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A B S T R A C T

Background: Although studies have examined the association between residential greenness and birth weight,
there is no evidence regarding the association between residential greenness and fetal growth in utero. We aimed
to investigate the associations of residential greenness with both fetal growth in utero and birth weight.
Methods: A birth cohort (2014–2017) with 18,665 singleton pregnancies was established in Tongzhou Maternal
and Child hospital of Beijing, China. Residential greenness was matched with maternal residential address and
estimated from remote satellite data using normalized difference vegetation index with 200 m and 500 m buffers
(NDVI-200 and NDVI-500). Fetal parameters including estimated fetal weight (EFW), abdominal circumference
(AC), head circumference (HC) and femur length (FL) were assessed by ultrasound measurements during
pregnancy. Fetal parameters were standardized as gestational-age- and gender-adjusted Z-score and under-
growth was defined as Z-score < −1.88. Birth weight Z-score, low birth weight (LBW) and small for gestational
age (SGA) were assessed as birth outcomes. Generalized estimating equations with the autoregressive working
correlation structure and generalized linear regression were used to examine the associations of residential
greenness with quantitative and categorized outcomes.
Results: We found an increase Z-score of EFW [0.054, 95% confidence interval (CI): 0.020–0.087], AC (0.045,
95%CI: 0.011–0.080) and HC (0.054, 95%CI: 0.020–0.089) associated with residential greenness above NDVI-
500 median compared to less than and equal to NDVI-500 median. Stratified analyses indicated that the asso-
ciations might be stronger in women exposed to lower levels of particles with aerodynamic diameters ≤2.5 µm.
No associations were found in the analyses of NDVI-250 with fetal growth in utero. We didn’t observe significant
associations of NDVI with birth weight Z-score, LBW and SGA.
Conclusions: This study identified a positive association of NDVI-500 and fetal growth in utero, but we didn’t
observe its association with birth weight measures. Our results suggest that building sufficient green infra-
structure might potentially promote early life health.

1. Introduction

The urban population of the world has grown rapidly to 4.2 billion
in 2018, and Asia, despite its relatively lower level of urbanization, is
home to 54% of the world’s urban population (Revision of World

Urbanization Prospects, 2018). Urban areas are characterized by a
network of man-made infrastructures with increased ambient air pol-
lution and less greenspace (Dadvand et al., 2012a). In recent years,
more and more studies have focused on the ability of residential
greenness to promote the development of fetal growth and mitigate
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adverse health effects of urban-related environmental hazards
(Biodiversity and Health in the Face of Climate Change, 2019).

Residential greenness is thought to improve health through redu-
cing exposure to air pollution or extreme temperatures, restoring
mental health, enhancing social contacts and increasing physical ac-
tivities (Markevych et al., 2017). In this context, residential greenness
could improve maternal health with a healthier fetal environment
during pregnancy. As a result, a growing body of studies has linked
residential greenness with fetal growth using birth weight as an out-
come, but there were inconsistent results in the previous studies
(Dzhambov et al., 2014). Several studies indicated the positive asso-
ciation between residential greenness and birth weight (Agay-Shay
et al., 2014, 2019, Cusack et al., 2017, 2018, Dadvand et al., 2012a,
2014; Ebisu et al., 2016; Fong et al., 2018; Hystad et al., 2014; Laurent
et al., 2013, 2019; Markevych et al., 2014; Nieuwenhuijsen et al., 2019)
while other studies indicated null associations (Cusack et al., 2018;
Cusack et al., 2017; Dadvand et al., 2012b; Casey et al., 2016; Eriksson
et al., 2019; Glazer et al., 2018; Abelt and McLafferty, 2017;
Grazuleviciene et al., 2015). However, they were mostly conducted in
western countries, and the associations between residential greenness
and birth weight remained unclear in Asian countries where both rapid
urbanization and high air pollutions were found.

Moreover, there is another gap in understanding the associations
between residential greenness and fetal growth. Classifying newborns
as growth-restricted at birth may lead to biased estimates because birth
weight cannot adequately reflect dynamic growth patterns in utero
during the whole pregnancy (Valero De Bernabe et al., 2004). Ultra-
sound measurement is one of the promising approaches to capture the
fetal growth pattern in utero, which could be a better indicator than
assessments at birth for explaining growth restriction related to en-
vironmental exposures during pregnancy (Smarr et al., 2013). How-
ever, to the best of our knowledge, there is no available epidemiological
evidence regarding the association between residential greenness and
fetal growth in utero using ultrasound measurement.

