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A B S T R A C T   

Background: Evidence for the association between environmental exposures and ischemic stroke (IS) is limited 
and inconsistent. We aimed to assess the relationship between exposure to air pollutants, residential surrounding 
greenness, and incident IS, and to identify population subgroups particularly sensitive to these exposures. 
Methods: We used data from administrative health registries of the public healthcare system in Catalonia, Spain 
to construct a cohort of individuals aged 18 years and older without a previous stroke diagnosis at 1st January 
2016 (n = 3 521 274). We collected data on sociodemographic characteristics and cerebrovascular risk factors, 
and derived exposure at the participant’s residence to ambient levels of fine particulate matter (PM2.5), black 
carbon (BC), nitrogen dioxide (NO2), and Normalized Difference Vegetation Index (NDVI) in a 300 m buffer as an 
indicator of greenness. The primary outcome was IS diagnosis at any point during the follow-up. We used Cox 
proportional hazards models to estimate associations between environmental exposures and incident IS and 
stratified analyses to investigate effect modification. 
Results: Between 1st January 2016 and 31st December 2017, 10 865 individuals were admitted to public hos-
pitals with an IS diagnosis. Median exposure levels were: 17 µg/m3 PM2.5, 35 µg/m3 NO2, 2.28 µg/m3 BC and 
0.27 NDVI. Individuals with higher residential exposure to air pollution were at greater risk of IS: HR 1⋅04 (95% 
CI:0⋅99-1⋅10) per 5 µg/m3 of PM2.5; HR 1.05 (95% CI:1⋅00-1⋅10) per 1 µg/m3 of BC; HR 1⋅04 (95% CI:1⋅03-1⋅06) 
per 10 µg/m3 of NO2. Conversely, individuals with higher residential surrounding green space, had lower risk of 
IS (HR 0⋅84; CI 95%:0⋅7-1.0). There was no evidence of effect modification by individual characteristics. 
Conclusions: Higher incidence of IS was observed in relation to long-term exposures to air pollution, particularly 
NO2, in a region that meets European health-based air quality standards. Residential surrounding greenness was 
associated with lower incidence of IS.   
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healthcare management areas; LUR, Land Use Regression models; NDVI, Normalized Difference Vegetation Index; WHO, World Health Organisation. 
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1. Introduction 

Ischemic stroke (IS) remains one of the leading causes of death and 
disability worldwide (GBD 2019 Stroke Collaborators, 2021), and its 
global burden is not expected to decrease in the coming years (Wafa 
et al., 2020). In addition to traditional and behavioural risk factors (e.g., 
hypertension or low physical activity), characteristics of the physical 
and natural environment also influence the incidence of the disease 
(Feigin et al., 2016; GBD 2019 Stroke Collaborators, 2021). With more 
than 75% of the population in Europe living in urban areas, it is 
important to identify how environmental hazards concentrated in urban 
environments, such as air pollution or limited access to natural envi-
ronments, contribute to the stroke burden and which individuals are 
most sensitive to exposure. 

Exposure to ambient air pollution may result in several pathophys-
iological changes related to stroke, such as systemic inflammation, 
accelerated progression of atherosclerosis, and predisposition to cardiac 
arrhythmias. Previous studies have reported an association between 
long-term exposure to particulate matter with aerodynamic diameter 
less than 2.5 µm (PM2.5) and stroke (Niu et al., 2021; Scheers et al., 2015; 
Yuan et al., 2019). As a result, PM2.5 has been identified as a leading risk 
factor for stroke, accounting for an estimated 20% of the global stroke 
burden (GBD 2019 Stroke Collaborators, 2021). However, fewer studies 
have investigated the effects of common traffic-related air pollutants 
other than PM2.5 on stroke such as nitrogen dioxide (NO2) and black 
carbon (BC). While most previous knowledge about the effects of air 
pollution on stroke incidence to date are based on populations outside 
Europe (Niu et al., 2021), a recent multi-country study (Wolf et al., 
2021) reported a positive association in a pooled analysis including 
populations from several European countries. The authors found no 
evidence of a threshold below which air pollutant concentrations are not 
harmful for stroke. However, much of the follow-up period covered in 
the included cohorts studies was more than a decade ago (Andersen 
et al., 2012; Atkinson et al., 2013; Korek et al., 2015; Ljungman et al., 
2019; Orioli et al., 2019; Stafoggia et al., 2014; Stockfelt et al., 2017; 
Wolf et al., 2021), and given the strong time-trends in stroke incidence 
and air pollution (European Environment Agency (EEA), 2020; Wafa 
et al., 2020), there is a need to study the association between long-term 
exposure to air pollution and stroke incidence in large cohorts reflecting 
more recent years. 

