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A B S T R A C T   

Background: Living in green environments has been associated with various health benefits, but the evidence for 
positive effects on respiratory health in children is ambiguous. 
Objective: To investigate if residential exposure to different types of green space is associated with childhood 
asthma prevalence in Belgium. 
Methods: Asthma prevalence was estimated from sales data of reimbursed medication for obstructive airway 
disease (OAD) prescribed to children between 2010 and 2014, aggregated at census tract level (n ¼ 1872) by sex 
and age group (6–12 and 13–18 years). Generalized log-linear mixed effects models with repeated measures were 
used to estimate effects of relative covers of forest, grassland and garden in the census tract of the residence on 
OAD medication sales. Models were adjusted for air pollution (PM10), housing quality and administrative region. 
Results: Consistent associations between OAD medication sales and relative covers of grassland and garden were 
observed (unadjusted parameter estimates per IQR increase of relative cover, range across four strata: grassland, 
β ¼ 0.15–0.17; garden, β ¼ 0.13–0.17). The associations remained significant after adjusting for housing quality 
and chronic air pollution (adjusted parameter estimates per IQR increase of relative cover, range across four 
strata: grassland, β ¼ 0.10–0.14; garden, β ¼ 0.07–0.09). There was no association between OAD medication 
sales and forest cover. 
Conclusions: Based on aggregated data, we found that living in close proximity to areas with high grass cover 
(grasslands, but also residential gardens) may negatively impact child respiratory health. Potential allergic and 
non-allergic mechanisms that underlie this association include elevated exposure to grass pollen and fungi and 
reduced exposure to environmental biodiversity. Reducing the dominance of grass in public and private green 
space might be beneficial to reduce the childhood asthma burden and may simultaneously improve the ecological 
value of urban green space.   
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1. Introduction 

Asthma is a chronic inflammatory airway disease characterized by 
airway hyper-responsiveness and reversible airflow limitation (Carr and 
Bleecker, 2016; Papi et al., 2018). Asthma is the most common 
non-communicable disease among children (Milligan et al., 2016; WHO, 
2017; Papi et al., 2018) and its prevalence is increasing globally (Cates, 
2001), parallel with continuing urbanization (Lundb€ack et al., 2016). 
Respiratory disorders including chronic asthma and rhinitis may cause 
insomnia and daytime fatigue (Van Herck et al., 2018), reduce levels of 
daytime physical activity and affect school and social performance 
(Diette et al., 2000; Sullivan et al., 2018; Vandenplas et al., 2018; 
Gruffydd-Jones et al., 2019). During adolescence and adulthood, asthma 
may be an important, underdiagnosed underlying condition for other 
health problems, including depression and cardiovascular disease 
(Akula et al., 2018; Strand et al., 2018; Tattersall et al., 2018). Although 
the number of asthma-related deaths is declining (Ebmeier et al., 2017) 
and the increase in prevalence may be levelling off in the high-level 
income countries (Lundb€ack et al., 2016; Patrick et al., 2020), asthma 
remains an important public health problem (Ehteshami-Afshar et al., 
2016; Linneberg et al., 2016). 

Environmental exposures to traffic-related air pollution, fungi, 
second-hand tobacco smoke, and aeroallergens, in combination with 
genetic predisposition and early life exposure to antibiotics, are major 
risk factors for developing and exacerbating allergic and non-allergic 
asthma (Flamant-Hulin et al., 2013; Dannemiller et al., 2016; Liu 
et al., 2016; T�etreault et al., 2016; Khreis et al., 2017; Papi et al., 2018; 
Guilbert et al., 2018; Eguiluz-Gracia et al., 2019; Murrison et al., 2019; 
Parmes et al., 2020; Buteau et al., 2020; Patrick et al., 2020). Vegetation 
may have the potential to mitigate some of these harmful environmental 
exposures and could therefore protect against asthma and other respi
ratory conditions (Tischer et al., 2017; Squillacioti et al., 2019; Fuertes 
et al., 2020). For instance, urban green spaces may mitigate outdoor air 
pollution and hereby prevent asthma exacerbations (Markevych et al., 
2017). Urban green spaces may also facilitate asthma control by 
reducing stress or improving physical activity (DePriest et al., 2019). 
Furthermore, according to the biodiversity hypothesis, biodiversity in 
green spaces may support the immune system through beneficial effects 
on the composition and diversity of the human microbiome, and hereby 
protect against the development of chronic inflammatory diseases, 
including asthma (Hanski et al., 2012; Haahtela et al., 2013). 

