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A B S T R A C T

Exposure to greenspace has been associated with reduced stress; however, the available evidence on such an
association for the fetus is still very scarce. We, for the first time, investigated the association between maternal
greenspace exposure and the level of cortisol, a stress hormone, in the cord blood. Our study was based on a
cohort of 150 pregnant women in Sabzevar, Iran (2018). We comprehensively assessed greenspace exposure for
each participant through (i) residential surrounding greenspace (using two satellite-derived vegetation indices),
(ii) residential proximity to green spaces, (iii) maternal visual access to greenspace, (iv) use of public and private
green spaces, (v) having a private garden, and (vi) the number of plant pots at home. Linear regression models
were developed to assess the association of each indicator of greenspace exposure with cord blood cortisol levels,
controlled for the relevant covariates. We observed that a higher residential surrounding greenspace (100 m
buffer), having a window with greenspace view, window greenspace coverage of more than 50%, frequently
looking at greenspace through window, residential proximity to large green spaces, and more time spent in green
spaces were associated with lower cortisol levels in the cord blood. The findings for residential surrounding
greenspace at 300 m and 500 m buffers, residential proximity to any green space regardless of its size, having a
private garden, and number of plant pots at home were not conclusive. While about one-third of the association
between residential surrounding greenspace (100 m buffer) could be mediated through reduction in exposure to
air pollution, we did not observe any strong evidence for such a mediatory role for the visual access to green-
space. The findings stratified for parental education and housing type showed mixed patterns. Our findings
suggest that more greenspace exposure might reduce cortisol level in the cord blood.

1. Introduction

The ongoing urbanization is projected to lead about two-third of the
world population living in urban areas by 2050 (United Nations, 2018).
Urban living is often associated with more stressful and sedentary
lifestyle and higher exposure to urban-related environmental hazards
such as air pollution (Carlsten and Rider, 2017), noise (McMahon et al.,

2017), and heat (Shahmohamadi et al., 2011), which could detrimen-
tally influence physical and mental health and wellbeing
(Shahmohamadi et al., 2011; Montes-González et al., 2018). In contrast,
urban greenspace has been associated with improved physical and
mental health and wellbeing (Dadvand et al., 2016; Lachowycz and
Jones, 2011; Amoly et al., 2015), partly by reducing exposure to air
pollution (Janhäll, 2015), heat (Aram et al., 2019), and noise
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perception (Dzhambov and Dimitrova, 2015), increasing physical ac-
tivity (Coombes et al., 2010), enhancing social contacts (Dadvand et al.,
2016; Jennings and Bamkole, 2019), and reducing stress (Gong et al.,
2016). A substantial body of experimental evidence has shown that
short exposure to greenspace (either real greenspace or its pictures or
videos) could have beneficial short-term effects on the stress level (Kim
et al., 2010; Lee et al., 2011; Tsunetsugu et al., 2013). Moreover, a
limited body of epidemiological evidence is suggestive for a long-term
beneficial association between greenspace exposure and stress
(Triguero-Mas et al., 2017). However, the available evidence on the
association between prenatal exposure to greenspace and stress level in
the developing fetus is still very scarce.

The corticoid hormone cortisol is essential for our stress response
and is produced by the adrenal cortex as an end product of the hy-
pothalamic-pituitaryadrenal axis. It regulates the insulin production,
activates the catabolic metabolism, and suppresses the immune system
to reduce inflammation. However, a long-term overexposure to cortisol
can disturb the hormone balance. For the fetus, a sustained excessive
level of cortisol could be associated with higher risk of adverse preg-
nancy outcomes such as lower head circumference and birth weight
(Cherak et al., 2019; Su et al., 2015), altered brain structure, and
postnatal behavioral disorders (Reynolds, 2013). We hypothesized that
exposure to greenspace during pregnancy could be inversely associated
with cortisol level in the cord blood, an indicator of the level of this
hormone in the fetal circulation. To our knowledge, there is no study
reporting on such an association.

To date, much of the available studies on health benefits of green-
space exposure have been conducted in high-income countries. As dif-
ferences in climate, native vegetation types, and cultures constitute
different types of green space between high-income and low- and
middle-income countries (LMICs), the transfer of evidence from high-
income countries to LMICs could be challenging. Apart from the design
aspects and vegetation types that could vary among different countries,
maintenance of these spaces could differ between high-income coun-
tries and LMICs due to variations in available resources. Up to the
present, little is known on the health effect of green spaces in LMICs
where much of the urbanization is predicted to happen. This study
aimed to investigate the association between a comprehensive array of
different indicators of greenspace exposure on the level of the cortisol
in the cord blood of newborns in Iran, a LMIC.