Growing evidence supports the health benefits of green space 
exposure (i.e., vegetation) on a range of health outcomes, including 
mortality (Barboza et al., 2021; Nieuwenhuijsen et al., 2017). However, 
the available evidence on the association between green spaces and risk 
of stroke is still very scarce (Orioli et al., 2019; Pereira et al., 2012; 
Tamosiunas et al., 2014). Mechanisms underlying an association be-
tween green space exposure and cerebrovascular health are still poorly 
understood, but may include benefits via immunoregulatory pathways, 
stress-reduction, and/or promotion of physical activity (Hartig et al., 
2014; Markevych et al., 2017). 

We address these gaps in the available literature using a large, 
population-based cohort to: 1) assess the relationship between long-term 
exposure to air pollution (PM2.5, BC, and NO2) and surrounding green 
space at residence and incidence of IS, and to 2) identify subgroups of 
the population particularly sensitive to these environmental factors. 

2. Material and methods 

2.1. Study design, data sources and study population 

We conducted a longitudinal prospective cohort study based on the 
adult population of Catalonia (a northeast region of Spain) to assess the 
long-term effects of air pollution and green spaces at residence on 
incident IS and transient ischemic attack (TIA) episodes. Using record- 
linkage, we constructed a cohort using data collected in the health 
administration databases of Catalonia. All residents of Catalonia are 

granted universal healthcare by law, and the public healthcare system 
covers nearly the entire population (7.5 million inhabitants). 

The Catalan Central Registry of Insured Persons collects socio-
demographic information on all residents of Catalonia using a unique 
identifier. This identifier allows for linkage across several health 
administration databases including databases related to acute hospitals 
discharge (CMBD-HA), Pharmacy claims, and primary care (CMBD-AP), 
providing detailed information on comorbidity and date of diagnosis. 
Both CMBD databases register the information using International 
Classification of Diseases (ICD) codes (ICD, Ninth Revision, for CMDB-HA 
and ICD, Tenth Revision [ICD-10], for CMBD-AP), and Pharmacy Claims 
Databases use WHOCC–ATC/DDD Index codes. 

We included data for all individuals aged ≥18 years (>80% popu-
lation included) registered in the Catalan Central Registry of Insured 
Persons at Jan 1st 2016 (baseline). Individuals with a diagnosis of ce-
rebrovascular disease (ICD 10 = G45x, I61x and I63x in the CMBD-AP) 
prior to January 1st, 2016 were excluded during analysis. Participants’ 
residential addresses at baseline were geocoded. Data were managed so 
as to ensure anonymization in accordance with current data protection 
legislation (AQuAS, 2017). We received approval from our local ethics 
committee (code 2018/7917/I). 

The final cohort included 3 521 274 participants (Fig. 1: Study 

Fig. 1. Study population and selection process. *Individuals registered in the 
Central Registry of Insured Persons. †Baseline characteristics for geocoded vs 
non geocoded individuals are shown in Table S1 in supplemental material. 
Addresses could not be geocoded due to errors in the address record. ‡The 
Public Data Analysis for Health Research and Innovation Program of Catalonia 
applied a data anonymization process that ensured that the combination of data 
provided to the researcher did not allow the indirect identification of specific 
individuals. 
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population and selection process) and were followed for a study period 
of two years (January 1st, 2016 to December 31st, 2017). An extended 
follow up period was considered in sensitivity analyses. An extended 
follow up period (Jan 1st, 2015 to December 31st, 2017) was considered 
in sensitivity analyses including person-time from 2015. 

2.2. Sociodemographic characteristics and cerebrovascular risk factors 

We obtained the sociodemographic characteristics (age, sex, 
healthcare management area, and individual socioeconomic status) 
from the Central Registry of Insured Persons for each individual. 
Healthcare management areas (AGA, n = 43) are territorial boundaries 
that are based on the aggregation of nested primary care service areas 
(ABS, n = 374). These geographic units are used for the operational 
planning, coordination, and analysis of the main flows between primary 
care and basic hospital care. We derived individual socioeconomic status 
(SES) from the predefined categories used for the co-payment system for 
drug dispensations (Vivanco-Hidalgo et al., 2019b): low income (<€18 
000 [$US 20 468] per year); middle-high income (€18 000 to €100 000 
[$US 113 710] per year); high income (>€100 000 per year); and in-
dividuals exempt of co-payment (nonworking population or people 
receiving non-contributory pension). 

We used the 2011 Deprivation Index of the Spanish Society of 
Epidemiology (IP2011) as a measure of area-level deprivation (Duque 
et al., 2021). The index is available for the entire Catalan territory at a 
census tract level. There are currently more than 5000 census tracts in 
Catalonia. While some small municipalities may consist of only one 
census tract, larger cities may consist of multiple census tracts (e.g. 
Barcelona has more than 1000). We assigned each participant the 
weighted mean of the index for all census tracts falling within a 300 m 
buffer around each geocoded home address. This index is based on six 
indicators of SES: manual and temporary workers, unemployment, 
insufficient education overall and in young people (aged 16 to 29 years), 
and dwellings without access to the internet. Its values range between 
− 1 and 1, with values close to zero being representative of average 
deprivation in Spain, and higher values indicating more deprivation. 