However, green spaces may also produce and emit allergenic pollen 
(Cari~nanos et al., 2017; Kasprzyk et al., 2019; Lara et al., 2019). An 
increasing number of studies has found that allergenic pollen, in com
bination with air pollution and other agents such as fungal spores, en
dotoxins and mycotoxins, may initiate airway inflammation and trigger 
allergic and non-allergic asthma, asthma medication sales and hospital 
admissions for asthma (Dadvand et al., 2014; Erbas et al. 2013, 2018; 
Guilbert et al., 2018; Lambert et al. 2017, 2019; Idrose et al., 2020). 
Housing quality and other dimensions of socioeconomic status may also 
affect respiratory health and are, like air pollution, potential con
founders of the association between green space, asthma prevalence and 
asthma medication sales (Donaldson et al., 2000; Casas et al., 2016; 
Hughes et al., 2017; Orellano et al., 2017; Sahni et al., 2017). 

The health benefits of exposure to green space are increasingly 
recognized (James et al., 2015; van den Bosch and Sang, 2017; Two
hig-Bennett and Jones, 2018), but the epidemiological evidence for 
beneficial effects of green space on asthma prevalence and severity re
mains heterogeneous and inconclusive (Dadvand et al., 2019; Ferrante 
et al., 2020; Sullivan and Thakur, 2020). In a systematic review of 11 
studies and meta-analysis of three studies investigating the association 
between residential greenness and asthma, Lambert et al. (2017) found 
no significant overall association between asthma and a residential 
greenness index derived from remote sensing data (Normalized Differ
ence Vegetation Index [NDVI] in a 100 m buffer; n ¼ 3 studies, pooled 
OR: 1.01, 95% CI: 0.93–1.09). In a follow-up systematic review of 

studies in children, Hartley et al. (2020) reported that only one out of 
seven articles published since 2017 found evidence for a protective ef
fect of greenness on asthma (Donovan et al., 2018; variation in green
ness and diversity of native land cover types were both associated with 
lower risks for childhood asthma). The six other studies found no direct 
association between greenness and asthma. 

Research on the association between residential green space and 
asthma has tended to focus on greenness rather than on green space 
types. The main disadvantage of greenness, estimated by NDVI, is that it 
is only a coarse indicator of green space quality (Rugel et al., 2017; 
Gernes et al., 2019). NDVI fails to address differences in vegetation 
composition and structure and therefore inadequately captures poten
tially different impacts on human health (Alcock et al., 2017; Wood 
et al., 2018; DePriest et al., 2019). A better understanding of the re
lationships between asthma prevalence and exposure to different types 
of green space may help to elucidate the mechanisms that underlie these 
associations (Parmes et al., 2020), guide urban planning decisions 
(Alcock et al., 2017), and help asthma patients to avoid environmental 
triggers, reducing the burden of asthma (Halken, 2004; D’Amato et al., 
2020). The present study aimed to address this issue by examining 
medication sales for childhood asthma in residential areas in Belgium 
and associations with relative covers of three different green space 
types, i.e. forest, grassland and residential gardens. We hypothesized 
that medications sales for childhood asthma would be associated with 
residential green space types, with and without adjustment for potential 
confounding variables, and that the direction and magnitude of the as
sociation would vary among green space types (Fig. 1). 

2. Methods 

2.1. Study design 

This study is part of the GRESP-HEALTH project (Casas et al., 2015), 
which is a nationwide ecological study on the association between res
idential exposure to green spaces and specific morbidity in Belgium. 
Belgium (11.43 million inhabitants in 2019; 30,528 km2) has three 
administrative regions: the Walloon Region (Wallonia, 16,844 km2), the 
Flemish Region (Flanders, 13,522 km2), and the Brussels Capital Region 
(161 km2). Data were available and analyzed at census tract level. The 
census tracts are the official administrative spatial units for statistical 
purposes at higher resolution than the municipality (“statistical sec
tors”), defined by the Belgian Statistical Office (Statbel). The total 
number of census tracts in Belgium is 19782, with an average census 
tract surface area of 1.54 km2 (median 0.46 km2; range 0.01–63 km2) 
and an average of 539 inhabitants (median 1475; range 0–7029) 
(Vademecum Statistische Sectoren, 2019). 

