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Abstract

Background: The prevalence of allergic rhinitis is high, but the role of environ-

mental factors remains unclear. We examined cohort-specific and combined asso-

ciations of residential greenness with allergic rhinitis and aeroallergen

sensitization based on individual data from Swedish (BAMSE), Australian

(MACS), Dutch (PIAMA), Canadian (CAPPS and SAGE), and German (GINI-

plus and LISAplus) birth cohorts (n = 13 016).

Methods: Allergic rhinitis (doctor diagnosis/symptoms) and aeroallergen sensitiza-

tion were assessed in children aged 6–8 years in six cohorts and 10–12 years in

five cohorts. Residential greenness was defined as the mean Normalized Differ-

ence Vegetation Index (NDVI) in a 500-m buffer around the home address at the

time of health assessment. Cohort-specific associations per 0.2 unit increase in

NDVI were assessed using logistic regression models and combined in a random-

effects meta-analysis.

Results: Greenness in a 500-m buffer was positively associated with allergic rhini-

tis at 6–8 years in BAMSE (odds ratio = 1.42, 95% confidence interval [1.13,

1.79]) and GINI/LISA South (1.69 [1.19, 2.41]) but inversely associated in GINI/

LISA North (0.61 [0.36, 1.01]) and PIAMA (0.67 [0.47, 0.95]). Effect estimates in

CAPPS and SAGE were also conflicting but not significant (0.63 [0.32, 1.24] and
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1.31 [0.81, 2.12], respectively). All meta-analyses were nonsignificant. Results were

similar for aeroallergen sensitization at 6–8 years and both outcomes at 10–
12 years. Stratification by NO2 concentrations, population density, an urban vs

rural marker, and moving did not reveal consistent trends within subgroups.

Conclusion: Although residential greenness appears to be associated with child-

hood allergic rhinitis and aeroallergen sensitization, the effect direction varies by

location.

Green environments are thought to impart beneficial effects

on health by increasing physical activity and stress relief

and by facilitating social interactions. They are also associ-

ated with reduced noise, air pollution, and heat exposures

(1). However, surrounding greenness may play a more com-

plex role on allergic health outcomes. Although a causal

relationship remains to be established, studies suggest that

children who spend more time in outdoor green environ-

ments during early-life may benefit from exposure to a

greater number and diversity of beneficial microbes (2, 3).

A similar protective effect has also been documented

between sensitization and a diverse early-life exposure to

indoor allergens and microbes (4). However, among those

sensitized, exposure to pollen-releasing plants and outdoor

fungi may exacerbate allergic symptoms in later childhood

(5).

The few epidemiological studies that have examined associ-

ations between residing in/near green places and allergic

health outcomes have yielded inconsistent results. Studies

report increased (6), no (7), protective (2, 8), or conflicting

(9) effects, and a recent study concluded that associations

appear to depend on the type of greenness evaluated [for

example, parks vs forests (10)]. These studies differ with

respect to their designs, outcomes, populations, and green

exposure assessment strategies, which may in part explain

some of these discrepant findings. For example, the afore-

mentioned studies defined vegetation level using data on tree

canopy cover (6), vegetation or land-use types (2, 8), the

Normalized Difference Vegetation Index (NDVI) (7, 9), or

several of these measures (10). It is currently unclear which

of these exposure metrics may be best. While some more

specific measures are able to classify large green areas into

land-use types (such as the CORINE land-use European

data), they are not commonly available on a global scale and

do not include small green areas. Further, it is possible that

different metrics may be more or less relevant to specific

pathways. For example, land-use data may be very useful for

studying physical activity levels, but this is unlikely to repre-

sent the main pathway by which greenness might affect aller-

gic diseases.

As a general measure of vegetation presence, the NDVI

captures vegetation of all sizes using a globally harmonized

method, and we chose to use this index to examine cross-sec-

tional associations between residential greenness and allergic

rhinitis and aeroallergen sensitization during childhood and

early adolescence in seven birth cohorts from Australia,

Canada, Germany, the Netherlands, and Sweden. As sugges-

tive evidence exists that air pollutants and urbanization may

act as confounders or effect modifiers in greenness–health
relationships (11, 12), we tested interactions between nitrogen

dioxide (NO2) concentrations, population density, and a

rural/urban indicator with residential greenness, and in subse-

quent models, also adjusted for these factors.

