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Abstract

Aim This study examines how urban planning in Belgium impacts public health by influencing air pollution and green
space. It analyses the link between these environmental factors and health issues such as mortality, cardiovascular disease,
diabetes, asthma, and depression.

Subject and methods This study quantifies the combined disease burden attributable to fine particulate natter (PM, 5), NO,,
and insufficient green space in Brussels, Liege, and Mechelen using a multiplicative population preventable fraction (PF)
approach with World Health Organization (WHO) exposure target values as counterfactual scenario.

Results Our findings reveal that reducing PM, 5 and NO, and increasing green space to WHO-recommended levels could
lower total mortality by 14.7% (95% CI 9.4-19.8) in Brussels, 11.7% (95% CI 7.5-16.3) in Liége, and 12.0% (95% CI
7.7-16.3) in Mechelen. Cardiovascular mortality could decrease by 13.4% (95% CI 5.8-21.0) in Brussels, 10.3% (95% CI
4.1-16.0) in Liege, and 11.0% (95% CI 5.1-16.6) in Mechelen. Diabetes reductions are estimated at 25.4% (95% CI 7.0-40.3)
in Brussels, 21.6% (95% CI 7.2-37.0) in Liége, and 19.9 (95% CI 6.7-33.9) in Mechelen.

Focusing on background concentrations for NO, underestimates health effects. Traffic contributes 73.2-78.6% of NO,, with
local traffic accounting for 40.9-55.0% of concentrations.

Conclusion This study identifies a statistically significant link between elevated air pollution, limited green space, and the
potential to reduce chronic disease prevalence by adhering to WHO guidelines. It underscores the importance of health-
centred urban planning, advocating for green space expansion, air quality improvements, and more precise NO, source
allocation to better pinpoint and mitigate pollution sources, ultimately fostering healthier communities.
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Urban planning, transportation, and mobility policies have
a multifaceted impact on human health, influencing expo-
sure to environmental stressors, access to green spaces, and
levels of outdoor physical activity (Mueller et al. 2017,
Rojas-Rueda et al. 2013). Traffic-related air pollution has
been linked to respiratory diseases such as asthma, chronic
obstructive pulmonary disease (COPD), diabetes, and car-
diovascular diseases (Achakulwisut et al. 2019; Brunekreef
et al. 2021; Collart et al. 2018; Requia et al. 2023). Addi-
tionally, a scarcity of urban green spaces can contribute to
stress, mental health issues, reduced physical activity, and
an increased risk of cardiovascular disease (Liu et al. 2022;
White et al. 2013). Furthermore, urban heat islands, char-
acterised by elevated temperatures in urban areas relative to
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less developed surrounding areas, can cause or exacerbate
cardiovascular diseases (Huang et al 2020).

A study in Barcelona demonstrated that compliance with
international recommendations could prevent 20% of mor-
tality (Mueller et al. 2017). These recommendations involve
increasing physical activity, reducing exposure to air pollu-
tion, noise, and heat, and enhancing access to green spaces.
Another study in Barcelona estimated that replacing 40%
of car trips with public transportation or active modes of
transport could lead to a reduction in cardiovascular disease,
diabetes, traffic injuries, dementia, breast cancer, and colo-
rectal cancer (Rojas-Rueda et al. 2013).

While numerous studies have explored the link between
various environmental factors and health outcomes (Rojas-
Rueda et al. 2021), integrated health impact assessments
(HIAs)—focusing on how policies affect health through
their environmental, economic, and social impacts—remain
scarce for urban and transport planning (Khreis and Nieu-
wenhuijsen 2019; Nieuwenhuijsen 2016).

Additionally, existing air pollution source allocation
methods often underestimate the traffic-related exposure and
subsequent health and environmental impacts. For example,
the SHERPA tool, commonly used for air pollution source
allocation, does not account for the local component of traf-
fic-related emissions, leading to an underestimation of the
associated health effects. These studies often provide the
best available estimates for policy contexts, although most
studies using this tool explicitly acknowledge its limitations
and the likelihood of underestimation (Degraeuwe et al.
2021; Khomenko et al. 2023; Thunis et al. 2018).

Building on previous HIAs, this study extends existing
approaches by analysing small and mid-sized Belgian cit-
ies (Liege and Mechelen) at high spatial resolution, ena-
bling neighbourhood-level assessment of preventable dis-
ease burden. It further advances prior work by quantifying
the underestimation of traffic-related NO, in conventional
source allocation models, and by linking environmental
exposure to socio-economic deprivation indicators, thereby
identifying inequalities in health risks and supporting more
context-specific and actionable policy guidance for urban
and transport planning.

Accurately quantifying this disease burden is essential for
defining and implementing effective mitigation measures to
reduce health impacts by achieving World Health Organiza-
tion (WHO) guidelines for air pollution levels and residential
green space availability. The objective of our research is
to estimate the disease burden of asthma, diabetes, depres-
sion, and cardiovascular disease resulting from air pollution
exposure and insufficient green space, as associated with
urban and transport planning practices. Specifically, we aim
to (1) estimate the total disease burden of the selected condi-
tions that could be prevented if WHO recommendations for
long-term air pollution exposure and residential green space
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availability are met, and (2) quantify the underestimation of
the health burden associated with traffic-related air pollution
by current source allocation methods and explore solutions
to improve these methods to enhance the accuracy of HIAs.

