
Neighborhood Greenness and Prostate Cancer: 
Association and Explanation in Diverse Populations

Citation
Iyer, Hari S. 2020. Neighborhood Greenness and Prostate Cancer: Association and Explanation in 
Diverse Populations. Doctoral dissertation, Harvard T.H. Chan School of Public Health.

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:42676011

Terms of Use
This article was downloaded from Harvard University’s DASH repository, and is made available 
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you.  Submit a story .

Accessibility

http://nrs.harvard.edu/urn-3:HUL.InstRepos:42676011
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=Neighborhood%20Greenness%20and%20Prostate%20Cancer:%20Association%20and%20Explanation%20in%20Diverse%20Populations&community=1/4454687&collection=1/13398961&owningCollection1/13398961&harvardAuthors=5c930ce8a2fb3435a3ae3f65346d9b87&departmentEpidemiology
https://dash.harvard.edu/pages/accessibility


 

 

Neighborhood Greenness and Prostate Cancer: Association and Explanation in Diverse 

Populations 

 

Hari S. Iyer 

A Dissertation Submitted to the Faculty of  

The Harvard T. H. Chan School of Public Health 

in Partial Fulfillment of the Requirements 

for the Degree of Doctor of Science 

in the Department of Epidemiology 

Harvard University 

Boston, Massachusetts 

March, 2020



 

ii 

 

Dissertation Advisor: Timothy R. Rebbeck                                 Hari S. Iyer 

 

Neighborhood Greenness and Prostate Cancer: Associations and Explanation in Diverse 

Populations 

 

Abstract 

 Prostate cancer (CaP) is the most common non-cutaneous cancer diagnosed among men 

in the United States. Neighborhood greenness could confer benefits to men at risk of CaP by 

promoting healthy lifestyles and reducing mortality.  

 In Chapter 1, we estimated the association between neighborhood greenness and 28-year 

risk of lethal CaP in the Health Professionals Follow-up Study. We assigned satellite-derived 

Normalized Difference Vegetation Index (NDVI) with 1 kilometer resolution linked to the 

participants’ home or work address at the start of follow-up. An interquartile range increase in 

NDVI was associated with 5% lower rate of lethal CaP (aHR: 0.95, 95% CI: 0.88, 1.03), with 

stronger associations in non-movers (aHR: 0.92, 95% CI: 0.85, 1.01). Inverse associations were 

observed among men in high (aHR: 0.90, 95% CI: 0.82, 0.99) but not low (aHR: 1.11, 95% CI: 

0.95, 1.29, Phet=0.086) population density areas. There was no evidence of mediation by 

vigorous physical activity. 

 In Chapter 2, we estimated the association between neighborhood greenness and 10-year 

cause-specific mortality among men with CaP in the Pennsylvania Cancer Registry. NDVI with 

250m resolution was assigned to participants’ residential address at diagnosis. Comparing men in 

highest to lowest NDVI quintile, all-cause (aHR: 0.88, 95% CI: 0.84, 0.92, Ptrend<0.0001), 

prostate-specific (aHR: 0.88, 95% CI: 0.80, 0.99, Ptrend=0.0021), and cardiovascular-specific 

(aHR: 0.82, 95% CI: 0.74, 0.90, Ptrend<0.0001) mortality were lower. Hypothetical interventions 
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to increase NDVI led to non-significant reductions in all-cause (-5.3%) and prostate-specific (-

23.2%), but not cardiovascular-specific mortality disparities (+50.5%).  

 In Chapter 3, we estimated the association between neighborhood greenness and 

cardiometabolic risk factors in a cross-sectional, multi-country study in sub-Saharan Africa. 

NDVI with 250m resolution was assigned to a geocode corresponding to the center of the school 

or village where the participant was recruited. A 0.11 unit NDVI increase was associated with 

lower BMI (β: -1.01, 95% CI: -1.35, -0.67), lower odds of overweight/obesity (aOR: 0.73, 95% 

CI: 0.62, 0.85), diabetes (aOR: 0.77, 95% CI: 0.62, 0.96)), and having ≥3 allostatic load 

components compared to none (aOR: 0.66, 95% CI: 0.52, 0.85). Associations for BMI, 

overweight/obesity, and allostatic load remained statistically significant after Bonferroni 

correction.  
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Introduction 

This thesis presents results from three epidemiologic investigations concerning the role of 

neighborhood greenness, or the natural green vegetation in our environments, in prostate cancer 

prevention, risk and mortality. While all studies relied on the same satellite-derived exposure to 

neighborhood greenness, the Normalized Difference Vegetation Index, they differ in several 

important respects. These studies were conducted in diverse populations from the United States 

and sub-Saharan Africa, using different epidemiologic study designs, attempting to answer 

different questions about the relationships between neighborhood greenness and prostate cancer 

risk factors, incidence and mortality. Scientific contributions of the thesis include empirical 

assessments of the relationships between neighborhood greenness and several important prostate 

cancer outcomes and risk factors, as well as use of epidemiologic methods for causal inference to 

explain the relationships we found. Furthermore, these studies were among the first to leverage 

satellite image data and geospatial analysis to create exposure metrics and visualize relationships 

between neighborhood environments and prostate cancer outcomes. Upon completion of this 

thesis, we not only shed light on whether associations existed between neighborhood greenness 

and the cancer outcomes under study, but also revealed clues about mediating factors that could 

drive these associations. Conducting our studies in different populations helped us understand 

whether these relationships between neighborhood greenness and prostate cancer outcomes and 

cancer risk factors are generalizable across populations and countries.  

Improving our understanding of the role of neighborhood environments and cancer is 

important for many reasons. Research in this area touches on one of the core debates in public 

health that began over a century ago, during the first conference in the United States to establish 

formal public health training programs (1). During this meeting, the attendees debated whether 
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public health practitioners should focus their efforts on addressing individual lifestyle and 

biologic causes of disease, or whether their focus should be on addressing social, environmental, 

and political causes of ill health in the population. This tension between biology and social and 

environmental context continues to the present day (2-4). With respect to cancer, risk does arise 

from genetic factors that can accelerate or decelerate progression of tumor-forming mutations – 

clearly an individual-level contributor (2). However, these genetic factors within the individual 

exert their effects within a complex social, political and environmental milieu (3-6). Working in 

sub-Saharan Africa prior to joining Harvard brought this message home very clearly – a cancer 

patient seeking care in rural Rwanda would have a very different prognosis compared to one 

living in Boston with the same diagnosis – for reasons that could be far more readily explained 

by the limited availability of high quality oncology care than differences in biological 

predisposition for cancer among Americans compared to Rwandese.  

The fields that study health effects of neighborhood context - environmental and social 

science - face unique challenges towards achieving the ultimate goal of epidemiology – making 

causal inferences (7-9). Though measures of socioeconomic status are readily available, applying 

those measures within a causal framework becomes challenging (8). For example, simply 

running correlations between socioeconomic status and cancer incidence rates using cross-

sectional cannot be interpreted as an effect in part because the temporal ordering of the two 

variables is unclear. Is the hospital located in a poor area, and did a rich person move there to be 

close to their treatment? What exactly is it about living in a rich neighborhood that leads to lower 

risk? Do benefits arise due to collective sharing of wealth within a community of rich 

individuals, through better public spending on roads, schools and green spaces and stronger 

environmental regulation? Or is it simply that at an individual level, the rich are engaging in 



 

3 

 

healthy lifestyles, have incomes that allow them to access timely cancer care, and are highly 

educated? None of this nuance can be easily disentangled without rich, longitudinal data that 

explicitly demarcates the temporal relationships between neighborhood characteristics, 

behaviors, and the outcomes of interest. These questions also assume that precise measurements 

of a specific component of that neighborhood is necessary to be able to inform a public health 

policy, which is often not available (9).  

Recognizing these limitations within many studies of neighborhood environment and 

cancer, I realized that these two challenges – temporal ordering of neighborhood exposure 

relative to outcome, and better exposure measurements – would need to be addressed to advance 

the science in this area. For temporal ordering of exposures, I was fortunate to work with faculty 

members who had done research using the renowned Harvard Cohort studies. These studies, 

some of which have collected nearly forty years of data, have generated insights into how long-

term diet and physical activity can influence chronic disease risk. Participants provide a 

“snapshot” of their health, lifestyles, and medications every two years, allowing researchers to 

clearly define the period between exposure and disease onset. For studying cancer incidence, this 

is essential, because the underlying changes that influence risk are believed to occur many years 

before the disease is eventually detected.  

To address the second limitation in earlier work – lack of a clearly defined neighborhood 

exposure – I began reading about the growing body of public health research on the many 

benefits of natural green vegetation in neighborhood environments. It was remarkable – benefits 

included lower rates of depression (10, 11), higher levels of physical activity (12), lower 

cardiovascular disease mortality (13), lower all-cause mortality (14-16) – the list went on and on 

(17- 20). Neighborhood greenness represented a specific aspect of the neighborhood 
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environment that could be further interrogated. I was fortunate to have faculty advisors who 

encouraged me to take a risk in exploring these questions, and pushed me to justify my analyses 

using conceptual framework grounded in theory (4, 5). The collective wisdom shared by my 

advisors, whose expertise spans cancer epidemiology, causal inference, and environmental 

epidemiology, ensured the methodological and scientific rigor of the studies contained in this 

thesis. 

Prostate cancer was chosen as the cancer of focus for several reasons. Prostate cancer is 

the most commonly diagnosed non-cutaneous cancer among men in the United States of 

America, and accounts for roughly one out of five cancer-related deaths each year (21). Few 

modifiable risk factors have been identified for prostate cancer, though obesity and physical 

activity have been linked with more aggressive forms of disease (22, 23). Geographic differences 

in prostate cancer incidence and mortality have been identified previously, but the literature on 

environmental risk factors for prostate cancer is quite limited (24, 25). We felt studies of 

neighborhood greenness and prostate cancer could therefore help us better understand these 

geographic patterns of risk, and how neighborhood context might influence lifestyles, thereby 

influencing risk and mortality (26).  