2. Methods and Material

2.1. Study setting

This study was conducted in Sabzevar, a city of around 240 000
inhabitants (Census 2016 (Iran, 2016)) in the north-east of Iran (co-
ordinates: 36°12′ N 57°35′, elevation: 977 m). It has an arid climate
(Kottek et al., 2006) with an annual precipitation of 180 mm (mostly
occurring in winter) and an annual humidity of 43% (Center, 2020).
The annual average temperature is 18 °C, with average monthly
minimum and maximum temperatures ranging between −2 and 45 °C
(Center, 2020). Sabzevar has four distinct seasons with maximum ve-
getation occurring during the spring months. Fig. S1 in the supple-
mentary materials presents the location of the study area.

2.2. Study population

This cross-sectional study was based on a sample of pregnant
women recruited at their delivery time at the Shahidan Mobini uni-
versity hospital (the only tertiary hospital in the Sabzevar) during June
and August 2018. We included women who: (i) were non-smokers and
did not smoke during pregnancy, (ii) had a normal term pregnancy
(37–42 weeks), (iii) had a normal vaginal delivery, (iv) had no history
of diabetes or hypertension, (v) had no pregnancy complications (i.e.
gestational diabetes, pregnancy-induced hypertensive disorders), (vi)

did not work outside home (i.e. housewives), (vii) spent their entire
pregnancy in Sabzevar and (viii) did not change their home address
during their current pregnancy. Of the women who were approached,
150 mothers met these criteria and agreed to participate in the study
after being informed about the research aims and steps. Data on de-
mographic characteristics, socioeconomic status, and lifestyle were
obtained through questionnaires by face-to-face interviews. The parti-
cipants were enrolled in the study after signing the consent form that
was approved by the Clinical Research Ethical Committee
(IR.MEDSAB.REC.1395.82) of the Sabzevar University of Medical
Science, Sabzevar, Iran.

2.3. Exposure measurement

We comprehensively characterized six different aspects of exposure
to greenspace including: (1) residential surrounding greenspace, (2)
visual access to greenspace, (3) the time spent in green spaces, (4) re-
sidential access to green space, (5) having a private garden, and (6) the
number of plant pots at home.

2.3.1. Residential surrounding greenspace
To measure the residential surrounding greenspace, we used the

Normalized Difference Vegetation Index (NDVI). It quantifies the den-
sity of photosynthetically active greenspace by measuring the propor-
tion of near-infrared light (strongly reflected by vegetation) and visible
light. Its values range from −1 to 1 with higher values indicating more
vegetation. To achieve maximum exposure contrast, we looked for
available cloud-free Landsat 8 images during the spring months (i.e. the
maximum vegetation period of the year for our study region) of 2018
(our study year) from the earth resources observation and science
(EROS) center science processing architecture (ESPA) (ESPA, 2017).
Based on this search, we obtained NDVI data for our study region using
the image captured by Landsat 8 on June 14th 2018 at 30 m × 30 m
resolution. For each participant, the residential surrounding greenspace
was abstracted as the average NDVI within a buffer of 100 m, 300 m
and 500 m (Dadvand et al., 2017) around her geocoded residential
address.

2.3.2. Visual access
We obtained data on visual access to greenspace through three

questions: (i) Can you see plants, trees, grass, flowers, etc. from any
window of your home? with possible answers being yes/no; (ii) How
often do you see the vegetation through the window (s)? with possible
answers being rarely, sometimes, and always. Due to a small number of
answers in some categories, we dichotomized the answers to this
question by having “rarely” together with those who answered “no” to
the previous question as the baseline category and “sometimes” and
“always“ as the other category; and (iii) If yes, what proportion of the
window surface is covered by vegetation (If there are multiple win-
dows, please describe the window most used)? with answers being
25%, 50% and 100%. To achieve enough number of participants in
each category, we dichotomized the answer by considering those who
did not have a window with green view together with those who an-
swered 25% as baseline category, and those who answered 50% and
100% as the other category.

2.3.3. Residential access to green space
The residential access to green space was measured as the Euclidean

distance of the participant’s geocoded residential address to (i) the
nearest green space of any area and (ii) the nearest green space with an
area of at least a 5000 m2. The land use map of Sabzevar (2016) pro-
vided by the municipality of Sabzevar was used to calculate these
variables for each participant’s home address.

2.3.4. Having a private garden
We asked participants whether they have a private garden with
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possible answers being yes/no.

2.3.5. Use of green spaces
Questionnaires already applied in previous studies (Amoly et al.,

2015; Dadvand et al., 2018) were used to obtain data on the total time
that each participant spent in green spaces during her pregnancy. We
asked participants about the average time (hours per week) spent se-
parately in public green spaces (e.g. parks, forest) and in private green
spaces in a normal week during their pregnancy.

2.3.6. Number of indoor plant pots at home
The participants were asked to report the number of indoor plant

pots at home during the pregnancy period.