Methodology and data
Study area

A list of inclusion criteria and an evaluation of Belgium’s 15
largest cities regarding those criteria can be found in Appen-
dix I: Selection of cities. We selected three Belgian cities.
The study area includes the Brussels Capital Region (BCR),
Liege, and Mechelen (Fig. 1).

Data
Environmental data

We used air pollution data from the ATMO-Street high-
resolution (100 m including street canyon effects) model
chain (Hooyberghs et al. 2022), open data obtained from
reference measurement stations in the cities of Mechelen
(one station, classified as ‘traffic’), Brussels (two stations,
one station classified as ‘traffic’ and one station as ‘central
urban zone’), and Liege (one station, classified as ‘traffic’),
and the SHERPA tool for information on source allocation
of the background air pollution concentration (Degracuwe
et al. 2021; Pisoni et al. 2024). Both ATMO-Street air pol-
lution model data and data from reference measurement
stations are from the calendar year 2022. For green space,
we use remote-sensing normalized difference vegetation
index (NDVI) data from the Moderate Resolution Imaging
Spectroradiometer (MODIS) satellites (Huete et al. 2002,
2010). We computed the yearly average for 2016 based on
the 16-day NDVI images with a cell size of 250 m.

Socio-economic data

To describe the socio-economic status (SES) of each statisti-
cal sector, we use the Belgian Index of Multiple Deprivation
(BIMD), combining six domains of deprivation (income,
employment, education, housing, crime, and health). We
also used the housing domain of the index of deprivation,
as calculated by Otavova (2023), as the housing domain is
closely linked to urban and transport planning. Both indices
refer to the situation in year 2011, because no census data
are available beyond 2011.
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Fig. 1 Study area with the Belgian cities Brussels, Li¢ge, and Mechelen. The zoomed-in-display for each of the cities shows the statistical sector
boundaries within each urban area. Map by Eva De Clercq, data from StatBel

Selection of diseases

We reviewed meta-analyses of existing studies to determine
which cause-specific diseases to include in our study, limited
to diseases that could be affected by urban and transport
planning, with the availability of epidemiological evidence
and the existence of plausible biological mechanisms to
explain the relationship. We excluded diseases for which

the available evidence was inconsistent or inconclusive,
meaning that the 95% confidence interval overlapped with
an estimate of zero attributable disease (absence of statis-
tically significant relation). For air pollution, we consider
both fine particulate matter (PM, 5) and NO,, and for green
space, we use NDVI values as a proxy, as it is the most com-
monly studied criterion in HIAs. We focused on cardiovas-
cular diseases, diabetes, and asthma as air pollution-related
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conditions, and included cardiovascular diseases and depres-
sion as conditions linked to a lack of residential and urban
green space.

Exposure-response functions

The exposure-response functions (ERF) used in our HIA
were derived from recent comprehensive meta-analyses.
A summary of the diseases and the origin of the expo-
sure—response relationships is provided in Table 1.

The inclusion criteria for each environmental
stressor—outcome pair required that the ERF be adjusted
for confounding factors such as smoking and SES. Addi-
tionally, studies had to focus on healthy populations and
include high-spatial-resolution exposure assessment (e.g.,
100 x 100 m). Priority was given to recent, extensive meta-
analyses, especially those providing two- or multiple-pollut-
ant estimates that adjust for the interrelated impacts of NO,
and PM, 5. This approach was consistently applied across
outcomes such as natural mortality, cardiovascular mortality,
and adult asthma (Table 1).

The use of two-pollutant models, where NO, is adjusted
for PM, 5, represents a conservative approach that helps
avoid double-counting risks attributable to correlated pollut-
ants. While this may slightly underestimate the full impact of
traffic-related pollution, it prevents overestimation observed
in single-pollutant models. An additional sensitivity analy-
sis comparing NO,-related health impacts using unadjusted
versus PM, s-adjusted ERFs is provided in Appendix IV.

Potential interactions between air pollution and green
space were not explicitly modelled. Most epidemiologi-
cal studies report limited or negligible statistical interac-
tions between these exposures. For example, James et al.
(2016) found that PM, 5 explained only about 4% of the

association between green space and all-cause mortal-
ity, while the meta-analysis on cardiovascular mortality
(Brunekreef et al 2021) already included air pollution
adjustments in some of the studies included in the meta-
analysis without major changes in effect estimates. The
combined effects are therefore treated as additive, although
some uncertainty remains, and the results should be inter-
preted with caution, as synergistic or antagonistic effects,
if present, could modestly influence the estimated health
impacts.

Health impact assessment

To calculate the preventable fraction (PF)—the fraction
of disease that could be prevented by achieving the coun-
terfactual scenario—for each of the selected diseases (see
table), the following formula is used:

_(1-RR)
~ RR

PF 1)
in which RR is the relative risk of exposure. For air pollu-
tion, the counterfactual scenario used is 5 ug/m® PM, 5 and
10 ug/m® NO,, corresponding to the WHO guideline values
for long-term air pollution exposure. For the target value for
NDVI, we used the calculation from an earlier study of 1000
cities by the ISGlobal institute, where they translated the
WHO recommendations on green space to target NDVI val-
ues specific for each city (Barboza et al. 2021). This resulted
in the use of a counterfactual target NDVI of 0.559 for Liege
and 0.52 for Brussels. As Mechelen was not included in
the 1000-city study, for Mechelen we used the value of the
nearby and similar city Leuven, with a target NDVI of 0.56.

