-9 (4-5) 177%
Indian (n=48563) 20-8 (3:9) 22-8%

Data are mean (SD) unless otherwise specified. The 12 selected ethnic groups represent the ten largest ethnic groups plus Indian and Chinese groups. The total cohort also
includes the smaller ethnic groups (9% of the total). PM=particulate matter. p values were calculated for each ethnicity against each pollutant, with ethnic Dutch as the
reference group, using independent sample t tests and were not tested for the total cohort. All derived p values were <2-2 x10*°. *Former Netherlands Antillean and Aruban.

101 (1-1) @ 17:6 (1.5)

100 (1-1) . 174 (1-5)

10-6 (0-8) 57% 18:3(12) 5:3%
10-7(0-8) 6-6% 185 (1-1) 63%
10-2 (1.0) 23% 17:8 (1:3) 2:2%
10-4 (0-9) 41% 183 (1-2) 4-8%
101 (1-0) 11% 17:5 (1-4) 02%
103 (1-0) 3-0% 179 (1-4) 2:9%
103 (1-0) 3-4% 181 (1-4) 37%
10-2 (1-0) 1-6% 17:5 (1:3) 07%
10-1 (1:0) 13% 17-6 (1-4) 0-9%
10-4 (1:0) 42% 181(13) 41%
10-5(0-9) 52% 184 (1-2) 5:5%

Table 2: Annual average air pollution concentrations (mean [SD]) at the residential address for the 12 main ethnic groups

NO, (g/m’)  PM,, (pg/m’) PM,, (ng/m’)

Socioeconomic position

Low (n=4840715) 18:3 (4-5) 10-2 (1-1) 177 (1-5)

Medium (n=6020457)  17-2 (4-2) 100 (1-1) 17-4(1.5)

High (n=6389371) 17:3 (4-1) 101 (1-1) 17-6 (1-4)
pvalue p<22x107%*  p<22x10%¢  p<2:2x107

Data are mean (SD) unless otherwise specified. Air pollution concentrations are
for the residential addresses of individuals. Socioeconomic groups are based on
standardised disposable household income and assets. p values were assessed by
one-way ANOVA testing the mean difference between socioeconomic groups.

Table 3: Annual average air pollution concentrations for the three
socioeconomic groups

with Bonferroni correction for multiple comparisons,
we tested mean exposure differences between each
minority ethnic group and the ethnic Dutch population
and calculated percentage differences. For all other
analyses, we assessed the ten largest ethnic groups,
plus Indian and Chinese groups—12 ethnic groups in
total—to maintain sufficient numbers to stratify across
multiple determinants. Indian and Chinese groups
were included because they make up a large portion of
the world’s migrant population.” We calculated mean
(SD) air pollution exposures for the three socioe-
conomic groups and tested the mean differences using
a one-way ANOVA. To assess the inter-relationship of
socioeconomic position and ethnicity to air pollution
exposure, we did multivariable linear regression
analyses and calculated estimated marginal mean
exposure concentrations for each air pollutant. We
stratified the regression analyses by urbanicity (rural to
moderately urbanised or highly urbanised) to evaluate
whether exposure inequalities persist within urban and

rural areas and to compare exposure patterns between
urban and rural areas. Ethnicity, socioeconomic
position based on income and assets, gender, and age
were independent variables in the models. Estimated
marginal means were standardised by gender and age.
We tested the interaction between socioeconomic
position and ethnicity and stratified the estimated
marginal means by socioeconomic position.

To evaluate if exposure patterns were consistent using
the multidimensional socioeconomic position index,
we did a complete case analysis including individuals
older than 25 years, comparing models with income
and assets as indicators of socioeconomic position
versus the multidimensional socioeconomic position
index. As secondary analyses, we compared exposure
disparities across three age groups (<25 vyears,
25-60 years, >60 years) and upon exclusion of second-
generation immigrants. We also added a random
intercept for neighbourhood to the models to evaluate
the extent to which exposure inequalities reflect high
pollution in neighbourhoods wherein minority ethnic
and lower socioeconomic groups cluster. Next, we added
neighbourhood socioeconomic position as a fixed effect
to these models with a random intercept to evaluate its
contribution. For all regression analyses, we evaluated
diagnostics and found that the residuals were normally
distributed and that there was negligible multicollinear-
ity or heteroscedasticity. R version 4.1.3 was used for
all analyses.

Role of the funding source

The funders of this study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.
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Figure 1: Estimated marginal mean NO, exposure by socioeconomic and ethnic group
Marginal means are adjusted for age and gender. Error bars show 99% ClI. On the y-axis, ethnic groups are ordered from highest to lowest exposure. The range of the
x-axis differs between A and B. NO,=nitrogen dioxide. pg=micrograms. *Former Netherlands Antillean and Aruban.

