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Abstract: Residential greenness may increase opportunities for physical activity, social engagement, 15 
and psychological restoration. Thus, greenness may benefit maternal health and consequently, fetal 16 
growth. We investigated the associations between residential greenness and birthweight among 17 
full-term live births in Massachusetts between 2001 and 2013. Average residential greenness during 18 
pregnancy was calculated using the 250 m normalized difference vegetation index (NDVI) 19 
measured by NASA satellites with the moderate resolution imaging spectroradiometer. We 20 
estimated average differences in continuous birthweight, odds of being low birthweight (LBW: < 21 
2500 grams), and odds of being small for gestational age (SGA: < 10th percentile of birthweight 22 
stratified by sex and gestational age) per higher greenness, adjusted for individual and 23 
neighborhood covariates, and considered nonlinearity and effect modification by socioeconomic 24 
status (SES). Higher exposure to greenness was associated with higher continuous birthweight with 25 
stronger associations in the lower range compared to the higher range of greenness. Greenness and 26 
odds of LBW / SGA was linear, negative, and modified by SES with stronger associations among 27 
those born to better-educated mothers (LBW, SGA), those without government assistance for 28 
prenatal care (SGA), and those living in higher median household income areas (SGA). In 29 
conclusion, our results suggest that greenness is beneficial to fetal growth exhibited by higher 30 
birthweight and decreased odds of LBW / SGA. These associations may be nonlinear and modified 31 
by SES.   32 

Keywords: natural environment; greenness; health inequities; birth outcomes; birthweight; prenatal 33 
exposure 34 

 35 

1. Introduction 36 

The introduction should briefly place the study in a broad context and highlight why it is 37 
important. It should define the purpose of the work and its significance. The current state of the 38 
research field should be reviewed carefully and key publications cited. Please highlight controversial 39 
and diverging hypotheses when necessary. Finally, briefly mention the main aim of the work and 40 
highlight the principal conclusions. As far as possible, please keep the introduction comprehensible 41 
to scientists outside your particular field of research. References should be numbered in order of 42 
appearance and indicated by a numeral or numerals in square brackets, e.g., [1] or [2,3], or [4–6]. See 43 
the end of the document for further details on references. 44 
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2. Materials and Methods  45 

2.1. Data 46 

2.1.1. Study Population 47 

  48 

2.1.2. Exposure: Residential Greenness 49 

2.1.3. Outcomes 50 

2.1.4. Covariates 51 

 52 

2.2. Analysis 53 

We first assessed the relationship between greenness and continuous birthweight. We 54 
constructed a nonlinear model with a natural spline for NDVI and additionally adjusted for all 55 
covariates. To test whether the nonlinear model provided a better fit, we used the likelihood-ratio 56 
test and compared it to a simpler model with a linear term for NDVI instead. Next, we considered 57 
possible effect modification by adding interaction terms between NDVI and each of newborn sex, 58 
maternal education, government support for prenatal care, Census block group median household 59 
income, and Census block group percent black population. If we found evidence of effect 60 
modification by these covariates, they were included in the final model. We followed a similar 61 
process in modeling LBW and SGA, testing first for nonlinearity then for effect modification. As LBW 62 
and SGA are binary outcomes, we built logistic models estimating average differences in the odds of 63 
LBW associated with increased greenness.   64 

We conducted our analyses using the statistical language R (R Core Team 2017). Statistical 65 
significance was set at the 0.05 alpha level with 2-sided tests. As a sensitivity analysis, we divided the 66 
data to those who were born to mothers who lived in areas of high population density (> 1000 people 67 
per square mile) versus low population density (≤ 1000 people per square mile) [21]. 68 

3. Results 69 

3.1. Summary Statistics 70 

Table 1 shows descriptive statistics in the study population. Birthweight, maternal age, Census 71 
block group median household income, being a first-born, having a married mother, having a white 72 
mother, receiving adequate prenatal care, chronic and gestational diabetes, and having a mother 73 
with higher education were higher in those born to mothers with higher exposure to residential 74 
greenness (data not shown). Conversely, Census block group black population proportion, 75 
receiving government support for prenatal care, and having a mother who had diabetes were lower 76 
with higher greenness. 77 

Table 1. Characteristics of Massachusetts full-term, singleton live births from 2001 to 2013 (n = 78 
780.435) 79 

Variable Overall 

Continuous Variables (mean ± sd) 
 

 
Greenness (NDVI)  0.49 ± 0.15 

 
Birthweight (g)  3441 ± 472 

 
PM2.5 (µg/m3)  10.1 ± 1.4 

 
Clinical Gestational Age (weeks)  39.3 ± 1.2 
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Mother's Age (years)  30.1 ± 6.0 

 
Census Black Population Proportion  0.08 ± 0.15 

 
Census Median Household Income 

($10,000s)  