2.2. Study population 

This study used health care data from the Belgian social security 
agency InterMutualistisch Agentschap-L’Agence InterMutualiste (IMA- 
AIM). The IMA-AIM manages health care data collected by the seven 
Belgian health insurance funds. In Belgium, health insurance is 
mandatory and the population in the IMA-AIM database corresponds to 
about 98% of the Belgian population (as registered in the national reg
ister). The IMA-AIM provided data on reimbursed medication sales for 
obstructive airway disease (OAD) from 2010 to 2014. The data included 
the number of individuals aged 6–18 years old per census tract and per 
year for whom at least one refundable medication was prescribed at least 
once during the study period (2010–2014) as well as the number of 
registered individuals aged 6–18 years old per census tract (Fig. 2). OAD 
medication was defined as all reimbursed drugs included in the ATC 
(Anatomical Therapeutic Chemical) code R03 (medication for OAD: 
adrenergic inhalants, adrenergics for systemic use and other inhalants 
and systemic drugs for OAD). These drugs include short-acting and long- 
acting β-agonists (bronchodilators) as well as inhaled corticosteroids 
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Fig. 1. Conceptual diagram of the effects of green space variables and potential confounders on medication sales for childhood asthma in Belgium. Red arrows and a 
þ sign indicate positive associations in our final models, whereas black arrows and a – sign indicate inverse associations. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Distribution and size of the study population (children aged 6–18 years) in Belgium. Census tracts with no more than 5 reimbursed persons in at least one year 
during the study period (2010–2014) were excluded due to privacy reasons. Data shown is for the year 2014. 
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(ICS) to treat asthma in children (Guilbert et al., 2014). The sales of 
these drugs to treat chronic obstructive pulmonary disease (COPD) in 
adults are not within the scope of this study. The aggregated data did not 
contain information on the frequency of use. Census tracts with no more 
than 5 reimbursed persons in at least one year during the study period 
were excluded by IMA-AIM due to privacy reasons. All health data were 
used under license of IMA-AIM and the protocol for this study did not 
require ethics approval or consent to participate. 

2.3. Asthma medication sales 

The 12-month prevalence (period prevalence PP, %) of respiratory 
medication sales was used as the health outcome variable, as a proxy for 
the prevalence of asthma in the 6–18 years old age group. The PP was 
calculated as the percentage of reimbursed patients relative to the 
number of registered persons within the considered age segment per 
census tract per year. The PP was calculated for sex and age groups 
separately, resulting in four strata: girls, 6–12 years old (number of 
census tracts included in the study nCT ¼ 412), girls, 13–18 years old 
(nCT ¼ 110), boys, 6–12 years old (nCT ¼ 1144) and boys, 13–18 years 
old (nCT ¼ 206). 

2.4. Exposure to residential green space 

Land cover data were provided by the Belgian National Geographic 
Institute (NGI-IGN). Green space types and their relative cover were 
extracted from the Top10Vector database (“Soil cover and vegetation” 
dataset, version 1.1 2011). Top10Vector is the NGI’s database of topo
graphic vector data layers and geometrically the most accurate data 
available for the entire Belgian territory (data have been collected 
during field campaigns of the topo-geographic inventory of Belgium and 
were transcribed on aerial photographs at the scale of 1:10,000). First, 
vector data (polygons) were extracted from the land cover data set of 
Top10Vector for eight land cover types associated with vegetation: 1. 
coniferous woodland, 2. predominantly coniferous mixed woodland, 3. 
mixed woodland, 4. predominantly broad-leaved mixed woodland, 5. 
broadleaved woodland, 6. permanent grassland or hay meadow (per
manent grassy land, grazed or intended for hay production), 7. lawn 
(periodically mown grassy land, found for example on sports fields, on 
hard shoulders and road embankments and in parks) and 8. garden 
(ornamental gardens or vegetable gardens near residences) (Fig. S1). 
Using a spatial overlay procedure between the land cover data and 
census tract boundaries, the cumulative cover (m2) of each of these eight 
land cover types within every census tract in Belgium was determined. 
Forest cover (m2) was calculated as the sum of the five woodland covers 
(land cover types 1–5) and grassland cover (m2) as the sum of grass
lands, meadows and lawns (land cover types 6 and 7). Forest cover, 
grassland cover and garden cover at the census tract level were 
expressed as relative cover (%). Spatial overlays were performed using 
the package ‘sf’ (Simple Features for R, version 0.8–0) implemented in 
the R system for statistical computing. The main geometric operations 
were performed using the functions ‘st_intersection’ for identifying 
features polygons overlaying with census tracts and ‘st_area’ for 
measuring the surface area (in m2) of each land use category per census 
tract. The total surface area per census tract was then calculated using 
the function ‘summarize’ from the ‘dplyr’ (version 0.8.3). The landscape 
in the Walloon Region in the south is relatively sparsely populated and 
characterized by relatively large expanses of coniferous and mixed 
woodland (Fig. S1). The Flemish Region in the north is highly urbanized 
with relatively few woodlands and a high proportion of permanent 
grassland (Fig. S1). 

