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Association between exposure
to greenness and atopic march
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meta-analysis

Xue Wang, Nan Zhou and Yuxiang Zhi*

Department of Allergy and Clinical Immunology, Peking Union Medical College Hospital, Peking
Union Medical College and Chinese Academy of Medical Sciences, National Clinical Research
Center for Immunologic Diseases, Beijing, China

Introduction: Allergic diseases are a global public health problem. Food
allergy, atopic dermatitis (AD), allergic rhinoconjunctivitis, allergic rhinitis (AR)
and asthma represent the natural course of allergic diseases, also known
as the "atopic march”. In recent years, a large number of studies have
been published on the association between greenness exposure and allergic
diseases. However, systematic reviews on the association between greenness
exposure and multiple allergic diseases or atopic march are lacking.

Methods: In this study, PubMed, EMBASE, ISI Web of Science, and Scopus were
systematically searched. Meta-analyses were performed if at least three studies
reported risk estimates for the same outcome and exposure measures.

Results: Of 2355 records, 48 studies were included for qualitative review. Five
birth cohort studies, five cross-sectional studies, and one case-control study
were included for asthma meta-analysis, respectively. Four birth cohort studies
were included for AR meta-analysis. Our results support that exposure to a
greener environment at birth reduces the risk of asthma and AR in childhood.
In addition, higher greenness exposure was associated with decreased odds of
current asthma in children.

Discussion: There was a large heterogeneity among the included studies and
most of them did not specify the vegetation type and causative allergens.
Therefore the study results need to be further validated. In addition, a
small number of studies evaluated the association between greenness and
food allergy, AD and allergic rhinoconjunctivitis. More research is needed
to strengthen our understanding of the association between greenness and
allergic diseases.

allergic disease, atopic march, greenness exposure, NDVI, asthma

Introduction

Allergic diseases have become a global public health problem (1). Asthma, allergic
rhinitis (AR), atopic dermatitis (AD), and food allergy have been reported to affect 30%
of the population and nearly 80% of households (1). Allergic diseases have very complex
pathophysiological mechanisms and a strong genetic component (2), but genetic changes
alone cannot explain the rapid increase in prevalence over the last 50 years (3, 4). A
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large number of epidemiological studies have demonstrated
complex  gene-environment interactions,  highlighting
environmental exposure as an important factor influencing
the phenotype of allergic diseases (3, 5). Increased exposure to
greenness is one such factor.

Greenness is a combination of plant species and the ground
cover they provide. It can be either scheduled (e.g., gardens
and parks) or unscheduled (e.g., existing wooded areas and
prairies) (6). In recent years, greenness has been shown to
improve physical activity (7), mental health (8), birth outcomes
(9), cardiovascular disease (10), obesity (11), diabetes (12), and
cancer (13). Although not all studies show consistent findings,
overall, the available studies support the benefits of greenness for
human health. It is generally accepted that greenness may affect
health by providing a greater number and diversity of beneficial
microorganisms (14), which contribute to relieving mental and
physiologic stress, promoting exercise and socialization, as well
as reducing exposures to heat, noise, and air pollution (15).

In recent years, a number of studies on the effects of
greenness on several allergic diseases have been published,
indicating a growing interest in greenness and allergies.
However, research findings are highly inconsistent, even within
the same study. Fuertes et al. reported that greenness within
the 500 m buffer around the home address (accessible within a
short walking time) was a risk factor for AR at age 6-8 years
in Swedish (BAMSE) and German (GINI/LISA South), but was
a protective factor in German (GINI/ LISA North) and Dutch
(PIAMA) (16). Rufo et al. (17) reported that living closer to a
green environment at birth had a protective effect on allergic
diseases and asthma at age 7 years, while this effect was not
significant at age 4 years. Sbihi et al. (18) reported that perinatal
exposure to greenness within a 100 m buffer around the home
address (the most accessible greenness) was associated with a
reduced incidence of asthma. However, Andrusaityte et al. (19)
reported that increased greenness within a 100 m buffer around
the home address significantly increased the risk of asthma.