Methods

Data sources

Seven birth cohorts participated: BAMSE (13), CAPPS (14),

GINIplus (15), LISAplus (16, 17), MACS (18), PIAMA (19),

and SAGE (20). Data on several health outcomes, environ-

mental exposures, and covariates from all cohorts except

MACS had already been harmonized as part of the traffic,

asthma, and genetics study (21) and European Study of

Cohorts for Air Pollution Effects (22) collaborations. MACS

is here included as this Australian birth cohort adds addi-

tional vegetation and geography heterogeneity. Each cohort

received ethical approval from their local authorized Institu-

tional Review Boards.

Outcome assessment

We focused on health outcomes during childhood (6–
8 years) and early adolescence (10–12 years). Information on

the cohort-specific study designs and outcome definitions,

which varied slightly by cohort, is provided in the Table S1.

Allergic rhinitis was defined based on a diagnosis during a

physician assessment at a follow-up visit in CAPPS and

SAGE, parental report of a doctor’s diagnosis in GINIplus

and LISAplus, parental symptom report in PIAMA and

BAMSE, and parental symptom or treatment report in

MACS.

Sensitization was assessed by skin prick testing for CAPPS,

MACS, and SAGE, with a positive reaction defined as hav-

ing a wheal diameter of ≥3 mm. For all other cohorts, sensi-

tization was assessed by measuring allergen-specific IgE

levels, with a positive reaction defined as any value

≥0.35 kU/l, the lower detection limit of the assay. Birch,

Dactylis, mugwort, ragweed, rye, timothy grass, trees, and

weeds were considered as outdoor aeroallergens. Alternaria

alternata, cats, Cladosporium herbarum, cockroaches, dogs,

feathers, house dust mites, and molds were considered as

indoor aeroallergens. All available aeroallergens were

included in the sensitization analyses. Not all cohorts had

information on all aeroallergens or health data at both time

points (Table S1).
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Greenness assessment

The NDVI, a green biomass density indicator, was used as a

surrogate for surrounding greenness. Its calculation is based

on the difference of surface reflectance in visible (0.4–0.7 lm)

and near-infrared (0.7–1.1 lm) wavelengths. Values range

from negative one (water) through zero (rock, sand, and

snow) to positive one (dense green vegetation) (23). The

assignment of NDVI to the home addresses of all cohort par-

ticipants was performed using a harmonized method previ-

ously described (24). First, to achieve maximum exposure

contrasts, cloud-free satellite images corresponding as close

as possible to the spring and summer months during the year

of birth of the participants were centrally selected for all

cohorts and used to calculate NDVI maps. Negative NDVI

pixels were set to zero (replication of analyses with negative

NDVI values left as is or set to missing yielded the same

results). Second, these images were used to calculate mean

greenness in 500-m and 1000-m circular buffers around the

home addresses of participants at 6–8 and 10–12 years of age

in order to assess current greenness exposure effects. The

500-m buffer was a priori selected as the main buffer as it is

a proximal measure of a child’s neighborhood, may be less

prone to exposure misclassification, and has been used in pre-

vious studies on children [e.g., (25, 26)]. The 1000-m buffer

captures a larger area around an individual’s neighborhood

and was used as a sensitivity analysis.

The NDVI values used in all main analyses were derived

from satellite maps taken at the time of birth of the partici-

pants and assigned to their 6–8 and 10–12 year addresses

under the assumption that the spatial distribution of green-

ness would remain stable between these time points. To test

this assumption, a second set of NDVI values was created

based on satellite maps selected approximately a decade after

the birth of the participants and assigned to these same 6–8
and 10–12 year addresses. All main analyses were replicated

with this second set of NDVI values. Details of the months

and years used for the NDVI assignments for each cohort

are provided in the Table S1.