2.5. Potential confounders 

The annual mean concentration of particulate matter <10 μm (PM10; 
Fig. S2) and housing quality (Fig. S3) were included in our analyses as 

adjustment variables. Air pollution data were provided by the Belgian 
Interregional Environment Agency (IRCEL-CELINE). The data at census 
tract level were generalized from a high resolution model (25 m � 25 m) 
of the annual mean PM10 concentrations (μg/m3) for the year 2015. The 
air pollution model was based on a spatial interpolation of air pollution 
measurements using data from monitoring stations and CORINE Land 
Cover (CLC) information along with a dispersion model (Janssen et al., 
2008; Lefebvre and Vranckx, 2013). Housing quality data were derived 
from the 2001 census and were provided by the Belgian Statistical Of
fice. The proportion of houses with insufficient or basic housing quality 
at the census tract level was calculated as the sum of the proportions of 
houses with ‘insufficient’ and with ‘basic’ housing quality (i.e. the two 
lowest housing quality scores on a scale with five classes). Air pollution 
in Belgium generally decreases from north to south with major hotspots 
in Ghent, Antwerp and the Brussels Capital Region (Fig. S2). The pro
portion of houses with basic or insufficient quality decreases from west 
to east, but remains relatively high along the former industrial backbone 
in the Sambre and Meuse valley in the Walloon Region, where other 
indicators for low SES such as unemployment are also high (Aerts et al., 
2020) (Fig. S3). 

2.6. Statistical analyses 

Non-parametric Kruskal-Wallis analysis of variance was used to test 
for differences in the average 12-month prevalence of OAD medication 
sales among age and sex strata. For the main analysis, generalized mixed 
effects models with repeated measures based on the Poisson distribution 
with log-link function were used to estimate the effects of green space 
type and relative cover on OAD medication sales (12-month prevalence 
at census tract level) for sex and age groups separately. Because models 
based on the Poisson distribution require non-negative integer values 
(count data) for the dependent variable, the 12-month prevalence was 
rounded to the nearest whole number. Unadjusted and confounder- 
adjusted models were evaluated. In the unadjusted models, relative 
covers of forest, grassland and garden were defined as fixed effects (all 
entered in the same model). Year (2010–2014) was used as the time 
variable. In the adjusted models mean annual PM10 concentration and 
proportion of houses with basic or insufficient quality were added to the 
fixed effects and a random effect block of administrative region (inter
cept only) was added to account for potential autocorrelation between 
census tracts within the same region. Models were run with compound 
symmetry (equal variance) covariance structures. Because models based 
on the Poisson distribution may be susceptible to overdispersion (vari
ance in the observed data may be higher than expected), we used the 
robust estimation method to calculate the covariance matrix of param
eter estimates. To obtain parameter estimates that reflect changes in 
OAD medication sales per interquartile range (IQR) increase of the fixed 
effect variables, the variables of the fixed effects were divided by their 
stratum-specific IQR (Table 1) prior to their inclusion in the models. In 
addition, we ran models without repeated measure, using the 5-year 
average medication sales data per stratum as the outcome variable. 
Finally we also ran fully adjusted models that included a random effect 
of administrative region (in addition to the random intercept). Statistical 
analyses were performed with IBM SPSS Statistics Subscription 11–2018 
software. 

3. Results 

3.1. Census tract characteristics 

The characteristics of the census tracts that were included in the 
study are presented in Table 1 (means and SD, medians and IQR). The 
proportions of green space types within the census tract varied only 
slightly among strata: the average proportion of gardens ranged between 
38.1 and 39.2%; the average proportion of grassland between 6.4 and 
10.1%; and the average proportion of forest between 2.2 and 3.1%. The 
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average annual PM10 concentration (2015) over all census tracts 
included in the study was 19–20 μg/m3 (the WHO guideline value for 
the mean annual concentration of PM10 is 20 μg/m3) and the average 
proportion of houses with insufficient or basic housing quality varied 
between 37.5 and 39.4%. Also these variables varied very little between 
sex and age strata (Table 1). 

3.2. Asthma medication sales 

The average 12-month prevalence (PP) of OAD medication sales 
across sex and age groups between 2010 and 2014 was 12.2% (SD: 5.2). 
Within strata the average period prevalence varied little between years 
(Fig. 3) (spatial variation within the strata is shown for the year 2014 in 
Figures S4–S7). The average 12-month prevalence differed significantly 
between sex and age groups (Kruskal Wallis χ2 ¼ 500.3, df ¼ 3, Bon
ferroni adjusted p < 0.001). The 12-month prevalence of OAD medica
tion sales was the highest in the 6–12 year old age groups: boys [PP(SD): 
13.5% (4.0)] vs. girls [PP(SD): 10.2% (3.2)]. The prevalence was lower 
in the 13–18 year old age group: boys [PP (SD): 8.9% (2.5)] vs. girls [PP 
(SD): 8.1% (2.3)]. 