A meta-analysis conducted by Lambert et al. (20) reviewed
the association between greenness and allergic respiratory
diseases in children and adolescents. They reported no
significant overall association between residential greenness
and asthma or AR. Since this review, a large number of
relevant studies have been published, which have enriched the
understanding of the relationship between greenness, asthma,
and AR. In addition, recent studies have begun to focus
on the effects of greenness exposure on AD, food allergy,
and allergic rhinoconjunctivitis. These allergic diseases may
occur in a chronological order: from AD and food allergy in
infancy to asthma and AR in childhood. This phenomenon
is known as “atopic march.” To our knowledge, there is no
meta-analysis of the most recent evidence on the association
between greenness, various allergic outcomes, and atopic march.
Therefore, the aim of this study was to provide a systematic
review of the available evidence to elucidate the association
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between greenness exposure and allergic diseases based on the
Preferred Reporting Items for Systematic Reviews and Meta
Analyses (PRISMA) statement (Supplementary Table S1). This
may help urban planners and policy makers to better plan urban
layouts and thus reduce the risk of allergic diseases.

Methods

Literature search strategy

The PubMed (https://pubmed.ncbinlm.nih.gov/), ISI
Web of Science (http://www.webofknowledge.com), EMBASE
(https://www.embase.com), and Scopus (https://www.scopus.
com/) databases were systematically searched for English
language, peer-reviewed studies published up to 30 November
2022. Unpublished and ongoing studies were not considered
in this review. We used a combination of terms concerning

» o«

greenness exposure (“greenspace,

» <«

green space,” “greenness,’

“greenery; “grassland “grass land) “green land) “grass

» «

cover; “natural area,” and “vegetation”) and allergic outcomes
(“allergy;,” “allergic disease” “asthma,” “hay fever] “allergic
rhinitis”  “allergic respiratory diseases,” “eczema; “atopic
dermatitis,” “food allergy,” and “atopic march”) for the search
(Supplementary Table S2). No filters were applied to the
study designs. The reference lists of the included studies were

manually searched to identify any remaining studies.

Inclusion and exclusion criteria

Original studies assessing the relationship between
greenness and allergic disease were included. For eligible
studies, the definition of allergic outcomes should be clearly
stated (medical records, structured interviews, or self-reported
physician-diagnosed allergic outcomes). The assessment of
greenness exposure should be objective. Assessment methods
of greenness include, but are not limited to, the normalized
difference vegetation index (NDVT), light detection and ranging
(LiDAR) imagery, and distance to the nearest greenness. Eligible
articles are also required to report the association of greenness
with allergic disease. Odds ratios (OR), relative risks (RR), or
hazard ratios (HR), and their 95% confidence intervals (CI)
should be provided. Studies with only allergic symptoms (e.g.,
wheezing, dry cough, and symptom scores), lung function, and
sensitization (e.g., immunoglobulin E antibody levels and skin

prick tests) as outcomes were not considered in this review.
Study selection

All potentially relevant articles were exported to EndNote
20.2 (Clarivate Analytics, Philadelphia, PA, USA). Duplicate
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articles were removed. Titles and abstracts were screened to
eliminate articles that were obviously irrelevant. The full text
of relevant articles was downloaded and read in depth. All
processes were performed independently by two authors (XW
and NZ). Disagreements were resolved through discussion with
the third author (YZ).

Data extraction

For each eligible study, the required information was
extracted independently by two authors (XW and NZ).
Discrepancies were resolved by discussion with the third
author (YZ). The following information was extracted: authors,
publication year, study period, study location, study design,
participant demographics, sample size, assessment of greenness
exposure, definition of allergic outcomes, covariates adjusted for
in the statistical model, and effect estimates (OR, RR, or HR,
and their 95% CI). Effect estimates were extracted in the “main
model” or “fully variable adjusted model” (21). If the results in
the original study were presented as figures, Engauge Digitizer
12.1 was used to extract the data.

Quality assessment of included studies

The quality of each eligible study was assessed independently
by two authors (XW and NZ). Discrepancies were resolved by
discussion with the third author (YZ). The Newcastle-Ottawa
scale (NOS) was employed to assess the quality of cohort and
case-control studies (22). The NOS contains eight items grouped
into three dimensions. Each item is scored with 0 or 1 star,
except for one item (comparability of cohorts on the basis of the
design or analysis) that is scored with 0 to 2 stars, resulting in a
maximum score of 9 stars. We classified studies with scores >7
stars as “high quality”; otherwise, the study was classified as “low
quality.” The Quality Assessment Tool for Observational Cohort
and Cross-Sectional Studies was used to evaluate the quality of
cross-sectional studies (23). This tool consists of 14 questions,
but only seven questions applicable to cross-sectional studies
were used (24). Studies were rated as poor, fair, or good; if the
study did not adjust for any variables, it was rated as poor.

