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A B S T R A C T   

Introduction: During early childhood, neuronal networks are highly susceptible to environmental factors. Pre
vious research suggests that green space exposure is beneficial for cognitive functioning. Here, we investigate the 
associations between residential green space exposure and behavioral problems and cognitive development in 
children aged four to six years. 
Method: We included children participating in the ENVIRONAGE birth cohort. Residential green spaces were 
calculated based on high-resolution land cover data within several buffers (50–1,000 m) around the residence. 
The children’s behavior was assessed with the Strengths and Difficulties Questionnaire (SDQ) among 411 chil
dren. In addition, to evaluate cognitive function, 456 children completed four tasks of the Cambridge Neuro
psychological Test Automated Battery (CANTAB). We used multivariate logistic and linear regression models 
while accounting for potential confounders and covariables. 
Results: An interquartile (IQR) increase of residential green space within 50 m was associated with a 38% (95% 
CI: 56;14) lower odds of a child having hyperactivity problems. Additionally, we found a beneficial influence of 
residential green space in close proximity (50–100 m) on the attention and psychomotor speed, represented by 
the Motor Screening Task. For example, we found a decrease of 0.45 (95% CI: − 0.82;-0.09) pixel units from 
target center with an IQR increase of residential green space in a 50 m buffer. In addition, we observed an 
improved visual recognition/working memory, represented by the Delayed Matching to Sample Task within all 
included buffers (50–1000 m). For example, we observed a decrease of 4.91% (95 %CI: − 7.46;-2.36) probability 
of an error occurring if the previous trial was correct and a 2.02% (95 %CI: 0.08; 3.97) increase of correct trials 
with an IQR increase of green space within a 100 m buffer. 
Conclusion: This study provides additional indications for a beneficial influence of green space exposure on the 
development of behavioral problems and cognitive function as young as four years of age.   

1. Introduction 

The period from conception until early childhood is highly sensitive 
to environmental exposures and contains various critical windows of 
susceptibility where extrinsic factors can influence the complex dy
namics of development. One such intricate process involves the devel
opment of the brain and its neurocognitive maturation (Rice and Barone, 

2000; World Health Organization, 2006). Although the brain remains 
relatively plastic over time, the increased flexibility of neural networks 
in early life and their changes in response to the environment are 
uniquely efficient in shaping the developing brain, which can have 
permanent effects in later life, such as effects on intelligence and aca
demic performance (National Research et al., 2000). 

Much of what we know about the environmental impact on early life 
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cognitive development is derived from adverse or deprived conditions, 
such as the presence of toxins (Lanphear, 2015) or exposure to partic
ulate matter (Calderón-Garcidueñas et al., 2016; Edwards et al., 2010). 
However, in recent years there is an increased interest in the potential 
beneficial health impacts of environmental factors on our mental 
development (James et al., 2015). Of particular interest is green space, 
especially in light of the ongoing degradation of green spaces through 
urbanization (Cotella, et al., 2020) despite the many possible underlying 
mechanisms through which green spaces can exert their beneficial ef
fect. Biophysical-related pathways identify their capability to mitigate 
urban-related environmental hazards, such as outdoor air pollutants, 
noise and heat (Dadvand et al., 2015; Kuo, 2015). Additionally, the 
presence of green spaces observably promotes physical activity (Ward 
et al., 2016) as well as social interactions (Maas et al., 2009), both 
closely related to our mental well-being (Kahn and Kellert, 2002). 
Moreover, green space also regulates biodiversity, most notably envi
ronmental microbial communities (Dockx, 2021). Besides being 
explicitly involved in regulating our immune system, environmental 
microbial diversity might play a role in shaping the human microbiome, 
such as the gut microbiota, which can utilize our innate immune system 
to influence brain regulation (Galland, 2014; Rook, 2013). 

Earlier experimental studies primarily focused on the short-term 
effects of green space on mental well-being. They established that the 
acute exposure to greener environments was related to a decrease in 
stress levels (Gidlow et al., 2016) and an increase in self-esteem (Barton 
et al., 2012). Similarly, in children, they found that short-term exposure 
to nature improved their attention (Schutte et al., 2017). 

However, evidence is growing that supports also a relationship be
tween long-term green space exposure and behavior and cognition in 
children. For instance, long-term exposure to green space was associated 
with a decreased risk of childhood-associated behavioral problems 
concerning emotion, conduct and hyperactivity (Amoly et al., 2014; 
Bijnens et al., 2020; Markevych et al., 2014) and associated with a lower 
risk of psychiatric disorders as found in a large-scale study covering 
more than 900,000 Danish individuals (Engemann et al., 2019). Addi
tionally, studies found that children residing in an environment sur
rounded with more green could better memorize, were more attentive 
and had a higher intelligence quotient (Bijnens et al., 2020; Dadvand 
et al., 2017; Lee et al., 2021). However, most studies investigating 
cognitive function and green space examined school-aged children aged 
six to 12, whereas observable differences in cognitive capabilities are 
already present at the preschool age, which is an important develop
mental stage in children (National Research et al., 2000). In this study, 
we investigated the association between early life exposure to residen
tial green space and behavior and cognitive functioning in children aged 
four to six years participating in the prospective Environmental influ
ence on Aging in Early Life (ENVIRONAGE) birth cohort. 