Table 1 Dose-response relationships extracted from recent meta-analyses

Exposure-response
functions (ERFs)

NO, per 10 pg/m®

PM, 5 per 10 pg/m®

Source

NDVI per 0.1 unit
increment

Source

Natural mortality

Cardiovascular mortal-
ity

Diabetes risk

Asthma incidence—
children

Asthma incidence—
adults

Depression prevalence

1.050 [1.031-1.070]

1.043 [1.007-1.079]

1.07 [1.04-1.11]
(prevalence)

1.125[1.10-1.175]

1.21 [1.11-1.32]

1.083 [1.054-1.113]
Traffic-specific: 1.212
[1.141-1.283]

1.100 [1.053-1.150]

Traffic-specific: 1.212
[1.071-1.389]

1.08 [1.04-1.12]

(prevalence)

*

Kk

(Brunekreef et al.
2021)
(Chen et al. 2022)

(Brunekreef et al.
2021)
(Chen et al. 2022)

(Yang et al. 2020)

(Khreis et al. 2017)

(S. Liu et al. 2021)

0.96 [0.94-0.97]

0.97 [0.96-0.99]

0.919 [0.862-0.982]
per 0.09 NDVI
(IQR) (incidence)

&k

skok

0.931 [0.887-0.977]

(Rojas-Rueda et al.
2019)

(X.-X. Liu et al. 2022)

(Ccami-Bernal et al.
2023)

(Z. Liu et al. 2023)

* No effect after correction for NO,; ** no statistically significant effect. /QR interquartile range
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The RR at the computed average value for each statistical
sector (RRexposure) is converted from the default unit per
10 ug/m? increase to the relevant exposure unit, using

RRexposure = exp((In(RR10)/10) x (CON)) 2)

in which RR10 is the RR for an increase of 10 pg/m?> in
air pollution or a 0.1-unit decrease in NDVI starting from
the counterfactual scenario of the target NDVI, and CON is
the actual mean concentration of the statistical sector of the
air pollutant under consideration. A Monte Carlo simula-
tion (10,000 iterations) assuming a log-linear distribution is

k

applied on the reported ERFs in order to obtain a more likely
distribution of the confidence intervals of the ERFs for both
air pollution and green spaces. For each of the results, we
estimated combined health effects. To combine the different
PF estimates into an overall PF, we use the formula for the
multiplicative PF (Eq. 3).

k

PF Multiplciative = 1 — | ] (1 — PF(xj))PF Multiplciative = 1 — ] | (1 - PF(x)), 3

J=1

J=1

where PF(xj) is the PF for each individual risk factor j, k
is the total number of risk factors, and the term x represents
the individual exposure levels or factors that contribute to
the overall PF.

For the PF calculation, we used meta-analyses for air
pollution that accounted for the overlap between PM,
and NO,. Additionally, all the meta-analyses we used cor-
rected for socio-economic factors and other confounders
like smoking. We then compared the combined PF of air
pollution and green space (corrected for socio-economic fac-
tors) with socio-economic indicators such as the BIMD and
housing deprivation. Since the ERFs for environmental fac-
tors already adjust for socio-economic factors, our analysis
shows whether high environmental stress from suboptimal
urban and transport planning overlaps with a high disease
burden from socio-economic factors.

Source allocation of air pollution: the traffic
component

High-resolution air pollution models provide a robust esti-
mation of overall air pollution levels at individual locations
within Belgium. These models consist of a foundational
RIO (residual Interpolation optimized for ozone) compo-
nent, complemented by additional local and street canyon

components. Together, it is called ‘ATMO-Street’. In accord-
ance with the passage of the FAIRMODE (Forum for Air
Quality Modeling) criterion, a measure for the discrepancy
between measured and modelled concentrations based on the
root mean square error (RMSE), the ATMO-Street model
substantiates its suitability for informing policy decisions
(Hooyberghs et al. 2022).

However, these models exhibit a limitation in their inabil-
ity to facilitate model decomposition, rendering retro calcu-
lation of air pollution concentrations for each sector unfea-
sible through the existing model tools. Although SHERPA
stands out as one of the most frequently employed tools
for source allocation across Europe, it is constrained by its
exclusive focus on background air pollution concentrations
and thus misses the contribution of local traffic emissions
on air pollution estimates. This limitation is similar to con-
sidering only the RIO background component within the
ATMO-Street model chain.

Given that the disparity between background and total
air pollution is not just primarily but entirely attributable to
traffic and certain minor industrial sites, it can be asserted
that at spatial points devoid of industrial facilities, the dif-
ference between background and total concentrations may
be considered as the local traffic component of air pollution
(Hooyberghs et al. 2022; Lefebvre et al. 2011, 2013). This
can be expressed by Egs. 4 and 5.