We obtained information about preexisting cardiovascular risk fac-
tors (before 1st January 2016) by combining patient’s active diagnosis 
from the CMBD-AP (hypertension ICD-10 codes I10 and I15.9; dyslipi-
demia ICD-10 codes E78– 78.9; diabetes mellitus ICD-10 codes 
E10–14.9; atrial fibrillation ICD-10 code I48; obesity ICD-10 code E66 or 
a body mass index registry above 30) and patients’ active medication 
from Pharmacy Claims Databases (C02, C02K, C02L, C02N, and C02LX 
codes for antihypertensive agents; A10A, A10B, and A10X codes for 
insulin and blood glucose lowering drugs; C10A, C10B for dyslipide-
mia), all of them set before the start of follow-up. Smoking status was 
recorded using the available information in CMBD-AP based on a gen-
eral practitioner’s record and update of smoking use in predefined cat-
egories: non-smoker, smoker, or former-smoker. Detailed descriptions of 
the ascertainment methods for cardiovascular risk factors and socio-
economic status are described elsewhere (Vivanco-Hidalgo et al., 
2019b). 

2.3. Environmental data 

We assessed individual-level exposure to ambient levels of PM2.5, BC, 
and NO2 for the study period. Our assessment of exposure to air pollu-
tion was based on land use regression models (LUR) developed in 
the Effects of Low-Level Air Pollution: A Study in Europe (ELAPSE) 
study framework for Catalonia (de Hoogh et al., 2018). In ELAPSE, 
standardized Europe-wide hybrid LUR models for 2010 were developed 
estimating annual mean PM2.5, NO2, and BC concentrations at 100 m 
spatial resolution. We first assigned to each study’s participant the 2010 
ELAPSE-derived annual mean NO2, PM2.5, and BC estimates at each 
individual’s residential address. Then, to temporally adjust the expo-
sures to the study period, we used 2015 annual means from time series 

daily data from background reference stations for each Air Quality Zone 
if any available (Sistema de Vigilancia de Calidad del Aire, 2020). We 
used the ratio of the annual means for 2010 and 2015 to adjust the 
spatial estimates. This extrapolation method has been previously vali-
dated and used in studies on the assessment of the risk of air pollution on 
health outcomes (MacIntyre et al., 2014). 

The assessment of residential surrounding greenness was based on 
the Normalized Difference Vegetation Index (NDVI), a satellite-based 
index of greenness derived from Landsat 8 Operational Land Imager 
(OLI) sensor data at 30 m × 30 m resolution. Its values range between 
0 and 1, with higher positive numbers indicating more greenness, and 
low NDVI values (<0.1) usually indicating barren areas of rock and 
sand, or built-up areas and impervious surfaces. Given that the 
maximum vegetation in our study region occurs in the spring, 8 Landsat 
images from spring, 2016 and 2017 (May 1st, 2016; April 11th, 2017; 
April 18th, 2017; 12th June 2017; and 14th June 2017), were selected in 
order to maximize the contrast in exposure. The findings of previous 
studies support the stability of the greenness spatial contrast over years 
in the study region (Dadvand et al., 2012). Residential surrounding 
green space indices were quantified as the NDVI average within 300 m 
and 500 m buffers around each participant’s residential address. We 
selected the 300 m buffer as our main exposure metric following the 
current recommendations regarding distance between residence and the 
nearest open public space (WHO, 2016). 

In sensitivity analysis, we considered alternative exposure metrics 
including: 1) air pollution annual mean exposures derived from ELAPSE 
models for 2010 and 2015 within 300 m and 500 m buffers; 2) annual 
mean PM2.5 at residence derived from the Air Pollution, Autism Spec-
trum Disorders and Brain Imaging Amongst Children in Europe 
(APACHE) study (Stafoggia et al., 2019) for the 2015 and 2014–2015 
periods; 3) NDVI average within 500 m buffer around participant’s 
residential address; 4) green space exposure defined as % of area within 
buffer covered by green space, within 300 m and 500 m buffers; 5) 
distance to green space defined as Euclidean distance from each par-
ticipants’ residential address to nearest green space of at least 0.5 ha; 
and 6) green space exposure defined as Vegetation Continuous Fields 
and Modified Soil-adjusted Vegetation Index. Indicators of % green 
space and distance to green space were based on the Map of Land Covers 
of Catalonia (V4, 2009) from Centre de Recerca Ecològica i Aplicacions 
Forestals (CREAF) (Institut Cartogràfic i Geològic de Catalunya, 2009). 
Based on orthophotos with a spatial resolution of 1:1000, the map 
contains a total of 241 simple covers, which can be hierarchically 
grouped into different levels. Three green spaces categories were 
considered: agricultural green, which included arboreal and herbaceous 
crops; forest green, which included sclerophyllous, deciduous and 
conifer forests; and urban green, which included artificial green areas 
and urban woodland. 