Meta-analysis methods

Given that multiple allergic diseases were included as
outcomes in this review, three studies measuring the same
outcome with the same exposure was selected as thresholds
in order to decide whether to perform a meta-analysis on
a particular outcome. That is, meta-analysis was performed
when the number of studies meeting the following conditions
was greater than or equal to three: (1) same assessment
of greenness exposure, including measurement methods,
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measurement locations (residential, school), and time windows
(for birth cohort: at birth/perinatal or lifetime); (2) same
outcome definitions, including ever asthma, current asthma, AR,
allergic rhinoconjunctivitis, AD, and food allergy; and (3) similar
age of participants, including minors [preschoolers (<5 years
old) and post-schoolers (5-18 years old) if a sufficient number
of studies were available], and adults (>18 years old). To ensure
consistency in the interpretation of the original study results,
only studies that used NDVI as a measure of greenness were
included in the meta-analysis, as NDVI was used in the majority
of the included studies.

Based on the results of the included studies, two independent
types of meta-analyses were carried out. In the dose-response
meta-analysis, we used adjusted OR (95% CI) per 0.1 unit
increase in greenness exposure measured by NDVI. In the
categorical meta-analysis, we compared the highest tertile or
quartile (Q3 or Q4) with the lowest (Q1). All studies included
in the meta-analysis reported OR. Therefore, OR was used as the
measure of association across all studies.

Fixed-effect and random-effect models were used to
synthesize the associations between greenness exposures and
allergic diseases. The between-study heterogeneity and between-
study variance were assessed using I? and 72, respectively.
Egger’s test and Begg’s test were used to assess the publication
bias. In addition, since different buffers represent different
accessibility to greenness, a 100 m buffer represents the most
accessible range of greenness, while a 500 m buffer represents the
availability of greenness within a relatively short walking time
(i.e., <15 mins). Therefore, subgroup analyses were performed
based on the buffer zones. The results of 100 m, more than
100 m and <500 m, 500 m, and more than 500 m buffers were
combined, respectively. To test the robustness of the result,
sensitivity analyses were performed by excluding studies one by
one. All analyses were performed with R software (R Foundation
for Statistical Computing), version 3.5.0. A two-sided test was
used, and p < 0.05 was considered as statistically significant.

Results

The electronic search strategy generated 2,355 records,
which were screened for eligibility based on title/abstract after
de-duplication. 80 potentially eligible articles were selected for
full-text review. Of these, 32 articles were excluded because they
did not assess the relationship between greenness exposure and
allergic disease. Finally, 48 articles fulfilled the inclusion criteria
and were included in the qualitative synthesis (Figure 1).

Study characteristics
Table 1 summarizes the characteristics of the 48 studies

included in the review. More than half of the studies (n = 25)
were published within the past 3 years and almost all (n = 47)
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were published within the past 10 years, highlighting the
growing interest in the association between greenness and
allergic diseases. Of the 48 studies, 47 were conducted in
more than 20 countries and one study was conducted globally,
reflecting the association of greenness with allergic disease in
a global context. There were 19 cohort or longitudinal studies,
18 cross-sectional studies, 7 ecological studies, and 4 case-
control studies. Supplementary Table S3 shows more detailed
information for each study, including exposure definitions,
outcome definitions, statistical models, estimates, and adjusted
confounders.

Study quality

In general, most cohort and cross-sectional studies
were “high quality” or “good” (Supplementary Tables S4, S5).
However, of the case-control studies, only one was rated as “high
quality.” The other three case-control studies were rated 5 or 6
due to self-reported case definitions, hospital controls, and lack

10.3389/fpubh.2022.1097486

of comparability (Supplementary Table S6). A birth cohort study
in Chinese toddlers identified allergic diseases based on medical
records at age 2 years (54). However, AR usually requires
several years of allergen exposure to develop. Accordingly, it
is uncommon in children under 2 years of age. We therefore
consider that the follow-up period of this study was not long
enough for outcomes to occur (Supplementary Table S4).

