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Abstract 

Background  Cognitive performances of schoolchildren have been adversely associated with both recent and 
chronic exposure to ambient air pollution at the residence. In addition, growing evidence indicates that exposure 
to green space is associated with a wide range of health benefits. Therefore, we aimed to investigate if surrounding 
green space at the residence improves cognitive performance of primary schoolchildren while taking into account air 
pollution exposure.

Methods  Cognitive performance tests were administered repeatedly to a total of 307 primary schoolchildren aged 
9-12y, living in Flanders, Belgium (2012–2014). These tests covered three cognitive domains: attention (Stroop and 
Continuous Performance Tests), short-term memory (Digit Span Forward and Backward Tests), and visual information 
processing speed (Digit-Symbol and Pattern Comparison Tests). Green space exposure was estimated within several 
radii around their current residence (50 m to 2000 m), using a aerial photo-derived high-resolution (1 m2) land cover 
map. Furthermore, air pollution exposure to PM2.5 and NO2 during the year before examination was modelled for the 
child’s residence using a spatial–temporal interpolation method.

Results  An improvement of the children’s attention was found with more residential green space exposure inde-
pendent of traffic-related air pollution. For an interquartile range increment (21%) of green space within 100 m of 
the residence, a significantly lower mean reaction time was observed independent of NO2 for both the sustained-
selective (-9.74 ms, 95% CI: -16.6 to -2.9 ms, p = 0.006) and the selective attention outcomes (-65.90 ms, 95% CI: -117.0 
to -14.8 ms, p = 0.01). Moreover, green space exposure within a large radius (2000 m) around the residence was 
significantly associated with a better performance in short-term memory (Digit-Span Forward Test) and a higher visual 
information processing speed (Pattern Comparison Test), taking into account traffic-related exposure. However, all 
associations were attenuated after taking into account long-term residential PM2.5 exposure.

Conclusions  Our panel study showed that exposure to residential surrounding green space was associated with 
better cognitive performances at 9–12 years of age, taking into account traffic-related air pollution exposure. These 
findings support the necessity to build attractive green spaces in the residential environment to promote healthy 
cognitive development in children.
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Introduction
Human contact with green spaces may play a crucial role 
in brain development that can lay the foundation for an 
improved mental condition and a healthy life [1, 2]. Inter-
acting with nature has already been linked to a myriad 
of beneficial effects troughout life: lower risk of adverse 
birth outcomes [3], enhanced cognitive development in 
children [4], improved mental health [5], decreased risk 
of chrionic diseases (e.g. cardiovascular conditions and 
diabetes) [6], improved healthy ageing [7], and reduced 
mortality [8].

In recent years, also an improvement has been 
observed in mental health [9, 10], and emotional status 
[11]. In addition, exposure to surrounding green space 
at school has been associated with better school perfor-
mance in children, but supporting evidence was mostly 
based on an ecological study with a school-level research 
design [12]. An increasing number of studies have inves-
tigated the association of cognitive development at the 
individual level with residential green spaces during 
childhood. One study from the UK found that a higher 
quality of neighbourhood green space was related to 
a better spatial working memory among 4,758 eleven-
year-old children living in urban areas [13]. Among 456 
Belgian children aged 4 to 6  years old, increased resi-
dential green space was associated with improved atten-
tion, psychomotor speed and visual recognition/working 
memory [14]. Two studies conducted in Spain observed 
better attention test scores in association with higher life-
long residential greenness [15] and enhanced progress in 
working memory and attention associated with higher 
total greenness including school, commuting route, and 
residence [16]. A longitudinal study among Italian chil-
dren at the age of 7  years found progress in attention, 
concentration, and numerical reasoning for an increase 
in residential surrounding greenness within 500 m [17]. 
The observed association was mediated in part by a 
reduction in NO2. Contrary to the findings mentioned 
above, residential greenness exposure during childhood 
was not associated with attention, working memory and 
cognitive function within a multi-centric birth cohort 
study spread over 6 European countries [18]. Further evi-
dence is provided by epidemiological research showing a 
positive association between residential green space and 
the intelligence of children [19, 20]. An overview of stud-
ies investigating greenness in association with cognitive 
development in children can be found in the systematic 
reviews by Luque-García et al. and by Buczylowskad et al. 
2023 [21, 22].

According to Markevych. et  al. (2017), the potential 
beneficial effects of green spaces on health can be clas-
sified into three domains that emphasize the general 
functions of green space: restoring capacities (atten-
tion restoration and psychophysiological stress recov-
ery), building capacities (promoting physical activity and 
facilitating social interaction and cohesion), and reducing 
harm (reducing exposure to environmental stressors such 
as air pollution, noise, and heat) [23]. Together, all these 
factors can positively impact cognitive performance. On 
the other hand, exposure to air pollution has been asso-
ciated with impaired cognitive performance among chil-
dren [24–26]. Considering the interrelation between air 
pollution and greenness, the capacity of green vegetation 
to directly remove pollutants from the air by deposition 
is considered small [27]. However, green barriers might 
reduce the dispersion of air pollution. Another, explana-
tion for the negative association between green space and 
air pollution is that there are fewer sources of air pollu-
tion within greener areas [23].