Meanwhile, the associations between residential greenness and
health outcomes also depend on other influencing factors, such as so-
cioeconomic status, gender, ethnicity or air pollution (Markevych et al.,
2017). Therefore, assessment of effect modification is also necessary to
better understand the relationships between residential greenness and
fetal growth.

In this study, we investigated the associations of residential green-
ness with both fetal growth in utero and birth weight using a birth
cohort in Tongzhou District, Beijing, China. We used normalized dif-
ference vegetation index (NDVI), a proxy of residential greenness, to
investigate the association of residential greenness with fetal growth in
utero and understand whether the associations persisted from preg-
nancy to birth. We also explored potential effect modification by other
influencing factors.

2. Methods

2.1. Study design and participants

From January 1st, 2014 to December 31st, 2017, a birth cohort was
established in Tongzhou Maternal and Child hospital in Beijing, China.
We recruited all the pregnant women during their first prenatal visit to
the hospital after their early pregnancy confirmation. Pregnant women
were interviewed face-to-face by trained nurses in the first prenatal
visit, and we collected their demographic information, socioeconomic
characteristics, gynecological history and last menstrual period (LMP).
If the woman had an irregular menstrual cycle, the obstetricians would
re-check the LMP based on the report of the first ultrasound measure-
ment, which was done for the confirmation of early pregnancy. The
pregnant women were kept tracking for obstetric complications (ge-
stational diabetes, gestational hypertension, etc.) and routine ultra-
sound measurements during the routine follow-up prenatal visits

(20–24, 29–32 and 37–41 week). At the time of birth, birth information
was collected including the date of birth, neonatal gender, and birth
weight. Pregnant women were selected if: (1) LMP ranged from January
1st, 2014 to December 31st, 2017; (2) offering full information of re-
sidential address; (3) the current pregnancy was first pregnancy during
the study period; (4) not diagnosed as diabetes, chronic hepatitis, hy-
pertension, heart diseases or kidney diseases before pregnancy; (5) age
ranged from 18 to 45 years. A total of 20,867 women were selected
from the birth cohort. Women were excluded if: (1) the pregnancy
ended in stillbirth or birth defects; (2) the gestational age
(GA) ≥ 43 weeks; (3) no available ultrasound measurements at all the
follow-up visits; (4) having unreasonable outlier of birth weight (ab-
solute values of Z-score greater than 3.5) (Lunde et al., 2007)and (5)
missing exposure of NDVI (described in exposure assessment). Finally, a
total of 18,665 women were included in the study (Fig. S1). The study
was approved by the Institutional Review Board of Peking University
Health Science Center (No. IRB00001052-18008).

2.2. Outcome measurements

Abdominal circumference (AC), head circumference (HC) and femur
length (FL) were obtained from routine ultrasound measurements.
There were 13,243 (70.95%) participants with three scans, while 4812
(25.78%) and 610 (3.27%) participants had two scans and one scan
during the pregnancy. These fetal parameters were used to calculate
estimated fetal weight (EFW) based on the Hadlock’s formula:
log10(EFW) = 1.326–0.00326*AC*FL + 0.0107*HC + 0.0438*AC +
0.158*FL (Hadlock et al., 1985). GA at the ultrasound measurement
was calculated as the date of a measurement minus the date of LMP.
The fetal parameters were measured at different GA. The use of GA- and
gender-adjusted Z-score enabled comparison of effect estimates
throughout different GA. The Generalized Additive Models for Location,
Scale and Shape (GAMLSS) was used to generate Z-score for all the fetal
parameters, which has been well applied in previous environmental
studies (Hu et al., 2018a, 2018b; Peng et al., 2018). Assuming the
distribution of each parameter depends on GA for different fetal gender,
each parameter was modeled by a penalized spline of GA after the
normalization of the parameters by using Box-Cox power exponential
transformations. Z-score for all the fetal parameters at each GA was
generated based on the best fitting models. We defined undergrowth of
fetal parameters as Z-score < −1.88 (< 3rd centile) (Zhao et al., 2018)
based on the clinical consensus (Gordijn et al., 2016).

GA at birth was calculated as the date of birth minus the date of
LMP. We calculated the GA- and gender-adjusted birth weight Z-score
based on the same method described above. We defined low birth
weight (LBW) as a birth weight of less than 2500 g. We defined small
for gestational age (SGA) as birth weight below the 10th percentile for
the GA based on the Chinese birth weight reference percentiles (Dai
et al., 2014).