Bias due to outcome assessment

The definition of outcomes was based primarily on
self/parent-reported questionnaires, hospital records, and
medication prescriptions. Asthma was the most frequently
measured clinical outcomes and were reported by 38 studies.
Four studies simultaneously assessed the association between
greenness, ever asthma, and current asthma (35, 48, 58, 67).
One study used eosinophilic asthma as the outcome, defined
as participants reporting asthma-related medication use and
elevated eosinophil counts to at least 150 cells per pl (66).

c
= Records removed before
3 Records identified from: »| screening:
= Databases (n = 2355) Duplicate records removed
5 (n=916)
=)
A 4
)
Records screened
4’ -
(n = 1439) Records excluded (n = 1359)
\ 4
= Report ht for retrieval
= eports sought for retrieva
= (n 580) 9 —»| Reports not retrieved (n = 0)
3
»n
v
Reports assessed for eligibility | Reports excluded:
(n=80) 4 Other exposures (n = 4)
Other health outcomes (n = 15)
Review or abstract (n = 13)
\4
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Studies included in review
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o
S
©
=
Asthma meta-analysis (n = 11)
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—
FIGURE 1
PRISMA flowchart for search strategy.
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TABLE 1 Characteristics of the included studies.

References Years of Location Study Age of Sample size Exposure measure Allergic diseases assessed
study design participants (n)
Asthma AR  Allergic rhino AD  Food
conjunctivitis allergy
Alcock et al. (25) 1997-2012 England Cross-sectional | No age limit 26,455 Generalized land use v
database; ArcGIS
Andrusaityte et al. 2012-2013 Lithuania Nested 4-6 1,489 NDVI and distance to the v
(19) case-control nearest city park
Brokamp et al. (26) Ongoing The Birth cohort Children born in 762 NDVI v
United States 2001-2003
Cilluffo et al. (27) 2015-2018 Ttaly Longitudinal 5-16 179 NDVI v
study
Dadvand et al. (28) 2006 Spain Cross-sectional | 9-12 3,178 NDVI and residential v v
proximity to green spaces
De Roos et al. (29) 2011-2016 The Case-control <18 23,382 NDVI, LiDAR v
United States
DePriest et al. (30) - The Cross-sectional <18 196 NDVI v
United States
Dongetal. (31) - Canada Cross-sectional | All ages LiDAR v
Donovan et al. (32) 1998-2016 New Zealand |  Birth cohort Children born in 1998 49,956 NDVTI; the total number of
and followed up until natural land-cover types
2016
Donovan et al. (33) - The Ecological >18 498 cities, 26,367 NDVT; plant diversity v
United States tracts
Douglas et al. (34) - The Ecological No age limit 2,347 census Public parks and open space v
United States tracts (PPOS)
Dzhambov et al. (35) 2004-2005 Austria and Cross-sectional | 8-12 1,251 NDVT, tree canopy cover, v v v
Ttaly and agricultural cover
Eldeirawi et al. (36) 2004-2005 The Cross-sectional 8-18 1,915 NDVI v
United States
Fuertes et al. (37) GINIplus: Germany Birth cohort 5,803 NDVI v
1995;
LISAplus:
1997
Fuertes et al. (38) 2000-2003 Global Global ecologic 6-7;13-14 1,002,617 NDVI v
analysis

(Continued)
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TABLE 1 (Continued)

References Years of Location Study Age of Sample size Exposure measure Allergic diseases assessed
study design participants (n)
AR  Allergic rhino AD  Food
conjunctivitis allergy
Fuertes et al. (16) Recruited in Sweden, Birth cohort 6-8;10-12 13,016 NDVI v
1990-1997 Australia,

Netherlands,

Canada,

Germany
Gernes et al. (39) 2001-2003 The Birth cohort - 478 NDVI and LiDAR v

United States
Hartley et al. (40) 2001-2003 The Birth cohort - 617 NDVI

United States
Hsieh et al. (41) 2001-2013 Taiwan, Case-control Younger than 18 7,040 NDVI

China years
Huetal. (42) 2019 China Cross-sectional | 3-12 16,605 NDVIand EVI
Idani et al. (43) 2017-2018 Iran Cross-sectional 20-65 5,672 Questionnaire
Thlebaek et al. (44) 2000-2001 Norway Cross-sectional | 29, 30, 39 40, 44, 45, 8,638 Vegetation cover greenness

58,59 60 (VCG) and land use
greenness (LUG)

Kim et al. (45) 2009 Korea Cross-sectional | 49.37 + 16.24 219,298 Green areas v v
Kim and Ahn (46) 2011-2013 The Ecological LiDAR