One of the main challenges as to the impact of green 
space on children’s cognitive development is to unravel 
the independent role of green space exposure from other 
confounding variables [28]. In the COGNAC (COGNi-
tion and Air pollution in Children) panel study on pri-
mary schoolchildren in Flanders (Belgium), we previously 
found that differential cognitive performances were con-
sistently and adversely associated with recent and chronic 
ambient exposure to air pollution at the children’s resi-
dence [29]. Within this current study, we hypothesized 
that the surrounding green space at the residence of the 
same population of primary schoolchildren improves the 
cognitive performance. Finally, we evaluated this associa-
tion while taking into account residential exposure to air 
pollution indicators one year before examination.

Materials and methods
Study population
This study was conducted in the framework of the 
COGNAC study, in which children aged 9–12 years were 
enrolled from three primary schools in three different 
study areas (Tienen, Zonhoven, Hasselt) in Flanders, Bel-
gium [29]. Two schools (Zonhoven, Hasselt) are located 
within a suburban region close to a city and the third 
school (Tienen) is located in an urban area. In total, 770 
children were invited of which 334 children participated 
(43%) in the study between January 2012 and Febru-
ary 2014. The parents of the participants were asked to 
fill out a questionnaire to collect additional information 
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about the previous and current residential address, the 
exposure to passive tobacco smoke, the maternal edu-
cation, the socioeconomic status of the family, and the 
child’s ethnicity. The socioeconomic status was assessed 
by using the mother’s education (no or primary edu-
cation, secondary education, or college or university 
degree) and the highest rank of occupation of either par-
ent (unqualified worker or unemployed; qualified worker, 
white-collar assistant, or teaching staff; self-employed, 
specialist, or member of management). Information 
on neighbourhood socioeconomic status (continuous) 
was defined based on annual household income in 2012 
within the statatistical sector of residence and derived 
from Belgian census data (FOD Economie/DG Statistiek). 
Country of birth of the parents (both parents born in Bel-
gium, one or both parents born abroad) was used as an 
indicator of ethnicity. Passive smoking was defined as 
exposure to indoor tobacco smoke when one or more 
family member(s) smoked inside the house. The height 
and weight of the children were recorded and body mass 
index (BMI) was calculated.

From the 334 children who agreed to participate in this 
study, we had to exclude 27 children with missing data 
on cognitive tests, mother’s education and/or occupation 
of the parents, BMI, passive smoking exposure, or resi-
dential address. For the statistical analysis, 307 children 
were included: 276 children (89.9%) were examined at 
three-time points, 28 children (9.1%) at two-time points, 
and 3 children (1.0%) at one-time point, aggregating to a 
total of 887 examinations. Written informed consent was 
obtained from the parents and oral consent was given by 
the children.

Cognitive performance tests
Within this panel study, the schoolchildren repeated 
the cognitive performance tests on three occasions to 
deal with the learning effect. Cognitive performance 
was evaluated by administering in the following order a 
computer version of the Stroop Test [30] and four tests 
from the Neurobehavioral Evaluation System 3 (NES3) 
Battery: Continuous Performance, Digit Span, Digit-
Symbol, and Pattern Comparison [31, 32]. The cogni-
tive assessment lasted about 20  min. The order of the 
test was exactly the same on each occasion. The exami-
nations took place on Monday, Tuesday, and Friday 
between 9:00 a.m. and 2:00 p.m. The mean (SD) time 
interval between two consecutive examinations was 41 
(22) days. The interviewer had an appropriate training 
for administrating the cognitive tests. The Neurobehav-
ioral Evaluation System 3 (NES3) Battery and Stroop 
Test use digitally recorded speech instructions to ver-
bally guide the participants. This eliminates observer 
bias and the need of highly-trained interviewers, as 

is the case for manual-testing [31]. The room where 
the examinations took place was quiet, appropriately 
lighted, and ventilated. The outside temperature on the 
day of the examination was on average (± SD) 2.9° C 
(± 5.1) and ranged from − 6.4 to 9.1° C.

- Sustained and selective attention was tested with the 
Continuous Performance Test whereby silhouettes of 
animals (e.g. cat) are shown on the screen, sequentially 
for 200 ms. The task consists of responding immediately 
by pressing the spacebar if the cat’s silhouette is shown 
but not the silhouette of a different animal. A new ani-
mal silhouette is shown after 1000  ms. Besides mean 
reaction time, the continuous performance test also 
provides information on the standard deviation of the 
reaction time across blocks as a measure of consistency 
in responding and ability to sustain attention over time. 
However, in this study we used the mean reaction time 
as this is a measure frequently reported [33] and easier to 
interpret.

- To test the selective attention of the children we used 
the Stroop Test. During the Stroop Test, a total of four 
buttons are displayed on the screen (red, blue, yellow, 
and green) and the name of these colours appears on the 
screen in a different colour than the name indicates. As 
fast as possible the children needed to touch the button 
that has the same colour as the name indicates, ignor-
ing the colour of the printed name. Before the beginning 
of the test, a total of eight practice trials were taken fol-
lowed by 48 test trials. The mean reaction time was only 
calculated if the total number of test trials with wrong 
responses was smaller than or equal to 16.