Statistical analysis

Cohort-specific associations were analyzed using logistic

regression. Odds ratios are reported per 0.2 unit increase in

NDVI (approximately two times the standard deviation in

the total population) with corresponding 95% confidence

intervals. The GINIplus and LISAplus cohorts were pooled

as the study designs are nearly identical and associations are

presented per geographical area instead (the rural GINI/

LISA North area and GINI/LISA South, which covers the

urban city of Munich and its surroundings). Random-effects

meta-analysis was used to calculate combined estimates to

allow for potential within- and between-cohort heterogeneity

(27). The I2 statistic was used to examine the statistical

heterogeneity among cohort-specific effect estimates and can

be interpreted as the percentage of the variability in effect

sizes attributable to the between-study variability rather than

sampling error (28). I2 values between 50–90% and 75–100%

represent substantial and considerable heterogeneity, respec-

tively (29). Cochran’s Q test was used to test for significant

heterogeneity. Analyses for CAPPS, GINI/LISA North,

GINI/LISA South, PIAMA, SAGE, and the combined meta-

analyses [using package ‘meta’ (30)] were conducted centrally

using the statistical program R, version 3.1.1 (31). Analyses

for BAMSE and MACS were performed locally using

STATA, version 13 and 13.1 (32), respectively, following the

same analysis plan.

Minimally adjusted models were adjusted for sex and age.

Main models were additionally adjusted for parental atopy

(not included for MACS as 97% of participants had a his-

tory of parental atopy), older siblings, maternal smoking dur-

ing pregnancy, secondhand smoke exposure concomitant

with the time of health outcome assessment (not available for

MACS), socioeconomic status (defined as the highest educa-

tion attained by either parent for BASME, GINI/LISA

North, GINI/LISA South, MACS and PIAMA, and mater-

nal age at birth for CAPPS and SAGE), group (intervention

for CAPPS, GINI/LISA North, GINI/LISA South, PIAMA

and MACS), region (CAPPS and PIAMA only), and cohort

(GINI/LISA North and GINI/LISA South only). The influ-

ence of additional adjustments for birth weight and exposure

to furry pets and mold/dampness in the home at the time of

health outcome assessment was examined in sensitivity analy-

ses (MACS not included as these data were generally not

available). Covariates were defined as similarly as possible

across cohorts using questionnaire-derived information and

their selection is based on previous combined analyses of

these cohorts with regard to allergic rhinitis and sensitization

(9, 22, 33).

Effect modification

To assess effect modification by sex, regression analyses were

run including an interaction term between NDVI and sex. In

a separate analysis, regression analyses were also run sepa-

rately for males and females. Effect modification by cohort-

specific tertiles of NO2 concentrations and population density

in a 1000-m buffer around the home address was also

assessed, and models were run stratified by whether partici-

pants lived in urban or rural surroundings (data sources and

methodology described in the Appendix S1). Models were

also stratified by whether a child had moved between one)

birth and 6–8 years when considering the childhood health

outcomes and between two) birth and 10–12 years when con-

sidering the adolescent health outcomes (CAPPS and SAGE

not included as data on moving behavior were unavailable).

Results

Study population

In total, 13016 children had available information on NDVI

exposure and at least one outcome of interest at one time

point. The included cohorts varied in size from 3339 children

in PIAMA to 327 children in MACS (Table 1). Of those with

available data, 9.8% (1182/12007) had allergic rhinitis and
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30.3% (2246/7408) were sensitized to at least one aeroaller-

gen at the age of 6–8 years (13.6% (1346/9885), and 42.1%

(1650/3922) are the respective values for 10–12 years). Aller-

gic rhinitis prevalence was lowest in GINI/LISA North and

highest among cohorts recruited on the basis of family his-

tory (MACS and CAPPS) and SAGE.

Distribution of NDVI values

The mean and range of NDVI values in a 500-m buffer were

similar across cohorts (Fig. 1). NDVI estimates in a 500-m

buffer were highly correlated with those in a 1000-m buffer

(Pearson’s r > 0.88). NDVI estimates in the 500-m buffer

assessed to the childhood and early adolescence addresses

were weak to moderately correlated across cohorts for those

who moved between these two time points (range of r = 0.26

in PIAMA to r = 0.55 in BAMSE). NDVI estimates derived

using satellite maps obtained for the year of birth and

approximately 10 years later (r > 0.73) were highly corre-

lated. As it was not possible to obtain cloud-free images for

the same months for all cohorts and given that months have

different meanings in the different cohorts (for example,

when contrasting European and Australian seasons), compar-

ing NDVI distributions across cohorts is not appropriate.

