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ABSTRACT We assessed the effect of three different indices of urban built environment on allergic and
respiratory conditions.

This study involved 2472 children participating in the ongoing INMA birth cohort located in two bio-
geographic regions (Euro-Siberian and Mediterranean) in Spain. Residential surrounding built
environment was characterised as 1) residential surrounding greenness based on satellite-derived
normalised difference vegetation index (NDVI), 2) residential proximity to green spaces and 3) residential
surrounding greyness based on urban land use patterns. Information on wheezing, bronchitis, asthma and
allergic rhinitis up to age 4 years was obtained from parent-completed questionnaires. Logistic regression
and generalised estimating equation modelling were performed.

Among children from the Euro-Siberian region, higher residential surrounding greenness and higher
proximity to green spaces were negatively associated with wheezing. In the Mediterranean region, higher
residential proximity to green spaces was associated with a reduced risk for bronchitis. A higher amount of
residential surrounding greyness was found to increase the risk for bronchitis in this region.

Associations between indices of urban residential greenness and greyness with respiratory diseases differ
by region. The pathways underlying these associations require further exploration.
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Introduction
Paediatric asthma and allergy are prevalent conditions worldwide and environmental factors are thought
to play a key role in their development [1, 2]. How exposure to green areas in residential urban
environments may influence the development of these conditions has recently received increased attention.
It has been speculated that greenness may help to reduce the prevalence of allergic conditions by
enhancing the biodiversity of the living environment, which, in turn, may be inversely associated with
immune system dysfunctions, such as atopy [3–5]. In fact, an inverse association between higher greenness
around the residential address and a lower risk of atopic sensitisation has been observed especially in rural
areas characterised by less densely built-up area and more native vegetation [6]. Such an association is less
clear in populations from (sub-)urban environments. Recent studies in paediatric populations reported
inconsistencies between exposures to urban green spaces in relation to allergic outcomes [7–12]. These
inconsistencies might reflect differences in the study setting, such as climate and geographic characteristics
[13]. Further, urban environments are known to vary in their “grey” surfaces, which comprise industrial,
transport and urban-fabric characteristics. These factors are thought to potentially influence the
environmental profile towards a “dysbiotic drift” [14]. In this context, a limited body of evidence has
suggested that “urbanicity” is associated with severity of wheeze symptoms in infants [15].

The aim of the present study was to prospectively evaluate the association between indicators of urban
green and grey built environments and respiratory and allergic health outcomes in young children.
Towards this aim we also evaluated whether such associations would vary across different bio-geographic
regions [13]. Accordingly, we chose study regions in Spain with distinct climates and vegetation patterns:
two study centres in the Euro-Siberian study region (Asturias and Gipuzkoa), characterised by an Atlantic
climate with high water availability, and two study centres (Sabadell and Valencia) in the Mediterranean
area, which has a predominantly dry climate. To our knowledge, no study has evaluated the impacts of
green and grey spaces on asthma and allergic conditions in order to provide a comprehensive perspective
on their interrelated health impacts.

Materials and methods
Study population and study area
The INMA (INfancia y Medio Ambiente; Environment and Childhood) birth cohort is a network of
population-based birth cohorts across Spain, which was set up for the purpose of studying the impact of
environmental factors on pregnancy outcomes, child growth and development. Detailed information on
the cohorts and data collection processes have been published elsewhere [16]. Our study used data from
four INMA study centres: Asturias, Gipuzkoa, Sabadell and Valencia. These four centres are located on the
Iberian Peninsula, which encompasses two distinct bio-geographic regions in Spain: the Euro-Siberian
region (which contains the Asturias and Gipuzkoa study centres) and the Mediterranean region (which
contains the Sabadell and Valencia study centres). The Euro-Siberian region covers a narrow ridge across
the northern part of the peninsula and is characterised by an Atlantic climate with year-round high water
availability, relatively cold winters, and maximum vegetation during the summer months. The rest of the
peninsula is considered Mediterranean, and is characterised by a dry climate with hot and dry summers,
mild and rainy winters, and maximum vegetation during autumn and spring. These two regions have
distinct climates and vegetation patterns (figure 1) [18, 19].