Spatial variables were analysed using Geographic Information Sys-
tems software, PostgreSQL (1996–2017 The PostgreSQL Global Devel-
opment Group), PostGIS (Creative Commons Attribution-Share Alike 
3.0) and R (R Core Team, 2020) software (version 3.6.3). 

2.4. Outcomes 

The primary outcome measure was a first-ever IS or transient 
ischemic attack (TIA) diagnosis at any point during the follow-up. Using 
the CMBD-HA dataset, we identified IS and TIA patients (ICD, Ninth 
revision, codes 433.x1, 434.x, 435.x and 436.5 as a main diagnosis at 
discharge) hospitalized from January 1,2016 to December 31st, 2017 
(end of follow-up). 

2.5. Statistical analysis 

Descriptive analyses of the sociodemographic, clinical, and exposure 
variables were performed for all participants and for subgroups with and 
without a first-ever stroke. 
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We used a Cox proportional hazards model to estimate the associa-
tion between the continuous environmental exposures and incident 
outcomes. We used time to stroke diagnosis in weeks as the outcome 
variable in our hazard models. Right-censoring occurred at the first 
instance of: death, emigration outside the study area, or the end of the 
study period. HRs for air pollutants are reported as fixed increments of 5 
μg/m3 for PM2.5 and increments of 10 μg/m3 for NO2 and per unit for BC 
and NDVI. Estimates per interquartile range (IQR) are reported in the 
supplemental material. 

We modelled associations for each environmental factor as follows: 
a) Model 1, adjusted for age (fitted as a penalized spline) and sex; b) 
Model 2, Model 1 plus smoking status, and SES; and c) Model 3, Model 2 
plus area-level deprivation. These models were pre-defined based on a 
priori theoretical assumptions about the relationship between the 
covariates and the outcome (Newby et al., 2015; Stafoggia et al., 2014). 
We considered cardiometabolic disorders such as hypertension, diabetes 
mellitus or obesity as potential mediators of the associations between air 
pollutants and green space exposure and ischemic stroke (Newby et al., 
2015; Yang et al., 2020) and therefore did not adjust for them in the 
main analysis (mediator adjusted models were fit in exploratory anal-
ysis). We assessed the proportional hazards assumption of our models by 
visual inspection of score residuals plotted against event time. In 
sensitivity analysis, we accounted for residual spatial autocorrelation by 
adding a random intercept for each healthcare management area (AGA) 
to Model 3 (Model 4). We defined Model 3 as the main model since much 
of the spatial variability in exposure was adjusted for by the random 
intercept for healthcare area. 

In sensitivity analyses, we explored the shape of the exposure- 
response function by modelling the exposure of interest using penal-
ized splines. We adjusted our main model (model 3) for population 
density. We fit bi-exposure models to assess potential confounding due 
to correlations between exposures. We explored sensitivity of estimates 
from our main model to different exposure metrics, exposure windows, 
and extended follow-up time (start of follow-up 1st January 2015). We 
explored potential interactions between air pollutants and NDVI by 
fitting model 3 including cross-product terms and by estimating the ef-
fects of air pollution according to NDVI categories. 

We used stratified analyses to explore effect modification by the 
covariates used in the main model, comparing younger individuals 
(under 65y) vs older (above 65y), smokers vs non-smokers (including 
non-smokers and former-smoker), and individuals with low (co-pay-
ment exempt and low income) vs middle-high SES (middle-high and 
high income). 

All analyses were conducted in R (R Core Team, 2020) software 
(version 4.0.1). 

The data that support the findings of this study are available from the 
corresponding author on reasonable request. 

3. Results 

We followed-up 3 521 274 participants between January 1st, 2016 to 
December 31st, 2017, resulting in 6 886 074 person-years for the ana-
lyses and 10 865 individuals admitted to public hospitals with the 
diagnosis of IS or TIA. 

Individuals with stroke were older, more likely to be men, had a 
higher prevalence of cardiovascular risk factors (i.e., hypertension, 
diabetes, dyslipidaemia, and arterial fibrillation), and were more likely 
to have low SES (Table 1). 