This thesis is organized as follows. In chapter 1, we estimated the association between 

neighborhood greenness and lethal prostate cancer risk over 28 years of follow-up in a cohort of 

male health professionals. We applied mediation methods to specifically evaluate whether 

vigorous physical activity could explain this association. In chapter 2, given that many men with 

prostate cancer die of causes other than prostate cancer, and given strong, replicated associations 

between neighborhood greenness and mortality, we evaluated the association between 

neighborhood greenness and mortality in a population-based registry in the United States. Use of 
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a population-based dataset allowed us to evaluate whether these relationships between 

neighborhood greenness and mortality existed for Black and White men, and whether a 

hypothetical intervention to fix neighborhood greenness for all men with prostate cancer to a 

level experienced by the wealthiest White men with prostate cancer could reduce disparities. In 

chapter 3, to further explore possible mechanisms, we conducted a cross-sectional multi-country 

study in sub-Saharan Africa to evaluate the association between neighborhood greenness, cancer 

metabolic risk factors and prevalence of non-communicable diseases.  

When taken together, these results provide support for the hypothesis that men living in 

greener neighborhoods experience lower rates of lethal prostate cancer, and men with prostate 

cancer living in greener neighborhoods experience lower mortality. Mechanisms could include 

metabolic risk factors, but are likely to vary by race, urbanicity, and geography. Further studies 

using more precise measurements of nature contact and behavioral risk factors are needed to 

confirm these findings. 
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ABSTRACT 

Background 

Growing evidence suggests that neighborhood contextual environment could influence risk 

factors, and therefore incidence, of lethal prostate cancer. We studied the association between 

neighborhood greenness and lethal prostate cancer incidence, and assessed mediation by 

vigorous physical activity.  

Methods 

47,958 participants were followed in the Health Professionals Follow-up Study from 1986 to 

2014. Neighborhood greenness exposure was estimated using normalized difference vegetation 

index (NDVI) with 1 kilometer resolution, assigned to home or work addresses at start of follow-

up. Hazard ratios (aHR) and 95% confidence intervals (CI) were estimated using sequentially 

adjusted Cox models with individual and contextual prostate cancer risk factors as covariates. 

Analyses were compared among those whose addresses did not change over follow-up, and 

stratified by population density and address type.  

Results 

We observed 898 cases over 1,054,743 person-years. An interquartile range increase in NDVI 

was associated with 5% lower rate of lethal prostate cancer (aHR: 0.95, 95% CI: 0.88, 1.03), 

with stronger associations in non-movers (aHR: 0.92, 95% CI: 0.85, 1.01). Inverse associations 

were observed among men in high (aHR: 0.90, 95% CI: 0.82, 0.99) but not low (aHR: 1.11, 95% 

CI: 0.95, 1.29, Phet=0.086) population density areas, and those reporting from work (aHR: 0.87, 

95% CI: 0.75, 1.01) but not home (aHR: 1.04, 95% CI: 0.91, 1.17, Phet=0.10) addresses. There 

was no evidence of mediation by vigorous physical activity.  
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Conclusion 

We report inverse associations between neighborhood greenness and lethal prostate cancer when 

restricting to non-movers, and in high population density areas. Replication could confirm 

findings and clarify mechanisms.  
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INTRODUCTION 

 Prostate cancer is the most common non-cutaneous malignancy among men in the United 

States of America (US), with an estimated 174,650 new cases and 31,620 deaths in 2019 (1). 

Prostate cancer is considered to be a heterogeneous disease, contrasting indolent, screen-detected 

cancer with advanced or lethal prostate cancer defined by clinical stage and grade (2, 3). Most 

risk factors for total prostate cancer (age, family history, African American race, height, genetic 

risk loci) are not modifiable. However, modifiable risk factors, including smoking, obesity and 

physical activity, have been identified for lethal prostate cancer (4-7). Focusing purely on 

individual-level risk factors ignores the broader societal and environmental context in which the 

individual is embedded (8). Therefore, studying contextual environmental risk factors could help 

develop a multi-level model of lethal prostate cancer risk (9).  

Natural vegetation in a given area (referred to hereafter as “neighborhood greenness”) is 

increasingly considered to be a health promoting contextual environmental factor (10-14). Large 

observational studies have reported beneficial associations between greenness and health, 

including all-cause mortality, depression, physical activity, and obesity (15-19). Neighborhood 

greenness exposure could offer psychological benefits that increase adherence to healthy 

lifestyles, or spaces to exercise which increase physical activity (20-22). In addition, 

neighborhood greenness is associated with stronger community cohesion and greater social 

capital, which are associated with increased use of preventive health care services (23-25). 

Together, these pathways could reduce risk of lethal prostate cancer (26).   

 We studied the association between baseline neighborhood greenness and lethal prostate 

cancer incidence in a nation-wide prospective cohort of male health professionals in the US. We 

hypothesized that neighborhood greenness would be associated with lower rates of lethal prostate 
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cancer, and that this protective association would be mediated in part through higher levels of 

vigorous physical activity among participants in greener neighborhoods (2, 27, 28). Since prior 

studies had focused on urban areas using residential neighborhood greenness as the primary 

exposure (26), we further sought to evaluate whether associations varied by population density or 

exposure at home compared to work.  

 

METHODS 

Study population and design 

We used data from the Health Professionals’ Follow-up Study (HPFS), an ongoing 

prospective cohort study based at the Harvard T. H. Chan School of Public Health. Since 1986, 

51,529 participating male health professionals across the US have completed biennial 

questionnaires that record information about lifestyle and health-related factors, as well as 

diagnosis of new illnesses. Cohort participants could choose to mail their questionnaire to a 

home or work address over follow-up. Geocoded addresses were available from questionnaire 

mailing records from 1988 to 2012. In 1988, participants indicated if the address was their home, 

work, or other address. Upon receipt of a new diagnosis, study personnel conduct a detailed 

review of medical and pathological information for validation purposes. The questionnaire 

response rate is 90%, with mortality follow-up over 98% (29). Participants with prior history of 

prostate cancer or non-melanoma skin cancer (n=2084), missing a geocoded address (n=1447) or 

date of birth (n=36), or died before returning their first questionnaire (n=4) were excluded, 

resulting in a study population of 47,958. The study protocol was approved by the Institutional 

Review Boards of the Brigham and Women’s Hospital and Harvard T. H. Chan School of Public 

Health, and those of participating registries as required. 
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Lethal prostate cancer assessment 

 

Incident prostate cancer diagnoses were ascertained from biennial questionnaires. Study 

personnel and clinical staff reviewed medical records and pathology reports to confirm reported 

diagnosis. Lethal prostate cancer was defined by presence of distant metastasis (stage M1), or 

indication that prostate cancer was the primary cause of death for the study participant, over 

follow-up. Study staff were notified of cohort deaths from family members, as well as linkages 

with the National Death Index (29).  

 

Exposure to neighborhood greenness 

 

Exposure to neighborhood greenness was estimated by linking satellite data on greenness 

to geocoded participant addresses from the 1988 questionnaire, allowing us to compare 

greenness exposure measurements at home and work. We used the normalized difference 

vegetation index (NDVI), calculated by taking a ratio of the difference of near infrared and 

visible light divided by the sum of near infrared and visible light (30). Longitudinal NDVI data 

were obtained from images produced by the Advanced Very High Resolution Radiometer 

satellite of the National Oceanic and Atmospheric Administration. Images were taken every 16 

days at 1000m resolution and began in 1989, earlier than other sources. The NDVI scale ranges 

from -1 to 1, with 1 representing maximal vegetation, values close to 0 representing barren areas 

of rock, sand or snow, and values approaching -1 indicating bodies of water (31).   

The HPFS follows a biennial questionnaire cycle and cohort participants reside across the 

US, reflecting a broad range of regional and seasonal variation in neighborhood greenness. Since 
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prostate cancer has a long natural history, we modeled associations between neighborhood 

greenness at the start of follow-up and lethal prostate cancer. We took an average of 

measurements of NDVI corresponding to different seasons (January, April, July, and September) 

to account for seasonal changes in and geographic differences in duration of greenness. Seasonal 

average NDVI measurements from 1989, the earliest year that NDVI data were available, were 

assigned to participant’s geocoded address within a 1000m buffer.  

We modeled baseline neighborhood greenness as our primary exposure rather than 

cumulative updated average because we felt that earlier exposure to neighborhood greenness, 

rather than duration and intensity of exposure up to diagnosis, would be more likely to occur 

during the etiologic window for lethal prostate cancer. As a secondary exposure, we estimated 

cumulative updated average NDVI, incorporating four seasonal images per year over follow-up 

(Supplementary Appendix).   

 

Longitudinal measures of physical activity  

 

Physical activity was reported by participants on biennial questionnaires. Participants 

were asked questions about the average time spent each week engaging in different types of 

physical activity (walking or hiking outdoors, jogging, running, bicycling, lap swimming, tennis, 

squash or racquetball, and calisthenics or rowing). In subsequent questionnaire cycles, additional 

activities were included: heavy outdoor work (from 1988), weightlifting (1990), moderate 

outdoor work (2004), lower intensity exercise and other aerobic exercise (2010). Additional 

activities included flights of stairs traversed daily, and usual walking pace. Each activity was 

assigned a metabolic equivalent of task (MET) (32). Non-vigorous activities were classified as 
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those with MET<6, while vigorous activities were classified as MET >= 6. Total physical 

activity was reported in MET-hours per week, calculated by summing the product of MET-hours 

and average hours per week for all physical activity reported by participants. Validation studies 

comparing MET-hours per week in questionnaires to weekly diaries found generally high 

correlations (33).  