- Testing of the short-term memory with the Digit Span 
Test included two parts. The first part is to reproduce a 
sequence of digits after an audible presentation in the 
order of the presented digits. In the beginning, three dig-
its are given and in case of a correct answer, a one-digit 
longer sequence is presented. The test will continue until 
two successive incorrect answers are given. The second 
part of the test consists of reproducing the digits in the 
reverse order of the presentation.

- The visual information processing speed was tested 
with the Digit-Symbol Test and the Pattern Comparison 
Test. In the Digit-Symbol Test, a row of nine symbols 
together with nine digits is displayed at the top of the 
screen. During the test, 27 digits will appear in succes-
sion on the screen. When a digit is displayed, the task is 
to pinpoint as fast as possible which symbol pairs with 
the displayed digit in the row of symbols at the base of 
the screen. A new digit appears only after the correct 
symbol has been pinpointed. In the subsequent test, the 
Pattern Comparison Test, three matrices are displayed 
consisting of 10 × 10 blocks. Two of the three matrices 
are identical and the task is to indicate the pattern that 
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is different from the other two patterns. In total, the test 
includes 25 items.

Each test outcome was characterized by a performance 
parameter, including the mean reaction time (millisec-
onds, msec) for the Continuous Performance Test and 
the Stroop Test, the maximum forward and backward 
span (number of digits) for the Digit Span Test, the total 
latency (seconds, sec) for the Digit-Symbol Test, and the 
average latency (sec) for the Pattern Comparison Test. A 
lower mean reaction time indicates a higher attention, 
more digits reflects a better short-term memory and a 
decreased latency indicates a increased visual informa-
tion processing speed.

Green space exposure
Residential addresses of the participants at the time of 
the cognitive examination were geocoded by using the 
Central Reference Address Database (CRAB) from the 
Agency for Geographic Information Flanders (AGIV). 
For those children who had more than one residential 
address at the time of the study, we calculated a weighted 
average refelecting the time spent at each location. We 
estimated the surface area of green space (%) and agricul-
tural area (%) in several radii (50, 100, 300, 500, 1000, and 
2000 m) around the residential address using the aerial-
photo-based high-resolution (1 m2) land-cover dataset, 
Groenkaart Vlaanderen 2013 (Green Map of Flanders). 
The Green Map is established on raster-segmentation 
classification of the summer flight ortho-photos from 
2012 [Agency for Nature and Forest (ANB) and AGIV] 
and provides high-resolution information on natural ele-
ments, identified as all non-agricultural vegetation and 
further refered to as green space. More information is 
provided by Dockx et al. 2022 [14]. All analyses were car-
ried out using Geographic Information System (ArcGIS 
10 software) functions.

Assessment of air pollution and noise exposure
Daily residential exposure to particulate matter with 
aerodynamic diameter less than 2.5 µm (PM2.5) and NO2 
(units: μg/m3) was estimated using a spatial–temporal 
interpolation method, which integrates the land-cover 
data obtained from satellite images (CORINE land-cover 
data set) [34] and air pollution data of fixed monitoring 
stations in combination with a dispersion model [35]. 
The dispersion model uses the results from the inter-
polation method as background and superimposes the 
effect of industrial point sources and line sources from 
traffic to calculate the daily concentration at high reso-
lution. Model performance was evaluated by leave-one-
out cross-validation and based on 34 monitoring points 
for PM2.5 and 44 for NO2. For Flanders, the interpolation 
tool gave a spatial–temporal explained variance of > 0.80 

for PM2.5 and 0.78 for NO2 [36]. Chronic exposure was 
calculated by averaging the daily concentration over a 
one-year period that precedes the cognitive examination 
day. For children with more than one residential address 
at the moment of the study, we calculated a weighted 
average using the proportion of time spent at each loca-
tion. Additionally, the residential distance to major roads, 
defined as highways and other national roads (AGIV), 
was calculated, using the ArcGIS 10 geographic informa-
tion system functions.

Individual road noise exposure (dB), expressed as total 
exposure over an entire day (Lden), on the residential was 
calculated based on a region-wide noise map based on 
the environmental reporting (MIRA) from the Flanders 
Environment Agency (VMM.) The modelling of road 
noise level is provided for all main and secondary roads 
in Flanders and is calculated based on road traffic inten-
sity and speed, vehicle-type-specific traffic density and 
type of street surface.