Cohort locations and the distribution of NDVI values per

cohort are depicted in the Fig. S1.

Associations between health outcomes and NDVI

The adjusted cohort-specific associations per 0.2 increase in

NDVI for the main models are presented in Figs 2 and 3 for

outcomes assessed during childhood (6–8 years) and early

adolescence (10–12 years), respectively (results per cohort-

specific interquartile range increase in NDVI presented in the

Fig. S2). The minimally adjusted models (for age and sex

only) were similar (not shown). Greenness in a 500-m buffer

was positively associated with allergic rhinitis at 6–8 years in

BAMSE (1.42 [1.13, 1.79]) and GINI/LISA South (1.69,

[1.19, 2.41]) but inversely associated in GINI/LISA North

(0.61 [0.36, 1.01]) and PIAMA (0.67 [0.47, 0.95]). The effect

estimates in the Canadian cohorts were also conflicting but

not significant (0.63 [0.32, 1.24] and 1.31 [0.81, 2.12] for

CAPPS and SAGE, respectively). The pattern of associations

within each cohort for aeroallergen sensitization was similar

to those with allergic rhinitis. The pattern also did not differ

when associations were stratified into categories of indoor

and outdoor allergens, with the exception of SAGE for which

the direction of effect estimates varied across outcomes. This

suggests that the observed associations with aeroallergen sen-

sitization are not attributable to a single allergen.

Similar results were obtained for both health outcomes at

10–12 years for the four cohorts with available data at both

time points. Associations in the seventh cohort MACS, for

which health data were only available at this latter age, were

nonsignificant for allergic rhinitis (0.96 [0.59, 1.57]) and

inverse for aeroallergen sensitization (0.57 [0.34, 0.96]).

Effect estimates were consistent when NDVI was assessed

in a 1000-m buffer and when models were further adjustedT
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for birth weight and exposure to furry pets and mold/damp-

ness at the time of health outcome assessment (not shown).

There was no good indication of nonlinearity between NDVI

exposures and the health outcomes when associations were

examined using generalized additive models, suggesting that

at least for these outcomes, a threshold value for NDVI was

not apparent.

Given the substantial/considerable heterogeneity between

the cohort-specific associations (I2 >0.7 for seven of the eight

adjusted associations), all meta-analytic results were non-

significant (Table S2).

Effect modification

Although at least one interaction term between NDVI in a

500-m buffer and each potential effect modifier considered

was significant for at least one cohort, results were not con-

sistent across cohorts and all interaction terms in the com-

bined analyses were nonsignificant (Table S3). In line with

this, associations stratified by sex (Fig. S3) as well as NO2

(Fig. S4) and population density (Fig. S5) tertiles did not

reveal consistent patterns within or between cohorts. Strati-

fication by whether participants’ lived in urban or rural

surroundings yielded weak evidence for stronger positive

effects in urban settings in the cohorts for which greenness

was positively associated with the health outcomes

(BAMSE and GINI/LISA South; Fig. S6), but confidence

intervals overlapped. Independently adjusting the main

models for NO2, population density and urban vs rural cat-

egorical variables did not change the results, although the

effect estimates for BAMSE were attenuated after adjust-

ment for population density and urban vs rural surround-

ings (for example, 1.18 [0.81, 1.72] and 1.10 [0.78, 1.54],

respectively, compared to 1.42 [1.13, 1.79], for the associa-

tion between childhood allergic rhinitis and NDVI in a

500-m buffer). Finally, models stratified by moving behav-

ior did not yield consistent differences between groups

(Fig. S7).

Discussion

Mean NDVI in a 500-m buffer was differentially associated

with allergic rhinitis and aeroallergen sensitization in this

analysis of seven birth cohorts, resulting in an overall non-

significant combined finding. Evaluating sex, NO2 exposure,

population density, and an urban/rural marker as effect mod-

ifiers did not clarify these trends. Confounding by an

unknown factor that varies between study areas or by several

Figure 1 Cohort-specific distribution of mean normalized differ-

ence vegetation index in a 500-m buffer around the home

addresses in childhood (6–8 years) and early adolescence (10–

12 years). Comparisons across cohorts are not appropriate as it

was not possible to obtain cloud-free images at the same time for

all cohorts. na = not available.
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region-specific confounders may be a possible explanation.