 

Statistical analysis  

 

Participant follow-up began with return of the first questionnaire (1986) until diagnosis of 

lethal prostate cancer, death from another cause, or administrative censoring on January 1, 2014, 

whichever came first. We used Cox proportional hazards models with study follow-up as the 

primary time scale to estimate hazard ratios and 95% confidence intervals for the association 

between rate of lethal prostate cancer and NDVI. We modeled NDVI as quintiles and estimated 

p-values for linear trend using the median value for each NDVI quintile. We also estimated the 

change in rate of lethal prostate cancer associated with a linear interquartile range (IQR) unit 

increase in continuous NDVI (0.11 units). We tested for non-linearity of continuous NDVI using 

splines and proportional hazards by fitting a time by greenness interaction. In addition, to more 

precisely examine long-term exposure to neighborhood greenness, we repeated the main analysis 

restricting to participants who did not move during follow-up.  

To assess the impact of covariate adjustment on effect estimates, we fit sequentially 

adjusted models (Model 1: age (continuous), calendar time at 2-year questionnaire cycle 

(continuous) included as covariates in the baseline hazard; Model 2: All covariates included in 

model 1, plus race (categorical: White, African-American, Other), diabetes mellitus, BMI at age 
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21 (kilogram/meter2; <20, 20 to <22.5, 22.5 to <25, ≥25), height (inches, <66, 66 to <68, 68 to 

<70, 70 to <72, ≥72), smoking (never smokers, current and/or quit smoking ≤ 10 years ago, quit 

> 10 years ago), family history of prostate cancer, PSA testing over follow-up using two 

variables: ever had PSA screening prior to diagnosis (lagged to reflect screened, rather than 

diagnostic PSA test) and intensity of PSA screening prior to diagnosis (defined as having 

reported having PSA screening in over half of prior visits since 1994), census tract median 

income (USD, continuous), census tract median home value (USD, continuous); Model 3: All 

covariates in model 2, plus vigorous physical activity, non-vigorous physical activity (quintiles), 

and current BMI (kilogram/meter2, <21, 21 to <23, 23 to <25, 25 to <27.5, 27.5 to <30,  ≥30)). 

Baseline measures of all lifestyle covariates described above were used in our primary analysis. 

Vigorous physical activity was modeled as a five-level variable, with the lowest level 

corresponding to 0 METS of vigorous physical activity, and the remaining levels modeled as 

quartiles of non-zero vigorous METs (2). Model 2 corresponds to a confounding adjusted model, 

and model 3 corresponds to the controlled direct effects model specified in our mediation 

analysis (Supplementary Appendix).  

Given that participant data covered a broad geographic area, and that exposure source 

varied between participants, we evaluated multiplicative effect modification of the association 

between continuous NDVI and lethal prostate cancer by population density (≥1,000 people per 

square mile compared to <1000 people per square mile) and address type (home compared to 

work) using likelihood ratio tests. For home and work addresses, we rescaled the quintiles based 

on the NDVI distribution for participants at each location. We further evaluated multiplicative 

effect modification by census region (US Census defined North, South, East, West) and PSA 

screening history and intensity. 
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Further details regarding mediation analysis as well as sensitivity analysis for cumulative 

updated average exposure and unmeasured confounding using e-values are provided in the 

Supplementary Appendix.  

 

RESULTS 

After exclusions, 47,958 participants (93%) remained in our analytic sample, giving rise 

to 898 cases of incident lethal prostate cancer accrued over 1,054,743 person-years of follow-up. 

Age-adjusted characteristics of the study population are described in Table 1.1 across quintiles of 

NDVI. Most participants were white (95%) with an average age of 64.4 years over follow-up. 

Participants in the highest quintile of NDVI reported higher non-vigorous physical activity 

(NDVI Q5: 17.6 v. Q1: 15.6 MET-hours/week) and lower vigorous physical activity (NDVI Q5: 

8.4 v. Q1: 9.7 MET hours/week) compared to participants in the lowest quintile. These patterns 

held in adjusted models (Table S1.1). Average census tract population density (NDVI Q5: 1,720 

v. Q1: 8,870 people per mi2) decreased with increasing quintiles of NDVI, while median income 

increased (NDVI Q5: $58,870 v. Q1: $52,270). Maps of participant locations (Figure S1.1) and 

NDVI in July 1989 (Figure S1.2) display the geographic spread of exposure locations.  
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Table 1.1. Age-standardized Characteristics by Quintile of Normalized Difference Vegetation Index (NDVI) Among Men in the Health Professionals 

Follow-up Study From 1986 to 2014a,b 

  Total Baseline Normalized Difference Vegetation Index (NDVI) 

Characteristics   Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 

Participants, no. 47,958 9,504 9,562 9,688 9,718 9,486 

Agec,d, years 64.4 (11.2) 64.9 (11.4) 64.6 (11.3) 64.4 (11.2) 64.2 (11.2) 64.0 (11.3) 

Baseline NDVId 0.28 (0.09) 0.14 (0.05) 0.23 (0.02) 0.28 (0.01) 0.33 (0.02) 0.41 (0.04) 

NDVId (cumulative updated average) 0.31 (0.09) 0.19 (0.07) 0.27 (0.05) 0.31 (0.05) 0.35 (0.04) 0.41 (0.05) 

Vigorous Activityd, MET-hours/week 8.9 (17.9) 9.7 (18.7) 9.1 (18.2) 8.7 (17.0) 8.5 (17.8) 8.4 (17.6) 

Non-vigorous Activityd, MET-hours/week 16.7 (22.1) 15.6 (20.9) 16.8 (22.1) 16.4 (21.8) 17.0 (22.3) 17.6 (23.1) 

Total activityd, MET-hours/week 28.4 (30.6) 28.2 (30.8) 28.9 (30.9) 27.9 (29.7) 28.4 (30.5) 28.9 (31.1) 

Heightd, inches 70.2 (2.8) 70.1 (2.9) 70.2 (2.8) 70.2 (2.8) 70.2 (2.7) 70.2 (2.8) 

BMI at age 21d, kilogram/meter2 23.1 (3.0) 23.1 (2.9) 23.1 (2.9) 23.1 (3.0) 23.1 (3.0) 23.0 (2.9) 

Current BMId, kilogram/meter2 26.0 (3.8) 25.9 (3.8) 26.0 (3.8) 26.1 (3.8) 26.1 (3.7) 26.0 (3.8) 

Race             

  White, % 95 94 96 97 96 97 

  African American, % 1 1 1 1 1 1 

  Asian, % 2 3 1 1 1 1 

  Other, % 2 2 2 1 2 1 

Smoking status        

  Non-smoker, % 57 59 58 56 57 56 

  Past, quit >10 years ago, % 29 27 28 29 29 30 

  Current & past, quit ≤10 years ago, % 14 14 14 15 14 14 

Diabetes, % 6 6 6 6 6 5 

Family history of CaP, % 12 12 12 12 11 12 

Prostate Specific Antigen (PSA) screening history             

  Had PSA test prior to diagnosis, % 35 34 35 36 36 36 

  PSA test on at least half of all questionnaires,  

1994-2012, % 
33 31 32 33 33 34 
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Table 1.1. Age-standardized Characteristics by Quintile of Normalized Difference Vegetation Index (NDVI) Among Men in the Health Professionals 

Follow-up Study From 1986 to 2014a,b (continued) 

 Total Baseline Normalized Difference Vegetation Index (NDVI) 

Characteristics  Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 

Census Region             

  Northeast, % 22 16 13 20 27 34 

  Midwest, % 26 20 38 38 27 8 

  South, % 29 20 21 25 33 45 

  West, % 23 44 28 17 13 12 

Population densityd, 1,000 people/mi2 4.0 (9.5) 8.9 (18.4) 3.9 (6.4) 3.0 (4.1) 2.5 (3.5) 1.7 (3.8) 

Census tract median incomed, 1,000 USD 54.3 (28.4) 52.3 (30.4) 52.3 (26.3) 53.0 (26.1) 54.9 (27.3) 58.9 (31.3) 

Census tract median home valued, 1000 USD 162.9 (145.3) 183.6 (173.0) 152.6 (135.7) 146.6 (128.8) 152.1 (128.1) 179.8 (152.0) 

Address Type (1988)        

  Home, % 33 24 30 33 37 42 

  Work, % 41 49 44 43 38 32 

  Other, % 1 2 1 1 1 2 

  Not reported, % 24 26 25 23 24 23 

Moved during follow-up, % 12 13 12 12 12 11 

Abbreviations: BMI, body mass index; MET, metabolic equivalent of task; NDVI, normalized difference vegetation index; USD, United States Dollar. 
aValues are standardized to the age distribution of the study population 
bValues of polytomous variables may not sum to 100% due to rounding 
cNot age-adjusted 
dValues are expressed as mean (standard deviation) 
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In our analysis of the full cohort (Figure 1.1, Table S1.2), increasing quintiles of baseline 

NDVI were not significantly associated with lower rates of lethal prostate cancer compared to 

the lowest quintile (Q1) in age and calendar year- and confounding-adjusted models. Only the 

estimate for Q4 was statistically significant at the 0.05 level (aHR: 0.78, 95% CI: 0.63, 0.96, 

Ptrend = 0.25). Inverse associations were stronger among the 42,492 (89%) participants who did 

not change addresses during follow-up (813 cases over 930,033 person-years) (Figure 1.1, Table 

S1.2). Among non-movers, we observed an 8% lower rate of lethal prostate cancer associated 

with an IQR increase in NDVI (aHR: 0.92, 95% CI: 0.85, 1.01), with weak evidence of lower 

rates of lethal prostate cancer associated with increasing NDVI quintiles (Ptrend = 0.068). Results 

from models further adjusting for vigorous physical activity and body mass index were similar to 

those from confounding models in the total and restricted populations (Figure 1.1, Table S1.2). 