Local Traﬁ?c(LT, absolute concentration, M_g) = Total concentration — Background Concentration, 4)

m3

Total Traﬁ‘ic(TT, absolute concentration, %)

&)

= (Background concentration % Fraction of background concentration originating from traffic) + Local Traffic.
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The background concentration, including the proportion
of the background concentration originating from traffic, is
derived from the SHERPA tool, and the total concentration
and the derived local traffic contribution are obtained from
the reference measurement stations. In a final calculation,
we quantify the underestimation of traffic-related air pollu-
tion using the SHERPA background method by comparing
the SHERPA background concentrations with the values of
total concentrations measured in the reference measurement
stations.

In Appendix II, a theoretical simulation is included dem-
onstrating how not taking into account the local traffic com-
ponent can have considerable consequences for HIA and
mitigating disease burden.

Influence of source-specific particulate matter
dose-response relationships on health impact
assessment

For PM, 5, we quantify the impact of using global versus
source-specific concentrations (accounting for chemical
composition and distinct biological effects of different par-
ticulate matter components) on the health burden of traffic-
related PM, 5 based on an analysis of suitable measurement
stations in the cities of Brussels, Liege, and Mechelen. A
traffic-specific ERF is available for PM, 5 for natural mortal-
ity and cardiovascular mortality.

Integrated assessment of urban and transport
planning-associated disease burden

For the selected point locations for which we have reference
measurement stations available, we estimate the reduction
in disease burden for the counterfactual scenario where (a)
traffic-related NO, is reduced to 0 ug/m?, (b) traffic-related
PM, ;5 is reduced to 0 ug/m?, and (c) green space exposure
is increased up to the level of the city-specific target NDVI,
still using the dose-response relationships as in Table 2 and
the HIA methodology as in Sect. 2.3.

Results
Health impact assessment

If the counterfactual values of 5 ug/m?® for PM, 5 exposure,
10 pg/m?® for NO, exposure, and city-specific target NDVI
values (see the methodology section) are achieved, it is esti-
mated that 11.96%, 12.04%, and 14.68% of total mortal-
ity in Liege, Mechelen, and Brussels, respectively, could
be prevented (Table 2). Regarding specific causes of death,
10.26%, 10.98%, and 13.36% of cardiovascular mortality
could be prevented in these cities (Table 2). For diabetes,
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reaching the recommended exposure targets could prevent
21.6%, 19.9%, and 25.4% of cases in Li¢ge, Mechelen, and
Brussels, respectively (Table 2). Additionally, meeting NO,
targets would notably reduce asthma incidence in both adults
and children, while increasing green space exposure to tar-
get values could reduce depression prevalence by 10.9%,
9.8%, and 12.6% in Lie¢ge, Mechelen, and Brussels (Table 2).
At the inter-city level, spatial variations are evident: PM, s
contributions are most important in Mechelen, while NO,
exposure and lack of green spaces have a larger impact in
Brussels and Li¢ge. At the intra-city level, distinct patterns
emerge: mortality related to NDVI is concentrated in the city
centres of Mechelen and Licge, NO, values display hetero-
geneous spatial patterns with generally higher values in the
suburbs adjacent to city centres, and PM, 5 values follow a
more gradual distribution. To illustrate the importance of the
spatial patterns, a sample of figures for Li¢ge, Mechelen, and
Brussels is presented in Fig. 2 for total mortality. Additional
figures, including the spatial patterns for other selected dis-
eases for all three cities, can be found in Appendix III.

Analysis of socio-economic inequalities, case study:
cardiovascular mortality

Additional analyses correlate cardiovascular mortality with
SES, incorporating data on the BIMD and housing depri-
vation. Figure 3 illustrates these relationships, with mean
BIMD values recorded as 6.2 for Mechelen, 2.7 for Brus-
sels, and 1.7 for Liege. In most cases, the PF decreases for
increasing BIMD value (=less deprivation), and this is more
pronounced for the overall BIMD than for the housing com-
ponent in particular (Fig. 3a, b, ¢).

In general, the strongest trends are observed for green
space, followed by NO,, with PM, s being characterised by
the weakest trend or no correlation at all with BIMD.

Notably, Brussels shows a strong positive correlation
between overall deprivation level and preventable cardio-
vascular mortality, with a PF of around 0.15 for the most
deprived decile and 0.05 for the least deprived decile. In
Mechelen, a similar trend can be observed, while in Liege
the trend is more complex and irregular (Fig. 3).