Results

Our search yielded 9239996 inhabited addresses. Average
concentrations of air pollutants at all inhabited addresses
were linked to individuals in the cohort based on
residential address on Jan 1, 2019. Linkage was successful
for 9165337 (99-2%) of the 9239996 addresses;
unsuccessful linkages were due to inconsistencies in
addresses. 17251511 inhabitants were registered at these
addresses, with 11389626 in rural to moderately
urbanised neighbourhoods and 5861615 in highly
urbanised neighbourhoods; 271 individuals had missing
data. Of the 17251511 included individuals, 4076443
(23-6%) were of non-Dutch ethnicity (table 1; appendix
p 2). Population characteristics varied widely between the
ethnic groups. Socioeconomic position and education
levels were lower for most minority ethnic groups
compared with the ethnic Dutch group. Indian, Chinese,
and Dutch ethnic groups were least often registered as
job seekers (table 1). A higher proportion of minority
ethnicities (31-0-70-5%) lived in highly urbanised areas

www.thelancet.com/planetary-health Vol 8 January 2024

compared with the ethnic Dutch group (27-7%). For
the primary analysis, there were 15737667 (91-2%)
individuals in the 12 selected ethnic groups.

Pollutant exposures per ethnic and socioeconomic
position group were approximately normally distributed
(appendix pp 8-9). For the total population, the mean
concentration in pg/m3 was 17-7 (SD 4-3) for NO,,
10-1 (1-1) for PM,,, 17-6 (1-5) for PM,,, and 0-6 (0-1) for
elemental carbon (table 2; appendix p 5). Minority ethnic
groups were consistently and significantly exposed to
higher concentrations of air pollution as compared with
the ethnic Dutch group, with mean concentrations being
2-8-22-8% higher for NO, 1-1-6-6% higher for PM,
and 0-7-5-5% higher for PM,, among the main ethnic
groups (table 2). Cape Verdeans were exposed to the
highest concentrations of these pollutants (appendix
p 5). Exposure to elemental carbon was also unequally
distributed (appendix pp 5-7). For all pollutants,
exposures were highest for the group with the lowest
socioeconomic position and lowest for the group with

See Online for appendix
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the middle socioeconomic position (table 3). Differences
between the three socioeconomic position groups were
about 1% for PM,, and PM,, and 5% for NO, and
elemental carbon, which is considerably smaller than
the differences between ethnic groups.

Across all air pollutants, ethnic inequalities in
exposure persisted when socioeconomic position and
urbanicity were taken into account, (figures 1-3;
appendix p 10). We found a significant interaction
between ethnicity and socioeconomic position in
relation to air pollution exposures (interaction
p<2-2x10716 for all four pollutants), indicating that
differences in exposures between ethnic groups were
affected by socioeconomic position. The ranking of
ethnic groups based on inequalities in exposure was
similar for all pollutants and urbanicity levels, with the
exception of Belgians, who were exposed to high
levels of elemental carbon (appendix p 14) compared
with the other pollutants. The inequalities in exposure
were largest for Turkish, Moroccan, Surinamese, and

Indian ethnic groups with low socioeconomic position
living in highly urbanised areas (445218 individuals,
2-6% of total population), with Turkish representing the
first, Moroccan the second, Surinamese the third, and
Indian the seventh most populous minority ethnic
groups. These subgroups were exposed to up to 9-9%
higher estimated mean NO, concentrations than the
ethnic Dutch group with low socioeconomic position
living in highly urbanised areas and 11-9% higher than
the ethnic Dutch group with middle socioeconomic
position living in highly urbanised areas (figure 1A, B).

After stratification, the socioeconomic position
groups with the highest estimated marginal mean
exposure differed by ethnicity and urbanity level.
Among the highest exposed ethnic groups, the group
with low socioeconomic position had the highest
exposure. By contrast, the exposures for Dutch,
Indonesian, German, Belgian, Indian, and former
Netherlands Antillean and Aruban groups were highest
(up to 4-3% higher) for the groups with high

www.thelancet.com/planetary-health Vol 8 January 2024
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socioeconomic position and lowest for the group
with middle socioeconomic position in urban areas,
suggesting a U-shaped relationship between socioe-
conomic position and air pollution exposure. In rural to
moderately urbanised areas, the association between
socioeconomic position and exposure to air pollution
was more uniform between ethnic groups, with overall
higher exposures among the group with higher
socioeconomic position (figures 1B, 2B, 3B).