Median PM2.5, NO2, and BC levels in the study area were respectively 
17 µg/m3, 35 µg/m3, and 2⋅3 µg/m3 with a large exposure range for a 
European setting. For PM2.5 and NO2, most of the population were under 
annual safety levels set by the European Union at 25 µg/m3 for PM2.5 
and 40 µg/m3 for NO2. However, they largely exceed the current WHO 
recommendations recently set to 5 µg/m3 for PM2.5 and 10 µg/m3 for 
NO2 (World Health Organization, 2021). No standard has been estab-
lished for annual BC exposure levels by international environmental 

agencies. Fig. 2 shows the geographical distribution of air pollutants, 
NDVI and ischemic stroke cases during the follow-up period in the study 
area. Higher levels of air pollutants and lower levels of NDVI are 
observed in urban areas of Catalonia, with particularly high levels of 
PM2.5, NO2, and BC in the metropolitan area of Barcelona (comprising 
approximately 3 million inhabitants). Distributions of the environ-
mental exposures and their correlations are presented in Fig. S1. 

Individuals with a higher residential exposure to air pollution were 
at greater risk of presenting with an IS during the study period (Model 3, 
Fig. 3 and Table S2): HR for fixed 5 µg/m3 increments in PM2.5 1⋅04 
(95% CI: 0⋅99-1⋅1); HR for fixed 10 µg/m3 increments in NO2 1⋅04 (95% 
CI: 1⋅03-1⋅06); and HR for 1 µg/m3 increments in BC 1.05 (95% CI: 1- 
1⋅1).. We observed evidence of a protective association between a higher 
average exposure to green spaces (NDVI) in a 300 m buffer around 
residential address and IS (Model 3, Fig. 3 and Table S2): (HR 0⋅84; CI 
95%: 0⋅7- 1). 

The results of the exploratory analysis for the mediator adjusted 
models are shown in Table S3. 

In sensitivity analyses, there was no evidence of non-linear associa-
tions between any of the exposures and stroke incidence, which is 
consistent with previous studies (Wolf et al., 2021). Positive, statistically 
significant associations for NO2 and IS were consistent in models 
adjusted for population density (Fig. S2), across all bi-exposure models 
(Fig. S3 and Table S4), across the different exposure windows and 

Table 1 
Characteristics and environmental exposures of study population.  

Characteristics Overall 
n = 3 521 274 

Without IS during 
the follow-up 
n = 3 510 409 
(99.7%) 

IS during the 
follow-up 
n = 10 865 
(0.3%) 

Age 47 (36, 62) 47 (36, 62) 76 (65, 83) 
Sex (Male) 1 695 734 

(48%) 
1 690 007 (48%) 5 727 (53%) 

Obesity 723 526 
(21%) 

719 291 (20%) 4 235 (39%) 

Smoking    
Non-smoker 2 529 403 

(72%) 
2 521 809 (72%) 7 594 (70%) 

Smoker 630 733 
(18%) 

629 249 (18%) 1 484 (14%) 

Former-smoker 361 138 
(10%) 

359 351 (10%) 1 787 (16%) 

Hypertension 679 059 
(19%) 

672 034 (19%) 7 025 (65%) 

Diabetes 223 870 
(6⋅4%) 

220 748 (6⋅3%) 3 122 (29%) 

Dyslipidemia 873 724 
(25%) 

867 495 (25%) 6 229 (57%) 

Arterial fibrillation 59 529 (1⋅7%) 58 206 (1⋅7%) 1 323 (12%) 
Individual 

socioeconomic status    
Low 2 341 134 

(66%) 
2 333 066 (66%) 8 068 (74%) 

Middle-High 957 130 
(27%) 

954 930 (27%) 2 200 (20%) 

High 25 447 (0⋅7%) 25 416 (0⋅7%) 31 (0⋅3%) 
Exempt 141 124 

(4⋅0%) 
140 647 (4⋅0%) 477 (4⋅4%) 

Area-level deprivation − 0⋅47 (-0⋅89, 
− 0⋅07) 

− 0⋅47 (-0⋅89, 
− 0⋅07) 

− 0⋅41 (-0⋅83, 
− 0⋅03) 

PM2.5 (µg/m3) 17⋅02 (15⋅62, 
18⋅01) 

17⋅02 (15⋅62, 
18⋅01) 

17⋅08 (15⋅67, 
18⋅06) 

NO2 (µg/m3) 35 (23, 41) 35 (23, 41) 36 (23, 42) 
BC (µg/m3) 2⋅28 (2⋅00, 

2⋅70) 
2⋅28 (2⋅00, 2⋅70) 2⋅31 (2⋅00, 

2⋅71) 
NDVI 0⋅27 (0⋅22, 

0⋅35) 
0⋅27 (0⋅22, 0⋅35) 0⋅26 (0⋅21, 

0⋅34) 

Data are median (IQR) and n (%). 
IS, Ischemic Stroke; PM2.5, Particulate Matter with aerodynamic diameter less 
than 2.5 µm; NO2, Nitrogen dioxide; BC, Black Carbon; NDVI, Normalized Dif-
ference Vegetation Index. 
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follow-up periods assessed (Fig. S4). Compared to NO2, associations 
between other air pollutants and IS were more sensitive to adjustment 
for population density, different exposure metrics, and to the inclusion 
of person-time from the same year as the exposure estimates (i.e. 2015) 
(Figures S2 and S4). Overall, the pattern of associations were similar for 
green space exposure metrics except for distance to green space 
(Fig. S4). Protective associations were slightly attenuated when person- 
time from 2015, which preceded the green space exposure data (2016, 
2017) was included. There was some indication that the effect of BC on 
IS was highest among participants with higher exposure to residential 
surrounding green space (Table S5, Fig. S5). 