Statistical analysis
We used SAS software, version 9.4 (SAS Institute, Cary, 
NC), for data management and statistical analyses. The 
associations between air pollutants and green space indi-
cators were assessed using unadjusted Spearman’s cor-
relations. Reported p-values were two-sided and were 
considered statistically significant when p < 0.05. In total 
887 cognitive observations were available for analysis 
from the 307 children included in this study. To include 
all observations, we developed mixed effects models 
(unstructured covariance matrix) with study area (cor-
responding to the schools) and subject as random effects 
to assess the associations between green space and cogni-
tive performance. In the main model, all covariates were 
a priori chosen, including sex (boy, girl), age (continu-
ous, included ad linear – not transformed and quadratic 
term), BMI (continuous), maternal education (second-
ary education or lower, college/university degree), the 
highest rank of occupation of either parent (low, mid-
dle, high), passive smoking (yes, no), day of examina-
tion (continuous), and season of examination (spring, 
summer, autumn, winter) and neighbourhood house-
hold income (continuous). The non-linear effect of age 
was captured by the quadratic term. All covariates were 
recorded at baseline. The effect estimates were expressed 
for an interquartile range (IQR) increment of green 
space exposure within different radii from the residential 
address. The changes in outcomes for the different cog-
nitive performance tests were characterized by different 
effect estimates: that is for the Continuous Performance 
Test and the Stroop Test, the change in msec for reaction 
time; for the Digit Span Forward and Backward Tests, the 
change in the number of digits; for the Digit-Symbol Test 
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and Pattern Comparison Test, the change in sec for the 
latency.

We conducted a series of sensitivity analysis. First, 
we additionally adjusted the main model for ethnicity 
(both parents born in Belgium, one or both parents born 
abroad) and for time of examination (one at a time). The 
rationale to adjust for ethnicity is the possibility of eth-
nic inequalities in green space availability [37] or use [38]. 
Second, to test the association between agricultural area 
around the residence and the cognitive outcomes, we 
replaced green space with agricultural area in the main 
model. Third, we tested the effect modification of mater-
nal education and sex. Maternal education, as indicator 
of socioeconomic status, might be a relevant modifier of 
the health benefits of green space exposure [36, 39]. If 
the interaction term (green space and maternal educa-
tional level) was significant (set at p ≤ 0.10), we stratified 
the analysis into two groups; children of mothers with a 
low educational level (n = 118) and high educational level 
(n = 189). Fourth, to check the effect modification by sex, 
we tested the interaction between green space and sex 
and stratified according to sex (154 boys, 153 girls).

The robustness of the findings was tested by further 
adjusting the main model for exposure to PM2.5, NO2 
during the year before examination, proximity to major 
roads or traffic noise (one at a time). To evaluate potential 
interaction effects of green space and air pollution, we 
specified interaction terms in the multi-exposure models. 
We assessed interaction effects by combining green space 
exposure with quintiles of air pollution exposure. Inter-
action effects were assessed on the multiplicative scale.

Results
Study population characteristics
The characteristics of the study participants together with 
their cognitive performance are summarized in Table  1 
and the descriptive statistics for exposure variables are 
shown in Table 2. The children had a mean (± SD) age of 
10.4 (± 1.2) years. The majority of the mothers (61.6%) 
had a college or university degree. The parents of most 
of the children (n = 158, 51.5%) were self-employed, spe-
cialist or had a management function. Exposure to pas-
sive smoking was reported for 41 (13.4%) participants. 
The median surface area (%) of green space within a 
50–2000 m radius around the residence ranges from 52 
to 56%. The median (IQR) concentration of exposure 
to PM2.5 was 14.9 µg/m3 (1.5) and to NO2 was 21.2 µg/
m3 (2.6) and the median (IQR) residential distance to a 
major road was 330 m (648).

For the sustained and selective attention, the reac-
tion time of the Continuous Performance Test averaged 
593.3 ± 46.2  ms; for selective attention, the reaction 
time of the Stroop Test averaged 1424.0 ± 305.1  ms; for 

short-term memory, the number of digits of the Digit 
Span Forward and Backward Tests averaged 5.2 ± 0.8 and 
4.0 ± 0.8 digits respectively; and for the visual informa-
tion processing speed, the latency of the Pattern Com-
parison and the Digit-Symbol Tests averaged 4.2 ± 0.9  s 
and 123.6 ± 21.5 s respectively.

Spearman correlations between residential green space, 
air pollutants, and distance to major roads
Residential green space correlated weakly with NO2 levels 
(rs = -0.23 to -0.39) and distance to major roads (rs = 0.26 
to 0.41), while inverse moderate to strong correlations 
were found with residential PM2.5 exposure (rs = -0.42 to 
-0.66) (Supplemental Table  1A). The interrelationships 
between residential annual average exposure to NO2, 
PM2.5, and distance to major roads showed moderate 
to strong correlations (rs = -0.53 for PM2.5—distance to 

Table 1  Study population characteristics and cognitive 
performance outcomes of the participating schoolchildren 
(n = 307)

Values represent number (%) or mean ± SD

Population characteristics
  Boys 154 (50.2%)

  Age 10.4 ± 1.2

  Body mass index, kg/m2 17.2 ± 2.8

  Study area
    Kiewit (Hasselt) 68 (22.1%)

    Tienen 62 (20.2%)

    Zonhoven 177 (57.7%)

  Education level of the mother
    Secondary education or lower 118 (38.4%)

    College or university degree 189 (61.6%)

  Highest parental occupational category of either parent
    Unemployed or not qualified worker 26 (8.5%)

    Qualified worker, white-collar assistant, or teaching staff 123 (40.0%)

    Self-employed, specialist, or member of the management 158 (51.5%)

  Passive smoking 41 (13.4%)

Cognitive performance outcomes
  Sustained and selective attention
    Continuous performance test, msec (n = 307) 593.3 ± 46.2

  Selective attention
    Stroop test, msec (n = 305) 1424.0 ± 305.1

  Short-term memory
    Digit span forward test, digits (n = 305) 5.2 ± 0.8

    Digit span backward test, digits (n = 306) 4.0 ± 0.8

  Visual information processing speed
    Pattern comparison test, sec (n = 299) 4.2 ± 0.9

    Digit symbol test, sec (n = 307) 123.6 ± 21.5
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major road, rs = 0.61 for PM2.5—NO2, and rs = -0.70 for 
NO2—distance to major road; Supplemental Table 1B).