2.4. Cortisol level in the umbilical cord blood

To determine cortisol level, 4 mL blood was drawn from the um-
bilical cord after delivery. The sample was allowed to clot in a serum-
separating tube with clot activator at room temperature for 30 min,
before being separated from the serum by centrifugation at 3000 rpm
for 15 min. Afterwards, the serum samples were stored at −80 °C till
the time of analysis. The level of cortisol in the blood samples was then
analysed by an enzyme-linked immunosorbent assay (ELISA) using the
Cortisol Kit (LDN, Nordhorn, Germany). Laboratory assays followed
manufactorýs instructions. All samples were measured in duplicate and
all measured values were in linear range (0.2–800 ng/mL). The coef-
ficient of variation (CV) for intra- and inter-assay variability for the
average cortisol level in our analyses (43.9 ng/mL) were 7.9% and
5.8%, respectively, which agree with the available recommendations
(EMA, 2012; Food and Drug Administration, 2018).

2.5. Main analysis

We developed linear regression models to estimate the change in the
cord blood cortisol levels associated with a one-interquartile range
(IQR) increase in each of the continuous indicators of greenspace ex-
posure (one at a time). We did not include all the indicators of green-
space exposure in one model to prevent collinearity. Given that the first
and third quartiles of the time spent in private green spaces were both
zero, it was not possible to scale this exposure and hence we conducted
the analyses only for the total time spent in green spaces (hour per
week) as the sum of the time spent in public and private green spaces.
For the visual access to greenspace, the indicators were included as a
binary categorical variable in the models with baseline category in-
dicating less visual access to greenspace.

Based on the available literature, we identified common predictors
of greenness exposure and cord blood cortisol levels as presented in a
direct acyclic graph (DAG) in the supplementary materials (Fig. S2). As
such, we adjusted all models for the maternal age (years, continuous)
and body mass index (BMI, kg/m2, continuous), the fetal sex (girls/
boys), parity (continuous), gestational age at delivery (days, con-
tinuous), being exposed to tobacco at home (yes/no), three indicators of
household socioeconomic status (SES) and two indicators of neighbor-
hood SES. We used income (≥15 million Rials per month/15 to 30
million Rials per month/30 ≤ million Rials per month), paternal edu-
cation (elementary school/high school/university) and maternal edu-
cation (elementary school/high school/university) as indicators of the
household SES and the percentage of people with no completed degree
and the percentage of unemployment per census tract (based on 2016
census) as indicators of the neighborhood SES. All statistical analyses
were performed using STATA software version 15, considering a sig-
nificance level of 0.05 (StataCorp, 2017).

2.6. Mediation analysis

We hypothesized that the association of the immediate residential

surrounding greenspace (100 m buffer) and the cord blood cortisol level
could be partly explained through the visual access to greenspace. We
also hypothesized that reduction in the ambient air pollution levels at
the participant’s residence could partly explain the aforementioned
association. The level of air pollution was assessed as the level of par-
ticular matter pollutant with aerodynamic diameter of 1 µm (PM1),
2.5 μm (PM2.5) and 10 µm (PM10) at the participants’ residential ad-
dresses estimated using a land use regression (LUR) models developed
for Sabzevar and described elsewhere (Miri et al., 2019). Briefly, these
models were developed based on data from 26 monitoring stations that
measured PM1, PM2.5, and PM10 levels during four campaigns/seasons
from April 2017 till March 2018. Five categories of potential predictor
variables were applied to develop these LUR models: urban mor-
phology, traffic, population density, geographic location of monitoring
station and land use. The final models were able to explain 68%, 71%
and 75% of the variation of the annual average of PM1, PM2.5 and PM10

in the study area. Following the approach of Baron and Kenny (Baron
and Kenny, 1986), we fitted separately a model for the outcome given
the mediator and the exposure, and a model for the mediator given the
exposure to compute the percentage of the association between re-
sidential surrounding greenspace and cortisol level that could be
mediated through each indicator of visual access to greenspace and the
air pollutant PM2.5 (one at a time). Bootstrap was used to obtain per-
centile-based 95% confidence intervals for the different estimates.

2.7. Further analysis

2.7.1. Potential effect modifiers
We evaluated the statistical significance of the multiplicative in-

teraction term between each indicator of greenspace exposure and
housing type (apartment vs. single-family house) as well as parental
education (one at a time) and fetal sex (girls/boys), using likelihood
ratio test, comparing fully adjusted models with and without multi-
plicative interaction term between each indicator of greenspace ex-
posure and each of the aforementioned potential effect modifiers. We
then stratified the analyses based on these two factors. For the parental
education, a new variable was created containing the education status
from the parent with the higher educational degree (elementary school/
high school/university).

2.7.2. Soil-adjusted residential surrounding greenspace
We applied Modified Soil Adjusted Vegetation Index 2 (MSAVI2) (Qi

et al., 1994) to abstract an alternative set of estimates for the residential
surrounding greenspace. MSAVI2, compared to NDVI, has the ad-
vantage of controlling for background soil reflectance and has been
shown to be a proper measure for characterizing sparse vegetation in
arid areas of Iran (Barati et al., 2011). We applied the same Landsat
image from ESPA (ESPA, 2017) used for calculating NDVI to abstract
MSAVI2 and then characterized residential surrounding greenspace as
the average of MSAVI2 across buffers of 100 m, 300 m and 500 m. We
repeated our analyses for residential surrounding greenspace using this
alternative set of exposure.