Source allocation of air pollution

For the reference measurement stations used in this study,
we observe that focusing solely on background concentra-
tions in source allocation studies leads to an underestima-
tion of total NO, concentrations. This is because, across all
reference stations, the local traffic component contributes
a similar proportion (approximately 50%) as the combined
contribution of background traffic and background other
sources. Specifically, the local traffic component accounts
for 51.3%, 52.2%, 50.0%, and 40.9% at the four reference
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Table 2 Population-weighted PF values in the cities of Li¢ge, Mechelen, and Brussels for the selected diseases

Population-Weighted
averages

0.019 [0.013- 0.026]

0.0436 [0.029- 0.058] 0.041 [0.027- 0.055]

0.045 [0.028- 0.0615]

0.044 [0.02- 0.068]

0.023 [0.012- 0.033]

0.039 [0.007- 0.070]

0.103 [0.041- 0.16]

0.019 [0.0097- 0.027]

0.0253 [0.016- 0.035] 0.046 [0.029- 0.063]

0.040 [0.020- 0.062]

0.049 [0.027- 0.071]

0.0218 [0.004- 0.039] 0.039[0.0073 0.071]

0.0421 [0.022-0.062 ] 0.040 [0.021- 0.059 ]

0.035 [0.018- 0.051]

Brackets contain the 95% CI. <2.50% =light green, 2.50-4.99% = yellow, 5.00-9.99% = orange, > 10.00% =red

measurement stations in Brussels, 53.1% at the station in
Liege, and 55.0% at the reference measurement station in
Mechelen (Fig. 3). The fraction of NO, that can be attributed
to traffic (=local traffic + background traffic) varies between
73.2% at the station in Mechelen and 78.6% at the Kunst-Wet

station in Brussels (Fig. 4). For PM, s, the local traffic com-
ponent is negligible in most stations, with the exception of
Kunst-Wet in Brussels, where local traffic is responsible for
4.3% of the total PM, 5 concentrations (not shown).
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Fig.2 Preventable fraction of total mortality if counterfactual target values of NDVI, NO,, and PM, 5 are achieved: spatial patterns in the cities

of Liege (a), Mechelen (b), and Brussels (c)

Source-specific dose-response functions
for particulate matter

Applying source-specific particulate matter dose—response
functions accounting for chemical and physical composi-
tion of particulate matter, and distinct health effects origi-
nating from there, results in an increased burden of traffic-
related particulate matter, with 1.5-2.1% of total mortality
and 1.8-2.5% of cardiovascular mortality attributable to
traffic-related PM, 5 applying global dose-response func-
tions, versus 3.7-5.2% of total mortality and 3.7-5.2%
of cardiovascular mortality attributable to traffic-related
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PM, 5 at the point locations of reference measurement sta-
tions in Mechelen, Li¢ge, and Brussels (Fig. 5). For total
mortality, this relation is highly significant, as there is no
overlap in confidence intervals (Fig. 5). For cardiovascular
mortality, where the confidence intervals are much wider,
this relation is not statistically significant (Fig. 5).

Integrated assessment of urban and transport
planning-associated disease burden

If air pollution is source-allocated and we only consider
traffic-related air pollution, then NO, is clearly associated
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Fig.2 (continued)

with a higher health burden (relative to PM, 5) in Bel-
gian cities (7.6—11.5% prevention of total mortality from
reducing NO,, Fig. 6), although the mitigation potential
in reducing disease and death from reducing traffic-related
PM, ;5 remains considerable (3.7-5.2% prevention of total
mortality from reducing PM, 5, Fig. 6). For total mortality,
the multiplicative effects of traffic-related PM, 5 and NO,
are of a similar order of magnitude as the effect of green
spaces, with a mean estimate between 11.2% in Li¢ge and
16.1% in Brussels for traffic-related air pollution versus
between 10.5% in Mechelen and 14.8% in Brussels for
insufficient green space exposure through NDVI (Fig. 6).
We observe that, for diabetes in particular, the multiplica-
tive PF (considering both traffic-related air pollution and
green spaces) of reduction is very strong, ranging from
30.8% in Liege to 40.3% in Brussels, with green spaces
being a more important contributor to the multiplicative
PF than traffic-related air pollution (Fig. 6).

PF NO2

0.04

PF NDVI

Preventable Fraction for PM2.5 in Mechelen
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PF PM2.5
B o046
0.044
0.042
0.040
0.038
0.036

51.04°N

51.02°N

51.00°N

4.50°E

Combined Preventable Fraction for NO2, PM2.5, and NDVI in Mechelen
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51.06°N

Multiplicative PF
0.20

51.04°N

51.02°N

51.00°N

4.50°E

Discussion
Summary and interpretation of the results

A strong correlation was found between air pollution, lack
of green space, and adverse health outcomes in Mechelen,
Liege, and Brussels. As is known from the literature review,
cardiovascular mortality, diabetes, and asthma show vary-
ing degrees of correlation with environmental conditions.
Population-weighted averages indicate that achieving WHO
guidelines for air pollution and green space could signifi-
cantly reduce diseases, including total mortality, cardiovas-
cular mortality, diabetes, asthma, and depression.

Spatial analyses of the PF under current conditions reveal
notable disparities within cities, with urban centres bearing
a higher disease burden. Socio-economic factors, assessed
through the BIMD, strongly correlate with health impacts,

@ Springer



Journal of Public Health

(©

50.92°N

Preventable Fraction for NO2 in BRUSSEL

50.90°N

50.88°N

50.86°N

50.84°N

50.82°N

50.80°N

50.78°N

8km

50.76°N
4.25°E 4.30°E 4.35°E 4.40°E 4.45°E

Preventable Fraction for NDVI in BRUSSEL
50.92°N

50.90°N

50.88°N ) _—-—-" o
R ST D
%ﬁ”l";{g\li‘u .lll‘.\@‘
B Ay TSR
VRIS
TSN Lo S
Nl Ll R

50.86°N PF NDVI

0.16

0.12
50.84°N

50.82°N
50.80°N

i /
50.78°N : \L/ﬁ

50.76°N

4.25°E 4.30°E 4.35°E 4.40°E 4.45°E

Fig.2 (continued)

emphasising the complex interaction between environmental
and social determinants of health.