 

Table 1.2 presents results from models evaluating the association between NDVI and 

incidence of lethal prostate cancer within levels of population density, and address type. Stronger 

inverse associations were observed in high (>1000 people/mi2) compared to low population 

density neighborhoods (<1000 people/mi2) though the p-value for heterogeneity did not reach 

statistical significance (Phet = 0.086). In high population density areas, an IQR increase in NDVI 

was associated with a 10% lower rate of lethal prostate cancer (aHR 0.90, 95% CI: 0.82, 0.99), 

while in low population density areas, the direction of this association was reversed (aHR: 1.11, 

95% CI: 0.95, 1.29). 
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Figure 1.1. Hazard Ratios and Confidence Intervals for the Association Between Baseline Normalized Difference Vegetation Index (NDVI) and Lethal 

Prostate Cancer Incidence in the Health Professionals Follow-up Study, United States, 1986-2014 

 
Sequentially adjusted for age in months and calendar time as strata (Age-Adjusted); race, diabetes mellitus, height, family history of prostate cancer, BMI at age 

21, smoking status in 1986, 1990 census tract median income (USD), and 1990 census tract median home value (USD), history of prostate-specific antigen 

testing, and intensity of prostate-specific antigen testing (Confounding); vigorous physical activity (categorical), non-vigorous physical activity (quintiles), and 

current BMI (categorical) (Mediation). Panel (A) Total population (N=47,958); (B) Participants who did not move over follow-up (N=42,492). Abbreviations: 

aHR=adjusted hazard ratio, Cont=continuous, Q=quintile. 
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Table 1.2. Hazard Ratios for the Association Between Baseline Normalized Difference Vegetation Index (NDVI)a and Lethal Prostate Cancer Incidence 

in the Health Professionals Follow-up Study, United States, 1986-2014, Stratified by Population Density (high: ≥1000, low:<1000 people/mi2) and 

Address Type (Work, Home) 

 Baseline Normalized Difference Vegetation Index (NDVI)   

Model Continuousb Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5   

 aHR 95% CI aHR 95% CI aHR 95% CI aHR 95% CI aHR 95% CI aHR 95% CI Ptrend Phet
e 

Total Population               

  Population Densityc               

    High (N=34,229) 0.90 0.82, 0.99 1.00 Referent 0.89 0.71, 1.12 0.94 0.74, 1.18 0.76 0.59, 0.97 0.76 0.57, 1.01 0.022 0.086 

    Low (N=13,729) 1.11 0.95, 1.29 1.00 Referent 0.65 0.37, 1.13 0.87 0.52, 1.45 0.92 0.56, 1.51 1.08 0.69, 1.70  0.15  

  Address Typed               

    Work (N=18,742) 0.87 0.75, 1.01 1.00 Referent 0.80 0.57, 1.12 0.53 0.35, 0.79 0.73 0.50, 1.07 0.66 0.45, 0.98 0.027 0.10 

    Home (N=16,732) 1.04 0.91, 1.17 1.00 Referent 1.14 0.83, 1.57 1.07 0.77, 1.48 0.91 0.65, 1.29 1.19 0.85, 1.66  0.66  

Non-movers               

  Population Densityc               

    High (N=30,259) 0.88 0.80, 0.97 1.00 Referent 0.88 0.70, 1.11 0.93 0.73, 1.19 0.68 0.52, 0.89 0.73 0.54, 0.99 0.0072 0.15 

    Low (N=12,233) 1.07 0.91, 1.26 1.00 Referent 0.59 0.32, 1.07 0.83 0.47, 1.44 1.04 0.61, 1.75 0.97 0.60, 1.59  0.26  

  Address Typed               

    Work (N=16,967) 0.85 0.73, 0.99 1.00 Referent 0.80 0.56, 1.14 0.51 0.34, 0.78 0.69 0.46, 1.02 0.63 0.42, 0.95 0.014 0.15 

    Home (N=14,466) 0.99 0.87, 1.14 1.00 Referent 1.11 0.79, 1.56 1.12 0.79, 1.59 0.86 0.60, 1.25 1.07 0.75, 1.53  0.89  

Abbreviations: aHR, adjusted hazard ratio; BMI, body mass index; CI, confidence interval, IQR, interquartile range; NDVI, normalized difference vegetation 

index; USD, United States Dollars. 
aAdjusted for age in months and calendar time as strata, race (categorical), diabetes mellitus (yes or no), height (categorical), family history of prostate cancer 

(yes or no), BMI at age 21 (categorical), smoking status in 1986 (categorical), 1990 census tract median income (USD), 1990 census tract median home value 

(USD), history of prostate-specific antigen testing, and intensity of prostate-specific antigen testing.  
bEstimate corresponds to an IQR increase in continuous NDVI of 0.11 units. 
cModels additionally adjusted for address type (categorical: home, work, missing category). 
dRestricted to only participants who reported home or work address. Quintiles reflect within group distributions for home and work. Models additionally adjusted 

for population density (binary: ≥1000, <1000 people/mi2). 
eLikelihood ratio test with one degree of freedom for interaction between continuous NDVI and stratification variable. 
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When stratifying by address type, we observed stronger inverse associations among 

participants for whom NDVI was assessed at work (Ptrend = 0.027) compared to home though 

evidence for effect modification was weak (Phet = 0.10). There was a 13% lower rate of lethal 

prostate cancer associated with an IQR increase in NDVI (aHR: 0.87, 95% CI: 0.75, 1.01) among 

men for whom NDVI was assessed at work, compared to a 4% increased rate among those with 

residential NDVI (aHR: 1.04, 95% CI: 0.91, 1.17). Linear associations for high population 

density and among those with work addresses were strengthened when restricting to non-movers 

(Table 1.2). Further examination of effect modification by additional factors (PSA screening 

intensity, prior history of PSA screening, or geographic region) did not reveal any differences 

(Table 1.3).  
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Table 1.3. Hazards Ratios for the Association Between Baseline Normalized Difference Vegetation Index 

(NDVI)a,b and Lethal Prostate Cancer Incidence in the Health Professionals Follow-up Study, United States, 

1986-2014, Stratified by Address, Prostate-specific Antigen Screening, and Census Region 

Subgroups Cases/Person-years 

Incidence Rate per 

100K Person-

Years 

aHR 95% CI Phet
c 

Had PSA test prior to diagnosis     0.42 

  Yes 257/376,050 68 1.00 0.87, 1.16  

  No 641/678,702 94 0.93 0.85, 1.03  

PSA screening intensity     0.12 

 ≥50% of questionnaires 226/342,450 66 1.06 0.91, 1.23  

  <50% of questionnaires 672/712,302 94 0.92 0.84, 1.01  

Region     0.99 

  Northeast 226/232,433 97 0.96 0.83, 1.10  

  Midwest 213/278,845 76 0.96 0.78, 1.19  

  South 235/304,930 77 0.98 0.84, 1.13  

  West 224/238,535 94 0.94 0.81, 1.10  

Abbreviations: aHR, adjusted hazard ratio; BMI, body mass index, CI, confidence interval, IQR, interquartile range; 

NDVI, normalized difference vegetation index; Prostate-specific antigen (PSA), USD, United States Dollar. 
aEstimate corresponds to an IQR increase in continuous NDVI of 0.11 units. 
bAll models are adjusted for age in months and calendar time as strata, race (categorical), diabetes mellitus (yes 

or no), height (categorical), family history of prostate cancer (yes or no), BMI at age 21 (categorical), smoking 

status in 1986 (categorical), 1990 census tract median income (USD), 1990 census tract median home value (USD), 

population density (binary: ≥1000, <1000 people/mi2), history of PSA testing, and intensity of PSA testing. 
cHeterogeneity test performed using 1-degree of freedom likelihood ratio test for interaction between 

continuous NDVI and address type, Had PSA test prior to diagnosis, PSA screening intensity; 3-degree of freedom 

test for region. 
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In sensitivity analyses using cumulative updated average NDVI, inverse associations were 

weaker and failed to reveal evidence of effect modification by population density (Table S1.3). 

Strongest e-values for point estimates and confidence intervals were observed for NDVI Q4 and 

Q5 compared to Q1 among men who did not move with addresses in high population density 

neighborhoods, suggesting these estimates are less likely to be completely explained by 

unmeasured confounding (Table S1.4). 

  

DISCUSSION 

We observed an inverse association between baseline neighborhood greenness and lethal 

prostate cancer, though this finding was restricted to those in high population density areas. 

Contrary to expectation, we found that neighborhood greenness was associated with lower levels 

of vigorous physical activity in this population of health professionals. We did not observe 

evidence of a mediating role of vigorous physical activity. Restricting to men who remained at 

the same address over follow-up strengthened the inverse association between neighborhood 

greenness and lethal prostate cancer incidence, suggesting that mechanisms are related to 

environmental context. 

Few studies have assessed the association between neighborhood greenness and prostate 

cancer (26, 34). Our findings corroborate results from a population-based case control study 

conducted by Demoury and colleagues in Montreal, the second-largest city in Canada (26). In an 

urban population, they reported effect estimates of similar magnitude to ours, though they used 

maximal annual residential NDVI at diagnosis, and 10 years prior to diagnosis. They also found 

no evidence of physical activity as a mediating pathway. Since we used different exposure and 

outcome measures, our studies are not directly comparable, but both are consistent with a 
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hypothesis that green spaces and contextual environment could play a role in prostate cancer 

risk. 

There is limited evidence for direct effects of exposure to neighborhood greenness and 

carcinogenesis. However, physiologic changes that arise from spending time in green 

environments could serve as a mechanism. Interventional studies conducted in Japan comparing 

visits to urban areas with forests observed higher parasympathetic activation, lower 

cardiometabolic response, and lower natural killer cell activity following forest visits (35, 36). 

Cross-sectional studies in the US reported inverse associations between neighborhood greenness 

and allostatic load, a composite index derived from biomarkers to capture physiologic adaptation 

to stress (37). One of these inflammatory biomarkers, interleukin-8, could drive cancer 

progression by decoupling tumor growth from androgen hormone regulation (38, 39). Further 

studies are needed to clarify biological mechanisms.  