Alternatively, our results may be simply driven by chance.

It may be worth asking whether a combined meta-analysis

is appropriate in this study, given the considerable/substan-

tial heterogeneity observed in the cohort-specific results. We

chose to present the meta-analytic results as they answer our

original research question. However, the most important les-

son from this study may not lie in the direction of the effect

estimates but rather upon the use of the NDVI in allergic

health research. Although the NDVI is able to capture small-

scale greenness in a standardized and objective manner, it

does not allow particular types of vegetation to be distin-

guished, nor are we able to derive individual-level measures

of exposure to pollen or other allergenic tree species. The

duration and character of potential exposures can also not be

assessed. For example, the extent to which NDVI serves as a

proxy for exposure to pollen or microbial diversity, or an

indicator of areas conductive to physical activity or social

interactions, or a proxy for visual impacts related to stress

reduction is unclear. We are thus not able to identify which,

if any, particular vegetation types, exposure pathway(s) or

duration of exposures may drive the observed associations.

Consequently, although the use of the NDVI to assess vege-

tation may be well justified for the evaluation of potential

pathways related to stress and for certain health outcomes

(for example, birth weight, physical activity, and mental

health), it appears to be too general of a measure to com-

pletely capture the full structure and potential role of the

green environment with respect to allergic diseases. We thus

caution against its further use in the allergic field and rather

recommend that future studies use more detailed data on

local tree and herbaceous species and on interactions between

people and various measures of vegetation when exploring

the role of the residential green environment and the overall

living environment on allergic health outcomes. Such mea-

sures naturally are more focused on pathways related to pol-

len dispersion and microbial diversity.

The current study nevertheless has several strengths. It is

the largest analysis of residential greenness on childhood

allergic health outcomes to date and the first to include indi-

vidual-level data from more than one continent. The majority

of the health and covariate data had been previously harmo-

nized for these cohorts (21, 22), although the allergic rhinitis

definitions differed slightly as did the number of objectively

measured aeroallergens tested. Also, two cohorts were high

allergy-risk by design (MACS and SAGE). These factors

could have affected the cohort-specific outcome prevalences,

but not necessarily the associations. The high outcome preva-

lences for some of the cohorts may also have resulted in odd

ratios that overestimate the true relative risks, although the

overall conclusions of this study would not be affected (34).

Several covariates were adjusted for in this analysis, but

residual confounding is always possible in observational stud-

ies. For example, although models were adjusted for a mar-

ker of individual-level socioeconomic status and consistent

evidence of effect modification by this factor was not

Figure 2 Adjusted associations between allergic rhinitis and over-

all, indoor, and outdoor aeroallergen sensitization assessed during

childhood (6–8 years) with mean normalized difference vegetation

index in a 500-m buffer.
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detected (not shown), our measures of individual-level socioe-

conomic status may not be optimal. It is also possible that

area-level factors may play a role.

Data were prospectively collected for all cohorts except

SAGE. Thus, we anticipate that recall bias should be mini-

mal, but remains possible, as does selection bias due to loss

of follow-up. Given the cross-sectional design of the analyses,

bias related to moving or the effect of timing of exposures

(current vs early) was not directly assessed. Findings from a

previous study indicate that the green environment around

the home at birth may be more strongly associated with aller-

gies later in life than the current home green environment for

children that have moved (8). In our study, models stratified

by whether a child had moved between birth and the time of

outcome assessment did not yield consistent trends. Further,

it is unlikely that any bias related to the length of residence

at the current address would differentially affect the results

across cohorts.

The harmonized greenness assignment across studies is also

an important strength of this study, but is not without limita-

tions. First, it was not possible to obtain cloud-free images

for the same months and years for all cohorts. NDVI esti-

mates were derived from images as close in time as possible

during spring and summer months to achieve maximum

exposure contrasts between areas of low and high greenness.