2.3. Residential greenness assessments

We used the NDVI as a proxy of residential greenness. The NDVI is
estimated based on the 16-day composite images derived from the Terra
Moderate Resolution Imaging Spectroradiometer (MODIS) satellite,
which ranges from −1 to 1 with the higher numbers indicating more
greenness. The datasets offer composite images of 250 m and 500 m
buffer (NDVI-250 and NDVI-500) as the spatial resolution, which allows
us to compare the results with the previous publications (Dadvand
et al., 2012a; Laurent et al., 2019). We used the method described by
Cusack et al. (2017) to estimate NDVI over the time interval of interest
for each participant based on their resident address (Fig. S2). Estimates
of NDVI were based on averaging composite images over the time in-
terval of interest, with each image weighted based on the number of
estimated pregnancy days covered by the image. We found that four
participants (with seven scans) had more than two missing images (e.g.,
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more than one month) during the time interval of interest, and they
were excluded in the final analyses. The calculation of NDVI was shown
in Appendix A.

2.4. Covariate assessments

We selected a range of covariates as potential confounders using
directed acyclic graph method (Fig. S3) based on prior literatures
(Dadvand et al., 2012a; Cusack et al., 2017; Dadvand et al., 2012b;
Casey et al., 2016; Hystad et al., 2014; Fong et al., 2018; Laurent et al.,
2019), including maternal age (< 35 years/≥35 years), ethnicity
(Han/Minority), current employment (no/yes), maternal educational
levels (low for uneducated participants, primary, secondary, and high
school, middle for vocational college, and high for university and
above), particles with aerodynamic diameters ≤2.5 μm (PM2.5) and
ambient temperature. We further included GA at birth and gender only
in the analyses of LBW.

We estimated PM2.5 over the time interval of interest for each par-
ticipant using the random forest model with machine learning algo-
rithms. The detail of the models was shown in Appendix B. In the
analyses of fetal parameters, time-varying mean concentrations were
calculated and averaged from the date of conception to the date of
ultrasound measurement for each follow-up of participants. In the
analyses of birth weight, mean concentrations over the whole preg-
nancy were calculated and averaged from the date of conception to the
date of delivery for each participant. We obtained daily temperature
during the study period from the National Oceanic and Atmospheric
Administration (https://www.ncdc.noaa.gov/cdo-web/). The same ap-
proach as we did for PM2.5 was used to assign average ambient tem-
perature over the time interval of interest for each participant. Other
individual covariates were obtained from the interviews at the first
prenatal visit.

2.5. Statistical analyses

In the analyses of fetal parameters, we fitted generalized estimating
equation (GEE) (Zeger and Liang, 1986) to handle repeated measure-
ments within a subject using a first-order autoregressive correlation
structure (AR1) to investigate the associations of NDVI and Z-score
(using an identity link function), or the events of undergrowth (using a
logit link function). In the analyses of birth weight, we analyzed con-
tinuous birth weight Z-score using linear regression and LBW/SGA
using logistic regression. We built a crude model without adjusting for
any covariate, while in the adjusted model, we adjusted for all the
covariates. We used a spline function for ambient temperature to esti-
mate the potential non-linear relationship between ambient tempera-
ture and fetal growth. We used Akaike’s Information Criterion (AIC) to
choose the degree of freedom for the spline (Li et al., 2016; Li et al.,
2016). A smaller AIC value indicates the better model. Eventually, we
used a spline with 4 degrees of freedom to control for temperature. The
associations are presented corresponding as a continuous variable per
0.1 increase in NDVI or as a dichotomous variable with a cut-off at the
median value (≤median vs>median). Analyses were performed with
the data set restricted to complete cases of covariates (only 2.6%
missing) while missing values in final models were not imputed.

Stratified analyses were performed to assess effect modification
considering maternal education level, gender, ethnicity or PM2.5 (di-
chotomized at the median and the 25th percentile of PM2.5 level: 68.06
and 60.78 µg/m3). We performed the Wald test for the interaction term
between NDVI and these factors. Two sensitivity analyses were per-
formed by re-running the models (a) on the sample of mothers without
gestational diabetes (n = 14,013) and (b) on the sample of mothers
without gestational hypertension (n = 17,687).

All statistical analyses were conducted with the statistical software
R 3.6.1 (R Core Team 2019). A P value < 0.05 for a two-sided test was
considered statistically significant.

3. Results

There were 18.665 women and their children in this birth cohort
(Table 1). Most of the pregnant women were<35 years (89.6%), Han
ethnicity (93.8%), and had employment (86.0%). There were 43.9% of
pregnant women with a high education level and 65.0% of them being
primiparous. The mean GA and birth weight of the newborns were
39.23 ± 1.45 weeks and 3390.38 ± 450.64 g, and 51.1% of the
newborns were boys. The prevalence of LBW and SGA were 2.5% and
5.6%.