FIGURE 1 Infancia y medio
ambiente (INMA) birth cohorts and
biogeographic regions across the
Iberian Peninsula (based on data
from [17]).
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Exposure assessment
We used three different indices of built environment: two different measures of urban green space
exposure, namely residential surrounding greenness and residential proximity to green spaces, and a
measure of non-natural built-up infrastructure, namely residential surrounding greyness. Residential
surrounding greenness is a surrogate for general outdoor greenness of the living environment, while
residential proximity to green spaces is a surrogate for access to green spaces. These two measures can be
considered to be “complementary” as surrounding greenness does not necessarily imply access to green
space [7, 20]. Further, in order to cover urban land use characteristics, we included residential surrounding
greyness as a surrogate for the non-natural built-up infrastructures.

Residential surrounding greenness
The assessment of residential surrounding greenness was based on the satellite-derived Normalised
Difference Vegetation Index (NDVI). The NDVI is an indicator of greenness and is based on land surface
reflectance of visible (red) and near-infrared parts of the spectrum [21]. Its values range from −1 to 1,
with higher positive numbers indicating more greenness (i.e. photosynthetically active vegetation). To
develop NDVI maps for our study regions, we used Landsat 4–5 Thematic Mapper (TM) data at
30 m×30 m resolution [8, 18], which was obtained via the Global Visualization Viewer of the U.S.
Geological Survey (2011). The Landsat TM data, describing residential greenness around birth, were
acquired for 2007 [18] (2004–2008). For each participant, mean NDVI values in 300-m buffers around the
place of residence at the time of birth and at age 4 years were calculated [8, 22].

Residential proximity to green spaces
To determine residential proximity to green spaces, we used the Urban Atlas map developed by the
European Environment Agency (2007), which details land use at a scale of 1:10000 for large urban areas
(>100000 inhabitants) across Europe [23]. As the Urban Atlas provides data separately on urban green
areas, we were able to construct two binary variables (yes/no) that indicated whether each child’s
residential address at birth and at age 4 years was located within 300 m of an urban green space. The
300-m distance was selected to accord with the European Commission’s general recommendations for
access to green space [24].

Residential surrounding greyness
The CORINE (Coordination of Information on the Environment) programme, developed by the European
Union, is a Europe-wide satellite-based inventory of land-cover categorised into 44 classes at a scale of
1:100000 [25], updated in 2006. CORINE land-cover classes are organised into three hierarchical levels
(Level 1: five categories; Level 2: 15 categories; Level 3: 44 categories). To determine the residential
surrounding greyness, we used the land-cover nomenclature based on Level 2 by summing up associated
land use types (expressed in m2) within a 300-m buffer around the home address. Residential surrounding
greyness was classed as either industrial, commercial and transport units, or mine, dump and construction
sites, or urban fabric related features.

Health outcomes at age 4 years
Wheeze at age 1 year was defined as a positive answer to the following question in the parental
questionnaire: “In the last 6 months, has your child ever experienced whistling or wheezing from the chest,
but not noisy breathing from the nose?” At age 4 years, wheezing in the past 12 months was assessed as:
“Considering the past 12 months, which of the following sentences describes the situation of your child
best? Never wheezing (0 episodes), sometimes wheezing (1–2 episodes), often wheezing (3–6 episodes),
very often wheezing (7–12 episodes), or wheezing most of the time (⩾12 episodes)?” The variable was
recoded into “yes/no wheezing in the past 12 months”, with only those reporting never wheezing classified
as “no”. The occurrence of physician-diagnosed bronchitis was defined as a positive answer to “In the last
6 months (or 12 months if asked at the age of 4 years), has the doctor told you that your child has had
bronchitis?” for the study centres in Asturias and Valencia. For Gipuzkoa and Sabadell, bronchitis was
assessed through parental reports. In the age-4-year questionnaire, the parents were further asked about
the asthma and allergic rhinitis status of their child: “In the past 12 months, has your child ever suffered
from asthma (or allergic rhinitis)?” For the INMA Asturias and Valencia study centres, the asthma and
allergic rhinitis questions differed slightly: “In the past 12 months, has your child been diagnosed with
asthma (or allergic rhinitis)?”

Potential confounders
Information on each child’s sex, maternal education (primary or less, secondary school, and university),
maternal allergy, breast feeding, pets at home at birth, maternal smoking during pregnancy and
second-hand exposure to tobacco at home at age 4 years was obtained through parent-completed
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questionnaires. To characterise the neighbourhood socioeconomic status (SES) of each study participant,
we applied the Urban Vulnerability Index [26] at a census tract level based on 21 indicators of urban
vulnerability. For the analysis, we dichotomised the Urban Vulnerability Index using the median as the
cut-off: <the median (“less deprived”) and ⩾the median (“more deprived”). We applied area-specific land
use regression (LUR) models to estimate exposure to nitrogen dioxide (NO2) at the residence during
pregnancy and in the first year of life. A detailed description of assessment of air pollution exposure can
be found elsewhere [27].