2. Methods 

2.1. Study design and population 

ENVIRONAGE is an ongoing prospective Belgian birth cohort initi
ated in 2010, that recruits mother-newborn pairs at the time of delivery 
in the East-Limburg Hospital (Genk, Belgium). Detailed information on 
the eligibility and recruitment process at birth is provided elsewhere 
(Janssen, 2017). When the child is between four and six years old, the 
mother and child are invited to participate in the follow-up phase. At the 
follow-up visit, written consent from the mothers is obtained and chil
dren give their oral permission. The participating mothers fill out several 
questionnaires to get information about the socio-demographic and 
lifestyle characteristics of the household. Additionally, mothers fill out 
the Strengths and Difficulties Questionnaire (SDQ) to evaluate the 
child’s behavior using SDQ sub-scales and a Total Difficulties Score. 
Cognitive function is assessed using four tasks of the Cambridge Neu
ropsychological Test Automated Battery (CANTAB): the Motor 

Screening Task and Big/Little Circle, that evaluate attention and psy
chomotor speed, and the Spatial Span Test and Delayed Matching to 
Sample that evaluate the visual recognition/working memory. Details 
on the SDQ and the CANTAB are provided in the behavioral assessment 
and cognitive measurement sub-sections of the methods. The study 
protocol was approved by the ethical committees of the Hasselt Uni
versity, and complied with the Helsinki Declaration (Janssen, 2017). 
The cohort participants, both at birth as well as at follow-up, are 
considered to be representative for the population in Flanders and are 
spatially distributed within the province of Limburg (Flanders, 
Belgium), including urban, suburban and rural areas (Janssen, 2017). 

We attempted to contact 905 mother–child pairs of which the child 
was between four and six within the selected timeframe of December 10, 
2014 to March 5, 2020. A participation flowchart is provided in the 
supplemental material (Supplemental Fig. 1). In total, 108 mother–child 
pairs were not included for participation because the child had died 
(n = 2), had a severe cognitive impairment (n = 1), moved abroad or too 
far from the examination center (n = 16), could not communicate 
adequately in Dutch (n = 9), or there was loss of contact (n = 80). In 
addition, the child reached six years of age before an appointment could 
be made (n = 27), 289 mothers refused to participate and 22 failed to 
come to the appointment. In total 459 mother–child pairs renewed their 
consent and participated in the follow-up study, resulting in a final 
participation rate of 57.5%. This study followed the Strengthening the 
Reporting of Observational Studies in Epidemiology (STROBE) reporting 
guideline. 

Of the 459 participating children, there were 411 children with 
available data from the SDQ. Analysis with regard to cognitive func
tioning was done on 456 children with available CANTAB test results. 
We excluded 26 children from whom we had no information on average 
daily screen time (n = 19), that were influenced by a parent or sibling 
(n = 3), were distracted by the environment during the test (n = 2), or 
had trouble to understand any of the CANTAB tasks (n = 2). Further
more, we looked separately into the four specific sections of the CANTAB 
cognitive tests, being the Motor Screening Task, Big/Little Circle Spatial 
Span Test and Delayed Match to Sample with results for 422, 423, 429, 
and 425 children, respectively. We excluded the results of each specific 
test in case of coughing, an incorrect registering screen, distraction by 
the parent or environment or a problem with the device (Supplemental 
Fig. 1). 

2.2. Behavioral assessment 

At the moment of the follow-up visit, the parents, mostly accompa
nying mothers (87.8%), were asked to fill out the Dutch version of the 
parent-administered SDQ once as developed by Goodman (Goodman, 
2001). The questionnaire contains 25 statements regarding the child’s 
behavior over the past six months to obtain four sub-scales assessing 
internalizing (peer relationship and emotional subscales) and external
izing (conduct and hyperactivity subscales) behavior. Each subscale 
consists of five items that can be scored 0, 1, or 2, and the total score on 
each domain can therefore range from 0 to 10. These sub-scales were 
combined to calculate a Total Difficulties Score (range, 0–40). For 
comparability with other European cohorts, we followed the commonly 
used British cut-off guidelines and categorized these four sub-scales and 
the Total Difficulties Score into discrete variables by grouping border
line and abnormal scores together to define a “not normal” category. 
Being not normal was thus defined when scores were found to be equal 
or above 3 for peer relationships, 4 for emotional behavior, 3 for 
conduct, 6 for hyperactivity and 14 for the Total Difficulties Score 
(Meltzer et al., 2003). This version of the SDQ has been proven to be 
highly reliable and has been validated as an appropriate screening 
method in children aged four to 16 (Goodman, 2001). 
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2.3. Cognitive measurements 

We assessed the children’s neurocognitive functioning using four 
tasks of the CANTAB (CANTAB, Cognitive assessment software, 2019) 
software on a touch-screen tablet. It was explained to the children at the 
beginning of the clinical examinations that we could stop each test at 
any moment if the child was uncomfortable or scared. A trained exam
iner gave instructions for each task according to a standardized script 
provided by the software developers, repeated once if the child was 
unsure or did not understand the task. Each test had trials that were not 
included in the calculated outcome variables. The CANTAB allows for 
reliable and well-founded measurements for executive functions as 
young as four years of age (Luciana, 2003). In total, the child was given 
four tasks to complete, of which the first two were designed to assess the 
attention and psychomotor speed and the last two were used to measure 
the child’s visual recognition/working memory (Fig. 1). 