Associations of annual PM2.5, NO2, BC, and NDVI with IS by sub-
groups are presented in Fig. 4 (and Table S6). There was no evidence of 
effect modification by age, smoking, or SES. 

4. Discussion 

In this large population-based cohort study, long-term exposure to 
NO2 was significantly associated with higher incidence of IS and 

associations were consistent across multiple sensitivity and bi-exposure 
analyses. BC and PM2.5 were positively associated with IS in our main 
analysis, but confidence intervals included the null, and results were 
more sensitive to the model specification. Residential surrounding 
greenness (NDVI) was related with a lower incidence of IS. Associations 
across subgroups were consistent, with no evidence of effect modifica-
tion by participants characteristics. To our knowledge, this is the largest 
study in Europe to specifically analyse the long-term association of air 
pollution with stroke incidence (Andersen et al., 2012; Atkinson et al., 
2015; Korek et al., 2015; Ljungman et al., 2019; Orioli et al., 2019; 
Stafoggia et al., 2014; Stockfelt et al., 2017; Wolf et al., 2021), and one 
of the few to assess the effect of green spaces (Orioli et al., 2019; Pereira 
et al., 2012; Tamosiunas et al., 2014). 

Postulated mechanistic pathways linking air pollution to cerebro-
vascular disease include systemic inflammatory responses, systemic 
oxidative stress, predisposition to cardiac arrhythmias, vascular endo-
thelial cell injury, and a prothrombotic state, acute arterial vasocon-
striction, and atherosclerotic progression manifesting as increased risk 
of either IS or TIA (Münzel et al., 2018). Estimates from our main model 

Fig. 2. Geographical distribution of air pollutants (PM2.5, NO2, and BC)*, greenness (NDVI) and ischemic stroke cases† in the study cohort. *Distribution of the 
derived individual exposures for the study participants. †Ischemic stroke (IS) cases occurring between 1st January 2016 to 31st December 2017, per 100 000 
population. Data is shown as crude estimates. The black square outlines the metropolitan area of Barcelona (around 3M inhabitants). PM2.5, Particulate Matter with 
aerodynamic diameter less than 2.5 µm; NO2, Nitrogen dioxide; BC, Black Carbon; NDVI, Normalized Difference Vegetation Index. 
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indicate a positive association between PM2.5 exposure and IS risk but 
with a lower magnitude of point estimate than those reported in recent 
publications (Niu et al., 2021; Wolf et al., 2021). In contrast to PM2.5, the 
epidemiological evidence regarding the long-term effects of NO2 and BC, 
both considered good indicators of near-road traffic pollution, is still 
limited (Atkinson et al., 2013; Ljungman et al., 2019; Stafoggia et al., 
2014; Wolf et al., 2021). We observed robust associations between NO2 
and incidence of IS. Previous studies exploring the relation between NO2 
and IS have mainly focused on short-term exposures, and there is a lack 
of consistency in the few reported long-term effects of NO2 on the dis-
ease. Our results from bi-exposure models indicate that associations 
between NO2 and IS were not due to confounding by other air pollutants 
or residential surrounding green space. However, potential confounding 
of the effects of one traffic-related pollutant by others is a challenge in 
observational epidemiology (Atkinson et al., 2015). Epidemiological 
studies have often relied on NO2 as a proxy of traffic-related air pollution 
in general, because NO2 measurements are available in many countries, 
and the variability of traffic related air pollution mixture appears to be 
well characterised by NO2 (Levy et al., 2014). Due to lack of exposure 
data on ultrafine particles and other gaseous pollutants, we were not 
able to disentangle the effect of NO2 from that of traffic-related co- 
pollutants. Our findings are consistent with growing evidence of the 
association of NO2 with several health outcomes (e.g. cardiovascular 
and respiratory outcomes and mortality) in studies spanning different 
decades and countries covering diverse traffic-related pollutant mix-
tures, suggesting that it is unlikely that observed health effects of NO2 
can be attributed solely to confounding by a co-pollutant (Forastiere and 
Peters, 2021). Consistent with other studies (Wolf et al., 2021), we 
observed positive associations between air pollution and incident stroke 

below current European limit values. 
Conversely, we observed residential surrounding green space to be 