The magnitude and direction of the association between neighborhood greenness and 

incidence rate of lethal prostate cancer varied by levels of high and low population density, 

though we lacked power to detect statistically significant effect modification. Since 

neighborhood greenness varies spatially, these different relationships could be related to different 

geographic patterns of care seeking and treatment for lethal prostate cancer. Geographic patterns 

of prostate cancer care have been observed in the US; for example, rural prostate cancer patients 

are less likely to receive radiotherapy and surgery compared to urban patients (40, 41). In rural 

areas, benefits of greenness could be offset by increased lethal prostate cancer mortality resulting 

from absence of these treatment modalities. Environmental factors could also explain this effect 

heterogeneity. Ultraviolet light exposure, which has been linked with reduced rates of prostate 

cancer in prospective studies, could be influenced by neighborhood greenness and vary by 
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population density (42, 43). There is some evidence of increased risk of aggressive prostate 

cancer from pesticide use among farmers (44). Prospective studies exploring relationships 

between neighborhood greenness and other environmental factors could clarify these urban and 

rural differences. 

Interpretation of our results warrants consideration of our study limitations. Unmeasured 

confounding is a major threat to validity. Using e-values, we quantified the magnitude of bias 

needed to change our inference and found that moderate bias conditional on covariates would be 

required. Our prospective design allowed us to control for major individual clinical, lifestyle, and 

socioeconomic contextual factors, making it unlikely for an unmeasured covariate to exhibit 

associations with neighborhood greenness and lethal prostate cancer as extreme as those 

presented in our sensitivity analysis. Address type was missing for 24% of participants, and for 

the remainder, only available for either home or work. We consider this to be an issue of 

measurement error, in which we have randomly sampled greenness exposure for some 

participants at home and others at work within strata of confounding variables. This non-

differential measurement error means that our reported associations are weaker than what one 

would expect to see with perfect exposure assessment. Finally, results obtained from this select 

population of predominantly white health professionals may not extend to other populations. 

However, restriction based on socioeconomic status and race strengthens internal validity of our 

study.  

 In a 28-year prospective study of 47,958 health professionals, we observed an inverse 

association between neighborhood greenness and rate of lethal prostate cancer in high population 

density areas. These findings suggest that health benefits of neighborhood greenness could 

include reduced incidence of lethal prostate cancer. Future studies should apply more precise 
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measurements of exposure to greenness, clarify mechanisms, and assess transportability of these 

findings.  
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Supplementary Appendix 

Covariate Selection 

 We selected individual confounding variables a priori based on previous studies that 

assessed the association between greenness and cancer, greenness and physical activity, and 

physical activity and cancer. Studies of physical activity and cancer have been conducted 

previously in HPFS, and adjusted models included prostate cancer risk factors that could be 

associated with neighborhood greenness, including age, BMI at age 21, height, family history of 

prostate cancer, smoking, diabetes mellitus, and race (2, 27). Since prostate cancer screening 

using prostate specific antigen (PSA) testing is associated with diagnosis of lethal prostate cancer 

and urbanicity (45) and thus could be associated with neighborhood greenness, we considered it 

to be a confounder.   

 Greenness is a contextual covariate and so adjustment must be made for other contextual 

environmental factors that may also be associated with greenness and lethal prostate cancer. Our 

selection of contextual covariates was guided by Krieger’s ecosocial theory of epidemiology 

(46). We assumed that participants living in different geographic areas would be exposed to 

different social contexts, urban environments, and healthcare access that would impact their risk 

of prostate cancer. Contextual socioeconomic status was estimated using data from the 1990 US 

decennial census at tract level. We used median income and median home value to capture 

income and wealth of study participants’ neighborhoods.  

Use of green spaces varies between urban and rural areas (11), so we examined effect 

modification by population density at census tract level, using a cutpoint of 1000 people/mi2 to 

group people into high compared to low population density areas. We further examined effect 
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modification by greenness exposure at home compared to work address among those participants 

for whom address type was documented in 1988 (N=35,474). 

 

Mediation Analysis 

We used causal mediation analysis to evaluate the importance of vigorous physical 

activity as a mediating pathway. Briefly, causal mediation analysis differs from traditional 

mediation analysis by specifying counterfactual targets that correspond to a decomposition of the 

total effect into a “direct” effect (effect of exposure independent of a mediator) and “indirect” 

effect (effect of exposure due to mediator) (47, 48). In addition, a controlled direct effect can be 

estimated under slightly weaker assumptions of (1) no exposure-outcome confounding and (2) no 

mediator-outcome confounding (48, 49).  

To evaluate the importance of vigorous physical activity as a mediating pathway, we fit 

multinomial logistic regression models at baseline with our mediator (categories of vigorous 

physical activity) as the dependent variable and our exposure (NDVI, continuous and using 

quintiles) as our independent variable to determine the strength of the exposure-mediator 

association in our analysis (48). We fit a multiplicative interaction term between continuous 

NDVI and population density to evaluate possible differences in the association between NDVI 

and vigorous physical activity in high compared to low population density areas. To estimate the 

unbiased effect of NDVI on vigorous physical activity, we adjusted for the covariates described 

above, as well as additional confounders of the hypothesized exposure-mediator effect (1986 

measures of non-vigorous physical activity, current BMI).  

Next, we estimated the controlled direct effect of greenness on lethal prostate cancer, 

fixing vigorous physical activity across levels of NDVI (48, 49). Valid estimation of controlled 



 

 39  

 

direct effects requires the assumption of no unmeasured mediator-outcome confounding along 

with the assumption of no exposure-outcome confounding, so we further adjusted for non-

vigorous physical activity and current BMI as confounders of the effect of vigorous physical 

activity on lethal prostate cancer. Finally, to ensure correct model specification, we additionally 

tested for exposure-mediator interaction by fitting multiplicative interaction terms between 

NDVI (continuous) and quintiles of vigorous physical activity.  

 

Cumulative Updated Average NDVI Exposure  

 As a sensitivity analysis, we evaluated the association between NDVI and rate of lethal 

prostate cancer using cumulative updated average, rather than baseline, exposure. This exposure 

metric was calculated by updating NDVI exposure at each follow-up point (every two years) 

with the average across four seasonal images per year (January, April, July, September). We 

analyzed the data by fitting time-varying Cox proportional hazards models, sequentially 

adjusting for the same variable sets as described in the primary analysis. However, for regression 

models using cumulative updated average NDVI, we included time-varying covariates (NDVI, 

smoking, vigorous physical activity, non-vigorous physical activity, current BMI, every two 

years; census socioeconomic status measures every 10 years, PSA screening prior to diagnosis, 

and PSA screening intensity). Since population density patterns were most strongly pronounced, 

we provided stratified estimates by high and low population density.  

 

Sensitivity Analysis for Unmeasured Confounding 

To determine robustness of our analyses to assumptions regarding unmeasured 

confounding, we calculated e-values corresponding to fully adjusted hazard ratios and 
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confidence intervals for baseline NDVI and lethal prostate cancer in the full population and 

among non-movers (50). The e-value reflects the minimum strength of the ratio effect measure 

describing 1) the association between an unmeasured confounder and outcome and 2) 

confounder and exposure, conditional on covariates, required to attenuate a reported association 

to the null. For confidence intervals, the e-value can be interpreted as the minimum bias required 

to shift the closer bound such that it includes the null. Stated another way, e-values provide 

bounds on potential bias arising from failure to adjust for unmeasured confounding. Larger e-

values (farther from 1) provide stronger evidence that reported estimates are unlikely to be 

explained by unmeasured confounding; smaller e-values (closer to 1) provide weaker evidence
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Figure S1.1. Health Professionals Follow-up Study geocoded locations (Home, Work, Other) at baseline (1988) 
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Figure S1.2. NDVI 1989 values at Health Professionals Follow-up Study geocoded locations (Home, Work, Other) 
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Table S1.1. Odds Ratios for the Association Between Normalized Difference Vegetation Index (NDVI) and Quintiles of Vigorous Physical Activity 

(PA)a, Health Professionals Follow-up Study, 1986 (N=47,958) 

 Baseline Normalized Difference Vegetation Index (NDVI)  

 Continuousb Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5  

Model aOR 95% CI aOR 95% CI aOR 95% CI aOR 95% CI aOR 95% CI aOR 95% CI Ptrend 

Vigorous Physical Activity Levelc            

  L1 1.00 Referent 1.00 Referent 1.00 Referent 1.00 Referent 1.00 Referent 1.00 Referent  

  L2 0.94 0.91, 0.98 1.00 Referent 0.99 0.90, 1.08 0.90 0.82, 0.98 0.91 0.83, 0.99 0.89 0.81, 0.97 0.0023 

  L3 0.91 0.88, 0.94 1.00 Referent 0.92 0.85, 1.01 0.89 0.81, 0.97 0.85 0.78, 0.93 0.81 0.74, 0.89 <.0001 

  L4 0.91 0.88, 0.94 1.00 Referent 0.93 0.85, 1.01 0.85 0.78, 0.93 0.83 0.76, 0.90 0.79 0.72, 0.87 <.0001 

  L5 0.89 0.85, 0.92 1.00 Referent 0.95 0.86, 1.06 0.83 0.75, 0.93 0.81 0.72, 0.90 0.75 0.67, 0.84 <.0001 

Abbreviations: aOR, adjusted odds ratio; BMI, body mass index; CI, confidence interval; IQR, interquartile range; L, level; NDVI, normalized difference 

vegetation index, USD, United States Dollars 
aAdjusted for age in months and calendar time as baseline strata, race (categorical), diabetes mellitus (yes or no), height (categorical), family history of prostate 

cancer (yes or no), BMI at age 21 (categorical), smoking status in 1986 (categorical), 1990 census tract median income (USD), and 1990 census tract median home 

value (USD), population density (binary: ≥1000, <1000 people/mi2), non-vigorous physical activity in 1986 (quintiles), current BMI in 1986 (categorical) 
bEstimate corresponds to an IQR increase in continuous NDVI of 0.11 units. 
cInterpretation of model: In a multinomial logistic regression model, odds ratios are calculated for multiple binary outcomes, in which nominal categories are 

compared to the referent (vigorous physical activity quintile 1). Results are provided for outcomes defined using vigorous physical activity levels (L) 2-5, where 