The first two attention-related tasks included the Motor Screening 
Task and Big/Little Circle task. During the first cognitive test, the Motor 
Screening Task, the child had to press a series of ten crosses at different 
locations on the screen, one at a time, as quickly and accurately as 
possible. The cross was considered successfully selected if the point of 
touch was within a close radius around the target’s center (based on a 
screen resolution of 640 × 350 pixels). This test assessed the average 
time in milliseconds it took for the child to successfully select the cross, 
further referred to as response latency, and the average pixel units be
tween the touch and the center of the target on successful trials, referred 
to as error. The second cognitive test was the Big/Little Circle task. The 
child was presented with two differently sized circles and had to select 
the smallest circle as quickly as possible for the first 20 choices, and for 
the next 20 choices, the child was instructed to select the largest circle. 
This test measured the average time it took to touch the correct stimulus 
after it was displayed on the screen, further referred to as response 
latency. 

After evaluating the child’s attention and psychomotor speed, we 
further assessed the visual recognition/working memory. In the Spatial 
Span task, white boxes are shown on the screen, of which two briefly 
change color in a randomized sequence. The child had to reproduce the 
sequence after an auditory cue. If it did so correctly, the sequence was 
increased by one until the child could not correctly recall it in three 
consecutive attempts within the same sequence length. The outcome 
variable for this test was the maximum number of boxes the child could 

remember in the correct sequence, further referred to as span length. 
The fourth and final test was the Delayed Matching to Sample task. This 
task started with displaying a complex visual pattern (sample), which 
the child had to recognize from four similar patterns that were randomly 
presented. The patterns consisted of one being identical to the sample 
pattern, one having the same colors but different shapes, one having the 
same shape but different colors and finally one having different shapes 
and colors, referred to as the distractor. The selection of patterns to 
choose from was either presented simultaneous to the sample pattern or 
after a delay of either 0, 4 or 12 s after which the sample pattern was not 
displayed anymore for reference. This test assessed the percentage of 
total number of trials upon which the child answered correctly on their 
first try and the average time it took to select the correct answer on first 
try (response latency in milliseconds). Only latencies on the Delayed 
Matching to Sample task where the child achieved more than 25% 
correct trials were considered. Additionally, the test evaluated the 
probability of an error occurring if the previous trial was correctly 
answered. 

2.4. Green space exposure 

We geocoded the current residential addresses of the households at 
the follow-up visit to calculate a measure of green space exposure in five 
buffers around the residential address (50 m, 100 m, 300 m, 500 m and 
1,000 m). All analyses were carried out using Geographic Information 
System (ArcGIS 10 software) functions. Green space was calculated 
using Groenkaart Vlaanderen (Green Map of Flanders) 2013. The land 
cover data is established on raster-segmentation classification using 
flight ortho-photos from 2012 commissioned by the Agency for Nature 
and Forest (ANB) and provides high-resolution (1x1m) information on 
natural elements, identified as all non-agricultural vegetation and 
further referred to as green space, validated with an overall accuracy of 
95% (Vegetatiekaart, 2015). More information is provided in supple
mental material and an overview of the classification processing is 
provided in supplemental Fig. 2. 

2.5. Covariables 

Information on lifestyle and certain clinical characteristics, such as 
age of the child and sex, was obtained using a questionnaire. Maternal 
education at the moment of examination was used to define 

Fig. 1. Schematic representation of the cognitive CANTAB measurements and registered outcomes. Arrows indicate the sequence of the tests. While the child was 
administered the cognitive CANTAB tasks, the SDQ was filled out by the accompanying parent. 
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socioeconomic status and was coded as “low” (no diploma or primary 
school), “middle” (high school), or “high” (college or university degree). 
Average daily screen time, defined as watching television, playing 
computer games and tablet use, was used to estimate possible prior 
familiarization with tablet use or playing computer games and was 
coded as “none to less than 1 h per day”, “1 to 2 h per day” and “more 
than 2 h per day”. In addition, we also obtained information on the 
average amount the child sleeps, in hours, on a typical day and night. 

The daily exposure levels to PM2.5 (particulate matter with an 
aerodynamic diameter ≤ 2.5 µm, µg/m3) and NO2 (µg/m3) at the resi
dential address were obtained using a spatiotemporal interpolation 
method (Janssen et al., 2008), taking into account both land-cover data 
and pollution data from fixed monitoring stations in combination with a 
dispersion model (Lefebvre et al., 2011, 2013). We assessed overall 
model performance via a leave-one-out cross-validation, including 34 
monitoring stations for PM2.5 and 44 for NO2. The validation statistics of 
the interpolation tool explained >80% of the spatial–temporal vari
ability in the Flemish Region of Belgium for PM2.5 and 78% for NO2 
(Maiheu, 2013). The model was additionally validated by linking the 
modelled residential PM2.5 and BC levels with the biomarkers of internal 
exposure to nanosized black carbon particles in urine (Saenen, 2017) 
and placental tissue (Bové et al., 2019). These daily values were then 
averaged over the entire pregnancy and entire childhood, the latter to 
have an estimation of postnatal ambient air pollution exposure. 

The time of day of the cognitive testing was used as a continuous 
variable in the main analyses, and categorized as follows for stratifica
tion in sensitivity analysis: morning (before 12 pm), early afternoon 
(from 12 pm up to 4 pm), and late afternoon (from 4 pm up to 6 pm). 