The fetal parameters were measured by ultrasound at the mean GA
of 23.22 ± 0.49, 30.12 ± 0.89 and 37.87 ± 1.10 weeks, respec-
tively. Among the three measurements, the mean EFW were
612.94 ± 62.88, 1576.03 ± 192.87 and 3079.87 ± 358.15 with the
Z-score of 0.06 ± 1.03, 0.04 ± 1.05 and 0.10 ± 1.07, respectively.
The prevalence of EFW undergrowth among the three measurements
were 2.6%, 3.2% and 3.2%, respectively. More details of the other fetal
parameters were shown in Table 2.

The characteristics of residential greenness were presented
(Table 3). The average NDVI-250 during the whole pregnancy ranged
from 0.12 to 0.50 with mean of 0.26 ± 0.05 and IQR of 0.06. The
average NDVI-500 during the whole pregnancy ranged from 0.10 to
0.57 with mean of 0.26 ± 0.06 and IQR of 0.08. The correlation be-
tween PM2.5 (66.23 ± 7.54 µg/m3) and NDVI-250 and NDVI-500 were
−0.12 and −0.12 while the correlations between temperature
(13.21 ± 3.16 °C) and NDVI-250 and NDVI-500 were 0.46 and 0.47.

The NDVI-500 was associated with fetal parameters (Table 4). We
found an increase Z-score of EFW [0.054, 95% Confidence Interval (CI):
0.020–0.087], AC (0.045, 95%CI: 0.011–0.080) and HC (0.054, 95%CI:
0.020–0.089) associated with residential greenness above NDVI-500
median compared to less than and equal to NDVI-500 median. We
didn’t observe significant associations in the analyses of NDVI-250
Results were similar in all the sensitivity analyses of fetal parameters
(Table S1).

The associations between NDVI and birth weight outcomes were less

Table 1
General characteristics of the birth cohort (N = 18,665).

N (%)/Mean (SD)

Maternal Characteristics
Year of conception
2014 3952 (21.2%)
2015 5132 (27.5%)
2016 5818 (31.2%)
2017 3763 (20.2%)
Maternal age
< 35 years 16,717 (89.6%)
≥35 years 1948 (10.4%)
Ethnicity
Han 17,507 (93.8%)
Minority 1156 (6.2%)
Maternal education levels
Low (primary, secondary, high school and uneducated) 4655 (25.2%)
Middle (junior college) 5686 (30.8%)
High (university and above) 8103 (43.9%)
Current employment
No 2569 (14.0%)
Yes 15,831 (86.0%)
Parity
Primapara 12,123 (65.0%)
Multipara 6542 (35.0%)
Birth Characteristics
Gestational age (week) 39.23 (1.45)
Birth weight (gram) 3390.38 (450.64)
Proportion of boys 9544 (51.1%)
Prevalence of LBW 467 (2.5%)
Prevalence of SGA 1045 (5.6%)

Abbreviation: SD, Standard deviation; LBW, Low birth weight; SGA, small for
gestational age.
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pronounced (Table 5). We didn’t find significant results in the analyses
in birth weight Z-score, LBW or SGA. Results were similar in all the
sensitivity analyses of birth weight outcomes (Table S2).

We also explored the possible effect modification between NDVI-
500 and fetal parameters (Table 6). We found a significant interaction
between NDVI-500 and different levels of PM2.5 exposure in the Z-score
of EFW, AC and HC (P interaction = 0.003, 0.003 and 0.002). In women
exposed to lower levels of PM2.5 exposure (< 68.06 µg/m3), we found
an increase Z-score of EFW (0.064, 95% CI: 0.026–0.101), AC (0.059,
95%CI: 0.021–0.097) and HC (0.064, 95%CI: 0.025–0.102) associated
with residential greenness above NDVI-500 median compared to less
than and equal to NDVI-500 median. In contrast, we didn’t observe
significant associations in the women exposed to higher levels of PM2.5

exposure (≥68.06 µg/m3). We found a similar result when using the
25th percentiles of PM2.5 (60.78 µg/m3) as a cut-off (Table S3). We
didn’t find a significant interaction between NDVI and maternal edu-
cation level, gender or ethnicity.

4. Discussion

To our knowledge, the study was the first in China to examine the
associations between residential greenness and fetal growth in utero

based on a birth cohort. The results showed that maternal exposure to a
higher level of NDVI-500 was associated with increased Z-score of EFW,
AC and HC, and the associations were stronger in women exposed to
lower levels of PM2.5. Moreover, we didn’t observe consistent associa-
tions in the analyses of birth outcomes.