The analysis of air pollution at measurement stations in
Mechelen, Liege, and Brussels shows that relying solely on
background concentrations, as implemented in the com-
monly used SHERPA tool, can lead to substantial under-
estimations of NO, levels from traffic, sometimes by over
50%. This could result in policy analyses underestimating
the health burden and the mitigation potential of urban and
transport planning-related interventions. In contrast, PM, s
concentrations from traffic are lower, with only modest
underestimations at very busy traffic locations. However, for
PM, s, not applying traffic-specific dose-response functions
may be a source of underestimation of the traffic-related dis-
ease burden.

Our research, even from a purely mathematical perspec-
tive, highlights the impracticality of achieving WHO air pol-
lution targets (5 ug/m? for PM, 5 and 10 ug/m? for NO,) in
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urban contexts without substantially reducing traffic-related
emissions. Furthermore, the prevalent allocation of urban
spaces to vehicles, often at the cost of green areas, exempli-
fies poor urban and transport planning from a health stand-
point. This lack of green spaces negatively affects health out-
comes. Mechanisms involved here are potential direct effects
of green spaces such as mitigating mental stress, improv-
ing social interactions, and enhancing microbial diversity.
In addition, a higher availability of green spaces increases
physical activity and reduces urban heat islands (Yang et al.
2021). Insufficient green space not only contributes to the
development of urban heat island effects but also adversely
affects the physical activity levels of urban residents (Choi
et al. 2022; Tungman et al. 2023; Wang et al. 2021).

Earlier studies focusing on Barcelona and Vienna found
that 20% and 8% of mortality, respectively, could be pre-
vented through urban and transport planning considering air
pollution, green space availability, physical activity levels,
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noise, and urban heat islands, with air pollution and physi-
cal activity being the most important factors (Khomenko
et al. 2020; Mueller et al. 2017). However, these studies were
based on now outdated recommendations of 40 ug/m> NO,
and 10 ug/m> PM, 5 exposure limits, and thus underestimate
the mitigation impact under the new WHO guidelines of
10 ug/m> NO, and 5 pg/m? PM, 5 exposure.

Strengths and limitations

Our study has several strengths. The results align with the
research objectives, offering clear insights into the (pre-
ventable) disease burden linked to urban and transport
planning practices. We identified important gaps in air pol-
lution source allocation methods that could enhance miti-
gation strategies. The underestimation of NO, levels from
traffic highlights a crucial issue in current methodologies,
which must be addressed to improve the accuracy of HIAs.
Future research should focus on developing and validat-
ing techniques that more accurately quantify traffic-related
pollution. Another strength of our study is its focus on the
health burden of specific diseases, such as cardiovascular
mortality, asthma, diabetes, and depression, rather than
only assessing total mortality. A profound understanding
of the impact on individual diseases is essential for effec-
tive mitigation.

Beyond these elements, this study advances previous HIA
work in several important ways. It applies the framework
to small and mid-sized Belgian cities such as Liege and
Mechelen, which are rarely analysed in European research
dominated by large metropolitan case studies. It also uses
a high-spatial-resolution approach that enables neighbour-
hood-level assessment of preventable disease burden, pro-
viding more granular insights into intra-urban differences.
By linking environmental exposures with socio-economic
deprivation indicators, the study highlights inequalities in
environmental health risks that remain invisible in aggre-
gate analyses. Together, these advances provide a more
policy-relevant perspective, helping to identify where and
for whom urban and transport interventions could yield the
largest health benefits.

Despite its strengths, however, our study has limitations,
primarily due to data gaps and the lack of robust source
allocation methods. This restricted our analysis to measuring
the disease burden from traffic-related air pollution only at
specific reference stations, rather than across entire cities,
making it challenging to convert attributable factors to com-
mon indicators like disability-adjusted life years (DALYSs).
Key aspects such as the impact of physical inactivity and the
urban environment on food consumption, safety, and general
well-being are still missing for a complete understanding.
Achieving zero-exposure concentrations is unrealistic, par-
ticularly due to natural particulates like soil dust and sea