2.6. Statistical analysis 

For the statistical processing we used the R environment (R Devel
opment Core Team, 2019). To examine the associations between green 
space exposure and the child’s behavior, we used multivariate logistic 
regression models for the SDQ sub-scales and the Total Difficulties 
Score, adjusted for several a priori chosen covariables. We included 
clinical characteristics such as the child’s age at the time of the exami
nation and their sex, as well as maternal education. Results are 
expressed as odd’s ratios [95% confidence interval, CI] for an IQR 
increment in residential green space. 

To investigate the association between green space exposure and 
cognitive functioning, using CANTAB outcomes, we log-transformed 
(natural base e) all latency data, i.e. response latency of the Motor 
Screening Task, Big/Little Circle test and Delayed Matching to Sample 
test, to better comply with assumptions of model linearity. First, we 
performed two principal component analyses (PCAs) where we made 
linear combinations of the CANTAB variables assessing the same neu
rocognitive domain. We then used the values of the first two principal 
components from each PCA, with a cumulative explained variance of 
more than 70%, as dependent variables in a multivariable linear 
regression model (Luyten et al., 2020). Additionally, we performed 
multivariable linear regression models to investigate the relationship 
between green space exposure and all individual outcome variables of 
the CANTAB cognitive tests. All models were adjusted for the same 
aforementioned covariables (child’s age, sex and maternal education) 
and additionally adjusted for the child’s average daily screen time and 
the time of the examination. Results are expressed as estimates [95% CI] 
for an IQR increment in residential green space. For data that were log- 
transformed, we back-transformed the estimates and expressed them as 
a percentage change. 

To assess the robustness of our findings, we performed several 
sensitivity analyses on both the behavioral outcomes and the comput
erized measures of cognitive function. Regarding the exposure assess
ment (i.e. green spaces), we assessed the effect of surrounding green 
space in larger buffers (2000 m and 3000 m). In addition, we excluded 
children that ever moved to another home since birth. Further, we 

investigated several measures of postnatal air pollution exposure by 
separately adding to the main model the chronic exposure to PM2.5 or 
NO2 concentration averaged over the entire childhood. In addition, we 
investigated prenatal PM2.5 exposure by adding to the main model the 
average daily residential concentrations of ambient PM2.5 averaged over 
the entire pregnancy. For the models including CANTAB variables, we 
excluded children who showed any signs of possible disinterest while 
taking the cognitive tests to account for possible problems with the 
response validity. This exclusion was based on behavioral remarks and 
children seemingly pressing irregularly as collected from the touch 
patterns from the tablet. These were six results for the Motor Screening 
task, 12 results for the Big/Little Circle task, 24 results for the Spatial 
Span task and 38 results for the Delayed Matching to Sample task. Last, 
because a child’s performance may depend on tiredness, we excluded 
children that performed the cognitive tests in the late afternoon (i.e. 
between 4 pm and 6 pm). In addition, we also adjusted the main model 
for the average amount the child sleeps on a typical day and night. 

3. Results 

3.1. Study population 

Characteristics of the mother–child pairs with complete information 
(n = 430) were similar to eligible mother–child pairs that were invited 
but did not participate in the follow-up, further referred to as non- 
participants (n = 338), regarding maternal characteristics, including 
age of the mother at birth and the pre-pregnancy body mass index (BMI), 
and clinical characteristics such as the child’s sex, gestational age, birth 
weight and birth length (Supplemental Table 1). However, compared 
with non-participants, participating mothers were more likely to have a 
higher educational degree and to be of European descent. 

The characteristics of the follow-up visits and mother–child pairs of 
the ENVIRONAGE birth cohort included in this study are presented for 
each subset in Table 1. Most of the examinations were done in the early 
afternoon (58.1%). On average (min–max), the children were 4.5 
(3.7–6.4) years old at the follow-up visit and approximately half were 
girls (51.6%). A minority of children had an average screen time of more 
than 2 h per day (9.8%), most children spent on average 1 to 2 h a day on 
this activity (54.2%). Accompanying mothers were on average (min
–max) 35.1 (22.5–49.8) years old and the majority had a college edu
cation or higher (68.1%). 

The characteristics of the four sub-scales and Total Difficulties score 
of the SDQ are summarized in Table 2. The largest group categorized as 
not normal was within the conduct sub-scale, where 104 (25.3%) chil
dren had conduct difficulties, followed by 101 (24.6%) children with 
hyperactivity difficulties, 89 (21.7%) with emotional difficulties, and 
lastly 67 (16.3%) children with peer relationship problems. 

The outcomes for the four CANTAB tasks are summarized in Table 2. 
The median (p25-p75) response latency of the Motor Screening task, 
calculated as the mean time to successfully touch the target was 964.0 
(812.8–1157.5) milliseconds. Additionally, the error of the Motor 
Screening task, was 14.3 (12.3–16.3) pixel-units removed from the 
center of the target. The response latency of the Big/Little Circle task, 
calculated as the average time to select the correct circle in the Big/Little 
Circle task was 1091.5 (965.0–1232.2) milliseconds. The number of 
boxes that could be reproduced in the correct sequence during the 
Spatial Span test was 3 (2–3). Finally, the time to select the correct 
pattern on the first try during the Delayed Matching to Sample task for 
all presented sample patterns was 4111.2 (3280.8 – 5070.5)millisec
onds. The percentage of trials that were answered correctly on the first 
try was 45.0 (35.0–55.0) %. 