3.3. Associations with green space 

3.3.1. Unadjusted associations 
In unadjusted models with only fixed effects of land cover, significant 

associations between OAD medication sales and grassland and garden 
cover were observed (Fig. 4; Table S1). The unadjusted parameter 

estimates varied little among sex and age groups and ranged between 
0.15 and 0.17 (per IQR increase of relative grassland cover) and between 
0.13 and 0.17 (per IQR increase of relative garden cover) (Table S1). 
There were no significant associations between OAD medication sales 
and forest cover in the unadjusted models (Fig. 4; Table S1). 

3.3.2. Adjusted associations 
The associations between OAD medication sales and relative covers 

of grassland and gardens remained significant after adjusting for air 
pollution and housing quality (Fig. 4; Table S1). The parameter esti
mates for grassland cover were larger in the 13–18 year old age group 
(girls, β ¼ 0.137, 95% CI: 0.053–0.221; boys, β ¼ 0.117, 95% CI: 
0.095–0.140) than at younger age (girls, β ¼ 0.107, 95% CI: 
0.072–0.142; boys, β ¼ 0.099, 95% CI: 0.063–0.135) (all p < 0.001) 
(Fig. 4; Table S1). We observed consistent direct associations between 
OAD medication sales and relative cover of gardens (6–12 year old girls, 
β ¼ 0.088, 95% CI: 0.069–0.107; 6–12 year old boys, β ¼ 0.071, 95% CI: 
0.048–0.094; 13–18 year old boys, β ¼ 0.090, 95% CI: 0.071–0.109) (all 
p < 0.001). The uncertainty of this association was larger in 13–18 year 
old girls where the sample size was limited (β ¼ 0.086, 95% CI: 
� 0.030–0.201, p ¼ 0.147) (Fig. 4; Table S1). There was a small inverse 
(protective) association between OAD medication sales and relative 
cover of forest in 13–18 year old girls (β ¼ � 0.013, 95% CI: 
� 0.025–0.000, p ¼ 0.048). In the other strata, no association between 
OAD medication sales and relative cover of forest was observed (Fig. 4; 
Table S1). 

Across all strata, we observed consistent inverse associations 

Table 1 
Characteristics of the census tracts included in the study.   

Girls Boys 

6–12 years old 13–18 years old 6–12 years old 13–18 years old 

N (tracts) 412 110 1144 206 
PM10 (μg/m3) 19.5 (2.4) 

19.5 [3.3] 
19.9 (2.3) 
20.2 [2.9] 

19.1 (2.4) 
18.9 [3.2] 

19.6 (2.7) 
19.6 [3.4] 

Insufficient or basic housing quality (%) 39.4 (13.4) 
39.3 [20.7] 

39.3 (14.2) 
38.1 [22.7] 

37.5 (13.5) 
37.1 [21.2] 

38.4 (13.5) 
38.7 [21.3] 

Relative cover 
Gardens (%) 38.1 (15.4) 

40.9 [22.1] 
38.2 (16.6) 
41.9 [24.6] 

39.2 (14.8) 
41.5 [19.3] 

38.6 (15.4) 
40.9 [23.1] 

Grassland (%) 8.2 (8.2) 
6.0 [9.9] 

6.4 (6.5) 
4.7 [8.7] 

10.1 (10.4) 
7.1 [11.9] 

8.6 (8.8) 
6.5 [11.1] 

Forest (%) 2.7 (4.8) 
0.79 [3.1] 

2.2 (3.7) 
0.42 [2.8] 

3.1 (5.4) 
1.04 [3.7] 

2.6 (4.7) 
0.78 [3.1] 

Data are means with (standard deviations) and medians with [interquartile range IQR]. PM10 data is the annual mean for the year 2015; housing quality data is derived 
from the 2001 census; land cover data is derived from the 2011 NGI topographical map. 