The NDVI was commonly used in epidemiology studies, which is
easy to retrieve across different study areas and has been shown to be a
valid and practical index to study associations between residential
greenness and birth weight measures (Dadvand et al., 2012a; Cusack
et al., 2017; Dadvand et al., 2012b; Casey et al., 2016; Hystad et al.,
2014; Fong et al., 2018; Laurent et al., 2019). We are not able to
compare our findings with others because there is no previous study on
the associations of residential greenness and fetal growth in utero. The
observed positive associations of NDIV-500 with fetal parameters in our
study were in line with previous findings showing that the benefits of
residential greenness in improving birth weight and head circumference
at birth (Dadvand et al., 2012a; Hystad et al., 2014; Fong et al., 2018;
Laurent et al., 2019). However, we only found significant results in
NDVI with 500 m buffers but not 250 m buffers. A previous systematic
review (Dzhambov et al., 2014)summarized that larger buffers (e.g.,
500 m) had more pronounced results of improving birth weight
(Dadvand et al., 2012a; Laurent et al., 2019), while smaller buffers
(e.g., 250 m or 100 m) had inconsistent results (Hystad et al., 2014;
Fong et al., 2018; Cusack et al., 2017; Dadvand et al., 2012b; Casey
et al., 2016). There were several possible explanations for this ob-
servation. First, close-range exposure of residential greenness (e.g.,
window views) could reflect the benefits of psychological restoration
and stress reduction, which might not be captured by using NDVI with
smaller buffers in current resolution (Markevych et al., 2017). The use
of better resolutions would allow better capturing the high variability
and reducing the potential underestimation of residential greenness
that occurred at small buffers (Gascon et al., 2016). Second, wider
buffers reflected the potential social function of greenspace on recrea-
tional physical activity (Dzhambov et al., 2014). A previous study
suggested that higher physical activity was associated with lower birth
weight, but optimal physical activity during pregnancy might be ben-
eficial to reduce the risk of having a large newborn without a change in
the risk of having a small newborn (Wiebe et al., 2015). Therefore,
further studies are needed to confirm the associations between re-
sidential greenness with wider buffers and the underlying pathology for
growth restriction in utero.

Meanwhile, we found little evidence regarding the associations
between NDVI and birth weight in different buffers. Several studies
indicated similar null associations in the less green areas with lower
values of NDVI (Cusack et al., 2018; Cusack et al., 2017; Dadvand et al.,
2012b; Casey et al., 2016; Eriksson et al., 2019; Glazer et al., 2018;
Abelt and McLafferty, 2017; Grazuleviciene et al., 2015). Moreover, a
systematic review also indicated limited evidence regarding the asso-
ciations between NDVI and birth weight (Dzhambov et al., 2014). The
inconsistent results might be due to the variation in populations and
design settings within different areas and countries. Another explana-
tion for our findings was that the differential ecological environment
and different vegetation patterns of the Tongzhou District compared to

Table 2
Characteristics of fetal growth in utero during pregnancy.

Fetal parameters First time
(n = 15081)

Second time
(n = 16369)

Third time
(n = 13596)

Gestational age at
measurements, week

23.22 (0.49) 30.12 (0.89) 37.87 (1.10)

EFWα

Original scale, g 612.94 (62.88) 1576.04
(192.90)

3079.79
(358.10)

Z-scoreβ 0.06 (1.03) 0.04 (1.05) 0.10 (1.07)
Undergrowth of EFW, %

σ
395 (2.6%) 523 (3.2%) 438 (3.2%)

AC
Original scale, mm 190.80 (8.86) 264.00 (13.09) 336.29 (17.02)
Z-scoreβ 0.05 (1.03) 0.03 (1.04) 0.08 (1.05)
Undergrowth of AC, % σ 402 (2.7%) 504 (3.1%) 435 (3.2%)
HC
Original scale, mm 213.99 (8.03) 282.31 (10.37) 327.63 (11.04)
Z-scoreβ 0.06 (1.02) 0.02 (1.05) 0.07 (1.05)
Undergrowth of HC, % σ 393 (2.6%) 488 (3.0%) 430 (3.2%)
FL
Original scale, mm 41.20 (1.82) 57.07 (2.37) 69.62 (2.35)
Z-scoreβ 0.05 (1.02) 0.04 (1.05) 0.08 (1.05)
Undergrowth of FL, % σ 323 (2.1%) 482 (2.9%) 425 (3.1%)

Abbreviation: AC, Abdominal circumference; EFW, Estimated fetal weight; FL,
Femur length; HC, Head circumference.