2.7.3. Residential surrounding tree cover
In order to disentangle the association of different types of green-

space, we used Vegetation Continuous Fields (VCF) as a measure of tree
coverage. The VCF is an estimate of the percentage of land in each
image pixel covered by woody vegetation (i.e. trees) (Sexton et al.,
2013). We abstracted the VCF data for our study region from Landsat
images from 2015 provided by the Land Processes Distributed Active
Archive Center (LP DAAC) at 30 m resolution (LP DAAC, 2017). For
each participant we calculated the average percent of tree coverage
across buffers of 100 m, 300 m and 500 m around her residential ad-
dress. We repeated our analyses using this alternative exposure. Given
that the first and third quartiles of VCF at a buffer of 100 m were both
zero, it was not possible to scale this exposure. Therefore, we reported
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the associations only for buffers of 300 m and 500 m.

3. Results

3.1. Study population

The descriptive statistics of the sociodemographic characteristics of
the study participants and their greenspace exposure and cord blood
cortisol levels are presented in Table 1. The median (IQR) of the cord
blood cortisol levels was 43.9 (19.0) ng/ml. As presented in Fig. S3 (see
supplementary materials) there was a relatively small variation in re-
sidential surrounding greenspace based on NDVI. The correlations be-
tween the exposure variables are presented in Fig. 1. We found a very
strong correlation between the two measurements of residential sur-
rounding greenspace (NDVI and MSAVI2) at each buffer size. Re-
sidential surrounding greenspace, proximity to green spaces (any size
and those larger than 5.000 m2) and having a private garden were
moderately correlated with the use of green space. We further observed
a moderate correlation between residential surrounding greenspace and

visual access to greenspace.

3.2. Main analysis

We observed a significant, inverse association between residential
surrounding greenspace (NDVI) at a 100 m buffer and cortisol levels
(Table 2). A one-IQR increase in the residential surrounding greenspace
was associated with a decrease of 3.18 ng/ml (95% confident intervals
(CIs): −5.43; −0.93) in the cord blood cortisol level. Additionally, an
IQR increase in distance to a green space larger than 5,000 m2 was
significantly associated with an increase of 3.56 ng/ml (95% CIs: 0.32;
6.80) in the cord blood cortisol level. Moreover, we observed an inverse
association between an IQR increase of the time spent in green spaces
and the cord blood cortisol levels by −2.27 ng/ml (95% CI: −3.88;
−0.67). Table 2 further presents the associations between indicators of
visual access to greenspace and cortisol level in the cord blood. Having
a window with greenspace view was associated with a 3.67 ng/ml (95%
CI: −7.83; 0.49) lower cortisol levels (p-value = 0.06). Having more
than half of the window covered by greenspaces was significantly as-
sociated with lower cortisol levels in the cord blood (β = -7.11 ng/ml
(95% CI: −11.90; −2.32). Looking at greenspace through a window at
least sometimes, compared to never or rarely, was associated with a
change of−4.69 ng/ml (95% CI:−9.09;−0.28) in blood cortisol level.
Having a private garden, residential proximity to a green space of any
size, and the residential surrounding greenspace (NDVI) over buffers of
300 m and 500 m were also inversely associated with cortisol levels in
the cord blood; however, none of these associations attained statistical
significance. Our observed association for the number of plant pots at
home was null.

3.3. Mediation analysis

Table 3 presents the percentage of the association between the re-
sidential surrounding greenspace (NDVI) across a 100 m buffer and the
cord blood cortisol levels that could be explained by each indicator of
visual access as well as air pollution. PM2.5 and PM10 could explain
about one-third (28.6% (95% CIs: −1.6; 128.9) and 32.7 (95% CIs:
−7.0 and 160.9, respectively)) of the aforementioned association,
while PM1 could only explain about 5.1% (95% Cis: −2.9; 18.8) of this
association. Having a window with greenspace view, frequent viewing
of greenspace, and more than half of the window(s) covered by
greenspace could respectively explain only 5.3% (95% CIs: −23.9;
26.3), 8.3% (95% CIs: −63.2; 19.0), and 3.2% (95% CIs: −10.3; 21.1)
of the aforementioned association.

3.4. Further analysis

3.4.1. Potential effect modifiers
We tested the statistical significance of the interaction term between

each indicator of greenspace exposure and the parental education,
housing type or fetal sex in association with the cord blood levels of the
cortisol. As presented in supplementary Table S1, among our evaluated
interaction terms between each indicator of greenspace exposure and
parental education, housing type, and fetal sex, we only observed a
statistically significant interaction between parental education and
distance to a green space larger than 5,000 m2 (p-value = 0.02). Other
interaction terms were not statistically significant (p-value > 0.10).