United States
Kuiper et al. (47) 2013-2015 Northern Generation Parents: mean age 35; 1,106 parents NDVI v

Europe, study offspring: mean age 6 with 1,949

Spain, offspring

Australia
Kuiper et al. (48) 2013-2015 Norway, Case-control Mean age 28 3,428 NDVI v

Sweden

(Continued)
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TABLE 1 (Continued)

References Years of Location Study Age of Sample size Exposure measure Allergic diseases assessed
study design participants (n)
AR  Allergic rhino AD  Food
conjunctivitis allergy
Kwon et al. (49) 2014 Korea Cross-sectional | >20 10.5 million NDVI v
Lee et al. (50) 2006-2010 Korea Birth cohort Outcomes were 659 Land cover classification v
evaluated at 6 months maps
Leeetal. (51) 2003-2011 Taiwan, Cohort study Children diagnosed 11,281 NDVI v
China with AR at age 4 were
followed up to age 12
Lee etal. (52) 2010-2014 The Ecological Aged 19 years old or 763 census tracts|  Land cover database
United States below
Lietal. (53) 2014-2015 China Cross-sectional | Mostly between the 5,643 NDVI and distance to the v v
ages of 12 and 15 nearest park
Lin et al. (54) Baseline China Birth cohort 2 522 mother-child|  NDVI, enhanced vegetation v v v
(2017-2018) pairs index (EVI)
Lovasi et al. (55) - The Cross-sectional | <15 Unknown Street tree density
United States
Lovasi et al. (56) - The Birth cohort Children born in 549 LiDAR v
United States 1998-2006
Markevych et al. (57) Neonates Germany Birth cohort 2-15 631 NDVI v v
were
recruited
between
1997 and
1999
Parmes et al. (58) 1991-2010 Ttaly, France, | Ecological 3-14 8,063 Land cover classification v v
Slovenia and maps
Poland

(Continued)
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TABLE 1 (Continued)

References Years of Location Study Age of Sample size  Exposure measure Allergic diseases assessed
study design participants (n)
Asthma AR  Allergic rhino AD Food
conjunctivitis allergy
Peters et al. (59) 2007-2011 Australia Wave 1 of the 12-month-old 5,276 NDVI v
population-
based
HealthNuts
study
Pilat et al. (60) 2005-2006 The Ecological <17 - NDVI v
United States
Putra etal. (61) Recruited in | Australia Longitudinal 2-15 9,589 Perceptions of green space v
2004 and study quality
then
followed-up
biennially
Cavaleiro Rufo et al. 2005-2012 Portugal Birth cohort 7 1,050 NDVI and SRI v v v
17)
Sbihi et al. (18) 1999-2009 Canada Birth cohort 0-5;6-10 51,857 NDVI v
Sbihi et al. (62) 1999-2009 Canada Birth cohort 0-10 65,254 NDVI v
Squillacioti et al. (63) 2002-2010 Ttaly Cross-sectional 10-13 126 NDVI v
Tischer et al. (64) Ongoing Spain Birth cohort 4 2,472 NDVI v v
Winnicki et al. (65) - Denmark Cohort study Individuals born 40,249 Percentage greenspace v
1995-2015
Wu et al. (66) 2006-2010 UK Cross-sectional | 37-73 351,717 NDVI v
Yuetal. (67) 2009-2013 China Cross-sectional | 2-17 59,754 Green view index (GVI)
and NDVI
Zeng et al. (68) 2012-2013 China Cross-sectional 103+ 3.6 59,754 NDVI, SAVI v
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Five studies reported the association between greenness and
asthma emergency department visits or hospitalization rates
(25, 34, 46, 52, 55). AR was reported by 17 studies. One study
classified AR as intermittent and persistent rhinitis (38). Two
studies used the number of clinic visits for AR as the outcome
(49, 51). AD, allergic rhinoconjunctivitis, and food allergy were
reported in 7, 1 and 2 studies, respectively.