salt (in coastal areas), and traffic emissions contributing to
secondary particulate matter. Therefore, we selected WHO
target values for air pollution as the counterfactual scenario
instead of zero exposure. However, the limit values of 5 ug/
m?, and particularly 10 pug/m?, are not natural thresholds
beyond which no progress can be made, as lower concentra-
tions are observed in regions like Scandinavia. In 2015, the
lowest observed annual values in Europe were 3.7 pg/m’
for PM, 5 and 3.5 pg/m? for NO, (Khomenko et al. 2021).
In addition, the use of a two-pollutant model adjusted for
PM, 5 may attenuate the estimated NO, effect, as both pol-
lutants share substantial variance in traffic-related expo-
sures, including black carbon as a key fraction of PM, s.
This approach provides a conservative estimate of the poten-
tial health gains from achieving the WHO NO, guideline,
since part of the shared mixture effect is removed when
both pollutants are modelled simultaneously. When both
NO, and PM, 5 are mutually adjusted, the resulting ERFs
may therefore not fully capture the total traffic-related bur-
den, while unadjusted models could overestimate it. In con-
trast, adjustment of PM, s for NO, generally has a smaller
influence, as PM, 5 originates from a multitude of sources
beyond traffic, including residential heating, industry, and
agriculture. Overall, the reported PFs should be interpreted
as conservative and prudent lower-bound estimates. Sensi-
tivity analyses using the unadjusted NO, ERF are presented
in Appendix IV, confirming that higher PFs are obtained
when the PM, 5 adjustment is omitted. The ERFs for both
mortality and morbidity were derived from large European
multi-cohort studies that almost always included comparable
adjustments for key individual and socio-demographic fac-
tors such as age, smoking, body mass index, and neighbour-
hood income. These ERFs therefore represent population-
weighted, broadly generalisable estimates for the European
adult population. When applied at the city level, modest
deviations may occur due to local demographic or health
characteristics, but they provide a robust basis for compar-
ing preventable mortality and morbidity attributable to air
pollution across cities.

Further, we assume a sub-additive effect through the
multiplicative PF, while some studies note the possibility of
synergistic effects of unfavourable outcomes from combined
exposure to suboptimal environmental conditions (Van-
deninden et al. 2024). Lastly, The NDVI data used in this
study correspond to the year 2016, whereas air pollution data
were obtained for 2022, which introduces a temporal mis-
match between the datasets. However, comparisons of other
consistent land-cover datasets (e.g. CORINE Land Cover
2012 vs. 2018) indicate that land-use changes in Brussels,
Liege, and Mechelen have been minimal over this period. It
is therefore reasonable to assume that overall green space
patterns remained largely stable between 2016 and 2022.
While small local greening projects may not be captured,
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«Fig. 3 The relationship between the preventable fraction of cardiovas-
cular mortality (for green space, NO,, PM, s, and the multiplicative
PF) and the Belgian Index of Multiple Deprivation (BIMD) and the
housing decile of the BIMD in a Li¢ge, b Mechelen, and ¢ Brussels
through smoothed localised regression plots. Shaded areas surround-
ing the lines show 95% confidence intervals (CI)

this limitation is unlikely to affect the overall magnitude or
direction of the results.

Implications for research and policy

The findings of this study have implications for both future
research and policymaking in the realm of urban and trans-
port planning. Firstly, the clear linkage between air pollu-
tion, lack of green space, and various health outcomes neces-
sitates a re-evaluation of urban planning priorities. Policies
aimed at reducing air pollution, particularly NO, and PM, s,
and increasing green spaces in urban areas could signifi-
cantly diminish the disease burden from asthma, diabetes,
depression, and cardiovascular diseases. This is especially
pertinent in densely populated urban centres, and adjacent
suburbs, where the study identified the highest health risks,
and where a mitigation of a lack of green space and reducing
NO,—the traffic-related component of air pollution—can
result in strong health gains for the residing population. A
recent meta-analysis (Kuss and Nicholas 2022) investigated
the effect of mitigation measures on car use in cities and
found that congestion charging, parking and traffic control,
zones with limited traffic, investments in public transport
and making public transport more affordable or free, and
apps for sustainable mobility all result in reductions in car
use of more than 10% each.

Considering the broader context of integrated urban
and transport planning, the adoption of electric vehicles,
while beneficial in certain aspects, including reducing NO,
exposure, falls short in addressing key urban environmen-
tal challenges. In 2020, 50% of PM, s in the EU originated
from non-exhaust emissions such as brakes and tyres, with
an increasing trend of PM, 5 non-exhaust emissions and
a decreasing trend of PM, 5 exhaust emissions (European
Topic Centre on Air pollution, Transport, Noise and Indus-
trial Pollution, 2020). Transitioning to electric vehicles does
not curtail the emission of non-tailpipe PM, s particles, nor
does it mitigate the extensive spatial demands of urban trans-
portation infrastructure. This continued space consumption
hinders the expansion of green areas, which is crucial for
reducing urban heat island effects and fostering increased
physical activity among city dwellers (Davalos et al. 2016;
Nieuwenhuijsen 2023).

This study underscores the need for advanced source allo-
cation methods in environmental health research, emphasis-
ing that current approaches may underestimate NO, levels

from traffic. Future research should prioritise the refinement
of these techniques to more precisely measure traffic-related
pollution and improve HIAs. Policymakers and urban plan-
ners can utilise these insights to develop more effective strat-
egies for urban design and transport management, ultimately
leading to healthier cities and communities.