Level 1 (referent) corresponds to 0 MET-hours/week, and Levels 2-5 correspond to quartiles among participants who reported any vigorous physical activity.
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Table S1.2 Hazard Ratios for the Association Between Baseline Normalized Difference Vegetation Index (NDVI) and Lethal Prostate Cancer Incidence 

in the Health Professionals Follow-up Study, United States, 1986-2014 

 Baseline Normalized Difference Vegetation Index (NDVI)   

Model Continuousd Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5  

 aHR 95% CI aHR 95% CI aHR 95% CI aHR 95% CI aHR 95% CI aHR 95% CI Ptrend 

Total population (N=47,958)            

  Age and Calendar-timea 0.96 0.89, 1.03 1.00 Referent 0.87 0.71, 1.07 0.90 0.73, 1.10 0.78 0.63, 0.96 0.93 0.76, 1.14 0.25 

  Confoundingb 0.95 0.88, 1.03 1.00 Referent 0.88 0.72, 1.09 0.92 0.75, 1.13 0.79 0.63, 0.98 0.91 0.73, 1.13 0.23 

  Controlled Direct Effectsc 0.95 0.88, 1.03 1.00 Referent 0.88 0.71, 1.08 0.92 0.74, 1.13 0.78 0.63, 0.97 0.91 0.73, 1.13 0.21 

              

Men who did not move during follow-up (N=42,492)           

  Age and Calendar-timea 0.92 0.85, 1.00 1.00 Referent 0.85 0.69, 1.05 0.88 0.71, 1.09 0.74 0.59, 0.92 0.85 0.69, 1.06 0.057 

  Confoundingb 0.92 0.85, 1.01 1.00 Referent 0.86 0.70, 1.07 0.90 0.73, 1.12 0.75 0.60, 0.95 0.84 0.67, 1.06 0.068 

  Controlled Direct Effectsc 0.92 0.85, 1.01 1.00 Referent 0.86 0.70, 1.07 0.90 0.73, 1.12 0.75 0.60, 0.94 0.84 0.67, 1.06 0.067 

Abbreviations: aHR, adjusted hazard ratio; BMI, body mass index; CI, confidence interval, IQR, interquartile range; NDVI, normalized difference vegetation 

index; USD, United States Dollars. 
aAdjusted for age in months and calendar time as strata. 
bAdjusted for age in months and calendar time as strata, race (categorical), diabetes mellitus (yes or no), height (categorical), family history of prostate cancer 

(yes or no), BMI at age 21 (categorical), smoking status in 1986 (categorical), 1990 census tract median income (USD), 1990 census tract median home value 

(USD), population density, history of prostate-specific antigen testing, and intensity of prostate-specific antigen testing.  
cAdjusted for age in months and calendar time as strata, race (categorical), diabetes mellitus (yes or no), height (categorical), family history of prostate cancer 

(yes or no), BMI at age 21 (categorical), smoking status in 1986 (categorical), 1990 census tract median income (USD), 1990 census tract median home value 

(USD), population density, history of prostate-specific antigen testing, intensity of prostate-specific antigen testing, vigorous physical activity (categorical), non-

vigorous physical activity (quintiles), and current BMI (categorical).  
dEstimate corresponds to an IQR increase in continuous NDVI of 0.11 units. 
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Table S1.3. Hazard ratios for the Association Between Cumulative Updated Average Normalized Difference Vegetation Index (NDVI) and Lethal 

Prostate Cancer Incidence in the Health Professionals Follow-up Study, United States, 1986-2014, Stratified by Population Density 

 Cumulative Updated Average Normalized Difference Vegetation Index (NDVI)  

Model Continuouse Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5  

 aHR 95% CI aHR 95% CI aHR 95% CI aHR 95% CI aHR 95% CI aHR 95% CI Ptrend 

Total populationd (N=47,958)            

  Age and Calendar-timea 0.96 0.89, 1.04 1.00 Referent 0.85 0.69, 1.04 0.84 0.68, 1.03 0.86 0.70, 1.05 0.87 0.71, 1.06 0.19 

  Confoundingb 0.96 0.88, 1.05 1.00 Referent 0.85 0.69, 1.05 0.85 0.69, 1.05 0.87 0.71, 1.08 0.86 0.69, 1.07 0.21 

  Controlled Direct Effectsc  0.96 0.88, 1.05 1.00 Referent 0.85 0.70, 1.06 0.85 0.69, 1.05 0.88 0.71, 1.08 0.86 0.69, 1.07 0.21 

              

High (≥1000 people/mi2) population density (N=34,229)          

Age and Calendar-timea 0.93 0.84, 1.03 1.00 Referent 0.84 0.67, 1.05 0.80 0.63, 1.01 0.79 0.63, 1.00 0.81 0.62, 1.05 0.048 

Confoundingb 0.93 0.84, 1.04 1.00 Referent 0.84 0.67, 1.05 0.80 0.63, 1.02 0.80 0.63, 1.02 0.81 0.61, 1.06 0.065 

Controlled Direct Effectsc 0.93 0.84, 1.04 1.00 Referent 0.84 0.67, 1.06 0.80 0.63, 1.02 0.80 0.63, 1.03 0.80 0.61, 1.05 0.063 

Low (<1000 people/mi2) population density (N=13,729)          

  Age and Calendar-timea 1.04 0.88, 1.22 1.00 Referent 0.85 0.50, 1.44 1.06 0.64, 1.75 1.11 0.68, 1.80 1.02 0.65, 1.61 0.67 

  Confoundingb 1.05 0.89, 1.24 1.00 Referent 0.91 0.53, 1.56 1.17 0.70, 1.95 1.22 0.74, 1.99 1.10 0.69, 1.75 0.51 

  Controlled Direct Effectsc 1.06 0.89, 1.25 1.00 Referent 0.90 0.52, 1.55 1.15 0.69, 1.92 1.23 0.75, 2.03 1.11 0.70, 1.77 0.45 

Abbreviations: aHR, adjusted hazard ratio; BMI, body mass index; CI, confidence interval, IQR, interquartile range; NDVI, normalized difference vegetation 

index; USD, United States Dollars. 
aAdjusted for age in months and calendar time as baseline strata 
bAdjusted for age in months and calendar time as baseline strata, race (categorical), diabetes mellitus (yes or no), height (categorical), family history of prostate 

cancer (yes or no), BMI at age 21 (categorical), history of prostate-specific antigen testing, smoking (categorical), intensity of prostate-specific antigen testing 

(categorical), census tract median income (USD), and census tract median home value (USD) 
cAdjusted for age in months and calendar time as baseline strata, race (categorical), diabetes mellitus (yes or no), height (categorical), family history of prostate 

cancer (yes or no), BMI at age 21 (categorical), history of prostate-specific antigen testing, smoking (categorical), intensity of prostate-specific antigen testing 

(categorical), census tract median income (USD), and census tract median home value (USD), vigorous physical activity (categorical), non-vigorous physical 

activity (quintiles), and current BMI (categorical) 
dFor models fit in total population, models 2 and 3 additionally adjusted for population density (binary: ≥1000, <1000 people/mi2) 
eEstimate corresponds to an IQR increase in continuous NDVI of 0.11 units.
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Table S1.4. E-values for Hazard Ratios for the Association Between Baseline Normalized Difference Vegetation Index (NDVI) and Lethal Prostate 

Cancera, Total Population and Men who did not Move During Follow-up, Health Professionals Follow-up Study, United States, 1986-2014, stratified by 

population density 

 Baseline Normalized Difference Vegetation Index (NDVI) 

 Continuousb Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 

E-Value Estimate CI Estimate CI Estimate CI Estimate CI Estimate CI Estimate CI 

Total population             

  Full cohortc (N=47,958) 1.29 1.00 Referent  1.53 1.00 1.39 1.00 1.85 1.16 1.36 1.00 

  High (≥1000 people/mi2) population   

density (N=34,229) 
1.46 1.11 Referent  1.50 1.00 1.32 1.00 1.96 1.21 1.96 1.00 

  Low (<1000 people/mi2) population 

density (N=13,729) 
1.46 1.00 Referent  2.45 1.00 1.56 1.00 1.39 1.00 1.37 1.00 

Participants who did not change 

addresses 
            

  Full subcohortc (N=42,492) 1.39 1.00 Referent  1.60 1.00 1.45 1.00 2.00 1.29 1.67 1.00 

  High (≥1000 people/mi2) population 

density (N=30,259) 
1.53 1.21 Referent  1.53 1.00 1.36 1.00 2.30 1.50 2.08 1.11 

  Low (<1000 people/mi2) population 

density (N=12,233) 
1.34 1.00 Referent  2.78 1.00 1.70 1.00 1.24 1.00 1.21 1.00 

Abbreviations: BMI, body mass index; CI, confidence interval, IQR, interquartile range; NDVI, normalized difference vegetation index; USD, United States 

Dollars. 
aAdjusted for age in months and calendar time as baseline strata, race (categorical), diabetes mellitus (yes or no), height (categorical), family history of prostate 

cancer (yes or no), BMI at age 21 (categorical), smoking status in 1986 (categorical), 1990 census tract median income (USD), 1990 census tract median home 

value (USD), history of prostate-specific antigen testing, and intensity of prostate-specific antigen testing 
bEstimate corresponds to an IQR increase in continuous NDVI of 0.11 units. 
cFor models fit in full cohort and subcohorts, additionally adjusted for population density (binary: ≥1000, <1000 people/mi2) 
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ABSTRACT 

Background  

Black men with prostate cancer (CaP) experience excess mortality compared to White men. We 

studied the association between neighborhood greenness, a health promoting contextual factor, 

and mortality among men with CaP.  

Methods 

We identified Pennsylvania Cancer Registry cases diagnosed between January 2000 and 

December 2015. Participants were followed until death or January 1, 2018, whichever occurred 

first. Exposure was characterized using the Normalized Difference Vegetation Index (NDVI). 