Fig. 3. Asthma medication sales for children aged 6–18 years in Belgium for the years 2010–2014 [period prevalence of medication sales for obstructive airway 
diseases (ATC R03) at the level of census tracts (CT)]. 
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between obstructive airway disease medication sales and annual mean 
PM10 concentrations (parameter estimates β between � 0.113 and 
� 0.093, all p < 0.001) (Fig. S8). We also observed direct associations 
between OAD medication sales and basic or insufficient housing quality 
but not in 13–18 year old girls (6–12 year old girls, β ¼ 0.061, 95% CI: 
0.043–0.079; 6–12 year old boys, β ¼ 0.049, 95% CI: 0.024–0.074; 
13–18 year old boys, β ¼ 0.112, 95% CI: 0.050–0.175) (all p < 0.001) 
(Fig. S8; Table S1). The fully adjusted model did not improve when a 
random effect for administrative region was entered (compared to a 
model with only a random intercept). 

3.3.3. Associations without repeated measures 
The parameter estimates from the adjusted models based on the 5- 

year average period prevalence did not vary much from those of the 
fully-adjusted repeated measures models and supported the associations 
between grassland and garden cover and OAD medication sales 
(Table S2). 

4. Discussion 

4.1. Main findings 

We investigated childhood asthma medication sales in Belgium by 
assessing associations between aggregated data of reimbursed medica
tion sales for OAD and data on residential exposure to grassland, gardens 
and forest, adjusting for potential effects of air pollution and housing 
quality. Results suggest that living close to areas with high grass cover – 
permanent grassland, hay meadows, lawns and residential gardens – 
may adversely impact child respiratory health. 

4.2. Comparison with other studies 

The prevalence of childhood asthma is usually higher in boys than in 
girls but this pattern has been documented to reverse with the onset of 
puberty and in adulthood (Papi et al., 2018). In our sample, the 
12-month prevalence of OAD medication sales was indeed higher in 
boys and in particular in the younger age group (6–12 year old boys; 
Fig. 3). 

Earlier studies with different green space metrics found mixed evi
dence for the effects of green space on childhood asthma. A birth cohort 
study in New York City, USA, reported a lower prevalence of asthma (RR 

0.71, 95% CI: 0.64–0.79) per standard deviation increase of street tree 
density (Lovasi et al., 2008). Sbihi et al. (2015) also found lower 
pre-school asthma incidence (OR: 0.96, 95% CI 0.93–0.99) per inter
quartile increase of NDVI in 100 m around the residential postal code 
during the perinatal period in a population-based birth cohort in British 
Columbia, Canada. However, a similar protective association was not 
found in school-aged children. A large study of surrounding greenness in 
relation to current asthma encompassing 3178 school children in Spain 
(Dadvand et al., 2014) found no significant associations between 
greenness and asthma in school-aged children. Conversely, a study in a 
New York City birth cohort reported an increased relative risk for cur
rent asthma at age 7 years (RR: 1.17, 95% CI: 1.02–1.33), but not at age 
5 years, per standard deviation increase of tree canopy cover within 250 
m of the address at time of birth (Lovasi et al., 2013). A study that 
analyzed data from nine European cohorts (including 6941 children in 
Italy, 877 in France, 167 in Slovenia and 78 in Poland) reported that a 
10% increase in green space cover (calculated as the proportion of 
non-agricultural green CLC classes within 500 m of the residence) was 
associated with a ~10% increase in the odds of current (past 12 months) 
and lifetime asthma (Parmes et al., 2020). Both studies suggested that 
exposure to trees (or tree pollen) may increase the odds for developing 
asthma. A study that analyzed data from a birth cohort of children with a 
family history of allergic diseases found that exposure to grass pollen at 
birth was associated with decreased childhood lung function (Lambert 
et al., 2019). Andrusaityte et al. (2016) found an increase in the odds of 
clinically diagnosed asthma (OR: 1.43, 95% CI: 1.10–1.85) with inter
quartile range increase in NDVI within 100 m of the residence in pre
school children in Lithuania. A similar study in preschool children in 
Belgium also found an association between the prevalence of asthma 
medication sales and the relative cover of green space derived from CLC 
data (Trabelsi et al., 2019). 

The observed association between the proportion of houses with 
basic or insufficient quality and medication sales for childhood asthma 
supports previous findings in the literature on the effects of socio- 
economic status on respiratory health (O’Lenick et al., 2017; Sahni 
et al., 2017). Poor housing quality may be associated with inadequate 
ventilation, inappropriate moisture balance (dampness) and poor indoor 
air quality. These conditions may affect respiratory health (Francisco 
et al., 2017; Wang et al., 2019; Cai et al., 2020), because they may affect, 
among others, the levels of aeroallergens emitted by house dust mites 
and molds. The inverse association between air pollution (PM10) and 