Bias due to exposure assessment

The reviewed studies all used different methods to assess
participants’ exposure to greenness, including normalized
difference vegetation index (NDVI), soil-adjusted vegetation
index (SAVT) (68), green view index (GVI) (67), light detection
and ranging (LiDAR) imagery (29, 31, 39, 46, 56), land
cover classification maps (50, 58), and questionnaire (43), with
varying buffer levels. The most common method is NDVI,
which was used in 33 studies. NDVI is a satellite image-
based vegetation index provided by the National Aeronautics
and Space Administration (NASA) to measure greenness at
the regional level (51), and has been validated for use in
epidemiological studies (69). NDVI is calculated from the
visible (red) and near-infrared light reflected by vegetation.
NDVI values range between —1 and 1, with higher values
corresponding to a higher density of healthy vegetation and
lower values corresponding to barren rocky, sandy or snowy
areas. Most studies used NDVT to assess greenness exposures at
the individual-level, including residential greenness (16-19, 26—
28,35-37,39-42,47,48,51, 53, 54,57, 59, 62-64, 66) and school
greenness exposure (35, 67, 68). Studies have also evaluated
NDVI values at the district-level and country-level (38, 49, 60).
For birth cohorts, different exposure time windows (e.g., at
birth, a certain age range, and lifetime) also contributed to
the heterogeneity of studies. In addition, seasonal differences
may have a significant influence on NDVI (20). Most studies
used images taken during the most vegetated season of the
year (spring/summer) to calculate NDVI, which was able to
maximize the spatial contrast of greenness (16, 17, 19, 26, 28, 35—
37, 39, 40, 47, 48, 57, 63, 67, 68). Two studies used images
from spring, summer, fall and winter to calculate NDVI (51, 53).
Some studies also used annual or seasonal median NDVI values
to represent greenness (29, 42, 59). Overall, the diversity of
exposure measurement makes it difficult to compare the effect
estimates reported in these studies.

Association between greenness exposure
and asthma

Results of five cross-sectional studies and one case-
control study reporting on the association between per
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IQR increase in NDVI and asthma were considered for
quantitative synthesis. Two studies included both ever asthma
and current asthma as outcomes (35, 53), two studies
used ever asthma as an outcome (19, 36), and two study
used current asthma as an outcome (28, 42). Quantitative
analysis was performed separately for both outcomes. Figure 2
shows that an IQR increase in NDVI was associated with
decreased odds of current asthma, with a pooled OR of
0.94 (95% CI: 0.88-1.00). However, no significant association
was found between residential greenness exposure and ever
asthma, regardless of buffer distance. The pooled OR of ever
asthma per IQR increase in NDVI were 1.00 (95% CI: 0.93—
1.08, Supplementary Figure S1). Sensitivity analyses yielded
consistent results (Supplementary Figures S2, S3).

Five birth cohort studies exploring the association between
residential greenness exposure at birth and subsequent
childhood asthma risk were considered for quantitative
synthesis (17, 18, 26, 32, 40). The pooled results from these
five studies showed a significant association (OR: 0.96,
95% CI: 0.94-0.98 per 0.1-unit change in NDVI, Figure 3),
suggesting that living close to a greener environment at birth
has a protective effect on the development of childhood
asthma. Specifically, increased greenness within a buffer
distance of 100-500m around the residential address at
birth might reduce the risk of asthma at 6-18 years of
age (OR: 0.95, 95% CI: 0.91-1.00 per 0.1-unit change in
NDVI, Supplementary Figure S3). To test the robustness
of this result, sensitivity analyses were performed by one-
by-one exclusion of studies with buffers of 100-500m.
The results of sensitivity analyses were consistent with the
main results (Supplementary Figure S4). In addition, no
significant publication bias was found for asthma outcomes
(Supplementary Figures S5-S7).

Three studies investigated the association between greenness
surrounding schools and the prevalence of asthma in children.
Dzhambov et al. (35) reported that naturalness within 100 m
of schools had no significant effect on asthma. However, Yu
etal. (67) and Zeng et al. (68) reported that increased greenness
within 100, 300, 500 and 1,000 m around schools was associated
with a reduced risk of asthma.

In addition, several studies have evaluated the effects of
greenness on adult asthma. Their findings are also contradictory.
Using data from the Centers for Disease Control and Prevention
500 Cities Project, Donovan et al. (33) found that each 1
SD increase in NDVI was associated with a 3.8% increase in
adult asthma rates. A study conducted in Norway and Sweden
showed that lifelong exposure to greenness was not associated
with asthma, but was a risk factor for poor lung function
in adulthood (48). However, another study conducted among
adults in southwestern Iran demonstrated that green space
and home gardening were important protective factors against
asthma (43).
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FIGURE 2
The association between residential greenness and current asthma. Subgroups were defined according to the buffers of the exposure measure.