More detailed discussion of policy relevance
and effectiveness of selected urban and transport
measures

Low emission zones (LEZs) remain among the most widely
discussed urban traffic measures. Across European cities,
LEZs result in varying reductions in NO, and PM concen-
trations. In some countries and LEZ zones, such as in the
Netherlands, significant differences were not observed, while
in other areas such as Germany, the LEZ typically reduced
NO, and PM concentrations by a few percent. In London,
the ULEZ reduced PM,, by 27% and NO, by 12.4% (Broster
et al. 2025; Holman et al. (2015). In London, introduction
of the ULEZ is estimated to result in a reduction in the inci-
dence of childhood asthma of up to 8% in some neighbour-
hoods such as Camden and Kenningston and a 6% reduction
in coronary heart disease, 5% reduction in low birth weight,
and 2% reduction in diabetes in the same neighbourhoods
(Holman et al. (2015). In Brussels, the LEZ reduced NO, by
30% in the highest-traffic routes, with projections suggesting
an additional 24% decline by 2035 (Pelgrims et al. 2024).
LEZs also tend to yield larger benefits in more deprived
neighbourhoods, thus contributing to environmental equity
(Pelgrims et al. 2024). However, LEZs primarily affect air
pollution and traffic emissions and do not directly increase
green space availability.

Similarly, congestion charging schemes achieve 10-20%
reductions in traffic volumes and accompanied decreases in
air pollution levels. It is estimated that in the inner city of
Stockholm, there are 20-25 fewer premature deaths annually
due to the congestion charging policy introduced in 2005.
Public support for the policy rose sharply after it was imple-
mented compared to 2005 when the policy was introduced.
Further, congestion charging generates public revenue to
reinvest in sustainable transport such as public transport,
which could further result in indirect positive effects on
health (Eliasson 2014). However, although effective for
emission reduction, congestion charging has limited direct
effects on urban greening, unless revenues are explicitly
allocated to public space redesign.

Investments in public transport and active mobility
deliver broader and longer-term benefits. Scenario analyses
for the city of Barcelona show that replacing 40% of car trips
by cycling and public transport could prevent around 76 pre-
mature deaths annually through combined effects of reduced
air pollution and increased physical activity (Rojas-Rueda
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et al. 2013). In cities such as Granada and Ljubljana, the
implementation of integrated low-traffic and public transport
improvement measures, including the closure of streets to
private vehicles, renewal of bus fleets, and reorganisation
of public transport routes, resulted in substantial air quality

@ Springer

benefits, with reductions of up to 72% in local black carbon
(BC) and 30% in PM,, concentrations (Pelgrims et al. 2024).

School Streets interventions consistently demonstrate
localised air quality benefits and associated health improve-
ments: specifically, a 23% decrease in NO, peak exposure
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was observed outside of schools in London, alongside a 25%
decrease in NO, concentration in Paris between 2021 and
2023, with this reduction in peak exposure in Flanders being
associated with a decrease in airway inflammation among
children near the school environment (Pelgrims et al. 2024).

Car-Free Sundays, as a form of local traffic restriction,
have demonstrated significant public health benefits, achiev-
ing substantial localised NO, reductions ranging from 63%
to 83% in parts of Brussels and 27% to 56% in Paris. This
was associated with an estimated reduction in paediatric
asthma incidence up to 34% in heavily trafficked areas of
Brussels, if those local traffic restrictions were implemented
permanently.

Further, there is considerable potential in finding space
for nature and green areas in cities by converting redun-
dant car parking:for example, reducing the number of
parking spaces in a city or converting parking spaces to

underground parking spaces (Croeser et al. 2022). This
is associated with a range of physical and mental health
benefits including reducing loneliness and obesity (Cro-
eser et al. 2022). Urban green infrastructure, such as street
trees, parks, and green roofs, provides benefits in both
air quality and well-being (World Health Organization
Regional Office for Europe 2017).

In the city of Paris, it was demonstrated that reducing
lane capacity (for cars) by percentages up to 50% resulted
in a modal shift towards active mobility without an overall
increase in congestion (Natterer et al. 2025). This is presum-
ably resulting in a wide range of health benefits, from both
reduced pollution and increased physical activity. Reducing
lane capacity also allows for the implementation of more
urban green spaces.

The increasing number of cities that have successfully
implemented these measures indicates that these strategies
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are feasible and politically achievable under a range of local
conditions. While implementation costs can vary, many
interventions—such as LEZs, congestion charging, and
School Streets—rely primarily on regulatory and organisa-
tional changes rather than large infrastructure investments.
Moreover, measures that generate revenues (e.g., congestion
charges) or co-benefits across multiple policy domains such
as investments in public transport and active mobility (e.g.,
health, climate, equity, economy) tend to be cost-effective
in the long term.

Conclusion

This study offers compelling evidence of the substantial
impact that air pollution and lack of green space have on
public health in urban settings. We have quantified the
preventable fraction of the disease burden for asthma, dia-
betes, depression, and cardiovascular diseases that could
be avoided by meeting WHO guidelines, directly linked to
the environmental disease burden associated with urban
and transport planning practices. Notably, the underesti-
mation of NO, exposure attributable to traffic in current
source allocation methods underscores a crucial area for
methodological improvement. These findings serve as a
clear call for the integration of health impact assessments
in urban and transport planning, emphasising the need for
enhanced green spaces and reduced air pollution to miti-
gate disease burden in urban populations. The study not
only enriches the existing body of environmental health
research but also provides actionable insights for policy-
makers and urban planners, stressing the urgency of adopt-
ing health-informed strategies in urban development to
foster healthier, more sustainable communities.
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