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A B S T R A C T

Background: Proximity to greenness has shown protective effects on coronary heart diseases by limiting ex-
posure to environmental hazards, encouraging physical activity, and reducing mental stress. However, no studies
have previously evaluated the impacts of greenness on congenital heart defects (CHDs). We examined the as-
sociation between maternal residential greenness and the risks of CHDs.
Methods: We conducted a case-control study (8042 children with major CHDs and 6887 controls without mal-
formations) in 21 cities in Southern China, 2004 – 2016. CHDs cases were diagnosed and verified by obstetrician,
pediatrician, or pediatric cardiologists, within one year. We estimated maternal residential greenness using
satellite-derived normalized difference vegetation index (NDVI) in zones of 500 meters (m) and 1000 m sur-
rounding participants’ residences. Logistic regression models were used to assess NDVI-CHD relationships ad-
justing for confounders.
Results: Interquartile range NDVI increases within 500 m or 1000 m were associated with odds ratios (OR) of
0.95 (95% confidence interval (CI): 0.92, 0.98) and 0.94 (95%CI: 0.91, 0.97) for total CHDs respectively. Air
pollutants mediated 52.1% of the association. We also identified a protective threshold at 0.21 NDVI on CHD.
Similar protective effects from greenness were found in most CHDs subtypes. The protective associations were
stronger for fall, urban or permanent residents, higher household income maternal age ≤35 years of age, and
high maternal education (ORs: ranged from 0.85 to 0.96).
Conclusion: Our findings suggest a beneficial effect of maternal residential greenness on CHDs. Further studies
are needed to confirm our findings, which will help to refine preventive health and urban design strategies.

1. Introduction

Congenital heart defects (CHDs) are among the most common birth
defects worldwide, with a global prevalence of 1000 to 1787 per
100,000 live births (Donofrio et al., 2014; GBDCHD et al., 2020;

Hoffman et al., 2013; Qu et al., 2016). CHDs are a major cause of infant
and childhood mortality, accounting for 3% of all infant and child
deaths (Hoffman et al., 2013; Marelli et al., 2007; Ou et al., 2016;
Stingone et al., 2014). The exact etiology of CHDs are unknown, only
one-fifth of all CHDs cases can be attributed to genetic-related factors
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(Gorini et al., 2014), and the remainder are believed to be related to
environmental factors. Over the past decade, a growing body of epi-
demiological literature has shown that multiple non-inherited risk
factors may increase the risk of CHDs (Gorini et al., 2014; Ramagopalan
et al., 2010). Specifically, previous studies found that ambient heat
exposure (Auger et al., 2017), high altitude (Garcia et al., 2016; Oster
et al., 2016), air pollution (Lavigne et al., 2019) and urbanization
(Mulder et al., 2012) were associated with increased risks of CHDs.

During the last six decades, there has been rapid urbanization
worldwide. Over 50% of the world’s population is now living in urban
area (Yang et al., 2019; Kondo et al., 2018). China urbanized so rapidly
during the last decades, often at the expense of green space. The re-
moval and irreversible degradation of existing green spaces poses a
substantial challenge for population-access to green environments.
Urbanization and an absence of green space also leads to poorer am-
bient air quality (Fang et al., 2020), sedentary lifestyles, and emotional
stress (Andrusaityte et al., 2020).

Investigators are increasingly concerned about the health implica-
tion of green space, or greenness exposure. Previous studies have shown
that higher maternal greenness exposure (e.g., tree canopy and green
spaces), was associated with lower odds of adverse birth outcomes (Seo
et al., 2019; Twohig-Bennett and Jones, 2018), such as low birth weight
(Glazer et al., 2018), preterm birth and small for gestational age (Abelt
et al., 2017; Laurent et al., 2013). Accumulating evidence also suggests
that living in greener places protects against asthma and allergies
(Tischer et al., 2017), adverse cardiovascular outcomes (Bijnens et al.,
2017) and death (Vienneau et al., 2017).

In terms of potential pathways, it is documented that neighborhood
greenness likely exerted beneficial effects in part by improving air
quality, enhancing physical activity and social interaction, and redu-
cing mental fatigue and stress (Wang et al., 2020; Andrusaityte et al.,
2020; Xue et al., 2019). For example, our prior cross-sectional study
found that PM2.5, NO2, and body mass index (BMI) significantly
mediated 13.9% to 39.9% of estimated associations between greenness
and systolic blood pressure among 28,830 adults from 33 communities
in Liaoning province, China (Yang et al., 2019). In addition, a meta-
analysis of 42 studies (Hanson et al., 2015) involving 1843 participants
in 14 different countries indicated that higher levels of greenness were
associated with increased physical activity (i.e., outdoor walking), and
significantly improved systolic and diastolic blood pressure, heart rate,
BMI, cholesterol, depression, and physical functioning, without adverse
effects.

However, to our knowledge, no prior studies have examined the
relationship between maternal residential greenness and CHDs or CHDs
subtypes (i.e., diagnostic categories) to date. Few studies examined the
protective thresholds of greenness on health outcomes. In addition,
there are few data available to assess the impact of sociodemographic
and maternal characteristics on the associations between greenness
exposure and CHDs. To address these knowledge gaps, we examined the
associations between maternal residential greenness and the risks of
CHDs or CHDs subtypes in offspring, including ventricular septal defect
(VSD), atrial septal defect (ASD), d-transposition of the great arteries
(TGA), and tetralogy of fallot (TOF), and examined if this association
varied by sociodemographic factors, environmental exposures, and
maternal behaviors. VSD and ASD have a higher prevalence than other
CHD subtypes, whereas TGA and TOF occur less frequently (Leirgul
et al., 2014).

2. Method

2.1. Study design and population

We conducted a population-based case-control study of liveborn
infants and stillborn fetuses using the Guangdong Registry of
Congenital Heart Disease (GRCHD), the largest CHDs surveillance
system in China, 1/1/2004–12/12/2016. The GRCHD includes 39

collaborative hospitals from 21 cities enrolling mothers who had been
living in the monitored district of Guangdong province for more than
6 months before pregnancy. Face-to-face interviews were conducted
during the mother's inpatient or outpatient hospital visit. Our study was
approved by the Ethics Committee of Guangdong General Hospital [No.
GDREC2011135H]. Informed Consent was obtained from the mothers
of the study subjects. All investigations were performed in accordance
with institutional guidelines.