Statistical analysis
Analyses were performed for the entire study population as well as after stratification by bio-geographic
region (Euro-Siberian and Mediterranean). As NDVI measurements around birth and around the age of
4 years were highly correlated (Spearman’s correlation coefficient ⩾0.94), they were averaged and labelled
as life-course exposure to residential surrounding greenness. As the same was true for proximity to green
spaces, we also created a life-course variable for this exposure. Exposure to residential surrounding
greenness (NDVI) was categorised into tertiles for the total and stratified analyses because not all
functional relationships between NDVI and the health outcomes appeared linear. The same was true for
residential surrounding greyness.

Binomial logistic regression models using the glm () function with a logit link [28] were applied to analyse
the associations between exposure to urban green and grey space with asthma and allergic rhinitis at age
4 years.

Longitudinal analysis
As information was gathered at two time points for wheezing and bronchitis (1 and 4 years of age), we
used generalised estimating equations to model these exposure–health relationships. These models are
recommended for longitudinal data with repeated measurements as they take into account the incidence
and remission of symptoms over a certain time period [29, 30].

All results are presented as adjusted odds ratios (aOR) with corresponding 95% confidence intervals (95%
CI). All statistical analyses were performed using the R statistical package [31].

For sensitivity analyses, we additionally evaluated the influence of the following information: 1) maternal
pre-pregnancy body mass index (BMI), categorised as “<25” and “⩾25”; 2) whether the child moved to a
new location within the first 4 years of life; 3) physical activity outside of school activities at age 4 years
(median value used as cut-off: less active (<12 h·week−1) versus more active (⩾12 h·week−1)) and 4) NO2

exposure within the first year of life.

Results
In total, 2472 subjects from two bio-geographic regions in Spain, with complete information on exposure
at baseline, were included in this study. Participants from the cohorts in the Euro-Siberian region had
higher residential surrounding greenness (Wilcoxon–Mann–Whitney test, p<0.001) than those in the
Mediterranean region (figure 2 and table 1). Accordingly, within the Euro-Siberian region, the percentage
of participants living within 300 m of a green space was higher than that in the Mediterranean region
(89% versus 67%, respectively, Chi-squared test, p<0.001). The correlation between the exposure indices
can be described as moderate. A correlation table has been provided as supplementary material (see
supplementary table S5). These results imply that the three indices can be considered as complementary
methods for describing the residential built environment.

The population characteristics of the two distinct bio-geographic areas are outlined in table 2. As loss to
follow-up occurred during the study period (up to age 4 years), the actual sample size for each exposure–
outcome pair is indicated in tables 3–5, as well as in the supplementary material.

Associations between green and grey space exposure and respiratory outcomes
As shown in tables 3–5, no statistically significant associations were found between exposure to residential
surrounding greenness, residential proximity to green spaces and residential surrounding greyness in
relation to any of the health outcomes tested in the pooled analyses.

Region-specific associations
Higher residential surrounding greenness (3rd tertile versus 1st tertile) was statistically significantly
associated with a lower risk of wheezing up to age 4 years in the Euro-Siberian region (adjusted odds ratio
(aOR) 0.61, 95% CI 0.44–0.85), but not in the Mediterranean region (aOR 0.92, 95% CI 0.70–1.20). In the
Euro-Siberian region, higher residential surrounding greenness was associated with increased risk of
asthma, but the association was statistically significant only for the second tertile of exposure (2nd tertile
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versus 1st tertile: aOR 2.46, 95% CI 1.01–6.00). Residential proximity to green spaces was negatively
associated with wheezing in subjects in the Euro-Siberian region (aOR 0.67, 95% CI 0.45–0.99) and with
doctor-diagnosed bronchitis among children in the Mediterranean region (aOR 0.77, 95% CI 0.61–0.98),
as shown in table 4. As presented in table 5, higher exposure to residential surrounding greyness was
associated with an increased risk of bronchitis and wheezing for children growing up in the Mediterranean
study centres, although the association for wheezing was borderline statistically significant (3rd tertile
versus 1st tertile: aOR 1.58, 95% CI 1.19–2.08 versus aOR 1.29, 95% CI 0.98–1.70, respectively).