NDVI and indices of area-level socioeconomic status, geographic healthcare access, and 

segregation were assigned to participants’ residential address. We estimated hazard ratios using 

adjusted Cox models. To determine whether increasing neighborhood greenness could reduce 

racial disparities, we compared standardized 10-year mortality Black-White risk differences 

under a hypothetical intervention fixing NDVI to the 75th percentile of NDVI experienced by 

White men. 

Results 

We observed 29,978 deaths over 916,590 person-years. Comparing men in highest to lowest 

NDVI quintile, all-cause (aHR: 0.88, 95% CI: 0.84, 0.92, Ptrend<0.0001), prostate-specific (aHR: 

0.88, 95% CI: 0.80, 0.99, Ptrend=0.0021), and cardiovascular-specific (aHR: 0.82, 95% CI: 0.74, 

0.90, Ptrend<0.0001) mortality were lower. Inverse associations between continuous NDVI (0.14 

units) and cardiovascular-specific mortality were observed in White (aHR: 0.90, 95% CI: 0.86, 

0.93) but not Black men (aHR: 0.97, 95% CI: 0.89, 1.06; Phet=0.067). Hypothetical interventions 
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to increase NDVI led to non-significant reductions in all-cause (-5.3%) and prostate-specific (-

23.2%), but not cardiovascular-specific mortality disparities (+50.5%).  

Conclusion 

Neighborhood greenness was associated with lower mortality among men with CaP, but findings 

suggest increasing neighborhood greenness would have limited impact on disparities.  
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INTRODUCTION 

Cancer of the prostate (CaP) is the most commonly diagnosed cancer and the second 

leading cause of cancer-related death among men in the United States of America (US), 

accounting for 1 out of every 10 cancer deaths in men (1). In the US, Black men experience more 

than double the mortality from CaP compared with White men (2). While racial gaps in access to 

CaP care have narrowed over time, disparities in mortality rates among men with CaP have 

persisted for as long as reliable registry data have been available (3-5). Causes of racial 

disparities in mortality among men with CaP are multifactorial, requiring a multilevel framework 

that considers genetic and lifestyle risk factors along with historical and social context (6, 7). 

Recent advances in epidemiologic methods have provided investigators with analytic tools to 

quantify the impact of social and environmental policy changes on racial disparities (8-11). 

While most research to date on cancer disparities has focused on biological and social factors, 

few studies have investigated the mediating role of the built and contextual environment on 

racial disparities in cancer (12).  

A growing literature describes numerous health benefits of neighborhood greenness, 

defined as the extent of green, natural vegetation within a given area. More comprehensive than 

“green space”, the term neighborhood “greenness” includes all vegetation in a given area, 

regardless of type, (e.g. parks, forests, gardens, and street trees). Neighborhood greenness is 

hypothesized to confer health benefits through promotion of healthy lifestyles and social 

cohesion, and reduction of harmful environmental exposures and bio-psychosocial stressors (13- 

16). Cohort studies have reported inverse associations between neighborhood greenness and 

several diseases, including all-cause mortality, cardiovascular disease (CVD) and depression (17-

20).  
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We studied the association between neighborhood greenness and mortality in a cohort of 

Black and White men with CaP in Pennsylvania. Since earlier studies reported stronger 

associations between neighborhood greenness and specific causes of death (17, 18, 21, 22), we 

assessed the magnitude of the association between neighborhood greenness and all-cause 

mortality, prostate-specific mortality, and CVD mortality. We further evaluated whether the 

mortality disparity between Black and White men with CaP could be mediated by neighborhood 

greenness.   

METHODS 

Study design and participants 

We used data from the population-based Pennsylvania Cancer Registry. We included 

145,399 Black and White men with CaP diagnosed from 2000 to 2015 and followed them until 

death, 10 years post-diagnosis, or 1 January 2018, whichever came first. Participant addresses 

were geocoded using ArcGIS software version 10.2. We excluded cases who were diagnosed 

with in situ cancers (n=69), missing address at diagnosis (n=85), or missing stage or grade 

(n=16,677). A total of 128,568 (88%) men with CaP were included in the study. The Institutional 

Review Board of Harvard T. H. Chan School of Public Health approved this study protocol. 

Since existing data sources were used, no written consent was required for participation in the 

study.  

Mortality assessment 

CaP diagnoses were staged according to the 2000 Surveillance, Epidemiology, and End 

Results (SEER) summary staging guidelines (23). Race was extracted from facility medical 

records and included in data provided by state health providers to the Pennsylvania Cancer 
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Registry. Each year, the Pennsylvania Cancer Registry conducts a Death Clearance in which 

reportable cause of death information from Pennsylvania Death Certificates is linked with 

Pennsylvania Cancer Registry files. If deaths occur out of state, linkage is done through data 

exchanges. Causes of death were categorized based on ICD-09 and ICD-10 codes. For CaP-

specific mortality, we included deaths coded as 185 (ICD-09) and C61 (ICD-10). For CVD 

mortality, we included deaths coded as 390-459 and I00-I99.  

Exposure assessment 

To estimate residential exposure to neighborhood greenness for CaP cases at time of 

diagnosis, we used the normalized difference vegetation index (NDVI), a satellite-derived spatial 

measure of neighborhood greenness (24). NDVI values range from -1 to 1 and quantify the 

amount of infrared light absorbed vs reflected by plant life. NDVI values approaching 1 

correspond to lush forests, close to 0 reflect barren areas, and below 1 indicate bodies of water. 

In this study, NDVI values were restricted to 0 and above to focus specifically on associations 

related to green vegetation. Moderate Resolution Imaging Spectroradiometer (MODIS) data 

capturing NDVI at a 250 meter resolution were obtained using Google Earth Engine. We used 

Google Earth Engine’s cloud cover algorithm to extract the least cloudy image in January, April, 

July, and September for every year from 2000 to 2015, representing seasonal variation in 

neighborhood greenness. Exposure was modeled using NDVI averaged over seasonal measures 

during calendar year of diagnosis (baseline), as well as cumulative updated average NDVI 

measurements over each participant’s entire follow-up period as a sensitivity analysis. 

Participants were assigned the NDVI value for the 250 meter square pixel containing their 

residential address. We obtained area-level socioeconomic data at census Block Group level in 

2000 from the National Historical Geographic Information System Database (25) and spatially 
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joined these data to cohort participant addresses using the R statistical package. When Block 

Group data were not available (n=101), we used census tract level data.  

Statistical analysis 

We estimated adjusted hazard ratios (aHR) and 95% confidence intervals for the 

association between NDVI and each of the mortality outcomes (all-cause, prostate, CVD) using 

multiple Cox proportional hazards models in SAS. NDVI was modeled using quintiles and as a 

continuous exposure using restricted cubic splines with 3 knots to test for non-linearity. When no 

evidence of non-linearity was observed, we modeled continuous NDVI using a linear term scaled 

in units of interquartile range for the study population (0.14 units). We estimated p-values for 

linear trend in categorical models using the median for each quintile. Since NDVI and CaP rates 

vary by urbanicity, we stratified our analyses by population density (≥1000 people/mi2 vs. <1000 

people/mi2). This threshold was chosen to differentiate more rural settings from suburban and 

urban settings. 

We sequentially adjusted for the variables that could be interpreted as confounders, or as 

mediators (advanced stage, marital status). In model 1, we stratified by age in 10-year categories 

and diagnosis year (categorical), and adjusted for race (Black vs. White); census Block Group 

median income (continuous: US$); median home value (continuous: US$); percent poverty 

(continuous); percent adults aged 25 and older with less than high school education (continuous); 

the joint race and income Index of Concentration at Extremes (ICE), a measure of inequality 

based on income- or race-based privilege in a given geographic area (quintiles) (26); four 

indicator variables for receipt of care at a currently NCI-designated cancer center (The 

University of Pennsylvania, University of Pittsburgh Medical Center, Fox Chase Cancer Center, 

or Thomas Jefferson University Hospital); population density (continuous), distance between 
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each participant’s geocoded address to the closest cancer center using road network distances 

(continuous, minutes, calculated using ArcMap 10.2). In model 2, we additionally adjusted for 

for stage (categorical: localized, regional, distant) and grade (categorical: I – IV). In model 3, we 

further adjusted for marital status, using logistic regression models and Monte Carlo imputation 

with 10 repetitions to impute missing marital status (n=46,519) conditional on the covariates 

used in model 1. We assessed whether primary associations varied by race (binary: Black vs 

White), stage (binary: Localized vs Regional/Distant), and population density (≥1000 

people/mi2, <1000 people/mi2). Tests for effect modification were performed by fitting 

interaction terms between these modifiers and NDVI (continuous and as quintiles). 

In order to evaluate the role of neighborhood greenness as a potential mediator of racial 

disparities in cause-specific mortality among men with CaP, we estimated racial disparities 

among men with CaP following hypothetical interventions that fix NDVI for all participants to a 

specific value using previously described statistical methods (9-11, 27, 28). This approach 

assumes no unmeasured confounding of race and cause-specific mortality, no unmeasured 

confounding between neighborhood greenness and cause-specific mortality, and correct model 

specification. Technical details are provided in the Supplementary Appendix.  

First, we fit the outcome model described above (Cox model 1) for each mortality 

outcome, omitting NDVI. Resulting model parameters were used to estimate 10-year mortality 

among Black and White men, standardized to covariates described above. The difference in 

standardized 10-year mortality for Black and White men with CaP was defined as the racial 

disparity. Since most Black men with CaP in our study lived in high population density areas, we 

repeated this procedure separately among men living in high and low population density areas. 

Next, we estimated the racial disparity that would remain following hypothetical interventions to 
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fix NDVI to target values for all study participants. We again estimated expected racial 

disparities between Black and White men using our outcome model, with two additional 

parameters (continuous NDVI and an NDVI-race interaction). Bootstrapping with 500 

repetitions was used to estimate 95% confidence intervals.  