2.2. Outcome definition

CHDs were defined using modified codes from the International
Classification of Diseases (ICD-10: Q20.000-Q28.000). Only isolated
CHDs cases (i.e., CHDs cases without coexisting extra-cardiac defects)
were included. All newborns, with and without a CHDs diagnosis, were
evaluated by an obstetrician, pediatrician, or pediatric cardiologist
before discharge or within 72 h after birth. All CHDs cases were re-
viewed by two specialty trained echocardiographic doctors. When ne-
cessary, the CHDs diagnosis was confirmed by computed tomography,
cardiac catheterization, surgery, or autopsy. All newborns were fol-
lowed up for one year; most CHDs cases (94%) were diagnosed within
the first year of life. CHDs cases and controls had similar chances for
detecting a CHD, as a single group of physicians implemented stan-
dardized diagnostic criteria across a similar time window for both
groups. Controls were singleton newborns without any malformation,
frequency matched to the case group by the same hospital (with similar
diagnostic criteria and practice), week of conception, and parents' re-
sidence (same city and same town). We divided CHDs into 20 subtypes
(Botto et al., 2007; Oyen et al., 2009) based on previous literature (Liu
et al., 2018).

2.3. Exclusion criteria

We excluded minor CHDs as recommended by EUROCAT (Boyd
et al., 2011), such as absence or hypoplasia of the umbilical artery,
single umbilical artery, functional or unspecified cardiac murmur,
peripheral pulmonary artery stenosis, persistent foramen ovale; We also
excluded: (1) 80 cases with syndromes caused by gene mutations or
chromosomal aberrations; (2) 494 non-singleton cases who tend to have
different etiology than singletons; (3) 672 preterm infants with PDA
(patent ductus arteriosus, preterm infants tend to have more PDA); (4)
infants ≥ 1-year-old (to minimize recall bias of self-reported lifestyle
factors); and (5) non-isolated CHDs with extra-cardiac defects, which
may have a different etiology. A flow diagram showing the entry and
exclusion criteria is shown in Supplementary Fig. S1.

2.4. Data collection

Individual-level covariates included pregnancy characteristics (in-
fant gender, year of pregnancy, season of pregnancy, ambient air pol-
lution during pregnancy), sociodemographic status (SES) information
(ethnicity, maternal age, residential location, migrant status (i.e., the
migration status of each participant, relocating from rural areas to
urban areas for work, without permanent urban residence), household
income, maternal education level), reproductive history (parity, grav-
idity, and abnormal reproductive history), occupational and environ-
mental exposures, medical history, and medication use prior to or
during pregnancy. A pregnancy calendar was used in combination with
a multilevel structured questionnaire to assist mothers in recalling the
major milestones of pregnancy and timing of exposures throughout
pregnancy. Based on a directed acyclic graph (DAG), ambient air pol-
lutants (i.e., PM1, PM2.5, PM10, and NO2) were potential causal med-
iators, as previously described in detail (Yang et al., 2018; Yang et al.,
2019). In brief, we obtained daily ground PM1, PM2.5, PM10, and NO2

measurements from air monitoring stations, and we developed a gen-
eralized additive model linking the air pollution data to combined
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Moderate Resolution Imaging Spectroradiometer collected aerosol op-
tical depth data and other spatiotemporal predictors (i.e., meteorologic
data, land cover data, vegetation data, active fires data, and elevation
data). We used 10-fold cross-validation to assess the predictive ability
and error of the model. The adjusted R2 value and root mean square
errors for daily PM1, PM2.5, PM10, and NO2 were 55% and 20.5 μg/m3

,

83% and 18.1 μg/m3
, 78% and 31.5 μg/m3

, and 64% and 12.4 μg/m3,
respectively. We included district gross domestic product (GDP), based
on participant residence at the time of birth (Supplementary Table S1)
as the only area-level covariate in the analysis, as we have done pre-
viously (Yang et al., 2019). Road characteristics are potential con-
founders, which included distance to the nearest major road, road
density and number of street intersections. Road characteristics were
measured using a complex geographic information system (GIS) and
road data supplied by GEOFABRIK (Geofabrik GmbH, Karlsruhe, Ger-
many). The number of street intersections was calculated as the number
of three or more-way intersections within 1 km in a straight-line buffer
around each residential address. The density of road was defined as the
total length (in meters) of roads per km2 within a 500 m straight-line
buffer around each residential address. The distance to the nearest
major road was defined as the Euclidean distance between each re-
sidential address and the closest major road.

2.5. Residential greenness

Exposure to residential greenness was estimated for all mothers
during one year before the study pregnancy to the 1st trimester period
(i.e., as the critical period for cardiac development during the 3rd-8th
week of gestation) (Sadler et al., 2000). We calculated an average
greenness exposure across the full period of pregnancy that in-
corporated time-weighted exposures from the centroid of each in-
dividual’s exact residential address. We employed the Normalized Dif-
ference Vegetation Index (NDVI) to determine greenness. The
derivation of NDVI was based on the land surface reflectance of the
visible red and near-infrared parts of the electromagnetic spectrum.
NDVI values range from −1(representing no vegetation) to +1(re-
presenting high-density forest cover). The annual average NDVI for the
years 2003–2017 (referring to the period of study participants recruit-
ment) was assessed from the MODerate-resolution Imaging Spectro-
radiometer (MODIS) satellite images at 500 m and 1000 m resolutions
(https://search.earthdata.nasa.gov/). Water pixels were not removed
from the satellite images. For each participant, residential greenness
was defined as the average of NDVI in buffers of 500 m, 1000 m. The
selection of 1000 m as the main analysis was informed by time-activity
patterns showing that participants walked at least 3860–5245 steps per
day (Jiang et al., 2012; Kim et al., 2015) and assuming an average
walking stride of 0.3 m per step for pregnant women (Fig. 1). In ad-
dition, we used NDVI values in a 500 m buffer as sensitivity analyses.
These calculations were performed in ArcGIS 10.4 (ESRI, Redlands, CA,
USA).