α : EFW were calculated by the Hadlock’s formula using AC, HC and FL:
log10(EFW) = 1.326–0.00326*AC*FL + 0.0107*HC + 0.0438*AC +
0.158*FL.

β : All fetal parameters were quantified as gestational-age- and gender-ad-
justed Z-score using the Generalized Additive Models for Location, Scale and
Shape (GAMLSS).

σ : Undergrowth was defined as Z-score < −1.88 (< 3rd centile).

Table 3
Distribution of the NDVI, PM2.5 and temperature for the birth cohort.

Whole pregnancy Mean (SD) IQR Distribution Correlations

Min 25th 50th 75th Max NDVI-250 NDVI-500 PM2.5 Temperature

NDVI-250 0.26 (0.05) 0.06 0.12 0.22 0.25 0.28 0.50 1 0.79 −0.12 0.46
NDVI-500 0.26 (0.06) 0.08 0.10 0.21 0.25 0.30 0.57 – 1 −0.12 0.47
PM2.5 (µg/m3) 66.23 (7.54) 21.58 48.23 60.78 68.06 71.89 89.87 – – 1 −0.04
Temperature (°C) 13.21 (3.16) 5.96 3.87 10.34 12.73 16.29 21.21 – – – 1

Abbreviation: SD, Standard deviation; IQR, Interquartile range; NDVI, Normalized Difference Vegetation Index; PM2.5: Particles with aerodynamic diameters
≤2.5 μm.
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other study areas. For example, the range of NDVI values in our study
indicated that there might be more shrubs and grassland in the study
areas with less high trees (Gascon et al., 2016). The Tongzhou district is
a new urban development zone, where woodlands were located in the
southeastern area of the district (Dong et al., 2017) and most of the

participants lived in the northwestern and intermediate areas of the
district (shown in Fig. S2). The effect of residential greenness on birth
weight might be more pronounced in high trees but not shrubs or
grassland. Further studies are needed in different areas within different
ecological zones in China to determine whether the associations

Table 4
Associations between residential greenness and fetal growth in utero.α

NDVI with buffer of 250 m NDVI with buffer of 500 m

Crude Model Adjusted Model Crude Model Adjusted Model

Estimates/Odd ratios P Estimates/Odd ratios P Estimates/Odd ratios P Estimates/Odd ratios P

EFWβ

Z-score
Continuous variable 0.015 (−0.003, 0.033) 0.106 0.009 (−0.022, 0.040) 0.579 0.007 (−0.007, 0.021) 0.355 −0.003 (−0.028, 0.022) 0.798
NDVI > median 0.015 (−0.006, 0.036) 0.167 0.020 (−0.013, 0.052) 0.230 0.026 (0.005, 0.048) 0.014 0.054 (0.020, 0.087) 0.002
Undergrowthσ

Continuous variable 0.988 (0.903, 1.081) 0.794 1.007 (0.864, 1.174) 0.924 1.003 (0.935, 1.076) 0.926 0.990 (0.873, 1.122) 0.873
NDVI > median 0.948 (0.845, 1.063) 0.360 0.983 (0.810, 1.194) 0.867 0.980 (0.873, 1.099) 0.726 0.872 (0.718, 1.058) 0.165
AC
Z-score
Continuous variable 0.023 (0.005, 0.041) 0.014 −0.001 (−0.032, 0.030) 0.964 0.013 (−0.001, 0.027) 0.059 −0.012 (−0.037, 0.013) 0.346
NDVI > median 0.028 (0.007, 0.049) 0.010 0.019 (−0.014, 0.053) 0.254 0.033 (0.012, 0.054) 0.002 0.045 (0.011, 0.080) 0.009
Undergrowthσ

Continuous variable 0.980 (0.895, 1.074) 0.671 1.017 (0.864, 1.197) 0.840 0.985 (0.916, 1.059) 0.678 1.012 (0.889, 1.153) 0.852
NDVI > median 0.973 (0.867, 1.093) 0.648 0.989 (0.809, 1.208) 0.911 0.959 (0.855, 1.077) 0.484 0.937 (0.766, 1.147) 0.528
HC
Z-score
Continuous variable 0.016 (−0.002, 0.033) 0.084 0.019 (−0.011, 0.050) 0.206 0.001 (−0.012, 0.015) 0.857 −0.003 (−0.027, 0.022) 0.834
NDVI > median 0.010 (−0.011, 0.031) 0.355 0.016 (−0.016, 0.049) 0.328 0.018 (−0.003, 0.039) 0.098 0.054 (0.020, 0.089) 0.002
Undergrowth σ