Sensitivity analyses
After additional adjustment for NO2 exposure at the first year of life, the association between exposure to
higher residential surrounding greenness and wheezing was found to be slightly stronger in the
Euro-Siberian region (3rd tertile versus 1st tertile: aOR 0.53, 95% CI 0.37–0.76). For the Mediterranean
region, exposure to higher residential surrounding greenness was found to be statistically significantly
associated with a reduced risk for bronchitis (3rd tertile versus 1st tertile: aOR 0.71, 95% CI 0.51–1.00).
Additional adjustment for maternal BMI only marginally affected the results for wheezing (3rd tertile
versus 1st tertile: aOR 0.62, 95% CI 0.45–0.85) and asthma (3rd tertile versus 1st tertile: aOR 2.45, 95% CI
1.01–6.00) for subjects growing up in the Euro-Siberian region. Further, for those subjects who had not
moved to a new location during the study period, the association between residential surrounding

TABLE 1 Overview and distribution of residential surrounding greenness and greyness
exposure measures stratified by biogeographic region.

All cohorts (n=2472) Euro-Siberian (n=1108) Mediterranean (n=1364)

Residential surrounding greenness (NDVI; 300-m buffer)
Median 0.30 0.45 0.20
1st tertile [0.120, 0.240) [0.142, 0.397) [0.120, 0.204)
2nd tertile [0.240, 0.389) [0.397, 0.542) [0.204, 0.265)
3rd tertile [0.389, 0.822] [0.542, 0.822] [0.265, 0.570]

Residential proximity to green spaces m
Median 121 68 180

Residential surrounding greyness m2

Median 193000 141300 241100
1st tertile [0, 134135) [0, 103704) [0, 182260)
2nd tertile [134135, 250320) [103704, 184084) [182260, 278422)
3rd tertile [250320, 282614] [184084, 282614] [278422, 282614]

NDVI: normalised difference vegetation index.

0.2
0

2

4

6

a)

0.4
NDVI 300 m Buffer

D
en

si
ty

0.6 0.8

Asturias
Gipuzkoa
Sabadell
Valencia

0.2
0

2

4

6
b)

0.4
NDVI 300 m Buffer

D
en

si
ty

0.6 0.8

Euro-Siberian
Mediterranean

FIGURE 2 Distribution of normalised difference vegetation index (NDVI; 300-m buffer, density plot), stratified
by cohort (a) and biogeographic region (b).
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TABLE 2 Characteristics of the study population stratified by biogeographic region.

All cohorts Euro-Siberian Mediterranean p-value (difference)#

Participants¶ 2472 1108 1364
Wheezing (1st year) 833/2326 (36) 445/1044 (43) 388/1282 (30) <0.001
Wheezing (4 years) 449/1975 (23) 207/802 (26) 242/1173 (21) <0.01
Bronchitis (1st year) 410/2320 (18) 137/1042 (13) 273/1278 (21) <0.001
Bronchitis (4 years) 369/1967 (19) 122/795 (15) 247/1172 (21) <0.01
Asthma (4 years) 64/1968 (3) 42/796 (5) 22/1172 (2) <0.001
Allergic rhinitis (4 years) 59/1966 (3) 29/794 (4) 30/1172 (3) 0.21
Female infant 1169/2408 (49) 528/1082 (49) 641/1326 (48) 0.86
Maternal education <0.001
None/primary 545/2409 (23) 171/1106 (16) 374/1303 (29)
Secondary 1007/2409 (42) 442/1106 (40) 565/1303 (43)
University 857/2409 (36) 493/1106 (45) 364/1303 (28)

Maternal smoking in pregnancy 414/2350 (18) 157/1040 (15) 257/1310 (20) <0.01
Passive smoking (4 years) 884/1978 (45) 293/808 (36) 591/1170 (51) <0.001
Season of birth 0.30
Winter 608/2410 (25) 292/1083 (27) 316/1327 (24)
Spring 627/2410 (26) 275/1083 (25) 352/1327 (27)
Summer 619/2410 (26) 278/1083 (26) 341/1327 (26)
Autumn 556/2410 (23) 238/1083 (22) 318/1327 (24)