Fig. 2 presents the associations between exposure to greenspace and
cord blood cortisol levels stratified for parental education, the partici-
pants’ housing type, and fetal sex. For having more than half of the
window covered with a green view and having a private garden we
observed some suggestions for a trend with potentially stronger asso-
ciations for participants with lower parental education. In contrast, for
the residential surrounding greenspace (NDVI) across buffers of 300 m
and 500 m, time spent in a green space and residential proximity to
green spaces larger than 5000 m2, there were some indications for

Table 1
Descriptive statistics of the study participants (n = 150).a

Variable Description

Age of the mother (years) 27 (8)
BMI of the mother (kg/m2) 23.6 (5.8)
Number of pregnancies 2 (1)
Gestational age (days) 278 (13)
Fetal Sex (girls) 78 (52%)
Census tract illiteracy (%) 24.5 (15.2)
Census tract unemployment (%) 7.0 (4.3)
Exposure to the environmental tobacco smoke at home (Yes) 29 (19.3%)

Parental education
Low 63 (42%)
Middle 56 (37.3%)
High 31 (20.7%)

Maternal education
Low 43 (28.7%)
Middle 65 (43.3%)
High 42 (28.0%)

Income
Low 104 (69.3%)
Middle 36 (24.0%)
High 10 (6.7%)
Cortisol (ng/ml) 43.90 (19.00)

Residential surrounding greenspace (NDVI)
100 m buffer 0.066 (0.016)
300 m buffer 0.070 (0.014)
500 m buffer 0.073 (0.017)

Soil-adjusted residential surrounding greenspace (MSAVI2)
100 m buffer 0.06 (0.01)
300 m buffer 0.07 (0.01)
500 m buffer 0.07 (0.01)

Residential surrounding tree cover (VCF)
300 m buffer 0.009 (0.025)
500 m buffer 0.017 (0.034)

Distance to the nearest green space (m)
of any size 92.3 (112.5)
of at least 5.000 m2 190.1 (245.2)

Time spent in total (h/week) 4 (2.5)
Number of pots at home 2 (2)
Having a window with greenspace view (Yes) 85 (56.7%)
Frequently looking at greenspace (Sometimes/always) 48 (32.0%)
50% or more of window covered by greenspace (Yes) 35 (23.3%)
Having a private garden (Yes) 64 (42.7%)
PM1 (μg/m3) 39.2 (7.9)
PM2.5 (μg/m3) 44.4 (9.8)
PM10 (μg/m3) 49.0 (12.0)

a Categorical variables are presented as count (%) and continuous variables
as median (interquartile range).
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potentially stronger associations for those participants with higher
parental education. No clear trend was observed for other greenspace
exposure indicators across strata of parental education.

When we stratified the analyses based on the participants’ housing
type, we observed some suggestions for potentially stronger associa-
tions between the residential proximity to green spaces (any size and
those larger than 5.000 m2), having a private garden, and cord blood
cortisol level for participants living in an apartment compared to a
single-family house. In contrast, for the indicators of the visual access to
greenspace, we generally observed some indications for a potentially
stronger association with cord blood cortisol levels for the participants
living in a single-family house than those living in an apartment. The
results for the residential surrounding greenspace were mixed with
some suggestions for a stronger association for the residential sur-
rounding greenspace at 100 m buffer for those participants living in a
single-family house and a stronger association for the residential sur-
rounding greenspace at 500 m buffer for those living in an apartment.
For other measures of greenspace exposure, we did not observe any
clear pattern.

After stratifying the analyses based on the fetal sex, we observed
some suggestions for a potentially stronger association for the visual
access to greenspace (window area covered by greenspace and looking
at greenspace frequently) and for residential proximity to large green
spaces among girls. We did not observe any notable sex difference in
our evaluated associations for other indicators of greenspace exposure.

3.4.2. Soil-adjusted residential surrounding greenspace
The results of the analyses for the residential surrounding green-

space based on MSAVI2 were consistent with those of the main analysis

based on NDVI. We observed an inverse association between average
MSAVI2 across a 100 m buffer around the participant’s residential ad-
dress and the cord blood cortisol level (Table 2). An increase in average
MSAVI2 in this buffer by one IQR was associated with a decrease in the
cord blood cortisol level by 3.66 ng/ml (95% CIs: −6.04; −1.29). Si-
milarly, for the MSAVI2 averages over buffers of 300 m and 500 m, we
observed inverse associations with the cord blood cortisol levels;
however, these associations were not statistically significant.

3.4.3. Residential surrounding tree cover
Similar to our findings for NDVI and MSAVI2, we observed inverse

associations between residential surrounding tree cover (i.e. VCF
averages across 300 m and 500 m buffers around the participant’s re-
sidential address) and cord blood cortisol levels; however, none of these
associations attained statistically significance.