Association between greenness exposure
and AR

Four birth cohort studies reporting the association
residential NDVI at birth and the
of AR were considered for

(17, 54, 57, 64). As

between incidence

quantitative  analysis
shown in Figure4, the pooled
OR for AR was 083 (95% CI 0.72-0.96). Higher
NDVI (3 tertile vs. 1St tertile) statistically
significantly associated with a lower risk of AR within
a buffer distance of 100-500m (OR: 0.75, 95% CI:
0.59-0.95). No found

(Supplementary Figure S8).

was

significant publication bias was
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Birth cohort studies by Fuertes et al. (16) and Gernes
et al. (39) reported the effect of each 0.1 unit increase in
NDVI on the incidence of AR. Fuertes et al. (16) reported
that the direction of the association between NDVI and AR
varied by region. Gernes et al. (39) reported that the association
between NDVI or land cover-derived urban greenspace and
AR was not statistically significant. In addition, although the
number of studies is insufficient to be quantified, several cross-
sectional studies have reported associations between greenness
and AR. Dzhambov et al. (35) reported that among children
aged 8-12 years, a higher distance from nature was associated
with a higher prevalence of AR (OR: 1.32, 95% CI: 1.09-
1.60), and conversely, the higher levels of NDVI and tree
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FIGURE 3
The association between residential greenness at birth and asthma in childhood. Subgroups were defined according to the age of the outcome
measure and the buffers of the exposure measure.

cover were slightly associated with a lower prevalence of
AR. However, Li et al. (53) reported that no statistically
significant associations were observed between residential NDVI
values or distance to parks and AR among Chinese middle
school students.

Studies conducted among Korean adults showed consistent
results. Kim et al. (45) reported inverse associations between
green areas (m?) and AR in Korean adults. Kwon et al. (49)
reported that NDVI values were negatively correlated with the
prevalence of AR.

Association between greenness exposure
and AD

There are not many studies examining the relationship
between greenness and AD, and only qualitative analysis can be
performed. Overall, studies have yielded inconsistent results. At
present, it is difficult to clarify the effect of greenness exposure
on atopic dermatitis.

Lin et al. reported that NDVI within 500 m of residence
during pregnancy, 0-2 years of age, and the first 1,000 days
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of life was associated with a higher odd of having AD (54),
whereas this association was not significant within a radius
of 250 m (54). However, Lee et al. (50) reported the opposite
finding. They reported that an increase in green space area
within a buffer of 200 and 300 m around the home address was
associated with a statistically significant decrease in AD risk (50).
Another birth cohort study by Rufo et al. showed that high
NDVT and species richness index (SRI) within 100 m at birth
were not significantly associated with eczema at 4 or 7 years
of age (17). Two cross-sectional studies conducted in school-
aged children did not find a significant association between
greenness and AD (35, 53). A cross-sectional study in Korean
adults observed an inverse association between greenness and
AD (45).

Association between greenness exposure
and food allergy
In general, studies exploring the effects of greenness

exposure on food allergy have drawn inconsistent conclusions.
Peters et al. reported that in Melbourne, Australia, increased
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The association between residential greenness at birth and AR in childhood. Subgroups were defined according to the buffers of the exposure

residential greenness exposure in most buffer zones was
associated with an increased risk of food allergy in 12-
month-old infants, especially associated with peanut allergy
and egg allergy (59). However, another birth cohort study
conducted in Guangzhou, China, did not observe a significant
association between greenness exposure and food allergy in
children up to 2 years of age (54). A study of German
birth cohort did not observe a significant association between
residential greenness and food sensitization, but a positive
relationship was found between allergenic trees and food
sensitization (57).

Association between greenness exposure
and allergic rhinoconjunctivitis

Only a  cross-sectional conducted
3,178 schoolchildren in
between

study among

Spain  investigated  the

association greenness exposure and allergic

rhinoconjunctivitis, ~and no  significant  association
was reported (28). In addition, a birth cohort study
in young Chinese children collected data on allergic
rhinoconjunctivitis, but no separate regression analysis
was performed due to limited numbers in the preliminary

analysis (54).
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Discussion

In this study, we systematically reviewed the association
between greenness and various allergic diseases in adults
and children. There was substantial heterogeneity among the
available studies, including study populations, study designs,
greenness measurement methods, spatial buffers, exposure
time windows, definitions of allergic outcomes, adjustment for
confounders, and scaling of effect estimates. These differences
make it difficult to make comparisons across studies. Therefore,
although 48 articles met our inclusion criteria, only five birth
cohort studies, five cross-sectional studies, and one case-control
study were included in the meta-analysis for asthma, and four
birth cohort studies were included in the meta-analysis for AR.
Our meta-analysis showed that exposure to more greenness at
birth was associated with a reduced risk of asthma and AR
during childhood. In addition, higher individual-level greenness
exposure was associated with reduced odds of current asthma in
children. Greenness in the 100-500 m buffer around residences
appears to play an important protective role.