Breastfeeding 1959/2299 (85) 803/990 (81) 1156/1309 (88) <0.001
Maternal allergy 638/2466 (26) 263/1107 (24) 375/1359 (28) 0.03
Maternal BMI 23 (21–25) 22 (21–25) 23 (21–26) 0.04
Pets at birth 734/2249 (33) 245/1043 (24) 489/1206 (41) <0.001
Physical activity (4 years) h·week−1 12 (5–16) 14 (10–17) 9 (2–15) <0.001
Neighbourhood SES+ (>median) 1337/2299 (58) 475/1095 (43) 862/1204 (72) <0.001
NO2 (1st year) µg·m

−3 27 (20–35) 20 (15–25) 34 (29–42) <0.001
Change of residency (birth to 4 years) 424/2472 (17) 138/1108 (13) 286/1365 (21) <0.001

Data are presented as n, n/n (%) or median (interquartile range) unless otherwise stated. BMI: body mass index. #:Chi-squared test and
Wilcoxon–Mann–Whitney test (depending on the variable scale). ¶:Number based on exposure data. +:Neighbourhood socioeconomic status
(SES) was determined according to the urban vulnerability index (where, at national level according to 21 indicators of socioeconomic
vulnerability, 0=less vulnerable; 1=vulnerable).

TABLE 3 Adjusted odds ratios (aORs)# for the association between life-course residential
surrounding greenness (normalised difference vegetation index (NDVI); 300-m buffer) and
health outcomes at the age of 4 years, stratified by biogeographic region.

All cohorts Euro-Siberian Mediterranean

GEE model
Wheezing 1777 729 1048
2nd versus 1st tertile 1.01 (0.82–1.25) 0.88 (0.65–1.19) 0.79 (0.60–1.03)
3rd versus 1st tertile 0.96 (0.71–1.30) 0.61 (0.44–0.85) 0.92 (0.70–1.20)

Bronchitis 1770 723 1047
2nd versus 1st tertile 1.18 (0.95–1.47) 0.98 (0.67–1.43) 0.91 (0.68–1.20)
3rd versus 1st tertile 1.18 (0.86–1.62) 0.99 (0.67–1.46) 0.95 (0.72–1.25)

Logistic regression model
Asthma 1770 724 1067
2nd versus 1st tertile 0.82 (0.37–1.81) 2.46 (1.01–6.00) 1.08 (0.32–3.64)
3rd versus 1st tertile 1.82 (0.71–4.67) 2.26 (0.91–5.67) 2.05 (0.69–6.06)

Allergic rhinitis 1769 722 1067
2nd versus 1st tertile 0.69 (0.34–1.43) 0.75 (0.28–1.99) 0.84 (0.33–2.15)
3rd versus 1st tertile 0.57 (0.22–1.50) 1.03 (0.40–2.64) 0.64 (0.23–1.72)

Data are presented as n or aOR (95% CI) unless otherwise stated. #:The pooled aORs (all cohorts) are
corrected for sex, cohort, maternal education, maternal smoking during pregnancy, any breastfeeding,
season of birth, maternal allergy, pets at home at birth, passive smoking at home at 4 years, and area
socioeconomic status (SES; according to the urban vulnerability index). The models stratified by
biogeographic region are corrected for all of the above except cohort and the generalised estimating
equation (GEE) model is additionally adjusted for time.
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greenness and asthma in the pooled analysis was found to be stronger and attained statistical significance
(3rd tertile versus 1st tertile: aOR 3.76, 95% CI 1.17–12.07). Moreover, the positive relationship between
higher exposure to residential surrounding greenness and asthma was more pronounced for the
Euro-Siberian study region (2nd tertile versus 1st tertile: aOR 3.49, 95% CI 1.17–10.40; 3rd tertile versus
1st tertile: aOR 3.22, 95% CI 1.05–9.90) in children who had not changed residential address. For children
from the Mediterranean study region, who were classified as more physically active (⩾12 h·week−1),
medium (but not high) exposure to residential surrounding greenness significantly reduced the risk for
wheezing and bronchitis at age 4 years (2nd tertile versus 1st tertile and 3rd tertile versus 1st tertile: aOR
0.59, 95% CI 0.37–0.94 and aOR 0.64, 95% CI 0.41–0.99, respectively). There were only minor changes for
the association between exposure to higher residential surrounding greenness and wheezing for children

TABLE 4 Adjusted odds ratios (aORs)# for the association between residential proximity to
green space (⩽300 m versus >300 m) and health outcomes at the age of 4 years, stratified by
biogeographic region.