Continuous variable 1.001 (0.911, 1.100) 0.983 0.955 (0.804, 1.134) 0.600 1.027 (0.957, 1.103) 0.457 0.973 (0.849, 1.114) 0.688
NDVI ≥ median 1.018 (0.906, 1.143) 0.770 0.885 (0.726, 1.077) 0.223 1.034 (0.921, 1.162) 0.568 0.836 (0.681, 1.026) 0.087
FL
Z-score
Continuous variable −0.013 (−0.030, 0.005) 0.161 0.011 (−0.018, 0.041) 0.448 −0.011 (−0.025, 0.002) 0.104 0.007 (−0.016, 0.031) 0.541
NDVI > median −0.021 (−0.042, −0.000) 0.045 0.001 (−0.032, 0.034) 0.938 −0.003 (−0.024, 0.018) 0.774 0.024 (−0.010, 0.059) 0.168
Undergrowth σ

Continuous variable 1.022 (0.936, 1.115) 0.635 0.951 (0.816, 1.108) 0.518 1.017 (0.949, 1.089) 0.632 0.909 (0.802, 1.031) 0.138
NDVI > median 1.058 (0.939, 1.192) 0.353 1.034 (0.848, 1.261) 0.743 1.036 (0.920, 1.166) 0.558 0.941 (0.770, 1.149) 0.548

Abbreviation: AC, Abdominal circumference; EFW, Estimated fetal weight; FL, Femur length; HC, Head circumference; NDVI, Normalized Difference Vegetation
Index; Particles with aerodynamic diameters ≤2.5 μm.

α : The crude model adjusted for no covariates. The adjusted model adjusted for all the covariates including maternal age (< 35 years/≥35 years), ethnicity (Han/
Minority), current employment (no/yes), maternal educational levels (low for primary, secondary, high school and uneducated participants, middle for junior
college, and high for university and above), PM2.5 and ambient temperature (a natural spline with 4 degrees of freedom).

β : EFW were calculated by the Hadlock’s formula using AC, HC and FL: log10(EFW) = 1.326–0.00326*AC*FL + 0.0107*HC + 0.0438*AC + 0.158*FL.
σ : Undergrowth was defined as Z-score < -1.88 (< 3rd centile).

Table 5
Associations between residential greenness and birth weight outcomes.α

NDVI with buffer of 250 m NDVI with buffer of 500 m

Crude Model Adjusted Model Crude Model Adjusted Model

Estimates/Odd ratios P Estimates/Odd ratios P Estimates/Odd ratios P Estimates/Odd ratios P

Birth weight Z-score
Continuous variable 0.022 (-0.008, 0.051) 0.146 −0.003 (-0.036, 0.031) 0.878 0.008 (-0.014, 0.030) 0.493 −0.011 (-0.037, 0.014) 0.383
NDVI > median 0.040 (0.011, 0.069) 0.006 0.023 (-0.009, 0.055) 0.164 0.021 (-0.007, 0.050) 0.145 −0.000 (-0.033, 0.033) 0.999
LBW
Continuous variable 0.822 (0.649, 1.035) 0.099 0.792 (0.595, 1.047) 0.106 0.964 (0.807, 1.146) 0.678 0.964 (0.777, 1.188) 0.735
NDVI > median 0.873 (0.689, 1.105) 0.258 0.877 (0.665, 1.156) 0.351 0.978 (0.773, 1.238) 0.854 0.997 (0.754, 1.317) 0.982
SGA
Continuous variable 1.020 (0.874, 1.186) 0.802 1.081 (0.907, 1.283) 0.381 1.076 (0.960, 1.204) 0.203 1.120 (0.983, 1.272) 0.086
NDVI > median 0.872 (0.751, 1.013) 0.073 0.877 (0.740, 1.039) 0.129 0.997 (0.859, 1.157) 0.967 1.015 (0.855, 1.203) 0.867

Abbreviation: LBW, low birth weight; NDVI, Normalized Difference Vegetation Index; PM2.5, Particles with aerodynamic diameters ≤2.5 μm; SGA, small for
gestational age.