Association between green space exposure and cognitive 
performance
An IQR increment of green space exposure within 100–
2000  m of the child’s residence was significantly associ-
ated with shorter reaction time in the sustained-selective 
(Continuous Performance Test) and selective (Stroop 
Test) attention test results after adjusting for sex, age (lin-
ear and quadratic term), BMI, education of the mother, 
highest occupation of either parent, passive smoking, 
day of the week, season of examination, and neighbour-
hood household income (Fig.  1, Supplement Table  2). 
For example, for an IQR increment of 21% in green 
space exposure in a 100  m buffer around the residence, 
the mean reaction time was 10.16  ms (95% CI: -17.0 to 
-3.4 ms, p = 0.004) lower for the Continuous Performance 
Test and 70.66 ms (95% CI: -121.2 to -20.1 ms, p = 0.006) 
lower for the Stroop Test. The adjusted estimated effects 
of each of the fixed covariates in the main model of 
green space and attention are presented in Supplement 
Table 3.

In addition to attention, more residential green space 
within a large radius (1000 and 2000 m) around the resi-
dence, was significantly associated with better short-term 
memory based on the Digit-Span Forward Test (0.07 
digits, 95% CI: 0 to 0.13 digits, p = 0.05; and 0.09 digits, 
95% CI: 0.01 to 0.16 digits, p = 0.02, respectively) but not 
on the Digit-Span Backward Test (Fig. 1C, D). For visual 
information processing speed (Pattern Comparison and 
Digit-Symbol Tests), a trend towards lower latency was 
observed with green space exposure within a 1000 m and 
2000 m radius around the residence. The average latency 
of the Pattern Comparison Test was only significantly 
associated with residential green space within 2000  m 
(-0.09 s, 95% CI: -0.17 to -0.008 s, p = 0.03) (Fig. 1E). We 

observed no significant association between green space 
and latency of the Digit-Symbol Test.

In a sensitivity analysis, additional adjustment for eth-
nicity or time of examination did not result in a consid-
erable change of the aforementioned effect estimates 
observed in our main analysis (Supplement Fig.  1 and 
2). Opposite to green space, for surrounding agricul-
tural area we noted a trend towards an inverse associa-
tion with attention (Supplement Fig. 3). In general we did 
not observed an effect modification by maternal educ-
tion on the association between residential green space 
and cognitive performance (Supplement Table 4). But in 
children of mothers with higher educational background, 
we noted a more pronounced associations between resi-
dential green space within 1000  m and 2000  m and the 
respectively attention outcomes based on the Continu-
ous Performance Test (p-interaction green within 1000 m 
and education = 0.01; low education: 1.67  ms; 95% CI: 
-11.0 to 14.3; p = 0.80; high education: -7.08 ms; 95% CI: 
-11.3 to -2.3; p = 0.001) and on the Stroop Test (p-inter-
action green within 2000  m and education = 0.02; low 
education: -7.06  ms; 95% CI: -141.0 to 126.8; p = 0.92; 
high education: -32.67  ms; 95% CI: -50.4 to -15.0; 
p = 0.0004). In addition, stratified analysis showed more 
pronounced associations between residential green space 
within 300 m and 500 m and sustained attention among 
boys, p for interaction 0.09 (boys: -91.42  ms; 95% CI: 
-163.9 to -18.9; p = 0.01; girls: -34.01 ms; 95% CI: -84.3 to 
16.2; p = 0.19) and 0.04 (boys: -101.63 ms; 95% CI: -177.6 
to -25.7; p = 0.01; girls: -22.72 ms; 95% CI: -78.2 to 32.8; 
p = 0.42) respectively (Supplement Table 5).

Cognition in multi‑exposure models involving green space 
and traffic‑related exposure
The associations between an IQR increment of green 
space within a 100  m – 2000  m radius around the resi-
dence and a better attention outcome as observed for the 

Table 2  Environmental exposure characteristics at the residential address of the children (n = 307)

Mean (± SD) Median 25th percentile 75th percentile

Surface area of green space within 6 buffers around the residence, %
  50 m 49.1 ± 0.2 52 38 61

  100 m 50.6 ± 0.2 53 40 61

  300 m 51.2 ± 0.1 54 44 60

  500 m 51.2 ± 0.1 53 44 61

  1000 m 50.1 ± 0.1 53 49 57

  2000 m 51.0 ± 0.2 56 48 59

Air pollution and traffic-related exposure
  PM2.5, µg/m3 14.9 ± 1.0 14.9 14.2 15.7