4. Discussion

To our knowledge, this cross-sectional study is the first to evaluate
the association of maternal exposure to greenspace during pregnancy
and cortisol level in the cord blood. Furthermore, this study is the first
to evaluate the association of having access to a private garden and the
number of plant pots at home on an indicator of stress. This study also
adds to the very scarce available epidemiological evidence on health
benefits of visual access to greenspace. Moreover, this is the first study
to investigate the relationship between pregnancy exposure to green-
space and cortisol levels in a LMIC. The findings of this study also adds
to the limited number of available reports on health benefits of the
greenspace exposure in LMICs where much of the urbanization is

Fig. 1. Scatterplot matrix and histograms of the continuous Greenspace variables. Bivariate scatterplots of continuous variables below the diagonal; histograms of
each variable on the diagonal; Spearman’s correlation coefficient above the diagonal. Note: NDVI = normalized difference vegetation index within buffers of 100 m,
300 m and 500 m; MSAVI2 =modified soil-adjusted vegetation index within buffers of 100 m, 300 m and 500 m; VCF = Vegetation Continuous Fields within buffers
of 300 m and 500 m; Time spent in GS = Total time spent in green spaces; Plant Pots = Number of Indoor Plant Pots; Distance to any GS = Distance to a green space
of any size; Distance to a large GS = Distance to a green space < 5000 m2. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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projected to occur (United Nations, 2018). We used data obtained
through questionnaires, land cover maps, and satellite imagery to
comprehensively characterize exposure to greenspace. We observed
inverse associations between higher residential surrounding greenspace
(NDVI and MSVAI2) across a 100 m buffer, residential proximity to a
large green space, more visual access to greenspace, and more time
spent in green spaces and the cord blood cortisol levels. We also ob-
served an inverse association between residential surrounding green-
space (NDVI and MSVAI2) and tree cover (VCF) in larger buffers of
300 m and 500 m and residential proximity to a green space with any
size and cortisol levels in the cord blood; however, these associations
did not attain statistical significance. The finding for the number of
plant pots at home was not conclusive. While about one-third of the
association between residential surrounding greenspace (100 m buffer)

could be mediated through reduction in exposure to PM2.5 and PM10,
we did not observe any strong evidence for such a mediatory role for
the exposure to PM1 and the visual access to greenspace. We observed
mixed patterns of associations across the strata of parental education,
housing type, and fetal sex.

4.1. Available evidence

Given that this is the first study looking at the association between
greenspace exposure and cortisol level in cord blood, no previous stu-
dies can be used as comparison. However, our findings line up with past
studies finding an association between greenspace exposure and re-
duced stress level in adults. Several experimental studies have ex-
amined the inverse associations between short-term exposure to
greenspace and physiological indicators of stress. Tyrväinen et al., for
example, found an accelerated reduction in perceived stress in adults
walking in natural areas compared to the city center (Tyrväinen et al.,
2014). Ulrich et al. (1991) observed an association between short-term
exposure to greenspace sceenery and physiological stress indicators,
which has been replicated by several other studies in recent years (Kim
et al., 2010; Tsunetsugu et al., 2013; Jiang et al., 2014). These ob-
servations are in line with the findings of other experimental studies
showing amelioration of the physiological markers of stress such as
blood pressure and heart rate as a result of short-term exposure to green
environment (Lee et al., 2011; Tsunetsugu et al., 2013). More recently,
a limited but emerging body of epidemiological evidence has docu-
mented the positive influence of the long-term exposure to greenspace
on stress (Triguero-Mas et al., 2017). A study on mental health with
over 10,000 participants in UK found an association between the dis-
tance to green space and stress (White et al., 2013), which is consistent
with findings of a Danish study of more than 11,000 participants that
observed lower levels of perceived stress among people living less than
one kilometer from a green space (Stigsdotter et al., 2010). Studies
further suggest a greater impact of greenspace exposure on stress levels
among people with lower SES (Gov.uk, 2019; Allen and Balfour, 2012).
Since people with a low SES are more likely to have poorer health status
and more stressful lifestyle and live in areas with poorer environmental
conditions, exposure to greenspace could have a stronger effect on them
compared to people from high SES groups. Our observed findings for
the stratified analyses based on parental education were partly sup-
porting this hypothesis, showing a stronger association for the partici-
pants with lower parental education for some of the greenspace ex-
posure indicators, but not others. Similarly, we observed a mixed
pattern of associations across the strata of housing type, which we
cannot compare with those of the previous study, given lack of avail-
able evidence on such an effect modification. The available evidence on
a potential sex difference in the cord blood level of cortisol is not
consistent. While some studies support such a difference (Giesbrecht
et al., 2016; Wynne-Edwards et al., 2019), others did not find any
differences between the sexes (Bagnoli et al., 2013; Travers et al.,
2018). The stratification of our analyses by sex suggested a potentially
stronger association for maternal visual access and residential proxi-
mity to large green spaces among girls. However, the pattern was mix
for most of our other evaluated exposure variables. Such an effect
modification of the health effects of greenspace exposure remains as an
open question for future studies.