The distribution of residential green space for all buffers (50 m to 
1,000 m) for the SDQ and CANTAB subsets is presented in Table 3. The 
median residential green space ranged from approximately 46% within 
a 50 m radius up to approximately 55% within a 1,000 m radius. 
Moreover, the different buffers of residential green space were, as 
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expected, highly positively correlated with each other, with the 
spearman rho ranging from 0.38 (between 50 m and 1,000 m) to 0.92 
(between 300 and 500 m) (Supplemental Fig. 3). 

3.2. Association between green space and behavior 

After adjustment for age, sex and maternal education we found an 
overall trend of an inverse association between the proportion of resi
dential green space in close buffers (50 and 100 m) and behavioral 
problems, although only statistically significant for hyperactive 
behavior. Here, we found that an IQR increase in green space within in a 
50 m buffer surrounding the residential address was associated with a 
38% (95% CI: 56 ; 14) lower odds of scoring not normal for hyperactivity 
problems (Table 4). No other behavioral outcomes were found to be 
associated with green space. 

3.3. Association between green space and cognitive functioning 

3.3.1. Attention and psychomotor speed 
Principal components for the neurological domain of attention and 

psychomotor speed were obtained as linear combinations of the two 
outcomes of the Motor Screening Task and the outcome of the Big/Little 
Circle test. The first principal component explained 52% of the variance; 
the second, an additional 33%. Characteristics of the principal compo
nents used in the multivariable linear regression models are shown in 
the supplemental material (Supplemental Table 2). While accounting for 
the child’s age, sex, maternal education, average daily screen time and 
time of examination, we observed an inverse association between green 
space in a 50 m and 100 m buffer and the second principal component 
(P = 0.006, P = 0.002, respectively). 

Using multivariable linear regression model for each of the three 

separate test outcomes, adjusted for the aforementioned variables, we 
observed a significant inverse association between residential green 
space and the pixel distance from the target of the Motor Screening Task 
only in close-by buffers (50 m and 100 m) surrounding the residential 
address (Fig. 2 and Supplemental Table 3). An IQR increase in 

Table 1 
Characteristics of the mother–child pairs that performed the SDQ and CANTAB 
tests.   

SDQ subset 
(n = 411) 

CANTAB subset 
(n = 430) 

Characteristics of the visit 
Time of examination 

Morning 155 (37.7) 157 (36.5) 
Early afternoon 236 (57.4) 250 (58.1) 
Late afternoon 20 (4.9) 23 (5.3) 

Characteristics of the child 
Age at follow-up visit, years 4.5 ± 0.4 4.5 ± 0.4 
Sex 

Girl 213 (51.8) 222 (51.6) 
Screen time 

None to less than 1 h/day 149 (37.8) 155 (36.0) 
1-2 hours/day 206 (52.3) 233 (54.2) 
>2 h/day 39 (9.9) 42 (9.8) 
Missing information 17 0 

Average amount of sleep on a typical day 
and night, hours 

10.9 ± 1.1 10.9 ± 1.1 

Characteristics of the mother 
Age of the mother at follow-up visit, 

years 
35.1 ± 4.3 35.1 ± 4.2 

Educational level at follow-up visit 
Low (no high school diploma) 19 (4.6) 20 (4.7) 
Middle (high school diploma) 114 (27.7) 117 (27.2) 
High (college degree or higher) 278 (67.6) 293 (68.1) 

Characteristics of the household 
Moved 

Never moved 281 (68.4) 294 (68.4) 
Childhood average daily PM2.5 

exposure, µg/m3 
12.1 ± 1.1 12.2 ± 1.2 

Childhood average daily NO2 exposure, 
µg/m3 

16.7 ± 3.1 16.2 ± 3.2 

Pregnancy average daily PM2.5 

exposure, µg/m3 
13.9 ± 2.4 14 ± 2.5 

Continuous data are presented as mean ± SD, categorical variables as n (%). 

Table 2 
Description of the parent-administered SDQ including the 4 sub-scales and 
Total Difficulties Score (n and n %) in 411 children and the description of 
the 4 tasks (Motor Screening Task, Big/Little Circle, Spatial Span Test, 
Delayed Matching to Sample) of the CANTAB in 430 children of the 
ENVIRONAGE birth cohort.  

Strength and Difficulties categories n (%) 

Peer relationship behavior 
Normal 344 (83.7) 
not normal 67 (16.3) 

Emotional behavior 
normal 322 (78.3) 
not normal 89 (21.7) 

Conduct problems 
normal 307 (74.7) 
not normal 104 (25.3) 

Hyperactive behavior 
normal 310 (75.4) 
not normal 101 (24.6) 

Total Difficulties Score 
Normal 340 (82.7) 
not normal 71 (17.3)  

Outcomes of 
the CANTAB 

n min p25 p50 p75 max 

Motor 
Screening 

422      

Response 
latency, 
milliseconds  

535.1 812.8 964.0 1157.5 2961.8 

Error, pixel 
units  

6.7 12.3 14.3 16.3 23.0 

Big/Little Circle 423      
Response 
latency, 
milliseconds  

683.0 965.0 1091.5 1232.2 2719.9 

Spatial Span 429      
Span Length  0 2 3 3 5 

Delayed Match 
to Sample 

423      

Response 
latency, 
milliseconds  

945.7 3280.8 4111.2 5070.5 13994.7 

Probability of 
error given 
correct 
answer  

11.8 41.7 55.6 66.7 100.0 

Percentage 
correct, %  

0.0 35.0 45.0 55.0 90.0  

Table 3 
Distribution of the residential green space for five buffers (50 m to 1000 m) 
surrounding the residential address, presented for SDQ subset and CANTAB 
subset.  