We compared exposure disparities across three age
groups (<25 years, 25-60 years, >60 years) and found that
air pollution exposures were higher at lower ages
(appendix p 15). The complete case analyses included all
individuals older than 25 years, with a final number of
6337468 (36-7%) for inclusion. The complete case
analysis compared the use of socioeconomic position
index as the indicator for socioeconomic position with
use of income and assets as the indicator and showed
slightly greater exposure inequalities for minority ethnic
groups when the index was used (appendix p 18).
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Stratifying mean exposure concentrations by immigrant
generation showed slight differences in exposure
inequalities: 16-4% higher NO, concentrations for first-
generation immigrants compared with the ethnic Dutch
group versus 13-3% higher for second-generation
immigrants compared with the ethnic Dutch group
(appendix p 21). However, excluding second-generation
immigrants (n=1362869, 8%) from the regression
analyses negligibly changed the estimated exposure
inequalities (appendix p 22).

Adding a random intercept for neighbourhood to the
models attenuated the exposure inequalities to null
(appendix p 25) and explained almost all the variance in
air pollution exposure with conditional R2s ranging
from 0-910 to 0-991 (appendix p 31). Adding
neighbourhood socioeconomic position to the models
increased the explanatory power of the models (appendix
p 31). However, this addition resulted in negligible changes
in the exposure differences between minority ethnic
groups and the ethnic Dutch group (appendix p 28).
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Discussion

This nationwide, cross-sectional study of air pollution
exposure inequalities reveals environmental injustice in
the Netherlands. We found that minority ethnic groups
are consistently exposed to higher levels of NO,, PM,
PM,, and elemental carbon than the ethnic Dutch
population, even after adjustment for socioeconomic
position and urbanicity. The magnitude of the inequalities
in air pollution exposures varied greatly between
the minority ethnic groups. By evaluating patterns of
exposure to air pollution at the intersection of ethnicity
and socioeconomic position, we observed two important
findings. First, air pollution exposure was the largest for
Surinamese, Moroccan, Turkish, and Indian ethnic
groups with lower socioeconomic position living in highly
urbanised areas. Second, the relationship between
socioeconomic position and exposure to air pollution
differed depending on ethnicity, implying that the role of
socioeconomic position in determining residential
location and air pollution exposure differs between ethnic
groups.

A study in England, Wales, and Ireland establishing
mean air pollution concentrations at the local authority
level between 2002 and 2011 found higher exposures
among Pakistani, Bangladeshi, Indian, African, and
Caribbean populations compared with the majority
population.” The mean concentration of NO, was found
to be 50% higher for Indians compared with the White
population, while PM, ; was 21% higher, and PM,, was
19% higher. These findings have a larger disparity than
for the Indian ethnic population in our study. Other
previous studies on ethnic inequalities in air pollution
exposure in Europe do not provide detailed comparisons
between different ethnic groups, limiting comparability
with our findings.”” A systematic review of social
inequalities that included studies predominantly from
the USA, found that minority ethnic groups, notably
African American, Latin American, Asian American
and native American populations, are exposed to higher
concentrations of industrial hazardous pollutants.®
A review of the WHO European region found
that communities around industrially contaminated
sites were characterised by a higher proportion of
immigrant residents.® A neighbourhood-level study
in the Netherlands found 39% higher concentrations
of NO, and 5% higher concentrations of PM,, in
neighbourhoods with at least 20% immigrants from
LMICs compared with neighbourhoods with less than
20% immigrants from LMICs." Although evidence in
Europe of higher exposure to industrial air pollution for
minority ethnic groups is fairly consistent, patterns
of exposure to overall air pollution, including traffic-
related pollution, are more inconsistent, with some
studies reporting similar and sometimes lower
exposures for broadly defined minority ethnic groups
than for the majority ethnicity alongside studies
showing higher exposures.’**

The higher exposures to air pollution found among
Turkish and Moroccan populations in the Netherlands in
this study are in line with studies showing that these
populations more often live in neighbourhoods with
a high proportion of immigrants,” and these neighbour-
hoods have higher concentrations of air pollution." Of
the Syrian war refugees, a large proportion resided in
allocated reception centres, which are mostly in rural to
moderately urbanised areas, which is reflected in the low
exposure concentrations among this group. Air pollution
exposure among the Indonesian ethnic group was more
similar to that of the ethnic Dutch group than among
some of the other minority ethnic groups. In the USA,
a 22% higher exposure to PM, ; for Chinese individuals
compared to White individuals was found,” which is
a larger difference than the 4% higher exposure to PM,
for Chinese individuals in our study.