Second, we related NDVI values derived from maps taken at

the time of birth to health outcomes 6–12 years later assum-

ing that the spatial variability in greenness exposures would

not have changed during this time, an approach often used

in air pollution research (22). This assumption is supported

by the fact that a second set of NDVI values derived from

satellite images taken ten years after the birth of the partici-

pants were highly correlated with the main NDVI estimates

and yielded no differences in the results. This finding suggests

that the spatial distribution of residential greenness was tem-

porally stable during the time frame covered in this study

(early/mid 1990s to middle/late 2000s) in the areas investi-

gated. Further studies are needed to confirm whether this

finding is also valid in other parts of the world, particularly

in developing countries where land-use patterns might change

more rapidly. Third, our decision to assess associations with

greenness in 500 m and 1000-m buffers around the home

address did not allow the study of the effect of greenness on

a very small (in a 100-m buffer) or large scale (for example,

3000-m buffer or even at the city-level). The 500-m buffer

around the home address was a priori selected as the main

buffer of interest as it is a proximal measure of a child’s

neighborhood and is likely to incorporate less exposure mis-

classification than larger buffers, although it is well-known

that pollen can travel much larger distances (35). The optimal

buffer size to use when studying similar associations remains

to be determined. Fourth, we chose to limit our analysis to

vegetation levels around the home address and did not assess

associations with types of green space or land-use classifica-

tions (e.g., presence or percentage of parks, forest and agri-

culture) as standard data of this type (e.g., the CORINE

data) were only available for the European cohorts and, like

the NDVI, do not provide information on vegetation types.

Figure 3 Adjusted associations between allergic rhinitis and over-

all, indoor and outdoor aeroallergen aeroallergen sensitization

assessed during early adolescence (10–12 years) with mean nor-

malized difference vegetation index in a 500-m buffer.
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Although the evidence supporting a beneficial effect of

greenness on several health measures is increasing, studies on

allergic health outcomes remain inconsistent. In this harmo-

nized analysis of seven birth cohorts from three continents,

the direction of the association between mean NDVI in a

500-m buffer and allergic rhinitis and aeroallergen sensitiza-

tion varied by region, resulting in a nonsignificant combined

finding. Our results thus suggest that using the NDVI as a

marker for residential greenness may only have local inter-

pretations. Alternatively, it is possible that there is no real

association between residential greenness and allergic health

and that the observed effects are driven by chance or

unknown confounding (region-specific) factors.
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rural indicator, in the combined meta-analytic and cohort-

specific models

Figure S1 Cohort and participant locations at the 6–8 year

addresses (10–12 years for MACS) among children with

available health data. Mean NDVI in a 500 m buffer is cate-

gorized into cohort-specific tertiles.

Figure S2 Associations between allergic rhinitis and over-

all, indoor and outdoor aeroallergen sensitization assessed

during childhood (6–8 years; left graphs) and early adoles-

cence (10–12 years; right graphs) with mean NDVI in a

500 m buffer, presented per interquartile range increase in

NDVI.

Figure S3 Adjusted associations between allergic rhinitis and

aeroallergen sensitization assessed during childhood (6–8 years)

and early adolescence (10–12 years) with mean NDVI in a

500 m buffer stratified by sex (left graphs: females, right

graphs: males).

Figure S4 Adjusted associations between allergic rhinitis and

aeroallergen sensitization assessed during childhood

(6–8 years) and early adolescence (10–12 years) with mean

NDVI in a 500 m buffer stratified by NO2 concentration

tertiles (left graphs: low NO2, middle graphs: middle NO2, right

graphs: high NO2).

Figure S5 Adjusted associations between allergic rhinitis and

aeroallergen sensitization assessed during childhood

(6–8 years) and early adolescence (10–12 years) with mean

NDVI in a 500 m buffer stratified by population density tertiles

(left graphs: low population density, middle graphs: middle pop-

ulation density, right graphs: high population density).

Figure S6 Adjusted associations between allergic rhinitis and

aeroallergen sensitization assessed during childhood

(6–8 years) and early adolescence (10–12 years) with mean

NDVI in a 500 m buffer stratified into participants living in

urban and rural surroundings (left graphs: rural, right graphs:

urban).

Figure S7 Adjusted associations between allergic rhinitis and

aeroallergen sensitization assessed during childhood

(6–8 years) and early adolescence (10–12 years) with mean

NDVI in a 500 m buffer stratified by moving (left graphs: par-

ticipants did not move between birth and the time of health

outcome assessment, right graphs: participants moved between

birth and time of health outcome assessment).
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