2.6. Statistical methods

The post hoc sample size was calculated according to the rule of
thumb recommended by Peduzzi (1995) and Harrell (1996) (Harrell
et al., 1996; Peduzzi et al., 1995), namely, events per variable being 10
or greater under this setting of the multivariate regression model. We
considered fewer than 20 significant factors in each model of seven
CHDs subtypes. This would have required a maximum sample size of
1400 (10 × 20 × 7) cases. We also calculate post hoc statistical power
(1 – β) of 93.2% by PASS software V14.0 (NCSS LLC, Kaysville UT USA)
with parameter: alpha = 0.05, baseline probability = 0.54 (8084/
14,929), NDVI OR = 0.85, and covariates R2 of NDVI = 0.36.

To identify the minimally sufficient adjustment set, we used the
program DAGitty 3.0 (Textor et al., 2011) and reviewed existing lit-
erature and theory about causal relationships and temporal ordering

among CHDs, NDVI, and covariates that could affect the relationship
between communication and medication refill adherence
(Supplementary Fig. S2). Adjustment for ethnicity, household income,
maternal age, migrant status, residence location, road density, distance
to the nearest major road, number of street intersections, district GDP,
season of pregnancy, and year of pregnancy were sufficient to block all
confounding pathways. We conducted multiple imputation under an
assumption of missing-at-random for some participants missing ma-
ternal age (3.7%). Spearman’s correlation profile and Belsley’s criterion
was used to eliminate redundant features and prevent collinearity
among predictors. A correlation matrix of variables was generated
based on the absolute value of the Pearson correlation coefficient.
Gravidity, GDP, distance to the nearest major road, road density were
excluded due to collinearity with parity, and number of street inter-
sections, though there are univarate significant.

Possible nonlinear relationships between NDVI and CHDs were ex-
amined with restricted cubic splines (RCS) (Fig. 2). Analyses were based
on three models (unadjusted, DAG adjusted model, and multivariable
adjusted model by forward stepwise method) and used four knots, lo-
cated at 5%, 35%, 65%, and95% percentiles. Descriptive statistics for
categorical variables were reported as frequency (percentage) and for
continuous variables, mean ± SD was used to describe distributions.
We used logistic regression analysis to estimate associations between
residential greenness and CHD. The ORs and 95% confidence intervals
(CI) for all CHDs were assessed using the main effect model without
interaction while simultaneously controlling for covariates. Associa-
tions between greenness exposures and CHDs are presented corre-
sponding to a quartile increase in exposure measures, because of cubic
regression splines. Surrounding greenness in buffers of 500 m, severe
CHDs (Q200, Q201, Q203, Q204, Q212, Q213, Q220, Q224, Q225,
Q226, Q230, Q232, Q233, Q234, Q251, Q252, and Q262), mother
without residential mobility during pregnancy, and CHDs subtypes
stratified analyses were performed for the sensitivity analyses to ex-
plore the impact of possible bias. We assessed the robustness of the
greenness effect to unmeasured and residual confounding using the E-
value (VanderWeele and Ding, 2017). Similar to our prior work, we
evaluated ambient air pollutants as intervening variables in a causal
mediation analysis (Yang et al 2019). We calculated the proportion of
the greenness-CHD association mediated and its 95% CI using the SAS
PROCESS macro v3.2. The proportion mediated effect was calculated
as: (βindirect effects/βtotal effects) × 100%. Data were analyzed with SAS
(Version 9.4; SAS Institute Inc, Cary, NC, USA) and R (Version 3.2.5; R
Foundation for Statistical Computing, Vienna, Austria). All statistical
tests were two-sided, and p < 0.05 was considered statistically

Fig. 1. Spatial distribution of greenness for GRCHD measured with satellite-
derived NDVI. Abbreviation: GRCHD, Guangdong registry of congenital heart
disease; NDVI, normalized difference vegetation index.

Z. Nie, et al. Environment International 142 (2020) 105859

3

https://search.earthdata.nasa.gov/


significant.

3. Results

3.1. Baseline characteristics

A total of 8042 isolated CHDs and 6887 controls were eligible for
analysis. Descriptive characteristics for the participants are summarized
in Table 1. All maternal characteristics, except residence location, were
significantly associated with CHDs. Pregnant women exposed to higher
levels of greenness were more likely to live in a rural location, to be a
non-migrant/resident, with lower levels of income and education,
younger, and with lower exposure to environmental risk factors
(Supplementary Table S2). Aortic stenosis (AS), COA, TGA, and TOF
were more frequent in males than in females (0.6% and 0.4%, 1.7% and
0.5%, 6.4% and 2.2%, 3.8% and 3.0%, respectively), whereas ASD was
more frequent in females than in males (21.0% and 18.3%).

3.2. Association between greenness and CHD

The mean residential NDVI value was 0.342 ± 0.160 in buffer of
500-m and 0.342 ± 0.154 in buffer of 1000-m. The distribution of
NDVI values for the study area is shown in Fig. 1, which illustrates the
spatial distributions of the greenness values in Guangdong province.
Smooth exposure-response curves for residential greenness and CHDs
from the unadjusted, adjusted, and plus models are shown in the Sup-
plemental Material. We found that the NDVI threshold was 0.21 con-
sistently as described in Fig. 2. There was a statistically significant
nonlinear relationship between NDVI and CHDs (p < 0.01 for linear
versus nonlinear spline function).

We used incremental models to examine how the associations be-
tween residential greenness and CHDs changed with the inclusion of
different exposure variables (Table 2), these associations were parti-
cularly robust, with the similar effect size for the inverse associations.
In the unadjusted model, quartiles 2, 3 and 4 were more likely to have
low odds of CHDs compared with quartile1 (0.84, 0.88, and 0.88 re-
spectively). Each interquartile range increase of NDVI was associated
with an OR decrease for total CHDs of 0.97 (95% CI: 0.94, 0.99). In the
DAG model that include covariates, the results consistently showed
significantly decreased ORs for NDVI quartiles 2–4 vs. 1 with ORs from
0.83 to 0.87. In the multivariable adjusted model that added street
intersection into the model, a consistent protective effect of NDVI on
CHDs was also found with statistically significant ORs from 0.85 to
0.90. Each quartile increase of NDVI was associated with ORs for total
CHDs of: 0.95, 95%CI (0.92, 0.98).