All cohorts Euro-Siberian Mediterranean

GEE model
Wheezing 1754 721 1033
⩽300 versus >300 0.92 (0.75–1.13) 0.67 (0.45–0.99) 0.83 (0.66–1.06)

Bronchitis 1747 715 1032
⩽300 versus >300 1.04 (0.84–1.26) 1.07 (0.66–1.74) 0.77 (0.61–0.98)

Logistic regression model
Asthma 1771 724 1047
⩽300 versus >300 0.60 (0.31–1.18) 0.99 (0.36–2.68) 0.60 (0.25–1.45)

Allergic rhinitis 1769 722 1047
⩽300 versus >300 0.67 (0.34–1.30) 0.63 (0.22–1.77) 0.84 (0.36–1.94)

Data are presented as n or aOR (95% CI) unless otherwise stated. #:The pooled aORs (all cohorts) are
corrected for sex, cohort, maternal education, maternal smoking during pregnancy, any breastfeeding,
season of birth, maternal allergy, pets at home at birth, passive smoking at home at 4 years, and area
socioeconomic status (SES; according to the urban vulnerability index). The models stratified by
biogeographic region are corrected for all of the above except cohort and the generalised estimating
equation (GEE) model is additionally adjusted for time.

TABLE 5 Adjusted odds ratios (aORs)# for the association between exposure to residential
surrounding greyness (300-m buffer, m2) and health outcomes at the age of 4 years, stratified
by biogeographic region.

All cohorts Euro-Siberian Mediterranean

GEE model
Wheezing 1777 729 1048
2nd versus 1st tertile 1.00 (0.81–1.23) 1.26 (0.93–1.73) 1.19 (0.91–1.55)
3rd versus 1st tertile 1.03 (0.83–1.28) 1.12 (0.82–1.54) 1.29 (0.98–1.70)

Bronchitis 1770 723 1047
2nd versus 1st tertile 0.96 (0.75–1.22) 1.26 (0.86–1.86) 1.24 (0.92–1.67)
3rd versus 1st tertile 0.96 (0.75–1.24) 0.99 (0.67–1.46) 1.58 (1.19–2.08)

Logistic regression model
Asthma 1771 724 1047
2nd versus 1st tertile 0.89 (0.48–1.63) 0.55 (0.25–1.22) 0.67 (0.21–2.12)
3rd versus 1st tertile 0.83 (0.42–1.66) 0.46 (0.20–1.06) 1.28 (0.47–3.46)

Allergic rhinitis n=1769 n=722 n=1047
2nd versus 1st tertile 0.79 (0.40–1.58) 0.87 (0.35–2.13) 1.35 (0.50–3.68)
3rd versus 1st tertile 1.00 (0.50–2.01) 0.43 (0.16–1.18) 1.26 (0.45–3.50)

Data are presented as n or aOR (95% CI) unless otherwise stated. #:The pooled aORs (all cohorts) are
corrected for sex, cohort, maternal education, maternal smoking during pregnancy, any breastfeeding,
season of birth, maternal allergy, pets at home at birth, passive smoking at home at 4 years, and area
socioeconomic status (SES; according to the urban vulnerability index). The models stratified by
biogeographic region are corrected for all of the above except cohort and the generalised estimating
equation (GEE) model is additionally adjusted for time.
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within the Euro-Siberian study area, taking account of physical activity status (less active children, 3rd
tertile versus 1st tertile: aOR 0.51, 95% CI 0.31–0.84; more active children, 3rd tertile versus 1st tertile: aOR
0.65, 95% CI 0.42–1.00).

Discussion
This is one of the first epidemiological studies to prospectively examine the impact of urban green and
grey spaces on children’s respiratory and allergic health using data from birth cohorts that span different
bio-geographic regions. Higher residential surrounding greenness and proximity to green spaces were
negatively associated with wheezing up to the age of 4 years in the Euro-Siberian region. In contrast,
exposure to moderate, but not higher, residential surrounding greenness was associated with an increased
risk for asthma among children growing up in this region. As we did not observe a clear dose–response
pattern for this association, this finding needs to be interpreted with caution. We observed similar patterns
of association for residential surrounding greenness in the Mediterranean region; however, none of the
associations attained statistical significance. In this latter region, the risk of bronchitis was inversely
associated with residential proximity to green spaces and positively associated with residential surrounding
greyness.