  NO2, µg/m3 20.9 ± 2.0 21.2 19.6 22.2

  Distance to major road, m 552 ± 560 330 127 775
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Fig. 1  Association estimates between the change in the outcome of cognitive parameters and the IQR increment of percentage green space 
within several radii around the residence of the children. A Change in mean reaction time (msec) for sustained and selective attention in the 
Continuous Performance Test (n = 307); B Change in mean reaction time (msec) for selective attention in the Stroop Test (n = 305); C Change in the 
number of digits for the short-term memory in the Digit Span Forward Test (n = 305) and D. in the Digit Span Backward Test (n = 306); E Change 
in latency (sec) for the visual information processing speed in the Pattern Comparison Test (n = 299) and F. in the Digit-Symbol Test (n = 307). The 
main models (single exposure) were adjusted for sex, age (linear and quadratic term), BMI, education of the mother, highest occupation of either 
parent, passive smoking, day of the week, season of examination, neighbourhood household income, and the random effect of the study area and 
subject. Statistically significant estimates (p < 0.05) at a 95% confidence level are marked with an asterisk, and with † for borderline significance 
(0.05 < p < 0.10)
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single-exposure models remained significant after addi-
tional adjustment for traffic-related air pollution exposure 
(NO2 exposure one year before examination), distance 
from the residence to the nearest major roads, or traffic 
noise (Fig. 2A, B). For example, significantly lower mean 
reaction times were observed for a 21% IQR increment in 
green space exposure within 100  m of the residence for 
both the sustained-selective attention outcome (-9.74 ms, 
95% CI: -16.6 to -2.9  ms, p = 0.006) and the selective 
attention outcome (-65.90 ms, 95% CI: -117.0 to -14.8 ms, 
p = 0.01), and that independent of the annual average 
NO2 exposure at residence. Similarly, independent of the 
distance to major roads, significantly lower mean reac-
tion times were observed for both the sustained-selec-
tive (-10.33 ms, 95% CI: -17.2 to -3.4 ms, p = 0.004) and 
selective attention outcomes (-71.63  ms, 95% CI: -122.9 
to -20.4 ms, p = 0.006) for a 21% IQR increment of green 
space exposure within 100 m of the residence (Fig. 2A, B).

Similarly, short-term memory (Digit Span Forward 
Test) also remained significantly associated with green 
space (1000  m and 2000  m) after adjusting the main 
model for NO2 exposure, and borderline significant 
with green space (2000 m) after adjustment for distance 
to major roads (p = 0.057) or traffic noise (p = 0.066; 
Fig.  2C). For example, an IQR increment in residential 
green space (2000  m) persisted associated with a better 
short-term memory (0.09 digits, 95% CI: 0.01 to 0.16 dig-
its, p = 0.023) on the Digit-Span Forward Test after addi-
tional adjustment for NO2. About the visual information 
processing speed (Pattern Comparison Test, Fig. 2E), res-
idential green space within 2000 m remained significant 
after additional adjustment for NO2 exposure, distance to 
major roads or traffic noise associated with lower latency, 
borderline for NO2 (-0.08  s, 95% CI: -0.16 to 0.001  s, 
p = 0.054) and significantly for distance to major roads 
(-0.09 s, 95% CI: -0.18 to -0.01 s, p = 0.03) and for traffic 
noise (-0.10 s, 95% CI: -0.18 to -0.02 s, p = 0.02).

Cognition in multi‑exposure models involving green space 
and particulate air pollution
In multi-exposure models involving surrounding green 
space and adjustment for PM2.5 air pollution, the asso-
ciations with the attention outcomes were attenu-
ated (Fig.  2A, B), especially for the selective attention 

outcome. Only green space within a radius of 100 m and 
2000  m of the residence remained significantly associ-
ated with sustained and selective attention independent 
of the PM2.5 exposure at residence. Hence, for an IQR 
increment (21% and 11%) of green space within 100 m 
and 2000  m of the residence, the sustained attention 
outcome showed a significantly lower mean reaction 
time (-8.23  ms, 95% CI: -15.3 to -1.2  ms, p = 0.02; and 
-4.35  ms, 95% CI: -8.6 to -0.07  ms, p = 0.05) (Fig.  2A). 
For selective attention, short-term memory, and visual 
information processing speed no significant associa-
tions were observed with green space after adding PM2.5 
to the main models (Fig. 2B-F).

We evaluated the interaction between green space and 
particulate air pollution and hypothesized that the asso-
ciation between green space and cognition is the strong-
est in the lowest quintile of air pollution [40]. We found 
no significant interaction between green space and quin-
tiles of air pollution on the attention outcomes. In the 
lowest quintile of PM2.5 exposure, we observed a signifi-
cant association between green space close to the resi-
dence and both attention outcomes (Supplement Fig. 4). 
An IQR increase in residential green space within 100 m 
was associated with a relative strong decrease in reaction 
time on the continuous performance test and on the 
stroop test. This was not observed within third quintile 
and higher of PM2.5 exposure.