We found similar results for the association between residential

greenness and the occurrence of CHDs after adjusting for the year of
pregnancy and season of pregnancy in a stratified analysis (OR from
0.90 to 0.97). We found similar associations without adjustment for
road characteristics (data not shown). Stratified analysis showed that
the preventive effect of greenness on CHDs is significant in the popu-
lation with urban location, local resident, household income>3000
CNC, maternal age ≤35, education equal to or higher than college. One
quartile increase of NDVI decrease the total CHDs with an adjusted OR
ranging from 0.85 to 0.96 (shown in Table 3).

3.3. Sensitivity analyses

We chose a buffer of 1000 m around each maternal residence to
calculate surrounding greenness for the main analysis. To evaluate the
robustness of our findings to alterations in this buffer size, we also
abstracted the surrounding greenness in buffers of 500 m and repeated
all the aforementioned analyses. The results were expressed per quartile
of surrounding greenness assigned to participants in each buffer size
(Table 2 and Supplementary Table 2). Associations with lower exposure
to risk factors were similar with regard to rural location, residence, Han
ethnicity, and lower levels of income, education, and age. Greater
quartiles of greenness showed decreased odds of CHDs for different
models. Associations with greenness remained statistically significant in
a sensitivity analysis limited to severe CHDs (Supplementary Table S3).
We also conducted a sensitivity analysis by excluding 376 women who
moved during their pregnancies and we found similar results, with ORs
of 0.95, 95%CI (0.92, 0.98) (data not shown).

Additional stratified analyses were performed for different CHDs
subtypes (Figs. 3. and S3). Lower odds ratios for the occurrence of
subtypes VSD, TGA, and double outlet of right ventricle (DORV) were
observed in the 1st quartile level of greenness using the 1000 m buffer
when compared to higher levels of greenness, calculated for quartiles
2–4.

3.4. Mediation analyses

Table 4 shows mediation of the association between greenness and
total CHDs by air pollutants (Table 4). The estimates from our joint
mediation analysis suggested that, together, the four air pollutants ex-
plained 52.1% of the association between greenness and CHDs in a
1000 m buffer. The findings were similar when using a 500 m buffer.

Fig. 2. Odds ratios and 95% confidence intervals for total CHDs across residential NDVI using restricted cubic splines by (A) NDVI buffer 500 m and (B) NDVI buffer
1000 m. A threshold of NDVI 0.21 is demonstrated. Three knots were placed at the 5th, 50th, and 95th percentiles based on the lowest Akaike Information Criterion.
The dotted lines represent the 95% CIs about the predicted odds ratios (solid line). Abbreviation: NDVI, normalized difference vegetation index.
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4. Discussion

4.1. Association between greenness and CHD

We observed that mothers who were exposed to a higher level of
residential greenness during pregnancy had a lower odds of having a
newborn diagnosed with CHD. These finding was not altered by ad-
justing for various confounders. We also found that major subtypes of
CHD, including VSD, TGA, AVSD, and DORV, were significantly asso-
ciated with NDVI in multivariable analysis. Unfortunately, there are no
prior studies concerning the association between greenness and CHD.
Previous studies found evidence for associations between maternal re-
sidential greenness and birth outcomes, which may share similar me-
chanisms with CHDs. Agay-Shay (2014) found that an increase in
greenness was associated with a statistically significant increase in birth
weight and a decreased risk of low birth weight (Agay-Shay et al.,
2014) based on singleton live births from a birth cohort in Israel. Ad-
ditionally, Hystad et al. (2014) reported that an increase in greenness
was associated with higher term birth weight and decreases in the
likelihood of small for gestational age (Hystad et al., 2014) in a Cana-
dian cohort study. A birth cohort study from the United States, observed
an increase in birth weight among full term infants and a reduced risk
of preterm births associated with an increase in NDVI (Laurent et al.,
2013). Finally, a meta-analysis showed significant associations between
increased residential greenness and decreased small size for gestational
age and increased birth weight (Twohig-Bennett et al., 2018). Although
it is difficult to directly compare our results to previous studies due to a
different outcome, previous findings are roughly in line with the benefit
of greenness and indirectly support our hypothesis.

4.2. Threshold of the protective effects of greenness on CHD

We calculated an NDVI dose response by restricted cubic splines
with a threshold of 0.21 and the resulting NDVI quartiles showed a
trend for decreasing ORs in three different models. This suggests that
the level of residential greenness has a threshold effect at
NDVI > 0.21, and that the benefit was strongest for modest values and
then stabilized or gradually declined. Given limited resource, increasing
neighborhood NDVI level to the threshold of 0.21 may be part of a
strategy to help prevent CHDs.

Our study suggests that 14% of CHDs cases could be prevented if
residential NDVI is managed to a minimal level of 0.21. Although there
are no previous reports describing protective effects of greenness on

Table 1
Maternal background characteristics of the GRCHD population (n = 14,929).

Exposure CHDs n(%) Control n(%) OR (95%CI)

Total 8042 (53.9) 6887 (46.1)

Pregnant
characteristics

Infants gender*
Male 4978(61.9) 3964(57.6) 1.21(1.14–1.30)
Female 3022(37.6) 2922(42.4) 1.00(reference)
Year of pregnancy
2012–2016 3261(40.5) 2928(42.5) 0.92(0.86–0.98)
2004–2011 4781(59.5) 3959(55.5) 1.00(reference)

Season of pregnancy
Spring 2048(25.5) 1804(26.2) 0.95(0.87–1.04)
Summer 1866(23.2) 1621(23.5) 0.97(0.88–1.06)
Fall 1940(24.1) 1623(23.6) 1.00(0.92–1.10)
Winter 2188(27.2) 1839(26.7) 1.00(reference)

Ambient air pollution
of pregnancy

NO2 29.5(20.5–37.9) 27.7(19.9–36.4) 1.01(1.01–1.02)
PM1 38.9(33.6–41.8) 37.7(33.1–41.2) 1.03(1.02–1.04)
PM2.5 47.9(41.3–52.4) 46.4(40.3–51.3) 1.02(1.01–1.03)
PM10 74.3(64.2–80.8) 72.1(62.5–79.2) 1.01(1.01–1.02)

SES

Residence location
Rural 3199(39.8) 2638(38.3) 1.06(0.99–1.14)
Urban 4843(60.2) 4249(61.7) 1.00(reference)
Migrant status
Migrant 2012(25.0) 1596(23.2) 1.11(1.03–1.19)
Permanent resident 6030(75.0) 5291(76.8) 1.00(reference)