Green space (%) min p25 p50 p75 max 

SDQ subset (n = 411) 
50 m buffer  3.64  35.61  46.14  58.91  92.02 
100 m buffer  8.53  39.02  48.41  59.83  87.76 
300 m buffer  11.84  41.54  51.81  61.41  89.66 
500 m buffer  12.25  41.44  53.57  62.00  87.26 
1000 m buffer  10.63  39.94  55.90  65.09  88.62 
CANTAB subset (n = 430) 
50 m buffer  3.64  35.31  46.46  58.86  92.02 
100 m buffer  8.53  38.86  48.52  59.73  87.76 
300 m buffer  11.84  41.43  51.83  61.14  89.66 
500 m buffer  12.25  41.39  53.25  62.11  86.39 
1000 m buffer  10.63  39.82  55.06  65.13  88.62  
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residential green space was associated with a decrease of 0.45 (95% CI: 
− 0.82;-0.09) and 0.50 (95% CI: − 0.87;− 0.14) pixel unit distance from 
target within the 50 m and 100 m buffers respectively. No other cogni
tive outcomes for attention and psychomotor speed were found to be 
associated with green space. 

3.3.2. Visual recognition/working memory 
Principal components for the neurological domain of visual recog

nition/working memory were obtained as linear combinations of the 
outcome of the Spatial Span test and the three outcomes of the Delayed 
Matching to Sample task (Fig. 1). The first principal component 
explained 46% of the variance; the second an additional 25%. Charac
teristics of the principal components used in the multivariable linear 
regression models are shown in supplement (Supplemental Table 2). 
After adjusting for age, sex, maternal education, average daily screen 
time, and time of examination, we observed a significant negative as
sociation between green space and the first principal component in all 
buffers, with p-values ranging from 0.003 (100 m) to 0.03 (500 m). 

With the multivariable linear regression models for each of the four 
separate test outcomes, adjusted for the aforementioned variables, we 
observed a significant negative association between green space and the 
probability of error if the previous trial was correct in the Delayed 
Matching to Sample task in all buffers (50 m-1,000 m). For instance, an 
IQR increase in residential green space within a 50 m buffer, was asso
ciated with a decrease of 3.12% (95% CI: − 5.70 ; − 0.54) probability of 
an error occurring. Associations with larger buffers are all in the same 
direction without substantial differences in the size of the effect (Fig. 2 
and Supplemental Table 3). Moreover, we also found a significant pos
itive association between residential green space and percentage of 
correct trials in the Delayed Matching to Sample task in all buffers 
(100 m-1000 m), with the exception of the 50 m buffer surrounding the 
residential address. For instance, an IQR increase in residential green 
space in the 100 m buffer was associated with an increase of 2.02% (95% 
CI: 0.08; 3.97) percent of correct trials in the Delayed Matching to 
Sample task. 

3.4. Sensitivity analyses 

In a first sensitivity analysis, we investigated the associations in two 
larger buffers (2000 m and 3000 m) of green space exposure surround
ing the residential address and found additional significant associations 
for the Delayed Matching to Sample outcomes, i.e. the probability of 
error if the previous trial was correct, and the percentage of correct 
trials, in the same direction and without substantial differences in the 
size of the effect as observed for the main analyses (Supplemental 
Table 4). 

In a second sensitivity analysis, we investigated the relationship 
between residential green space exposure and behavioral and cognitive 
outcomes for children who never moved during their lifetime (n = 281 
and n = 294, respectively) (Supplemental Table 5). Here, we found the 
same significant inverse association between residential green space 
exposure and hyperactivity problems (n = 66 (23.5%)) in a 50 m buffer, 
and additionally this association was found to be significant in a 100 m 
buffer. Furthermore, an IQR increase in residential green space in the 

50 m, 500 m and 1,000 m buffers surrounding the residence was asso
ciated with a significantly lower odds of the child scoring not normal for 
conduct problems (n = 66 (23.5%)). Overall, this resulted in a signifi
cant inverse association between residential green space and the SDQ 
Total Difficulties score (n = 44 (15.7%)). An IQR increase in residential 
green space was associated with a 50% (95% CI: 70 ; 19) and 40% (95% 
CI: 65 ; 2) lower odds of the child scoring not normal for total difficulties 
problems, within the 50 m and 100 m buffers, respectively. Regarding 
CANTAB outcomes, we observed minor changes to the previously re
ported associations. 

In a third sensitivity analysis, we additionally adjusted the models 
regarding behavioral and CANTAB outcomes for the daily PM2.5 expo
sure averaged over the entire childhood (n = 410 and n = 430, respec
tively). Here, we found no changes to the statistical significance of the 
observed associations (Supplemental Table 6). Replacing PM2.5 by NO2 
in the model or replacing PM2.5 childhood exposure by prenatal expo
sure did not alter the aforementioned results (results not shown). 

In a fourth sensitivity analysis, we excluded children with any 
possible signs of disinterest whilst performing the cognitive tests (Sup
plemental Table 7). All observed associations remained significant. 
However, additionally we found a significant positive association be
tween residential green space and the response latency of the Delayed 
Matching to Sample task. The latency increased with 4.96% (95% CI 
0.04; 10.12) for every IQR increase in residential green space in the 50 m 
buffer. 