The relationship between socioeconomic position
and air pollution exposure differs between countries.
A U-shaped pattern between socioeconomic position and
exposure was previously reported.”? Another study report
inverted U-shaped relationships between socioeconomic
position and air pollution (ie, highest exposures for the
middle socioeconomic position group).” Although, our
results in the total study population suggest a U-shaped
pattern, which socioeconomic position group had the
highest exposure depended on urbanicity and ethnicity.
The highest exposed subgroups in our study were of
minority ethnicity with a low socioeconomic position in
urban areas. This finding is in line with a US-wide
study,” which found up to 45-times higher air toxicity
scores for census tracts with a high percentage of
Black residents, a high percentage of female-headed
households, lower educational attainment, and lower
income in urban areas. Most other US-based studies
also report the highest air pollution exposure at the
lowest socioeconomic positions.’ In this study, the high-
socioeconomic position subgroups in some ethnic
groups did not always have the lowest exposures,
which might reflect the fact that populations of high
socioeconomic position tend to live in the inner centres
of cities or towns. A study in Austria® found a positive
correlation between income and exposure to industrial
air pollution in rural areas, but a negative correlation in
urban areas. Some China-based studies®” report higher
air pollution exposures at higher socioeconomic position
also, in both urban and rural areas.

We found a consistent disparity in exposure across
all pollutants. The largest differences in NO, exposure
are probably related to its greater spatial variability. The
significant contribution of vehicular traffic to NO, exposure
suggests that reducing vehicular emissions reduces
exposure inequalities. The random effects analysis shows
that differences in exposure are largely explained by the
clustering of social groups within polluted neighbourhoods.
Several mechanisms are presumed to contribute to this,
including lower housing prices in polluted areas and racial
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discrimination in the (privatised) housing market.***
Furthermore, polluting companies might be more likely to
locate near marginalised communities because of the
often cheaper land prices, lower wages, and less organised
(political) resistance.* In Germany, part of the ethnic
disparities in air pollution exposure are explained by the
geographical centrality of industrial facilities in city centres
where minority ethnic groups tend to cluster.”

Although adjusting for neighbourhood socioeconomic
position did not substantially change the exposure
inequalities identified here, the additional value of assess-
ing neighbourhood socioeconomic position alongside
individual socioeconomic position indicators in relation
to air pollution exposures has been shown before.” Future
studies could combine multiple socioeconomic position
indicators and assess interactions between individual-
level and neighbourhood-level socioeconomic position to
further assess the role of socioeconomic position in
ethnic exposure inequalities.

To our knowledge, this study is the first to evaluate
environmental injustice related to air pollution at the
intersection of ethnicity and socioeconomic position in
Europe. A strength of this study is that we used
individual-level information in this nationwide analysis,
which allowed detailed stratification by ethnicity,
socioeconomic position, and urbanicity. However, this
study comes with limitations. First, the cross-sectional
design did not allow analysis of temporal trends of
exposure disparities. Second, we recognise that reluc-
tance is warranted with categorising ethnic groups;
country of birth as the indicator for ethnicity does not
capture the multidimensionality of the construct.
Misclassification will have occurred, especially for people
of mixed ethnicities and for people self-identifying their
ethnicity other than based on their country of birth. The
Surinamese population in the Netherlands is especially
heterogeneous but was simplified to one ethnic group in
this study. Nevertheless, we are confident that we have
reliably shown trends in exposure to air pollution by
broad ethnic groups, as country of birth has proven to
be a fair indicator to distinguish between ethnic groups
in the Netherlands.®® Third, income and taxable assets
are incomplete measures of socioeconomic position.
However, the sensitivity analyses with the composite
socioeconomic position index and adding neighbourhood
socioeconomic position to the models, led to only
minimal changes to the results. Finally, in addition to air
pollution concentrations at the residential address, other
factors contribute to total air pollution exposures and to
inequalities. These factors include time-activity patterns,
indoor air pollution, and occupational exposures. If
alternate factors have biased our results, the exposure
inequalities found are likely to be underestimated, as
access to the housing market, housing quality, and hence
indoor air quality might be lower for minority ethnic and
lower socioeconomic position groups, resulting in higher
concentrations of indoor air pollution.**
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Further research should address several points. First,
the air pollution exposure inequalities observed in this
study warrant further investigation of health effects.
Second, focusing on areas with high concentrations of
air pollution in the Netherlands and assessing the
relationship between clustering of social groups and air
pollution sources could provide insight into the factors
contributing to unequal exposures and opportunities
for more targeted interventions. Finally, future studies
should investigate the combined effects of air pollution
and other risk factors in the social and built environments
on disease inequalities between social groups.

Minority ethnic groups in the Netherlands are exposed
to higher concentrations of air pollution (PM, 5, PM,;, NO,,
and elemental carbon) than the ethnic Dutch population,
with variation between minority ethnic groups in the
magnitude of the exposure inequalities. Air pollution
exposure concentrations are highest for Surinamese,
Moroccan, Turkish, and former Netherlands Antillean
and Aruban ethnic groups with low socioeconomic
position in highly urbanised areas, which shows
environmental injustice at the intersection of social
determinants. Policies to reduce air pollution should
prioritise groups that are highly exposed and should aim
to reduce inequalities. The health consequences of the
observed exposure inequalities and the underlying
processes causing them warrant further investigation.
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