Household income,
CNC/month/
person

3001～ 3009(37.4) 2891(42.0) 0.74(0.69–0.79)
2001–3000 1751(21.8) 1672(24.3) 0.74(0.68–0.81)
0–2000 3282(40.8) 2324(33.7) 1.00(reference)

Ethnicity
Minorities 119(1.5) 57(0.8) 1.80(1.31–2.47)
Han 7923(98.5) 6830(99.2) 1.00(reference)

Maternal age, years
> 36 749(9.3) 493(7.2) 1.36(1.20–1.53)
30–35 1662(20.7) 1368(19.9) 1.08(1.00–1.77)
< 29 5631(70.0) 5026(73.0) 1.00(reference)

Maternal education
College or above 1390(17.3) 1359(19.7) 0.57(0.49–0.65)
Completion of high

school
5869(73.0) 5095(74.0) 0.64(0.56–0.72)

Illiteracy /Primary /
Middle School

783(9.7) 433(6.3) 1.00(reference)

Environmental risk
factors

Living in a newly
renovated rooma

Yes 301(3.7) 75(1.1) 3.53(2.74–4.56)
No 7741(96.3) 6812(98.9) 1.00(reference)

Residential Proximity
to the main
road < 50 ma

Yes 1068(13.3) 653(9.5) 1.46(1.32–1.62)
No 6974(86.7) 6234(90.5)
Distance to the nearest

major road, ma
1801 ± 2736 1863 ± 2740 1.00(1.00–1.00)

Road density , m/km2a 4362 ± 4638 4173 ± 4475 1.00(1.00–1.00)
Number of street

intersectionsa
13 ± 28 15 ± 32 1.00(1.00–1.01)

Occupationa

Industry occupation 940(11.7) 542(7.9) 1.54(1.38–1.72)
Farmer/Housekeeper 1492(18.6) 1364(19.8) 0.97(0.89–1.06)
Others 5610(69.8) 4981(72.3) 1.00(reference)

Table 1 (continued)

Exposure CHDs n(%) Control n(%) OR (95%CI)

Stress eventa

Yes 132(1.6) 8(0.1) 14.35(7.02–29.31)
No 7910(98.4) 6879(99.9) 1.00(reference)

Behavior

Active smokingb

Yes 113(1.4) 23(0.3) 4.25(2.71–6.67)
No 7929(98.6) 6864(99.7) 1.00(reference)

Alcohol drinkingb

Yes 62(0.8) 23(0.3) 2.32(1.44–3.75)
No 7980(99.2) 6864(99.7) 1.00(reference)

Abbreviation: NO2, nitrogen dioxide; PM1, particulate matter< 1 μm in aero-
dynamic diameter; PM2.5, particulate matter< 2.5 μm in aerodynamic dia-
meter; PM10, particulate matter< 10 μm in aerodynamic diameter; SES, so-
ciodemographic status.

a Exposure time was during periconceptional period (3 months before
pregnancy to 1st trimester).

b Exposure time was during 1st trimester of pregnancy.
* Unknown data 45 infants.
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Table 2
Odds ratios (95% confidence interval) for NDVI in buffers of 500 m and 1000 m around each maternal residential address in association with CHDs in offspring.

Greenness CHDs/ Number of observations OR (95%CI)

Unadjusted model * DAG adjusted model † Multivariable adjusted model ‡

NDVI Index(500 m)
Q2(0.21–0.30) 1943/3732 0.84(0.76, 0.91) 0.83(0.76, 0.91) 0.85(0.78, 0.94)
Q3(0.31–0.48) 1997/3732 0.88(0.80, 0.97) 0.87(0.79, 0.95) 0.90(0.82, 0.99)
Q4(> 0.48) 1995/3731 0.88(0.81, 0.97) 0.83(0.75, 0.91) 0.83(0.75, 0.92)
Q1(≤0.21) 2107/3731 1.00(reference) 1.00(reference) 1.00(reference)
P for trend§ 0.037 0.029 0.003
Continuous, per1-quartile increase 0.97(0.94, 0.99) 0.96(0.93, 0.99) 0.95(0.92, 0.98)

NDVI Index(1000 m)
Q2(0.21–0.30) 1957/3731 0.84(0.76, 0.92) 0.84(0.77, 0.93) 0.85(0.77, 0.93)
Q3(0.31–0.48) 1964/3734 0.84(0.77, 0.93) 0.86(0.78, 0.95) 0.88(0.79, 0.97)
Q4(> 0.48) 2002/3731 0.88(0.80, 0.96) 0.88(0.79, 0.98) 0.88(0.78, 0.99)
Q1(≤0.21) 2119/3733 1.00(reference) 1.00(reference) 1.00(reference)
P for trend§ 0.012 0.015 0.001
Continuous, per1-quartile increase 0.96(0.93, 0.99) 0.96(0.92, 0.99) 0.94(0.91, 0.97)

Abbreviation: CI, confidence interval; NDVI, normalized difference vegetation index. Q1, quartile1; Q2, quartile2; Q3, quartile3; Q4, quartile4.
* Unadjusted for any individual covariates.
† Adjusted for covariates selected using a directed acyclic graph (DAG): ethnicity, household income, maternal age, migrant status, residence location, road

density, distance to the nearest major road, number of street intersections district gross domestic product, season of pregnancy, year of pregnancy.
‡ Adjusted for selected using a forward stepwise procedure: residence location, migrant status, household income, ethnicity, maternal age, maternal education,

living in a newly renovated room, residential proximity to a main road<50 m, occupation, organic solvent contact, pesticide, ionizing radiation, stress event, active
smoking, active drinking, parity, abnormal reproductive history, threatened abortion, fever, antibiotics, upper respiratory tract virus infection, season of pregnancy,
year of pregnancy.

§ Based on linear test for trend using the ordinal rank for each quartile of exposure.

Table 3
Stratified analyses for odds ratios (95% confidence interval) for NDVI in a 1000 m buffer around each maternal residential address in association with CHDs.