α : The crude model adjusted for no covariates. The adjusted model adjusted for all the covariates including maternal age (< 35 years/≥35 years), ethnicity (Han/
Minority), current employment (no/yes), maternal educational levels (low for primary, secondary, high school and uneducated participants, middle for junior
college, and high for university and above), PM2.5 and ambient temperature (a natural spline with 4 degrees of freedom). The adjusted model of LBW further adjusted
for gestational age at birth and gender.
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between residential greenness and birth weight could be extrapolated.
The associations between NDVI-500 and the fetal parameters were

robust in our study. Although the clinical interpretation of Z-score is not
straightforward, we can still interpret our findings using absolute va-
lues. For example, the mean EFW of a 30-week male fetus is 1577.19 g
with a Z-score of 0 and 1585.55 g with a Z-score of 0.054. Therefore,
the increase of the Z-score of 0.054 was equal to a change of 8.36 g for
this fetus, which was associated with residential greenness above NDVI-
500 median compared to less than and equal to NDVI-500 median.
However, the associations attenuated to null at birth, indicating that a
catch-up growth of EFW might occur from late pregnancy to birth to
compensate for the impairment during pregnancy. Restricted growth
during pregnancy could still affect the children’s long-term outcomes
independent of birth weight (Henrichs et al., 2010; Jaddoe et al., 2014).
More studies are needed to validate the greenness effect on fetal growth
in utero in addition to birth weight.

The stratified analyses indicated that the associations of residential
greenness with fetal parameters might be stronger in women who were
exposed to lower levels of PM2.5. A retrospective cohort in California
didn’t find a significant interaction between PM2.5 and residential
greenness on birth weight (Laurent et al., 2019). We did not find any
study investigating the interaction between PM2.5 and greenness on
fetal growth in utero. Urban areas with high traffic density may interact
with greenness to induce higher levels of air pollutants. For example,
trees in urban street canyons can obstruct the wind flow, thereby si-
multaneously increasing on-road concentrations of air pollutants and
overweighing the benefits of residential greenness (Vos et al., 2013).
Given that limited evidence is available, further studies are needed to
elucidate the effect modification of air pollution on the association
between residential greenness and fetal growth.

There are some strengths of this study. This was the first study in
China that both fetal growth in utero and birth weight measures were
used. It is a true longitudinal study with several ultrasound measure-
ments and a large sample size for clarifying the associations between
residential greenness and fetal growth. However, the potential limita-
tions of our study should be considered. First, we couldn’t preclude the
possibility of measurement errors due to the different measurement
techniques between individual ultrasound technicians in the hospital.
However, the hospital provides strict internal quality control and the
technicians were required to follow the Chinese guideline to minimize
the errors (Chinese Association of Ultrasound in Medicine and
Engineering, 2012). Second, MODIS NDVI provides medium spatial
resolution, but the good temporal resolution allowed us to estimate the
time-varying residential greenness during the pregnancy. Third, we
relied on addresses extracted from discharge records after delivery to
generate residential greenness measures but did not have information
on moving home during pregnancy. We couldn’t preclude the

possibility of exposure misclassification. However, the percentage of
pregnant women who moved during pregnancy was very small in the
view of the obstetricians in this hospital. Finally, we didn’t collect de-
tailed information on residential greenness, such as the specific types of
vegetation or land cover, or the efficiency of the use of residential
greenness.

5. Conclusions

In conclusion, the present birth cohort study in Beijing identified the
positive association of NDVI-500 with fetal growth in utero, but we
didn’t observe its association with birth weight measures. The results
support that residential greenness may have a beneficial impact on fetal
growth in utero, and building sufficient green infrastructure might
potentially promote early life health.
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Table 6
The effect modification of different levels of PM2.5 exposure on the associations between residential greenness and fetal growth in uteroα.

NDVI with buffer of 500 m Different levels of PM2.5 exposure P interaction

PM2.5 ≤ median PM2.5 > median
Estimates P Estimates P

EFW Z-scoreβ

NDVI > median 0.064 (0.026, 0.101) 0.001 −0.020 (−0.056, 0.017) 0.287 0.003
AC Z-score
NDVI > median 0.059 (0.021, 0.097) 0.002 −0.029 (−0.065, 0.006) 0.106 0.003
HC Z-score
NDVI > median 0.064 (0.025, 0.102) 0.001 −0.018 (−0.054, 0.017) 0.318 0.002

Abbreviation: AC, Abdominal circumference; EFW, Estimated fetal weight; HC, Head circumference; NDVI, Normalized Difference Vegetation Index; Particles with
aerodynamic diameters ≤ 2.5 μm.

α : The adjusted model adjusted for all the covariates including maternal age (< 35 years/≥35 years), ethnicity (Han/Minority), current employment (no/yes),
maternal educational levels (low for primary, secondary, high school and uneducated participants, middle for junior college, and high for university and above),
PM2.5 and ambient temperature (a natural spline with 4 degrees of freedom).

β : EFW were calculated by the Hadlock’s formula using AC, HC and FL: log10(EFW) = 1.326–0.00326*AC*FL + 0.0107*HC + 0.0438*AC + 0.158*FL.
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Appendix. Supplementary material

Supplementary data to this article can be found online at https://
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