In a final sensitivity analysis, we investigated the possibility of 
tiredness. We excluded children that performed the cognitive tests in the 
late afternoon (n = 407). This did not alter the previously reported as
sociations much (Supplemental Table 8). Additionally, adjusting for the 
average amount the child sleeps in a typical day and night did not alter 
the results (results not shown). 

4. Discussion 

In this prospective birth cohort study, we used high-resolution green 
space information within multiple buffers surrounding the child’s resi
dence and evaluated child behavioral difficulties in addition to cognitive 
function testing by the CANTAB test battery in four to six year old 
children. The key finding of our analysis was that independent from pre- 
and postnatal air pollution and other covariables residential surround
ing green space is associated with a reduction in hyperactive behavioral 
traits, had a beneficial effect on motor accuracy and improved visual 
memory-related tasks in children of four to six years. 

We investigated the relationship between early life green space 
exposure and behavioral traits displayed in childhood, as represented by 
SDQ sub-scales and the SDQ Total Difficulties Score. Overall, we found a 
decrease in the likelihood of a child having problems in externalizing 
domains, such as conduct and hyperactivity behavior. The persistent 
association between residential surrounding green space exposure and 
hyperactivity is consistent with previous studies describing the potential 
of surrounding greenness to reduce the risk of ADHD or hyperactivity 
problems (Amoly et al., 2014; Thygesen et al., 2020). Similarly, we 
found the strongest association between hyperactivity and residential 
green space within close proximity to the residence. Our study suggests 

Table 4 
Overview of the 4 SDQ sub-scales (peer relationship, emotional, conduct, and hyperactivity) and Total Difficulties Score (divided into normal (reference) and not 
normal categories) in association with residential green space for 5 buffers (50 m to 1,000 m) surrounding the residential address. Multivariate logistic regression 
models were adjusted for age, gender and maternal education. Results are expressed as odd’s ratio’s [95% confidence interval] for an IQR increment in residential 
green space (estimates presented in bold are statistically significant p less than 0.05).   

50 m 100 m 300 m 500 m 1,000 m 

peer relationship 0.91 [0.63; 1.32] 0.95 [0.65; 1.37] 1.18 [0.82; 1.71] 1.21 [0.83; 1.76] 1.12 [0.74; 1.73] 
emotional 1.05 [0.75; 1.46] 0.95 [0.68; 1.32] 0.88 [0.63; 1.21] 0.84 [0.61; 1.17] 0.81 [0.56; 1.17] 
conduct 0.87 [0.63; 1.20] 0.89 [0.65; 1.23] 0.92 [0.67; 1.25] 0.92 [0.67; 1.26] 0.95 [0.66; 1.36] 
hyperactivity 0.62 [0.44; 0.86] 0.75 [0.54; 1.03] 1.16 [0.85; 1.60] 1.02 [0.75; 1.41] 0.89 [0.62; 1.28] 
Total Difficulties Score 0.74 [0.51; 1.06] 0.84 [0.58; 1.22] 1.18 [0.82; 1.71] 1.13 [0.78; 1.64] 1.07 [0.70; 1.64]  
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that even green space as close as 100 m surrounding the residential 
address might be relevant in preventing behavioral outcomes from early 
life onwards. 

Besides behavioral characteristics, we also investigated the associa
tion between early life green space exposure and cognitive functioning, 
as represented by four CANTAB tasks. Analyses pertaining to perfor
mance on attention and psychomotor speed involved results from the 
Motor Screening Task and Big/Little Circle task. Here, we found children 
pressing more accurately in the Motor Screening Task, as shown by a 
significant decrease in pixel unit distance from the target center in as
sociation with the child’s household residential green in close-by 
(50–100 m) buffers. Touch-performance is indicative of a child’s atten
tion and fine motor skills. The tapping touch-screen gestures used to 
complete the Motor Screening Task require certain dexterity skills 
(Nacher et al., 2015), acquired and refined during early childhood. This 
motor development is still relevant for children aged four to six years 
old, considering they are in the preoperational stage, as defined by 
Piaget’s cognitive developmental theory, in which acquiring motor skills 
is still ongoing (Byrnes and Byrnes, 2008; Piaget, 2003). Touch accuracy 
is driven by complex sensorimotor skills and visuospatial processing 
pathways and inherently improves with age (Vatavu et al., 2015). Our 

results are in accordance with studies associating natural green envi
ronments with improved balance, motor coordination and attention in 
children (Chawla, 2015). Moreover, several studies have investigated 
the contribution of environmental stressors on childhood motor skills, 
connecting, amongst others, maternal depression and (airborne) pol
lutants to worse motor skill outcomes (Golding et al., 2014) which are 
both factors associated with surrounding green space (Dadvand et al., 
2015; Kuo, 2015; Kahn and Kellert, 2002). 