Stratified variable CHDs/ Number of
observations

Adjusted OR (95%CI) * Ptrend Adjusted OR (95%CI) *

Q1 Q2 Q3 Q4 Continuous, per 1-quartile
increase

Year of pregnancy
2012–2016 3261/6189 1.00 0.81(0.69–0.95) 0.84(0.72–0.99) 0.76(0.66–0.89) 0.003 0.92(0.88–0.97)
2004–2011 4781/8740 1.00 0.89(0.79–0.99) 0.86(0.76–0.06) 0.95(0.85–1.07) 0.235 0.97(0.94–1.01)

Season of pregnancy
Spring 2048/3852 1.00 0.87(0.73–1.05) 0.89(0.74–1.07) 0.87(0.73–1.05) 0.222 0.97(0.91–1.02)
Summer 1866/3487 1.00 0.88(0.73–1.06) 0.88(0.72–1.06) 0.94(0.77–1.14) 0.280 0.96(0.91–1.02)
Fall 1940/3563 1.00 0.82(0.68–0.99) 0.77(0.64–0.93) 0.73(0.60–0.89) 0.002 0.90(0.85–0.96)
Winter 2188/4027 1.00 0.79(0.66–0.94) 0.79(0.68–0.95) 0.83(0.69–1.00) 0.062 0.94(0.89–1.00)

Residence location
Rural 3199/5837 1.00 1.00(0.83, 1.21) 0.90(0.76, 1.07) 0.92(0.78, 1.09) 0.231 0.97(0.92, 1.02)
Urban 4843/9092 1.00 0.82(0.73, 0.91) 0.88(0.78, 0.98) 0.84(0.73, 0.96) 0.019 0.95(0.91, 0.99)

Migrant status
Migrant 2012/3608 1.00 1.07(0.90, 1.27) 1.25(1.03, 1.50) 1.06(0.83, 1.36) 0.101 1.06(0.98, 1.13)
Permanent resident 6030/11,321 1.00 0.77(0.69, 0.87) 0.76(0.68, 0.85) 0.80(0.72, 0.89) < 0.001 0.94(0.90, 0.97)

Household income, CNC/month/
person

3,001～ 3009/5900 1.00 0.85(0.74, 0.98) 0.87(0.75, 1.00) 0.78(0.66, 0.92) 0.006 0.93(0.88, 0.97)
2,001～3,000 1751/3423 1.00 0.62(0.95, 1.16) 1.05(0.86, 1.28) 0.97(0.80, 1.18) 0.980 1.00(0.94, 1.06)
0～2,000 3282/5606 1.00 0.81(0.68, 0.96) 0.81(0.68, 0.95) 0.93(0.78, 1.09) 0.450 0.98(0.92, 1.03)

Maternal age, years
> 36 749/1242 1.00 0.98(0.71, 1.36) 0.83(0.60, 1.15) 0.95(0.68, 1.33) 0.546 0.97(0.87, 1.07)
30 ~ 35 1662/3030 1.00 0.74(0.61, 0.92) 0.85(0.69, 1.05) 0.75(0.60, 0.93) 0.034 0.93(0.87, 0.99)
< 29 5631/10,657 1.00 0.87(0.77, 0.97) 0.87(0.78, 0.97) 0.86(0.77, 0.97) 0.020 0.96(0.92, 0.99)

Maternal education
College or above 1390/2749 1.00 0.71(0.59, 0.85) 0.63(0.51, 0.78) 0.74(0.55, 0.99) < 0.001 0.85(0.79, 0.93)
Completion of high school 5869/10,694 1.00 0.90(0.80, 1.01) 0.92(0.82, 1.03) 0.89(0.79, 0.99) 0.073 0.96(0.93, 1.00)
Illiteracy /Primary / Middle School 783/1216 1.00 1.00(0.70, 1.43) 1.29(0.90, 1.84) 1.21(0.86, 1.70) 0.144 1.08(0.97, 1.21)

Abbreviation: CI, confidence interval; NDVI, normalized difference vegetation index; NO2, nitrogen dioxide; PM1, particulate matter< 1 μm in aerodynamic dia-
meter ; PM2.5, particulate matter< 2.5 μm in aerodynamic diameter; PM10, particulate matter< 10 μm in aerodynamic diameter; Q1, quartile1; Q2, quartile2; Q3,
quartile3; Q4, quartile4.
* Adjusted for covariates by forward stepwise-method: residence location, migrant status, household income, ethnicity, age, education, living in newly renovated

room, residential proximity to a main road< 50 m, occupation, organic solvent contact, pesticide, ionizing radiation, stress event, active smoking, active drinking,
parity, abnormal reproductive history, threatened abortion, fever, antibiotics, upper respiratory tract virus infection, season of pregnancy, year of pregnancy.

Z. Nie, et al. Environment International 142 (2020) 105859

6



CHDs risk, researchers have reported evidence for associations of dif-
ferent health outcome with varying of scales of NDVI. For example, a
U.S. birth cohort study indicated that by comparing the highest
(> 0.52) to the lowest (< 0.37) quartiles of NDVI, there was a 24.4 g
(95% CI: 22.7, 26.1) increase in term birth weight in unadjusted models
using a 250 m buffer (Cusack et al., 2017). A German birth cohort study
of healthy full-term neonates demonstrated that a 2-SD increase in
NDVI was significantly associated with lower insulin resistance

(−7.4%; 95% CI: −13.3, −1.1) in a 1000 m buffer (0.2 units)
(Thiering et al., 2016).

4.3. Individual SES characteristic of susceptible populations

We found that women who lived in an urban location, were per-
manent residents rather than migrant workers, had a household in-
come>3000 CNC, were ≤35 years old at the time of pregnancy, and

Fig. 3. Incremental models of exposure to residential greenness and CHDs (buffer 1000 m). Unadjusted model: unadjusted for any individual covariates. DAG
adjusted model: adjusted for covariates by directed acyclic graph (DAG) method: ethnicity, household income, maternal age, migrant status, residence location,
density of road, distance to the major road, street intersection, district gross domestic product, season of pregnancy, year of pregnancy. Multivariable adjusted model:
adjusted for covariates by stepwise-method: residence location, migrant status, household income, ethnicity, age, education, living in newly renovated room,
residential proximity to a main road<50 m, occupation, organic solvent contact, pesticide, ionizing radiation, stress event, active smoking, active drinking, parity,
abnormal reproductive history, threatened abortion, fever, antibiotics, upper respiratory tract virus infection, season of pregnancy, year of pregnancy. Abbreviation:
ASD, atrial septal defect; AVSD, atrioventricular septal defect; CI, confidence interval; DORV, double outlet right ventricle; NDVI, normalized difference vegetation
index; OR, odds ratio; TGA, d-transposition of the great arteries; TOF, tetralogy of Fallot; vPS, valvular pulmonary stenosis; VSD, ventricular septal defect. Q1,
quartile1; Q2, quartile2; Q3, quartile3; Q4, quartile4.