Fig. 4. Unadjusted and adjusted asso
ciations between residential green space 
and asthma medication sales in children 
aged 6–18 years in Belgium [12-month 
prevalence of medication sales for 
obstructive airway disease (ATC R03) at 
the level of census tracts (CT)]. Param
eter estimates β (per stratum-specific 
IQR increase, see Table 1) and 95% 
confidence intervals are from general
ized log-linear mixed-effects models 
with repeated measures (2010–2014). 
Adjusted estimates are derived from 
models that were adjusted for housing 
quality and air pollution (PM10) and 
that included a random effect of 
administrative region. Grassland cover 
includes permanent grassland, hay 
meadows and lawns; garden cover in
cludes ornamental gardens and vege
table gardens near residences; forest 
cover includes coniferous, mixed and 
broadleaved woodlands. (For interpre
tation of the references to colour in this 
figure legend, the reader is referred to 
the Web version of this article.)   
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medication sales for childhood asthma differs from earlier studies that 
link childhood asthma to air pollution (Donaldson et al., 2000; Orellano 
et al., 2017; Buteau et al., 2020; Pierangeli et al., 2020), but is in line 
with earlier findings on medication sales in Belgium (Aerts et al., 2020). 
The observed inverse association may be the result of ecological bias or 
confounding by an unmeasured variable, such as medical practice, 
resulting in lower medication sales for childhood asthma in areas with a 
higher burden of air pollution. Such confounding has been documented 
before in Belgium, where strong cultural contrasts exist between the 
different regions (Trabelsi et al., 2019). 

4.3. Potential mechanisms 

Our results provide epidemiologic support for a number of potential 
allergic and non-allergic mechanisms that link environmental exposure 
to high grassland and garden cover to the development and exacerbation 
of asthma in children. 

First, grasses and molds present in grasslands may trigger asthma in 
children through allergic and non-allergic pathways. Grassland ecosys
tems in Europe have become highly productive, species-poor and 
dominated by a few, highly competitive plant species as a result of 
intensive land use, agricultural (artificial) fertilizer application and at
mospheric deposition of nutrients, in particular nitrogen (Kleijn et al., 
2009; Bobbink et al., 2010; Damgaard et al., 2011; Ceulemans et al., 
2014; Payne et al., 2017). Productive grasslands near residential areas 
may considerably increase exposure to airborne grass pollen, and this, 
combined with high sensitization rates to Poaceae pollen, is likely to 
strengthen the position of grass pollen as the leading aeroallergen 
worldwide (García-Mozo, 2017; Erbas et al., 2018). Environmental 
changes, including rising ozone and ambient CO2 concentrations, have 
been documented to alter allergenic properties of pollen grains and may 
further increase the potency of grass pollen (Ziska et al., 2003; D’Amato 
et al., 2007; Beck et al., 2013; Buters et al., 2015). High exposure to grass 
pollen in early life has been associated with decreased lung function in 
children (Lambert et al., 2019). Furthermore, co-exposure to molds and 
fungal spores associated to organic matter in grasslands may also affect 
lung function and induce airway inflammation in sensitized and 
non-sensitized persons (Dales et al., 2000; Tham et al., 2019; Eguiluz-
Gracia et al., 2020; Idrose et al., 2020). Evidence from indoor and out
door exposure to molds suggests that non-allergic mechanisms may 
contribute to the association between molds and asthma in children and 
adolescents (Flamant-Hulin et al., 2013; Tham et al., 2017). Therefore, 
children that live in close proximity to areas with high grassland cover 
are likely to be exposed to potent mixtures of grass pollen and spores 
over long time periods, escalating the burden of respiratory diseases 
including asthma. Because residential exposure to grass pollen allergens 
may be difficult to avoid in areas with high grassland cover, asthma 
management in some patients may require drugs or immunological in
terventions (D’Amato et al., 2020), resulting in higher asthma medica
tion sales. 

Second, living in species-poor landscapes may be associated with 
chronic low exposure to environmental biodiversity, reduced skin and 
gut microbial diversity and chronic inflammatory diseases including 
asthma. Species-poor land cover types include built-up areas and the 
productive grassland ecosystems discussed above, but also private do
mestic gardens which in our study area often consist, at least partially, of 
fertilized, manicured lawns, according to a study of 1138 gardens in 
northern Belgium (Dewaelheyns et al., 2013). It is hypothesized that 
reduced exposure to environmental biodiversity negatively impacts the 
immune system by degrading the human microbiome, leading to mi
crobial dysbiosis and increased prevalence of allergies, asthma and other 
chronic inflammatory diseases (Hanski et al., 2012; Haahtela et al., 
2013; Rook, 2013; Ruokolainen et al., 2016; Lunjani et al., 2018; Par
ajuli et al., 2020). Such associations between environmental exposures, 
the microbiome and the development of asthma and allergic diseases are 
expected to be particularly important at the population level (Sbihi 

et al., 2019). The results of our ecological study indirectly corroborate 
previous studies that demonstrate the multiple benefits of individual 
childhood exposure to high environmental biodiversity in green spaces 
such as green school yards, playgrounds, ecologically managed private 
gardens and nearby nature (Tillmann et al., 2018; Mnich et al., 2019; 
Raney et al., 2019). 