To our knowledge, only a few prospective investigations (North America and Europe) have explored urban
greenness in relation to respiratory outcomes. Tree canopy cover within a 250-m buffer around the prenatal
residential address was associated with an increased risk of asthma and specific allergic sensitisation among
7-year-old children living in New York City [32]. Among children living in the metropolitan area of
Vancouver, exposure to higher surrounding greenness in a 100-m buffer around the home address in early
life was negatively associated with incident asthma during preschool years (0–5 years), but there was no
association in later childhood (6–10 years) [9].

The impact of exposure to greenness on respiratory and allergic health might vary considerably. The
protective effect appears to be especially pronounced in more rural areas or regions with a presumed
higher biodiversity [33]. A prospective study in 2014 among children aged 10 years from the German
LISAplus/GINAplus birth cohorts revealed heterogeneous effects of exposure to residential surrounding
greenness (NDVI average) in relation to allergic outcomes across the two study centres (Munich-urban
and Wesel-rural) included in the study’s analysis [10]. FUERTES et al. observed that higher exposure to
greenness was positively associated with allergic rhinitis, as well as eye and nose symptoms, among the
more urban study area (Munich). However, among children living in the rural area (Wesel), exposure to
greenness was inversely associated with these allergic outcomes. Potential protective effects of greenness in
rural areas on asthma and allergies were partly confirmed by a recent meta-analysis, although overall, the
effect estimates were highly heterogeneous across the seven study areas considered [13].

It has been speculated that the loss of natural environments and biodiversity, and the consequent decline
in microbial diversity in living environments, might be partly responsible for the increase in the global
prevalence of inflammatory diseases such as asthma and allergy in the rapidly urbanising world. Being
exposed to a less diverse microbial environment in early life might lead to a weakened immune response
or tolerance against harmful allergens ubiquitous in natural surroundings [1, 34, 35]. A recent study in
Finland (2015) used land use patterns in buffers of size 2–5 km around the home to specifically test the
“biodiversity hypothesis” (the loss of environmental biodiversity that emerges simultaneously with the
increase in asthma and allergic outcomes) on atopic sensitisation [6]. Exposure to forest and agricultural
land was inversely related to atopic sensitisation in children and adolescents aged up to 20 years. Within
our study, we also observed a protective association between residential surrounding greenness and
wheezing within the less urban Euro-Siberian region. However, we observed an association in the opposite
direction for asthma within this same population. There might be several explanations for this discrepancy.

Although wheezing is recognised as a common symptom of asthma [36], it could also be due to
non-allergic inflammatory responses of the airways caused by irritants from air pollution [37, 38]. Within
our study, a higher amount of residential greenness in the Euro-Siberian region was associated with less
air pollution (NO2), as has been previously observed [39, 40]. That could also explain why the effect of
exposure to greenness in relation to wheezing was significant only for the Euro-Siberian study region (and
not the Mediterranean area) and more pronounced when additionally adjusted for NO2 exposure. In two
study centres (Sabadell and Gipuzkoa), asthma was assessed by a parent-reported diagnosis. In the other
two centres (Asturias and Valencia), the parents only communicated the presence or absence of the
disease. Unfortunately, we are unable to quantify the proportion of eventual misclassification caused by
these different assessment methods.

The type (natural versus artificial) and quantity of urban green space may also be a decisive factor in its
relation to respiratory health. Although participants living in the Euro-Siberian region were surrounded by
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denser vegetation than those in the Mediterranean region, Asturias and Gipuzkoa are also characterised by
urban features. Compared with natural surroundings, artificial green urban areas and agricultural land use
can also be potential sources of harmful allergen exposure [32, 41–43]. Species that are introduced into an
area are likely to be non-native, and thus their consequences on allergic and respiratory health in the native
population are unknown [44–46]. Fundamentally, it is likely that associations with respiratory health will
depend on the allergenicity of the respective green exposure surrounding the participants [6, 44]. For
instance, the forests of the Asturias region in the north of Spain are, to a large extent, characterised by
Eucalyptus-monoculture (Eucalyptus globulus Labill) [47], which is originally native to Australia [48].
Similarly, Pinus radiata, a pine tree native to the Central Coast of California and Mexico, was introduced in
the 19th century into Spain and is widely planted in the Basque Country of northern Spain [49]. These
changes in the natural habitat might affect the diversity of the original natural environment, which may have
implications for asthma and allergy [3]. Unfortunately, we did not have comprehensive information on the
specific vegetation in the study areas and were unable to determine this using the exposure assessment
methods currently available.