Table 4
Estimated proportion of association between greenness and CHDs explained by NO2, PM1, PM2.5, and PM10.

Mediator Indirect/total effects (95%CI) in 500 m buffer a Indirect/total effects (95%CI) in 1000 m buffer a

NO2 [>= 20.2 μg/m3(Q2-4) vs. < 20.2 μg/m3(Q1)] 24.8% (16.3, 34.0) 24.6% (17.0, 32.7)
PM1 [>= 33.3 μg/m3(Q2-4) vs. < 33.3 μg/m3(Q1)] 64.8% (48.4, 85.1) 61.5% (43.1, 83.8)
PM2.5 [>= 63.2 μg/m3(Q2-4) vs. < 63.2 μg/m3(Q1)] 47.1% (32.8, 59.7) 49.9% (37.7, 60.4)
PM10 [>= 40.8 μg/m3(Q2-4) vs. < 40.8 μg/m3(Q1)] 48.1% (35.9, 57.9) 52.2% (39.6, 64.2)
All mediators combined 51.4% (41.3, 62.1) 52.1% (40.9, 64.7)

Abbreviations: CI, confidence interval; NO2, nitrogen dioxide; PM1, particulate matter< 1 μm in aerodynamic diameter; PM2.5, particulate matter< 2.5 μm in
aerodynamic diameter; PM10, particulate matter< 10 μm in aerodynamic diameter; Q1, quartile1; Q2, quartile2; Q3, quartile3; Q4, quartile4.

a Adjusted for selected using a forward stepwise procedure: residence location, migrant status, household income, ethnicity, maternal age, maternal education,
living in a newly renovated room, residential proximity to a main road<50 m, occupation, organic solvent contact, pesticide, ionizing radiation, stress event, active
smoking, active drinking, parity, abnormal reproductive history, threatened abortion, fever, antibiotics, upper respiratory tract virus infection, season of pregnancy,
year of pregnancy.
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were high education (college or above) tended to show more of
greenness’s protective effects than other groups with the ORs for CHDs
ranging from 0.85 to 0.96.

We found stronger protective effects of greenness for more affluent
and more educated mothers. A similar result was reported by a previous
study of residential greenness and preterm births, in which the pro-
tective association was found only among mothers with high education
(Cusack et al., 2017). As education reflects a person's ability to access
and interpret health-related information, and household income relates
directly to material conditions that influence health, living conditions,
medical care and lifestyle (Yang, 2008), more affluent and educated
women may have been better positioned to utilize available green-
spaces. Although no prior studies reported this relationship between
greenness and CHDs, we observed tends and associations similar to
those observed for other health outcomes in previous investigations.
Cusack’s et al. (2017) study demonstrated consistent protective effects
of residential greenness on adverse birth outcomes, such as reducing
preterm births, but only among mothers with high education (Cusack
et al., 2017). Similarly, Casey et al. (2016) observe an association be-
tween higher levels of greenness and lower odds of preterm and small
for gestational age birth, but only among city-dwelling mothers (Casey
et al., 2016).

4.4. Potential underlying mechanism

Greenness may protect against CHDs in part by protecting against
maternal morbidities during pregnancy. Maternal morbidities have
been significantly associated with CHDs risk in offspring including ge-
stational diabetes mellitus (Chen et al., 2019) and, hypertensive dis-
orders of pregnancy (Boyd et al., 2017), as have exposure to chemical
and non-chemical stressors, such as, air pollutants (Stingone et al.,
2014), ambient heat (Lin et al., 2018), reduced physical activity (Saiyin
et al., 2019) and psychosocial stress (Lyu et al., 2019). The results of
previous studies indicate that higher residential greenness was asso-
ciated with lower risks of maternal morbidities, including gestational
diabetes mellitus (Liao et al., 2019) and hypertension (Jimenez et al.,
2020), and with exposure to improved air quality (Chen et al., 2018),
increased physical activity (Mytton et al., 2012) and less psychological
stress (James et al., 2015).

The biological mechanisms driving associations between greenness
and pregnancy outcome are unclear. Maternal morbidities, such as
diabetes mellitus, and environmental pollutants, such as ambient PM2.5,
induce oxidative stress (Zabihi et al., 2010; Lim and Thurston, 2019),
regarded as a key mechanism underlying cardiac defects in experi-
mental rodent models (Basu et al., 2018). Higher residential greenness
may play a role in limiting oxidative stress via protecting against ma-
ternal morbidities and chemical and non-chemical stressors. However,
future investigations incorporating biomarkers of oxidative stress will
be needed to more clearly elucidate mechanisms.

As CHDs are a broad grouping of a variety of phenotypes that may
involve heterogeneous pathogenic mechanisms, different subtypes of
CHDs are likely to have different underlying etiologies. We found that
some CHDs subtypes, such as conotruncal (e.g., TGA, DORV) and septal
(e.g., VSD) defects were associated with NDVI, but not others. Although
the mechanisms are unclear, our findings were consistent with pre-
viously reported associations between PM2.5 exposure and VSD or TGA
(Zhang et al., 2016, Schembari et al., 2014, Padula et al., 2013). It is
tempting to speculate that greenness may protect against these CHDs
subtypes via reducing the level of PM2.5. In fact, more than half of the
association between greenness and CHDs was attributable to air quality
in our causal mediation analysis. Conotruncal and septal defects may be
more sensitive to oxidative stress than other subtypes (Wu et al., 2016)
and thus are possibly more vulnerable to greenness reduction air pol-
lutants than other subtypes, (Yue et al., 2007). However, further studies
are warranted to explore the plausible mechanisms driving the asso-
ciations between greenness and CHDs subtypes.