4.2. Potential mechanisms

One potential mechanism on how prenatal exposure to greenspace
may influence the cortisol level in the cord blood is the reduction of
maternal stress. Former studies found a positive correlation between
maternal and fetal cortisol concentrations (Keshavarzi et al., 2014);
suggesting a linear relation due to placental exchange of cortisol. Al-
though the placenta enzyme 11β-hydroxysteroid-dehydrogenase (11β-
HSD-2) partly protects the human fetus from high cortisol levels by

Table 2
Adjusteda associations between prenatal exposure to greenspace and cord blood
cortisol level.

Estimate (95%) p

Residential surrounding greenspace (NDVI)b

100 m buffer −3.18 (−5.43; −0.93) 0.01
300 m buffer −0.91 (−2.79; 0.98) 0.34
500 m buffer −1.05 (−3.44; 1.35) 0.39

Soil-adjusted residential surrounding greenspace (MSAVI2)b

100 m buffer −3.66 (−6.04; −1.29) < 0.01
300 m buffer −1.54 (−3.39; 0.31) 0.10
500 m buffer −1.84 (−4.45; 0.76) 0.16

Residential surrounding tree cover (VCF)b

300 m buffer −0.08 (−1.54; 1.38) 0.91
500 m buffer −0.45 (−2.81; 1.31) 0.48

Distance to green spaceb

of any size 1.54 (−1.32; 4.39) 0.29
of at least 5,000 m2 3.56 (0.32; 6.80) 0.03

Total time spend in green space b −2.27 (−3.88; −0.67) 0.01
Number of plant pots at home b 0.14 (−1.70; 1.98) 0.88
Have a window with greenspace view −3.67 (−7.83; 0.49) 0.08
Frequently looking at greenspace −4.69 (−9.09; −0.28) 0.04
50% or more of window covered by

greenspace
−7.11 (−11.90;
−2.32)

< 0.01

Having a private garden −0.99 (−5.37; 3.38) 0.65

a Adjusted for the maternal age, body mass index, number of pregnancies,
gestational age in days, exposure to tobacco at home, percentage of illiterates
and unemployed per census, paternal and maternal education and household
income. Effect estimates in cortisol (ng/ml) are reported with their 95% con-
fidence interval (95% CI).

b Effect estimates are reported as increase in cortisol (ng/ml) per one-in-
terquartile range increase with their 95% confidence interval (95% CI).

Table 3
Percentage (%) of the association between residential surrounding greenspace
(100 m buffer) and cord blood cortisol level mediated by visual access and air
pollution.a.

Mediator Percentage mediated (%, 95%
confidence intervals)

Visual access:
Having a window with greenspace view 5.3 (−23.9; 26.3)
Frequently looking at greenspace 8.3 (−63.2; 19.0)
50% or more of window covered by

greenspace
3.18 (−109.3; 21.1)

Air pollution:
PM1 5.1 (−2.9; 18.8)
PM2.5 28.6 (−1.6; 128.9)
PM10 32.7 (−7.0; 160.9)

a Adjusted for the maternal age, body mass index, number of pregnancies,
gestational age in days, exposure to tobacco at home, percentage of illiterates
and unemployed per census, paternal and maternal education and household
income.
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converting 80–90% of it into the biologically inactive cortisone (Duthie
and Reynolds, 2013), some cortisol still passes the placenta barrier. The
fetal cord blood cortisol level was found to be much lower than the
maternal, thus a small increase in maternal cortisol could have a sub-
stantial effect on fetal cortisol levels (Mulder et al., 2002). Assuming
that the cord blood cortisol level could be associated with maternal
stress, we can assume direct and indirect pathways through which ex-
posure to greenspace could reduce maternal stress, and hence cortisol
levels.

Stress reduction theory offers an explanation for a direct pathway.

Ulrich et al. (1991) proposed that a greener surrounding could result in
physiological recovery in the form of less muscle tension and skin
conductance and lower pulse rate and blood pressure, while invoking
an emotional response in terms of increased positive feelings and re-
duced negative thoughts and emotions such as fear and anger. In this
context, a study using functional magnetic resonance imaging (fMRI) of
brain demonstrated the activation of the areas in the human brain
normally responsive to positive emotions (basal ganglia) when parti-
cipants were shown pictures of natural environments, while looking at
pictures of urban setting activated the amygdala, which is responsible

Fig. 2. Adjusteda associations between prenatal exposure to different indicators of greenspace with cord blood cortisol level stratified for parental education status
(A), housing type (B) and fetal sex (C). a Adjusted for the maternal age, body mass index, number of pregnancies, gestational age in days, exposure to tobacco at
home, percentage of illiterates and unemployed per census, paternal and maternal education and household income. Effect estimates in cortisol (ng/ml) are reported
per one-interquartile range increase with their 95% confidence interval (95% CI). Note: NDVI = normalized difference vegetation index with a buffer of 100 m,
300 m and 500 m; GS = green space.
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for processing of fear and stressful emotions (Kim et al., 2010). These
findings could suggest that the effect of greenspace exposure on the
neuronal system is not only through direct immersion in a green en-
vironment but also could be through visual access to greenspace. Our
analysis of the mediatory role of visual access to greenspace in the as-
sociation of residential surrounding greenspace and cord blood cortisol
level, however, did not support such a mediation.