The relevance and interplay between both the outdoor and indoor environment could also be responsible for
the heterogeneous results between and within our study centres. The “environmental microbiome” [34], the
microbial profile dependent on the outdoor and indoor environment, and the human microbiome might
differ considerably in levels, composition and diversity [50, 51] between and within urban and rural areas
[52]. The traditional farm environment, which is associated with a higher and more diverse microbial
exposure, is known to be strongly (protectively) associated with asthma and allergic diseases [34, 53]. To
date, studies in urban areas looking at microbial exposure could only partly replicate these findings. It has
been suggested that the relationship between the environmental microbiome and the development of allergic
disorders might be more complicated in urban settings than in rural or native areas owing to a more
heterogeneous exposure and abundance of other urban-related co-exposures [1]. In this context, the
inconsistencies observed between our centres/regions might have also resulted from differences in cultural
and behavioural patterns between the study areas. One recent publication underlined the importance of the
relationship between the “inner” layer (the internal microbiota) and the “outer” layer (the outer microbiota)
with respect to human health. The environmental microbial profile and its implications for health may be
influenced by the individual use of green space, in terms of access as well as cultural and lifestyle deviations
[54].

To our knowledge, this is the first study to investigate the impact of green space exposure on bronchitis as
an indicator for respiratory infections in a paediatric population. We observed that residential proximity to
green spaces was negatively associated with bronchitis at 4 years of age among children growing up in the
Mediterranean study region. For these participants in this region, we also observed a similar inverse
association between residential surrounding greenness and bronchitis after adjustment for NO2 exposure.
Further, our study was the first to include a measure for residential surrounding greyness in order to
better explore urban land use characteristics. A higher exposure to residential surrounding greyness was
associated with a risk increase for bronchitis and wheezing (nearly statistically significant) for the
participants in the Mediterranean region. In the only available study of the impact of urban land use on
children’s respiratory health, EBISU et al. observed that a higher degree of urban land use, corresponding to
a higher degree of urbanicity, was associated with greater severity of wheezing symptoms in infants [15],
which is in line with our findings for wheezing and bronchitis up to the age of 4 years. These results
suggest that the arrangement of green and grey spaces in the environment might considerably influence
associated concentrations of allergens and air pollutant levels and, in turn, health outcomes [7, 55].
Unfortunately, using the data available, we cannot determine the underlying dimensions that describe
residential surrounding greyness. Exposure specifically associated with urbanisation, such as noise, stress,
heat islands or industry, may have unknown health consequences. Moreover, the degree of urbanisation
may vary among regions and be influenced by cultural and behavioural factors [54, 56].

Our study has some limitations. Although our sample size was relatively large, the statistical power for the
analyses of asthma and allergic rhinitis, especially in the stratified analyses, could have been limited, owing
to the low prevalence of these conditions. This limitation also prevented us from evaluating other
atopy-related conditions, such as allergic versus non-allergic asthma as well as allergic sensitisation. In
addition, the health outcomes in the Sabadell and Gipuzkoa cohort were not assessed by a physician but
recorded through parental self-reports. Further, we only had NO2 measurements for the first year of life.
However, as the majority of the children did not change residential address until the age of 4 years, we can
assume that their NO2 exposure was stable throughout the study period. We utilised remote
sensing-derived NDVI to assess residential surrounding greenness. Application of this objective measure of
greenness enabled us to take account of small-scale green spaces (e.g. home gardens, street trees and green
verges) in a standardised way. However, the NDVI does not distinguish between different types of
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vegetation, which could be relevant for our investigated associations. Additionally, we had no data on
severity, frequency and duration of episodes of allergic rhinitis. Lastly, there may be several reasons for the
heterogeneous results, e.g. different regional, cultural, environmental and behavioural aspects. However, the
assessment of these factors goes beyond the scope of our paper.

Conclusion
We evaluated the associations between three indicators of urban built environment and respiratory and
allergic outcomes in children residing in two distinct bio-geographic areas. Several associations were found
for respiratory health, but these differed in direction across the indices studied and by geographic region.
These discrepancies in the results might be the consequence of the complex relationship between various
factors, including the environmental microbiome in urban settings, which could not be assessed via the
methods used in our study. Further research that considers region-specific characteristics at a finer scale,
vegetation types and the distribution of native versus non-native vegetation is therefore warranted. Another
appealing approach might be an integrative consideration of environmental characteristics by combining
“green” and “grey” exposure using elaborated statistical methods.
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