Discussion
We evaluated the association of the exposure to green 
space with cognitive performance in a sample of primary 
schoolchildren in Belgium. We observed that green space 
exposure was associated with better cognitive perfor-
mance in primary schoolchildren, which appeared to be 
independent of exposure to traffic-related air pollution 
exposure. Specifically, more green space exposure was 
associated with a significant improvement of sustained 
and selective attention. In addition, more green space 
exposure within a large radius (1000 to 2000 m) around 
the residence is significantly associated with a better 
outcome of short-term memory and visual informa-
tion processing speed taking into account traffic-related 
exposure. In general, the association between green space 
and cognition did not differ by sex. Apart from sustained 

Fig. 2  Comparison of the association estimates of the main models (single-exposure to green space) to those of the multi-exposure models as 
represented by the change in the outcome of cognitive parameters for the IQR increment in green space within several radii around the residence. 
A Change in mean reaction time (msec) for the Continuous Performance Test (n = 307); B Change in mean reaction time (msec) for the Stroop Test 
(n = 305); C Change in the number of digits for the Digit Span Forward Test (n = 305) and D. for the Digit Span Backward Test (n = 306); E Change in 
latency (sec) for the Pattern Comparison Test (n = 299) and F. for the Digit-Symbol Test (n = 307). The main models were adjusted for sex, age (linear 
and quadratic term), BMI, education of the mother, highest occupation of either parent, passive smoking, day of the week, season of examination, 
neighbourhood household income, and the random effect of the study area and subject. The multi-exposure models were additionally adjusted for 
exposure to PM2.5, NO2 during the year before examination, distance to major roads, or traffic noise. Statistically significant estimates (p < 0.05) at a 
95% confidence level are marked with an asterisk, and with † for borderline significance (0.05 < p < 0.10)

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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attention (based on the Stoop Test) which is related to 
green space within 300 m and 500 m among boys but not 
girls. There is no consensus in the literature but others 
found also higher risk for inattention with increasing dis-
tances to green only among males [41].

Our prospective study had a number of strengths. First, 
cognitive performance was assessed based on repeated 
measurements and covered four domains of cognition. A 
major strength of this study was that the percentage of 
green space around the residence was calculated based 
on a high resolution 1 × 1  m land cover map. Another 
advantage of the green space data used in this study 
is that it does not include agriculture green. In addi-
tion, residential air pollution exposure (NO2 and PM2.5) 
was estimated using a high-resolution spatial–temporal 
model. We acknowledge a few limitations to our study. A 
first limitation is that no data is available on room tem-
perature. Besides the modest sample size, a limitation is 
the lack of information of time-activity patterns, such as 
time spend outdoors, and access to green space.

Previous results of the COGNAC study indicated that 
chronic PM2.5 air pollution exposure at the residence was 
adversely associated with the selective attention and sus-
tained attention outcomes assessed with the Stroop and 
Continuous Performance Test [29]. Therefore, when inves-
tigating green space in association with cognitive health, 
it is important to take into account the potential interac-
tion with outdoor air pollution. Previous research treated 
air pollution as a confounder or as a mediator based on 
the assumption of causality [23, 40]. Mediation analysis is 
warranted if green vegetation notabely reducing air pollu-
tion concentrations (e.g. through dry deposition), rather 
than green spaces being areas where air pollution sources 
are simply absent. In the latter case, air pollution could be 
considered as a confounder in models investigating green 
space and health outcomes. Our findings indicated that 
after additional adjustment for traffic-related air pollu-
tion exposure at the residence (NO2 and distance to major 
roads), the significant association remained between more 
residential green space and better attention outcome. In 
contrast, adjustment for PM2.5 air pollution, a pollutant 
with lower impact of local traffic, attenuated the associa-
tions between green space and cognitive outcomes. This 
is probably because surrounding green space correlated 
weakly with NO2, while with PM2.5 the correlations were 
moderately strong. A study based on personal levels of air 
pollution exposures also observed an association between 
residential surrounding green space and PM2.5 but there 
was no association with NO2 exposure [42]. Another 
complicating factor is that ambient air pollution is based 
on models including CORINE land-cover data. CORINE 
land-cover data does not capture small patches of green 
space since it only includes green areas that are at least 

25 ha, whearas the green space used in this study is based 
on high-resolution (1 m2) data. Nevertheless, modelled air 
pollution cannot be considered completely independent  
from residential green space and, consequently, these results 
should be interpreted with caution.

Our finding of a positive association between green 
space exposure and attentiveness in children is consist-
ent with the existing literature. An investigation based 
on 1500 children from the INMA cohort in Sabadell and 
Valencia (Spain) showed that more greenness around 
the residence of the children was associated with better 
scores on attention tests at the age of 4–5 and the age of 7 
[43]. Among 456 children aged 4 to 6 years of the ENVI-
RONAGE birth, a beneficial influence of residential green 
space in close proximity (50–100 m) was observed on the 
attention and psychomotor speed, represented by the 
Motor Screening Task [14]. A longitudinal study in Italy 
found that residential surrounding greenness was associ-
ated with better scores on an attention test at 7 years of 
age, partly mediated by NO2 reduction [17]. The media-
tion analysis indicated that NO2 explained 35% (90% CI: 
7%-62%) of the total effect of residential greenness within 
a 500 m buffer on the attention test outcome. In addition, 
another Spanish study exploring the mediating role of air 
pollution showed that the association between green-
ness and cognitive development could be partly mediated 
by reductions in air pollution [16]. They reported that 
indoor levels (at school) of elemental carbon explained 
20–65% of the associations between green spaces and 
12-month cognitive development [16].