related with lower risk of stroke. Available evidence on the association 
between surrounding green space with stroke is still scarce; the few 
available studies provide some evidence that green space exposure is 
related to lower stroke admissions (Orioli et al., 2019; Pereira et al., 
2012), milder initial stroke severity (Vivanco-Hidalgo et al., 2019a) and 
with higher survival rates after acute ischemic stroke (Wilker et al., 
2014). The pattern of protective associations between diverse measures 
of surrounding residential green space and IS was consistent, providing 
additional support for a hypothesized association. No association was 
observed for distance to nearest green space however, suggesting that 
access to green space may be less relevant for IS. Exposure to green 
spaces is postulated to provide a beneficial effect on health through 
different mechanisms, such as mental restoration and stress reduction, 
increased physical activity, improved social contacts/cohesion, and 
exposure to an enriched microbiome (Hartig et al., 2014; Markevych 
et al., 2017; Nieuwenhuijsen et al., 2017), some of which (especially 
physical activity) are known to exert a protective effect on stroke risk 
(O’Donnell et al., 2016; Yusuf et al., 2020). Exposure to green space has 
also been linked to mechanisms known to be involved in the occurrence 
of IS and TIA such as immunoregulatory pathways (Rook, 2013), lower 
levels of sympathetic activation, reduced oxidative stress and increased 
angiogenic capacity (Yeager et al., 2018). In addition, green spaces have 
been described to mitigate exposure to air pollution (Markevych et al., 
2017; Nieuwenhuijsen et al., 2017), which could lead to a reduction in 
the air pollution-related risk of cardiovascular disease. NDVI is a good 
proxy for general greenness in cities, but it might not be the best indi-
cator to reflect the promotion of physical activities and social 

Fig. 3. Hazard ratios and 95% CI for the 
sequentially adjusted single-exposure models. 
Association between Particulate Matter with 
aerodynamic diameter less than 2.5 µm (PM2.5), 
Nitrogen Dioxide (NO2), black carbon (BC), and 
Normalized Difference Vegetation Index (NDVI) 
and incident stroke are modelled as follows: 
Model 1, adjusted for age (fitted as a penalized 
spline) and gender; Model 2, Model 1, plus 
smoking status, and the individual socioeconomic 
status; Model 3, Model 2 plus neighbourhood 
socioeconomic status. The point-estimates are 
represented by dots and their 95% confidence 
intervals as horizontal lines.   
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interactions compared to other greenness indicators that are more 
representative of public and open green spaces (Nieuwenhuijsen et al., 
2017). However, general greenness might be more widespread in the 
city than public green spaces, and hence have a larger impact (Barboza 
et al., 2021). The observed lack of association between distance to green 
spaces and stroke might suggest that the predominant effect is through 
the activation of immunoregulatory pathways, or reduction of stress due 
to nature viewing (for which small amounts of green may be sufficient) 
(Gascon et al., 2016). However, there is a need for further studies to 
understand the underlying mechanisms linking greenness and stroke 
incidence. 

Previous studies on air pollution and greenness in relation to IS have 
suggested modification of the exposure-stroke association by individual 
characteristics, primarily age, SES or smoking (Stafoggia et al., 2014). 
However, our estimates were consistent among population subgroups 
and did not provide evidence of effect modification. 

While we considered several air pollutants and multiple exposure 
metrics for green space, we did not consider the influence of other 
potentially relevant environmental determinants that have been linked 
to cerebrovascular health, such as noise or exposure to blue spaces 
(Gascon et al., 2017; van Kempen et al., 2018). Road traffic is an 
important source of both noise and air pollution, and the two exposures 
are correlated, raising questions about the extent of mutual confounding 
and combined effects without conclusive results to date (Beelen et al., 
2009; Cai et al., 2018; Sørensen et al., 2014). In addition, green spaces 
have been described to mitigate both air pollution and noise exposure. 
Blue spaces have also been described to exert beneficial effects on 
general health and cardiovascular outcomes although the evidence to 
date is inconsistent (Gascon et al., 2017). Further studies are needed not 

only to assess the impact of other environmental determinants on stroke, 
but also to understand the complex interactions between them, for 
example, using an Exposome-based approach. 