Third, residential exposure to grasslands and domestic gardens could 
increase the risk of developing or exacerbating asthma indirectly 
through increased exposure to other agents, including emissions asso
ciated with livestock farming (Pavilonis et al., 2013; Borlee et al., 2017; 
de Rooij et al., 2019), or pesticides and fertilizers used for grassland and 
garden management (Hern�andez et al., 2011; Baldi et al., 2014; Dad
vand et al., 2019; Kim et al., 2020; Meftaul et al., 2020). 

Finally, high residential garden cover may be associated with other 
characteristics of the neighborhood physical environment that could 
have an impact on respiratory health and asthma medication sales. Such 
variables include urban properties (in northern Belgium, garden cover is 
higher in peri-urban areas, areas with ribbon development and along 
built-up road segments than in rural areas; Dewaelheyns et al., 2014), 
which may be associated with harmful traffic-related emissions (Son 
et al., 2015; Alotaibi et al., 2019), and physical and socioeconomic 
background variables (O’Lenick et al., 2017; Bell et al., 2020; Pierangeli 
et al., 2020). 

4.4. Strengths and limitations 

A major strength of this study is that we have considered effects of 
specific land cover types (forest, grassland and gardens) for sex and age 
groups separately while adjusting for chronic air pollution and housing 
quality. Our measures of forest, grassland and garden cover were 
derived from very accurate (survey-based) land cover data and delivered 
more accurate measures of residential exposure to green space than 
exposures based on NDVI or CLC, which have been frequently used in 
previous research. Our results offer compelling evidence for ecosystem 
disservices provided by grasslands (and gardens) which have not been 
dealt with in depth in previous research. 

However, we are aware that our research may have a number of 
limitations: 1. The ecological study design is prone to exposure 
misclassification. Health effects of green space observed at individual 
level may not be observed at aggregated level (census tract level). Also, 
individual socio-economic status differences, such as lifestyle, affluence, 
or general practitioner’s prescription patterns, may impact associations 
between green space and medication sales (Trabelsi et al., 2019; Aerts 
et al., 2020) and these effects are masked in aggregated data; 2. The OAD 
medication sales period prevalence may differ from the actual preva
lence of childhood asthma, because it is unlikely that all asthma patients 
are diagnosed and recorded in the IMA-AIM database. Some asthmatic 
patients may not visit doctors, some asthma cases may remain undiag
nosed due to its heterogeneity in clinical presentation (Papi et al., 2018), 
and not all diagnosed patients may buy prescribed medication; 3. Res
idential exposure to green space in children may differ considerably 
from true exposure because it ignores dynamic time-activity patterns 
that include home time, school hours, recreation, and time in traffic; 4. 
There is a timing mismatch between the exposure data (housing quality: 
2001; air pollution: 2015; land cover: 2011) and the medication sales 
data (2010–2014). At the time of analysis, this was the best possible 
match based on the availability of nationwide datasets; 5. The privacy 
restrictions of the study (only census tracts with >5 reimbursed pre
scriptions per year were included in the analysis) may have weakened 
the statistical power of the study; and 6. The frequency and the timing of 
medication use are not taken into account. Acute peaks of aeroallergen 
or air pollutant concentrations may temporary increase asthma hospi
talization rates and asthma medication sales and use. Cohort data sets 
would be needed to determine exactly how such temporal environ
mental variations have an impact on human respiratory health (Guilbert 
et al., 2018). 
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5. Conclusions 

Based on aggregated data, the evidence from this study suggests that 
living in close proximity to areas with high grass cover (productive 
grasslands and residential gardens) may negatively impact child respi
ratory health, indicated by prescribed asthma medication sales. Poten
tial allergic and non-allergic mechanisms that underlie this association 
include elevated exposure to grass pollen and fungi and reduced expo
sure to environmental biodiversity. Reducing the dominance of grass in 
public and private green spaces by increasing non-allergenic woody 
vegetation cover, or by converting productive grasslands with low di
versity into species-rich grasslands with wild flowers, might be benefi
cial strategies to reduce the childhood asthma burden and may 
simultaneously improve the ecological value of urban green space. 
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