Analyses regarding the visual recognition/working memory, 
involved the Spatial Span test and Delayed Matching to sample task. 
Here, we observed that an increase in residential green space was 
associated with better childhood visual recognition/working memory, 
identified as children having more correct responses on their first try as 
well as having an approximately 4% lower probability of error if the 
previous trial was correct when contrasting the higher versus the lower 
green space. The processes involved in visual short-term recognition 
memory-related tasks are regulated by a diverse array of complex 
pathways in the brain and correspond strongly with the visual working 
memory (Oakes et al., 2013). This neurological domain undergoes sig
nificant development during infancy and early childhood, accompa
nying improvement in both visual attention and perceptual processing 

Fig. 2. Overview of the relevant CANTAB outcomes of the cognitive domain of A Attention and psychomotor Speed, represented by the Motor Screening Task and B 
Visual recognition/working memory, represented by the two outcomes of the Delayed Matching to Sample Task. Multivariate generalized linear models were 
adjusted for child’s age, gender, maternal education, average daily screen time and time of examination. Results are expressed as regression coefficients and 95% CI 
error bars for an IQR increase in residential green space for 5 buffers (50 m to 1,000 m). Buffer-specific IQRs are given in the x-axis. 
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(Buss et al., 2018; Toornstra, 2019). Furthermore, the visual working 
memory is involved with aspects of overall cognitive functioning, evi
denced by its connection with intelligence and academic performance in 
later life (Raghubar et al., 2010; Bull et al., 2008). The observed bene
ficial influence of green space on the visual working memory is consis
tent with studies observing better memorization and a higher 
intelligence quotient in children (aged seven to 15) residing in homes 
surrounded with more green (Dadvand et al., 2015; Bijnens et al., 2020; 
Dadvand et al., 2018). Considering that visual working memory is 
innately attention-driven, our results are comparable to studies con
necting environments with more green to better attention in childhood 
(Dadvand et al., 2017). 

The complex interactions between green space and behavioral and 
cognitive outcomes are probably due to the several mechanisms through 
which green space can influence our health (Peters et al., 2021). First, 
green space is involved with biophysical-related processes such as the 
reduction of urban-related environmental hazards, including outdoor air 
pollutants, heat and noise (Dadvand et al., 2015; Kuo, 2015), which 
have been associated with higher scores for the hyperactivity subscale of 
the SDQ (Hjortebjerg et al., 2016) and worse motor skills outcomes 
(Golding et al., 2014; Lin et al., 2014). Furthermore, green space is 
hypothesized to provide bio-cognitive related benefits, including the 
potential to restore cognitive resources, which is important to improve 
directed-attention abilities (Groenewegen et al., 2006; Ohly et al., 
2016). Moreover, green space has the potential to shape residential 
microbial communities (Dockx, 2021), which could influence behav
ioral traits displayed by children (Casas et al., 2019). However, the 
specific underlying processes responsible for the associations observed 
in the present study remain unclear. Therefore, more studies are still 
needed to differentiate the specific ways these neurological domains are 
driven by green space exposure. 

We acknowledge a few limitations to our study. For our analysis, we 
used the green space exposure at the child’s residence and did not take 
green space exposure at school into account. However, Flanders has 
excellent access to services, allowing most parents to opt for schooling 
near, on average 2.8 km, from the residential address (Pisman et al., 
2018). Considering this range coincides with our largest calculated 
buffer in the sensitivity analysis, we expect this to cover, in part, the 
green space exposure at school, enabling us to get an indication on their 
total green space exposure. Furthermore, because we lack information 
on the actual time they spent outdoors and the access to green space, we 
cannot identify whether the positive contribution of green space is more 
related to biosocial characteristics, such as physical activity and social 
interactions. However, we observe significant associations of green 
space on cognition while adjusting for screen time, which is both 
indicative of sedentary behavior (Mineshita et al., 2021; Vriens et al., 
2018) and, to a certain extent of social skills (Hinkley et al., 2018). In 
addition, there were more children from highly educated parents in our 
follow-up study compared with the baseline ENVIRONAGE population, 
which may limit the generalizability of our findings of the full cohort 
and to the general population. Nevertheless, the number of women that 
followed higher education in Flanders is quite high (52.7%) (Bevolking 
naar onderwijsniveau (scholingsgraad)., 2020). A strength of this study 
is that our green space calculations were of high quality and high res
olution, allowing us to identify the impact of non-agricultural green 
instead of a combination of vegetation used in NDVI (normalized dif
ference vegetation index) calculations. Moreover, we used principal 
components and performed various sensitivity analyses and found 
minimal changes to the observed associations, indicating the results are 
robust and consistent. Furthermore, although we included several 
measures of residential green space and cognitive outcomes, we did not 
adjust for multiple comparisons, because the strongly correlated green 
space variables and cognitive outcomes do not provide a completely 
independent opportunity for a type I error. Instead of adjusting for 
multiple comparisons, we grounded the interpretation of our results on 
their consistencies among our different green spaces buffers and our 

hypothesized mechanisms. Furthermore, our study is among the first 
studies, that have investigated the relationship between green space 
exposure and the cognitive functioning of children as young as four 
years of age. Although cognitive testing is slightly more difficult to 
interpret because of age-related factors (Luciana and Nelson, 1998), we 
did account for a potential lack of motivation and thus inaccurate 
response validity. We, hereby found the same significant associations 
which further indicates the reliability of cognitive testing through 
CANTAB in children as young as four years of age. Moreover, all 
cognitive tests were performed in a standardized manner with trained 
researchers, limiting inter-observer bias and improving reliable data 
collection. 

5. Conclusion 

This study provides indications for a beneficial influence of resi
dential green space exposure on neuropsychological development, 
including hyperactivity and cognitive function in children as young as 
four years of age. Moreover, we observed this association in multiple 
buffers surrounding the residential address, including close-by (50 m 
and 100 m) buffers, which might help provide an incentive to urban 
planners to consider green space as a powerful and inexpensive public 
health intervention. 
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