In extent of our findings in children, green space in a 
2000  m radius surrounding the residence and school 
combined was associated with better sustained and 
selected among Flemish adolescents between 13 and 
17  years old [44]. The effect size observed in our study 
is comparable to results observed in adolescents as an 
IQR (13%) contrast in green space (residence-school) 
within 2000  m is associated with a 7.28  ms (95% CI:—
11.7 to—2.8; p = 0.001) and a 32.7  ms (95% CI:—58.9 
to—6.5; p = 0.02) decrease in reaction time based on 
the Continuous Performance Test and the Stroop Test, 
respectively [44]. A nationwide cohort study in the US of 
adult women, found that higher levels of residential green 
space were associated with higher scores on processing 
speed and attention and on overall cognition [45]. How-
ever, residential greenness was not associated with cog-
nition (reaction time, working memory, and executive 
function) in adults residing in Quebec [46].

We observed mixed results for the short-term memory 
test since residential green space was found associated 
with better performance on the first part of the test (Digit 
Span Forward) requiring moderate attention, whereas 
no effect was found with the second part of the test 
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requiring greater attention resources (Digit Span Back-
ward). Similar to our findings, an experimental study in 
28 persons showed that exercise in a natural environment 
resulted in the greatest improvement for cognitive tasks 
that required only moderate attentional demands [47]. A 
systematic review with a meta-analysis reported that the 
natural exposure group performed significantly better 
than controls on both Digit Span Forward and Digit Span 
Backward Tests [48]. However, other studies found no 
performance improvement on the Digit Span Test after 
walking in nature compared to walking in urban environ-
ments [49, 50]. The visual information processing speed 
outcome (Pattern Comparison and Digit-Symbol Tests) 
showed a trend of lower latency with more green space in 
a large radius around the residence. In contrast with our 
results on the Digit-Symbol Test, a meta-analysis based 
on two studies in adults reported the absence of associa-
tion between exposure to nature and performance on a 
comparable test (Symbol Digit Modalities Test) [48]. To 
our knowledge, till now only one study investigated the 
association between green space or nature exposure 
and cognitive outcomes based on the Pattern Compari-
son Test. Contrary to our results in children, residential 
green space was not significantly associated with short-
term memory and visual information processing speed 
among adolescents [44]. In the current study, better per-
formance as to short-term memory and visuals informa-
tion processing speed were only observed in association 
with green space in a large radius around the residence 
(1000 and 2000 m). Although we did not observe a sub-
stantial difference in the average percentage of green 
space within the various radii (50–2000  m), we assume 
that large connected green areas situated in a wide radius 
can differ in use which possibly explains the results.

Possible factors, besided air pollution exposure, that 
may explain the long-term benefits of green spaces 
are reduction in stress, an increase of physical activity, 
increased social contacts, mitigation of noise and heat 
[51]. Within environments with more green space, resi-
dentents are less exposed to noise [52] and heat [53]. This 
may reduce the deplation of cognitive resources [54, 55]. 
Besides environmental benefits, urban green space also 
promotes physical activity [56], social contacts [57, 58], 
stress reduction, and recovery from attention fatigue 
[59]. According to the attention restoration theory, inter-
acting with nature grabs the involuntary attention and 
replenishes the voluntary attention that is directed by 
the cognitive-control process [60]. Experimental studies 
have shown that interacting with natural green environ-
ments could improve the performance on cognitive tasks 
that depend on directed-attention abilities [61]. The bio-
diversity hypothesis postulates that a healthy develop-
ment of the human microbiota depends in parts on the 

inoculation with microbes from environmental sources 
[62]. In this way, environmental microbiota is a hypoth-
esized mechanism involved in the relationship between 
green spaces and health [63]. Studies support this 
hypothesis by showing that the presence of green space 
determines the diversity of indoor environment [64] and 
human microbiota [65]. Microbial input from the envi-
ronment may drive brain regulation and is a possible 
major component of the beneficial effect of greenness 
[66]. However, the exact mechanism of how green space 
exposure exerts its health benefits in children needs to be 
further elucidated as the available evidence is still limited.

Conclusion
Our panel study showed that exposure to residential sur-
rounding green space was associated with better sus-
tained and selective attention performances in primary 
schoolchildren and that independent of traffic-related 
air pollution exposure. More green space within a large 
radius around the residence was associated with better 
performance as to short-term memory and visuals infor-
mation processing speed. Further research is need to rep-
licate our results in other settings and to investigate other 
critical windows of susceptibility to environmental expo-
sures such as the prenatal period. Our findings in chil-
dren strongly support the necessity of more green spaces 
in the residential environment to promote healthy cogni-
tive development in childhood. Building and promoting 
attractive green for children may have lasting beneficial 
effects throughout their life course.
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