4.5. Strengths and limitations

Major strengths of our study include the combined assessment of
both residential greenness and the multiple socioeconomic factors and
road characteristic, which allowed us to adjust models for many pos-
sible confounders. To our knowledge, the current study is the only one
epidemiological studies of this issue and the largest CHDs study with
8042 cases and 6887 controls. Ours is also the first study to assess the
association between measures of greenness and CHDs subtype, through
a population-based study design with standardized diagnostic rules for
CHD, and a geographically diverse population representative of
Guangdong province. In addition, though it is not mandatory for all
infants to be scanned after birth, scanning is done by indication, and
uniform criteria for clinical confirmation of a cardiac defect and a
rigorous review of abstracted medical chart data by an expert panel of
clinicians maximized the validity of case classification. Furthermore,
surrounding greenness was based on the address during the one year
before pregnancy to the 1st trimester, and this was geocoded to the
centroid of the exact residential address.

However, the present study also had some limitations. First, while
selection bias is always a concern for a case-control study, the response
rates were similar for cases and controls at over 70% in this study to
ensure both groups are comparable. To reduce selection bias, a sys-
tematic strategy was used to recruit cases and controls into this study
through the GRCHD surveillance system. To estimate potential bias, we
compared maternal characteristics between controls and all live births
in Guangdong province and they were similar, further limiting the
likelihood of selection bias. To ensure complete ascertainment, we in-
cluded all CHDs, both live births and fetal losses, in the study. Both the
cases and controls were selected using uniform criteria for clinical di-
agnosis and confirmation, and a rigorous review of abstracted medical
chart data by an expert panel of clinicians. Clinical geneticists reviewed
the medical records using standardized definitions and confirmatory
diagnostic procedures to reduce misclassification and to ensure the
validity of case diagnoses. This approach ensured standardization and
consistency of screening cases and controls within 72 h after birth and
in the first year of life. Second, although recall bias is a common pro-
blem in most case-control studies, both the outcome (CHDs) and the
exposure (greenness) variables in this study are from objective datasets
so the recall issue is not applicable. In addition, some important clinical
confounders come from medical records rather than self-report, such as
demographic factors, pregnancy information, and birth data. For self-
reported variables, we used special strategies to reduce the likelihood of
recall bias: (1) the interviews were conducted when the babies were
younger than 1 year of age, limiting the time between exposure and
recall; (2) a ‘pregnancy calendar’ was used in conjunction with the
questionnaire to aid the mother in remembering major milestones of
pregnancy; and (3) we used a multilevel structured questionnaire with
repeated questions, and the timing and names of exposures, to assess
reliability and to improve exposure recall and classification. In addi-
tion, case misclassification was minimized given that we used an active
CHD registry system, provided training to local physicians in case di-
agnosis and reporting, and all CHDs diagnoses were reviewed by two
experienced physicians in our GRCHD registry. Third, changes in clin-
ical guidelines and CHDs scanning practices during the 12-year study
period may have affected the case definition and case detection over
time. To address these concerns, we frequency matched controls to
cases by hospital (with similar diagnostic criteria and practice), week of
conception, and parents' residence (city and town), and we adjusted for
year and season of pregnancy, and then stratified the analysis by the
year of pregnancy. As the results from these models remained similar,
the impact of time trends was likely to be modest. Fourth, we did not
have information on mobility during pregnancy to account for living in
different home addresses with different residence related variables,
such as living in a newly renovated room, proximity to a main road,
distance to major roads and the number of street intersections, which
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may introduce further exposure misclassification. However, Tang’s
study indicated only 2.1% of residential mobility during the first tri-
mester in China (Tang et al., 2018), and our study showed only 2.5% of
residential mobility during the perinatal period. Therefore, we assumed
that our use of a single residential address during pregnancy had lim-
ited influence on the findings in this study. We conducted a sensitivity
analysis by excluding 376 women who moved during their pregnancies
and we found similar results. To reduce misclassification bias, we used
strict criteria to define maternal residence, where women were required
to be living in the monitored district for more than 6 months before
pregnancy, and we only used the residential address one year before to
the 1st trimester of the study pregnancy. Furthermore, blue space was
not considered in our study, thus our estimates for greenness might be
partially affected by the presence of water. However, we did not find
any previous study that indicated a potential association between blue
space exposure and CHDs. Moreover, we used MODIS images to cal-
culate NDVI levels, which has lower resolution than other approaches,
such as Landsat images, and may have misclassified some participants.
This bias may be non-differential and would lead to underestimate our
estimates. Fifth, considering that the study covered 21 cities through
the whole province, internal variation in area-level SES may impact the
evaluation of the greenness effects. Therefore, we used district GDP as
our prior study (Yang et al., 2019) to adjust the area-level SES. Ad-
ditionally, other unmeasured factors, such as altitude (> 1000 m), may
be significant environmental risk factors for CHDs (Chun et al., 2019,
Garcia et al., 2016, Oster et al., 2016). However, participants in the
current study resided at altitudes of 2 m to 99 m, which are unlikely
have affected our effect estimates. Lacking information on maternal
gene profiles was also a limitation. Interactions between genetic poly-
morphisms and greenness exposure might impact the association with
CHDs (Moreau et al., 2019). Further studies are needed to address these
limitations. Finally, some potential confounding variables, such as
temperature, paternal age and physical activity were unavailable for
the current study, and so unmeasured confounding may have biased the
effect estimates. Yet, the results of an E-value analysis (VanderWeele
and Ding, 2017) indicated that an unmeasured or residual confounder
would require an OR exceeding 1.31 for both NDVI and CHDs to explain
away the observed effect (data not shown). This is unlikely as it would
be substantially greater than previously reported for known CHDs risk
factors. For example, OR = 1.14 (95%CI: 1.09, 1.19) for paternal
age> 35 (Peng et al., 2019) and OR = 1.09 (95% CI: 0.93, 1.29) for
being in the 95th %tile of extreme heat events (Lin et al., 2018). Still we
cannot rule out the possibility for a bias from residual confounding and
so we will expand the profile of potential confounding data to be col-
lected in our future studies.

5. Conclusions

This study suggested that maternal residential greenness has a
beneficial impact with a threshold of NDVI>0.21 on overall and most
subtypes of CHDs. Women who lived in urban locations, were perma-
nent residents, had a household income of> 3000 CNC, ≤35 years old
at the time of their pregnancies, and were highly educated were more
likely to receive the beneficial effects of Greenness. Further studies are
needed to confirm our findings, which will help to refine preventive
health and urban design strategies.
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