The atopic march begins with AD and food allergy in
infancy and subsequently progresses to AR and asthma in
childhood. Although the atopic march does not exactly follow
a temporal pattern of genes and environment, it is interesting
to assess the impact of environmental factors on allergic disease
from a progression perspective. The available evidence is not
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yet sufficient to support an effect of greenness on AD, food
allergy, and allergic rhinoconjunctivitis. Furthermore, although
the present study showed a protective effect of greenness on AR
and asthma, it is uncertain whether this result was obtained by
chance or reflects a true pattern. Because there is substantial
heterogeneity among existing studies and, more importantly,
most studies did not specify greenness structure and allergens.
We consider that it is important to identify vegetation types and
allergens causing allergic diseases, because some vegetation can
produce pollen allergens that directly affect allergic diseases, or
there is cross-reactivity between some pollen and food allergens.

The results of our study are inconsistent with the meta-
analysis of Lambert et al. (20). Lambert et al. reported a non-
significant association between greenness and asthma and AR,
with pooled ORs of 1.01 (95% CI: 0.93, 1.09) and 0.99 (95% CI:
0.87, 1.12), respectively (20). However, only three studies were
included in the meta-analysis of asthma and two studies were
included in the meta-analysis of AR. The limited number of
studies may have masked the statistical significance. In addition,
a meta-analysis conducted by Wu et al. (70) also reported that
the effects of greenness exposure on asthma and AR were not
significant. However, this study did not separately assess cross-
sectional studies as well as birth cohorts in the meta-analysis,
which may have masked the temporal relationship between
exposure and outcome, leading to non-significant results. In this
study, we found that greenness exposure at birth was a protective
factor for asthma and AR in childhood. The differences between
our study and others suggest that the effect of greenness
exposure on allergic outcomes may be a long process, and
that early life exposure may be a critical stage in influencing
the development of allergic disease. Future studies should use
study designs with higher levels of evidence to explore the
effects of greenness exposure on allergic disease, as well as the
atopic march.

Another important issue in existing studies is the method
of exposure measurement. Most studies use NDVT to represent
greenness exposure. NDVI can capture small-scale greenness
in a standardized manner at multiple time points, with global
availability and comparability. However, this approach may
not be sufficiently detailed when assessing impacts on allergic
diseases, because it does not allow for differentiation of specific
vegetation types. Five studies have used LiDAR and obtained
inconsistent conclusions (29, 31, 39, 46, 56). Compared to
NDVI, LiDAR can provide higher resolution images and
distinguish between different types of greenness, such as tree
canopy, shrub, and grass cover (31). When evaluating the impact
of greenness, it is important to consider the type and proportion
of vegetation, especially in the field of allergic diseases. This
is because different greenness structures can not only produce
different types and concentrations of allergens, but also have
different effects on air pollution and microbiota (31). However,
LiDAR is not freely available to the public, which may be the
reason why many studies do not use it. In this review, we did
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not perform a meta-analysis of studies using LIDAR due to the
limited number of eligible studies. Future studies should explore
the suitability of LIDAR for assessing the effects of greenness on
allergic diseases. In addition, we recommend that future studies
describe in detail the mean or median of each exposure level, as
well as the number of participants and patients at each exposure
level. This will help to further explore the linear or non-linear
relationship between greenness and allergic diseases.

Conclusions

Overall, our analysis supports that exposure to greener
environments early in life may be a protective factor for AR and
asthma in childhood. However, given the great heterogeneity
among the included studies and the fact that most studies
did not clarify the greenness structure and causative allergens,
this result may only be applicable in some regions and
populations. More high-quality studies are awaited to validate
our results. In addition, most studies have focused on the
terminal manifestations of the atopic march (AR and asthma),
while only a few studies have explored the early manifestations
of the atopic march (AD and food allergy). Future studies
should continue to explore the effects of greenness on AD and
food allergies.
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