Our study has several strengths. This is one of the few studies that 
have evaluated simultaneously the effect of different environmental 
factors (air pollutants and green spaces) on stroke (Orioli et al., 2019). 
Our prospective cohort study includes follow-up over relatively recent 
years compared to other studies (Andersen et al., 2012; Atkinson et al., 
2013; Korek et al., 2015; Ljungman et al., 2019; Orioli et al., 2019; 
Stafoggia et al., 2014; Stockfelt et al., 2017; Wolf et al., 2021), providing 
better reflection of the current context, which may not be captured by 
studies covering earlier periods due to strong time trends in stroke 
incidence and air pollution in Europe. Its nationwide population-based 
approach, including nearly the entire population, reduces the risk of 
selection bias. The incidence of stroke and the distribution of cerebro-
vascular risk factors observed in our cohort are consistent with those 
reported in previous epidemiological studies (European Heart Network, 
2018), suggesting that findings from this cohort are likely to have good 
generalisability to other populations in Europe. In contrast to many 
previous cohort studies in Europe (Atkinson et al., 2013; Ljungman 
et al., 2019; Orioli et al., 2019; Stafoggia et al., 2014; Stockfelt et al., 
2017; Wolf et al., 2021) and worldwide (Niu et al., 2021; Verhoeven 
et al., 2021; Yuan et al., 2019), we have not included haemorrhagic 
strokes in our outcome definition. Given the differences in pathophysi-
ological mechanisms underlying stroke subtypes, restricting our analysis 
to ischemic stroke is more likely to shed light on potential underlying 
pathways. 

The limitations must also be acknowledged. First, our data covered a 
relatively short follow-up period of two years, and we did not have 

Fig. 4. Association of PM2.5, NO2, BC, and NDVI 
with IS stratified by participant characteristics. 
The point-estimates are represented by dots and 
their 95% confidence intervals as horizontal 
lines. Shading represents the confidence interval 
for our main model (Model 3). Subgroup analysis 
estimations were retrieved from our main model. 
PM2.5, Particulate Matter with aerodynamic 
diameter less than 2.5 µm; NO2, Nitrogen dioxide; 
BC, Black Carbon; NDVI, Normalized Difference 
Vegetation Index; SES: individual socioeconomic 
status.   
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annual average exposure data for several years prior to the start of 
follow-up for all exposures. Consequently, we were unable to explore in 
detail the role of different windows of exposure. However, associations 
between air pollution estimated by the ELAPSE model and IS were fairly 
consistent in sensitivity analyses comparing exposures from 2010 and 
2015. Sensitivity analysis, which extended the follow-up period by 
including person-time from 2015 led to some attenuation of estimates 
other than those of NO2, particularly those based on coincident exposure 
periods (e.g. 2015) or exposures measured after 2015 (green space). 
Although the spatial distribution of long-term average air pollution and 
green space is likely to be fairly stable from year to year, our results 
suggest the timing of exposure could be relevant. Second, we did not 
explicitly account for duration of residence before baseline or change of 
residence during the two-year follow-up, except for emigration outside 
Catalonia (which was used as a censoring event). However, approxi-
mately 1% of participants changed primary care service area per year, 
suggesting that the influence of exposure measurement error by not 
accounting for residential mobility is likely to be small. Third, we 
defined our outcome variable in terms of hospital admissions for IS and 
may not have captured milder IS cases. In addition, we did not have 
information about patients attending private health services; however, 
this is estimated to be a small number of IS cases since >90% of the 
population uses the public system. Fourth, detailed data on individual- 
level socioeconomic factors were not available in this administrative 
cohort. While we derived an individual-level socioeconomic indicator 
based on co-payment status, the categories are broad, especially for the 
intermediate group (>18 000 €). Fifth, the ELAPSE model for PM2.5 and 
BC were based on fewer measurements compared to NO2. This could 
have resulted in less spatial variation in estimates for these pollutants 
and may explain why the associations for PM2.5 and BC were less precise 
compared to those for NO2. Furthermore, the exposure models are likely 
to have greater error in rural compared to urban areas due to the relative 
lack of monitoring stations outside of urban areas. Finally, we consider 
model 3 as the main model for the analysis and interpretation of the 
results, which does not rule out the potential for spatial autocorrelation 
affecting the results. Model 4 (Table S2), while better accounting for 
potential spatial autocorrelation, has the trade-off of significantly 
reduced exposure variability. 

5. Conclusions 

In conclusion, our study provides new evidence of positive associa-
tions between ambient air pollution, specifically NO2, at levels below 
European standards and incident IS and a protective effect of residential 
surrounding greenness. The increasing stroke burden globally suggests 
that currently high-risk and population-wide primary stroke prevention 
strategies are not sufficient (GBD 2019 Stroke Collaborators, 2021). This 
prospective study adds new knowledge supporting the important role of 
the physical and natural environment on stroke, which has important 
implications for primary stroke prevention. Further studies are needed 
to understand the underlying mechanisms linking greenness and stroke 
incidence. 
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Avellaneda-Gómez and Dr. Vivanco-Hidalgo contributed to the 
planning, design, data interpretation, statistical analysis, and writing the 
manuscript. Dr. Tonne contributed to the data interpretation, statistical 
analysis and revising the manuscript. Statistical analysis was conducted 
by Olmos. Data processing was conducted by Lazcano. Dr Roquer 

contributed revising the manuscript. Valentí, Milà, and Ambròs 
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