6.8 ± 3.3 

Binary and Categorical Variables (%) 
 

 
Newborn Female Sex  49.0 

 
Low Birthweight   2.1 

 
Small for Gestational Age  9.1 

 
Parity: First-Born  54.7 

 
Mother Married  68.9 

 
Government Support for Prenatal Care  33.0 

 
Maternal Smoking  13.7 

 
Gestational Diabetes  4.0 

 
Other Diabetes  0.9 

 
High Blood Pressure during Pregnancy  3.3 

 
Chronic High Blood Pressure  1.2 

 
Season of Birth  

 

  
Winter 24.4 

  
Spring 25.1 

  
Summer 26.0 

  
Fall 24.5 

 
Mode of Delivery  

 

  
Vaginal 65.5 

  
Forceps 0.6 

  
Vacuum 3.6 

  
First Caesarian Birth 16.7 

  
Repeat Caesarian 12.1 

  
Vaginal Birth after previous 

Caesarean Birth 

1.6 
 

Maternal Race  
 

  
White 71.9 

  
Black 8.4 

  
Asian 7.6 

  
American Indian 0.2 

  
Other 11.9 

 
Kessner Index for Prenatal Care  

 

  
Adequate 78.6 

  
Intermediate 17.0 

  
Inadequate 3.3 

  
No Prenatal Care 1.2 

 
Maternal Education  

 

  
Less than High School 10.7 

  
High School 24.0 

  
Some College 22.3 

  
College 26.3 

    Advanced Degree 16.7 

 80 

3.2. Continuous Birthweight 81 

Increased greenness was associated with higher birthweight after adjustment for all model 82 
covariates (Figure 1). A nonlinear model with a natural spline for NDVI was more appropriate for 83 
describing the association than the model with a linear term for NDVI (Likelihood ratio test for a 84 
nonlinear association: p < 0.05). The number of degrees of freedom in the natural spline was 4 and 85 
increasing this number did not improve model fit. Figure 1 shows that between 0.25 and 0.50 NDVI, 86 
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the estimated change in birthweight per 0.1 NDVI increase was 7.09 (95% CI: 5.59, 8.58) g; between 87 
0.50 and 0.75 NDVI, the estimated change in birthweight per 0.1 NDVI increase was 3.55 (95% CI: 88 
1.47, 5.62) g. Estimated changes below 0.25 or above 0.75 NDVI were not statistically significant. For 89 
continuous birthweight modeled with a spline for NDVI, we did not find evidence to support effect 90 
modification by newborn sex, maternal education, government support for prenatal care, Census 91 
block group black population proportion, and Census median household income. 92 

 93 

Figure 1. Nonlinearity in the Association between Greenness and Birthweight. Black line shows the 94 
predicted difference from mean birthweight (3,441 g) in a range of normalized difference vegetative 95 
index (NDVI) values, given that all other covariates are at their respective means. 95% confidence 96 
intervals are shaded in gray. Rug plot on x-axis represents density of observed NDVI values. 97 
Nonlinear model with a natural spline for NDVI adjusted for the following covariates: maternal age, 98 
race, smoking prior to or during pregnancy, education, parity, chronic diabetes, gestational diabetes, 99 
chronic high blood pressure, gestational high blood pressure, Kessner index of adequacy of prenatal 100 
care, birth mode of delivery, clinical gestational age, newborn sex, government support for prenatal 101 
care, season of birth, year of birth, Census black population proportion, and Census median 102 
household income. 103 

3.3. Low Birthweight 104 

 Increased greenness was associated with lower odds of LBW. On average, the odds ratio (OR) 105 
for LBW per a 0.1 increase in NDVI was 0.980 (95% CI: 0.968, 0.993). A nonlinear logistic model with 106 
a natural spline for greenness did not provide a better fit over the model with a linear term for 107 
greenness. We found evidence to support that there was effect modification by maternal education 108 
(p < 0.05). Estimated ORs stratified by maternal education per 0.1 increase in NDVI are graphed in 109 
Figure 2a. The ORs for those born to mothers whose highest education attainment was high school 110 
or college were statistically significant and below 1, indicating lower odds for LBW with higher 111 
greenness. The estimated effect among those born to college-educated mothers was stronger (OR 112 
0.952; 95% CI: 0.927, 0.977) that those born to high school-educated mothers (OR: 0.975; 95% CI: 113 
0.954, 0.995). 114 

3.4. Small for Gestational Age 115 

Increased greenness was associated with lower odds of SGA. On average, the OR for SGA per a 116 
0.1 increase in NDVI was 0.978 (95% CI: 0.972, 0.984). A nonlinear logistic model with a natural spline 117 
for greenness did not provide a better fit over the model with a linear term for greenness. There was 118 