Physical activity has been suggested as a pathway through which
green spaces exert their health benefits (Nichani et al., 2016). Physical
activity could be a relevant mechanism underlying our finding, given
that it has been shown to decrease stress through increasing endorphin
levels, inhibiting the activation of the hypothalamic-pituitaryadrenal
axis (Dishman and O’Connor, 2009) and directly decreasing cortisol
levels (Beserra et al., 2018). Another potential mechanism of green-
space restoring capacity could be by increasing social cohesion (De
Vries et al., 2013). Increased interpersonal interactions could promote
mutual respect, meaningful connections and trust, thus positively in-
fluence the emotional state and decrease levels of stress hormones such
as cortisol (Kawachi and Berkman, 2015). Furthermore, urban green
spaces are shown to mitigate exposure to heat, noise and air pollution in
urban areas (Bowler et al., 2010; Hartig et al., 2014), which, in turn,
have been associated to an increased stress response (Niu et al., 2018;
Lederbogen et al., 2011). By reducing these environmental risk factors,
greenspace could therefore have the potential to decrease stress, which
can be reflected by lower cortisol levels. Consistently, our mediation
analysis of air pollution showed that up to one-third of the association

between the residential surrounding greenspace and the cord blood
cortisol levels could be explained by lower exposure to PM2.5 or PM10.

4.3. Limitations

This study faced some limitations. Our relatively small sample size
of 150 participants could have limited our statistical power, especially
for the stratified analyses. We are further aware that our participants
represented a specific population, thus generalization of our findings to
other areas with different climate, vegetation types, and cultures should
be done with caution. Like any observational study, there was a pos-
sibility of the residual SES confounding in our study. To minimize this
possibility, we controlled our analyses for five SES indicators including
three household and two neighborhood-level indicators of SES. We
tested the mediatory role of PM1, PM2.5, and PM10 in our evaluated
association between maternal exposure to greenspace and cord blood
level of cortisol. However, we could not evaluate mediatory roles of
other air pollutants such as ozone (Miller et al., 2016) and NO2

(Dadvand et al., 2012) because of unavailability of data on these pol-
lutants. Exposure to ozone could have been particularly relevant, given
the warm climate of our study region. However, our previous study of
the association of residential surrounding greenspace with personal
exposure of pregnant women to PM2.5 and NO2 based on personal
monitoring of these pollutants showed that while higher residential
surrounding greenspace was associated with lower personal exposure to
PM2.5, it was not associated with personal exposure to NO2 (Dadvand

Fig. 2. (continued)
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et al., 2012). The use of the cortisol level in the cord blood as a sur-
rogate marker of stress could be influenced by delivery circumstances,
such us labor duration or fetal distress; however, we obtained samples
from women with a normal, term vaginal delivery without complica-
tions at delivery that could have minimized such an influence in our
analyses. Moreover, we used ELISA to measure the level of cortisol in
the cord blood, while High-Performance Liquid Chromatography
(HPLC) could provide more accurate measures. Furthermore, our as-
sessment of the residential surrounding greenspace and proximity to
green spaces did not address the quality of these spaces, which could
have influenced the use of these spaces by our participants. Unsafe or
unattractive green spaces, for example, could discourage pregnant
women to visit these spaces. Moreover, our characterization of time
spent in greenspace and visual access to greenspace was based on
questionnaires, which were not validated using objective measures and
could have been prone to subjectivity and recall bias. Given the rela-
tively small contrast in VCF levels across our study area and the re-
sulting limited statistical power, our non-statistically significant results
for VCF should be interpreted with caution.

5. Conclusion

We observed that higher residential surrounding greenspace, re-
sidential proximity to green spaces larger than 5,000 m2, more time
spent in green spaces, having a window with greenspace view, having a
window covered at by at least 50% of greenspace view, and frequently
looking at greenspace through window during pregnancy were asso-
ciated with lower cortisol levels in the cord blood. Our findings for the
association between indoor plants and cortisol levels were not con-
clusive. Similarly, we observed some indications for the mediation of
the association between the residential surrounding greenspace and
cord blood cortisol levels by air pollution but not by visual access to
greenspace. Given that fetal exposure to sustained high cortisol levels

during pregnancy have been associated with adverse pregnancy out-
comes and postnatal growth and development, our findings, if re-
plicated by future studies, could offer evidence base for policymakers to
implement interventions targeted at improving pregnancy outcomes
and child health and development in our rapidly urbanizing world.
More studies are needed to evaluate effects on perinatal outcomes using
larger sample sizes in other settings and climates, while considering the
quality of green spaces in their exposure assessment and relying on
objective measures of visual access to greenspace.
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