Int. J. Environ. Res. Public Health 2018, 15, x FOR PEER REVIEW  5 of 7 

 

effect modification by maternal education, government support for prenatal care, and Census block 119 
group median household income (p < 0.05). Estimated ORs stratified by maternal education per 0.1 120 
increase in NDVI are graphed in Figure 2b, stratified by government support for prenatal care in 121 
Figure 2c, and stratified by Census block group median annual household income in Figure 2d. The 122 
ORs for those born to mothers whose highest education attainment was high school, some college, or 123 
college were statistically significant and below 1. The estimated effect was strongest among those 124 
born to high school-educated mothers (OR 0.971; 95% CI: 0.961, 0.981) and those born to college-125 
educated mothers (OR 0.971; 95% CI: 0.959, 0.983). The estimated OR for those born to mothers with 126 
some college was 0.977 (95% CI: 0.965, 0.988). In a separate model that estimated the odds of SGA 127 
stratified by government assistance for prenatal care, the estimated effect was stronger among those 128 
without government assistance for prenatal care (OR 0.937; 95% CI: 0.921, 0.953) than those with 129 
assistance (OR 0.973; 95% CI: 0.953, 0.993). Finally, estimated effect was strongest among those who 130 
lived in a Census block group with median annual household income $72,000 - $92,500 (OR 0.973; 131 
95% CI: 0.960, 0.986), followed by >$92,500 (OR 0.974; 95% CI: 0.960, 0.988), <$40,000 (OR 0.978; 95% 132 
CI: 0.966, 0.990), $56,000 to $72,500 (OR 0.986; 95% CI: 0.973, 0.998), and $40,000 - $56,000 (OR 0.987; 133 
95% CI: 0.974, 0.999).   134 

 135 

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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Figure 2. Effect Modification by Maternal Education in the Association between Greenness and Low 136 
Birthweight (LBW) and Small for Gestational Age (SGA). Odds ratios and 95% confidence intervals 137 
per 0.1 increase in NDVI are shown. Dotted line at 1.0 represents a null association. (a) shows the 138 
odds ratio estimates for LBW stratified by maternal education; (b) shows the odds ratio estimates for 139 
SGA stratified by maternal education; (c) shows the odds ratio estimates for SGA stratified by 140 
government assistance for prenatal care; (d) shows the odds ratio estimates for SGA stratified by 141 
Census block group median household income. Each model adjusted for the following covariates: 142 
maternal age, race, smoking prior to or during pregnancy, education, parity, chronic diabetes, 143 
gestational diabetes, chronic high blood pressure, gestational high blood pressure, Kessner index of 144 
adequacy of prenatal care, birth mode of delivery, clinical gestational age, newborn sex, government 145 
support for prenatal care, season of birth, year of birth, Census black population proportion, and 146 
Census median household income.  147 

4. Discussion 148 

Authors should discuss the results and how they can be interpreted in perspective of previous 149 
studies and of the working hypotheses. The findings and their implications should be discussed in 150 
the broadest context possible. Future research directions may also be highlighted. 151 

5. Conclusions 152 

This section is mandatory. Please summarize the main achievements and/or results in  153 
this section. 154 

Supplementary Materials: The following are available online at www.mdpi.com/link, Figure S1: title, Table S1: 155 
title, Video S1: title.  156 

Acknowledgments: This publication was made possible by USEPA grants (RD-834798 and RD-835872) and NIH 157 
grant R00 CA201542. Its contents are solely the responsibility of the grantee and do not necessarily represent the 158 
official views of the USEPA or the NIH. Further, USEPA does not endorse the purchase of any commercial 159 
products or services mentioned in the publication. 160 

Author Contributions: For research articles with several authors, a short paragraph specifying their individual 161 
contributions must be provided. The following statements should be used “X.X. and Y.Y. conceived and 162 
designed the experiments; X.X. performed the experiments; X.X. and Y.Y. analyzed the data; W.W. contributed 163 
reagents/materials/analysis tools; Y.Y. wrote the paper.” Authorship must be limited to those who have 164 
contributed substantially to the work reported.  165 

Conflicts of Interest: The authors declare no conflict of interest. 166 
167 



Int. J. Environ. Res. Public Health 2018, 15, x FOR PEER REVIEW  7 of 7 

 

Appendix A 168 

The appendix is an optional section that can contain details and data supplemental to the main 169 
text. For example, explanations of experimental details that would disrupt the flow of the main text, 170 
but nonetheless remain crucial to understanding and reproducing the research shown; figures of 171 
replicates for experiments of which representative data is shown in the main text can be added here 172 
if brief, or as Supplementary data. Mathematical proofs of results not central to the paper can be 173 
added as an appendix. 174 

Appendix B 175 

All appendix sections must be cited in the main text. In the appendixes, Figures, Tables, etc. 176 
should be labeled starting with ‘A’, e.g., Figure A1, Figure A2, etc.  177 
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