Three levels of NDVI were chosen to reflect a range of plausible values that could result 

from a policy change: (1) the observed racial disparity with no change in NDVI, (2) the 25th 

percentile of NDVI among Black men with CaP, and (3) the 75th percentile of NDVI among 

White men with CaP. We then estimated the proportion of racial disparity that could be 

eliminated by implementing policy change (3) (8, 29). Details regarding sensitivity analyses for 

competing risks, and estimation of bounds for bias due to unmeasured confounding using E-

values (30) are provided in the Supplementary Appendix. 

 

RESULTS 

After exclusions, we observed 29,978 deaths over 916,590 person-years of post-diagnosis 

follow-up. Study population characteristics are presented in Table 2.1 overall and by NDVI in 

the year before diagnosis. Median age at diagnosis was 66 and did not vary by quintile of NDVI. 

Black men made up 11% of the study population and were less likely than Whites to reside in 

neighborhoods in the highest quintile of NDVI (NDVI Q1: 33% v. Q5: 3%). Most participants 

were diagnosed with localized disease (85%). Participants in greener neighborhoods (Q5) had 

lower population density, higher census Block Group income and median home value than 

participants in less green neighborhoods (Q1). Study participants were concentrated in the 

Southeast and Western parts of Pennsylvania, corresponding to the Pittsburgh and Philadelphia 
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metropolitan areas where NDVI was relatively lower than in other regions of the state (Figures 

2.1 and 2.2). Cardiovascular disease was leading cause of death (n=7,677), followed by CaP 

(n=6,515).  
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Table 2.1. Descriptive Characteristics of Pennsylvania Cancer Registry Cohort Stratified by Quintile of Baseline Normalized Difference Vegetation 

Index (NDVI) Quintile, from 2000 to 2015 

 Quintile of Normalized Difference Vegetation Index (NDVI)  

 Q1 Q2 Q3 Q4 Q5 Total 

Total Population 25,708 25,723 25,719 25,717 25,701 128,568 

NDVI baselinea  

0.36  

(0.30, 0.41) 

0.50  

(0.48, 0.52) 

0.56  

(0.55, 0.58) 

0.62  

(0.60, 0.63) 

0.67  

(0.65, 0.68) 

0.56  

(0.48, 0.63) 

Age at Diagnosis, yearsa 66 (59, 73) 67 (60, 74) 67 (60, 74) 66 (60, 73) 66 (60, 73) 66 (60, 73) 

Black Reported Race [n (%)] 8,599 (33) 2,512 (10) 1,371 (5) 1,028 (4) 654 (3) 14,164 (11) 

Married [n (%)] 
  Yes 9,868 (38) 11,887 (46) 13,142 (51) 13,956 (54) 14,515 (56) 63,368 (49) 

  Nob 5,910 (23) 3,752 (15) 3,342 (13) 3,001 (12) 2,676 (10) 18,681 (15) 

  (Missing) 9,930 (39) 10,084 (39) 9,235 (36) 8,760 (34) 8,510 (33) 46,519 (36) 

Stage at Diagnosis [n (%)] 
  Localized 21,665 (84) 22,007 (86) 22,060 (86) 22,097 (86) 21,990 (86) 109,819 (85) 

  Regional 2,721 (11) 2,679 (10) 2,672 (10) 2,804 (11) 2,902 (11) 13,778 (11) 

  Distant 1,322 (5) 1,037 (4) 987 (4) 816 (3) 809 (3) 4,971 (4) 

Grade [n (%)] 
I 1,329 (5) 1,387 (5) 1,244 (5) 1,348 (5) 991 (4) 6,299 (5) 

II 13,227 (51) 13,505 (53) 13,489 (52) 13,425 (52) 13,307 (52) 66,953 (52) 

III 10,993 (43) 10,698 (42) 10,863 (42) 10,821 (42) 11,284 (44) 54,659 (43) 

IV 159 (1) 133 (1) 123 (0) 123 (0) 119 (0) 657 (1) 

Year of Diagnosis [n (%)] 
  2000-2004 8,791 (34) 9,082 (35) 8,309 (32) 7,884 (31) 7,985 (31) 42,051 (33) 

  2005-2009 8,059 (31) 7,406 (29) 8,884 (35) 9,842 (38) 10,014 (39) 44,205 (34) 

  2010-2015 8,858 (34) 9,235 (36) 8,526 (33) 7,991 (31) 7,702 (30) 42,312 (33) 

Contextual Factors  

  Population Density (100 people/mi2)a 
24.5 (9.9, 59.3) 

6.1  

(1.2, 14.1) 
2.4 (0.5, 8.6) 1.9 (0.5, 6.3) 1.3 (0.5, 4.3) 

4.0  

(0.8, 12.3) 

Census Block Group 
      

  Census Block Income (1000 US$)a 
31.1 (23.6, 39.4) 

40.6  

(32.2, 51.0) 
43.7 (35.5, 55.0) 47.6 (38.0, 60.6) 52.9 (40.4, 72.0) 

42.453  

(33.2, 55.6) 

  Census Block % Povertya 
0.11 (0.05, 0.21) 

0.05  

(0.02, 0.09) 
0.04 (0.02, 0.07) 0.03 (0.01, 0.06) 0.03 (0.01, 0.05) 

0.04  

(0.02, 0.09) 
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Table 2.1. Descriptive Characteristics of Pennsylvania Cancer Registry Cohort Stratified by Quintile of Baseline Normalized Difference Vegetation 

Index (NDVI) Quintile, from 2000 to 2015 (continued) 

 Quintile of Normalized Difference Vegetation Index (NDVI)  

 Q1 Q2 Q3 Q4 Q5 Total 

  % over 25 with less than high school 

educationa 
0.16 (0.11, 0.21) 

0.11  

(0.07, 0.15) 

0.1 (0.06, 

0.14) 

0.09 (0.06, 

0.13) 

0.08 (0.04, 

0.13) 

0.11  

(0.06, 0.15) 

  Median home value (1000 US$)a 
63.2 (42.3, 87.3) 

94.7 

 (72.6, 123.6) 

104.6  

(80.3, 135.8) 

116.3  

(88.5, 148.6) 

134.1  

(96.3, 188.0) 

99.5  

(72.4, 139.0) 

Index Concentration at the Extremes 

Incomea 

-0.09  

(-0.14, -0.03) 

-0.02  

(-0.07, 0.04) 

0.0  

(-0.05, 0.06) 

0.02  

(-0.04, 0.09) 

0.05  

(-0.02, 0.13) 

-0.01  

(-0.07, 0.06) 

Joint Race/Incomea 
0 (-0.18, 0.02) 0.02 (0, 0.06) 

0.03  

(0.01, 0.07) 

0.04  

(0.02, 0.1) 

0.07  

(0.03, 0.17) 

0.03 (0, 

0.08) 

Racea 

0.74 (-0.31, 

0.94) 

0.95 (0.85, 

0.98) 

0.96  

(0.9, 0.98) 

0.96  

(0.92, 0.98) 

0.96  

(0.92, 0.98) 

0.95  

(0.86, 0.98) 

Quintiles Joint Race-Income ICE [n (%)] 
Q1 12,886 (50) 4,216 (16) 2,250 (9) 1,243 (5) 573 (2) 21,168 (16) 

Q2 6,290 (24) 7,302 (28) 6,742 (26) 5,632 (22) 4,295 (17) 30,261 (24) 

Q3 3,256 (13) 5,663 (22) 6,192 (24) 5,818 (23) 4,791 (19) 25,720 (20) 

Q4 2,152 (8) 5,072 (20) 5,969 (23) 6,695 (26) 5,835 (23) 25,723 (20) 

Q5 1,124 (4) 3,470 (13) 4,566 (18) 6,329 (25) 10,207 (40) 25,696 (20) 

Geographic Access to Oncology Services [n (%)] 
Accredited Cancer Center where Patient was Diagnosed 
  University of Pennsylvania 1,131 (4) 275 (1) 253 (1) 250 (1) 537 (2) 2,446 (2) 

  University of Pittsburgh Medical Center 1,579 (6) 2,533 (10) 2,818 (11) 2,857 (11) 2,514 (10) 12,301 (10) 

  Fox Chase 829 (3) 487 (2) 443 (2) 535 (2) 798 (3) 3,092 (2) 

  Jefferson Health 834 (3) 159 (1) 142 (1) 126 (0) 212 (1) 1,473 (1) 

Network Distance to Closest Facility 

(Minutes)a 
3.12 (1.97, 5.01) 

5.73  

(3.22, 11.39) 

7.69  

(4.34, 15.61) 

8.9  

(4.89, 17.32) 

9.15 

 (5.38, 16.35) 

6.45  

(3.45, 13.65) 

Mortality and Follow-up [n (%)] 

  Follow-up (months)a 

89.4  

(49.1, 120.0) 

91.6  

(52.2, 120.0) 

95.7  

(54.0, 120.0) 

101.2  

(56.2, 120.0) 

106.3  

(63.6, 120.0) 

96.4  

(54.9, 120.0) 

  All Deaths over 10 years 6,971 (27) 6,150 (24) 6,029 (23) 5,624 (22) 5204 (20) 29,978 (23) 

    Of Deaths, Prostate Cancer 1,633 (23) 1,305 (21) 1,257 (21) 1,159 (21) 1161 (22) 6,515 (22) 

    Of Deaths, Cardiovascular Disease 1,831 (26) 1,647 (27) 1,505 (25) 1,428 (25) 1266 (24) 7,677 (26) 
aMedian [Interquartile Range] 
bSingle, Divorced, Widowed 
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Figure 2.1. Participant Residential Address Locations in Pennsylvania Cancer Registry Prostate Cancer Cohort Study from 2000 to 2015 
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Figure 2.2. Normalized Difference Vegetation Index (NDVI) July 2000 values at Pennsylvania Cancer Registry participants’ residential address 

locations from 2000 to 2015 
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In adjusted analysis, we observed statistically significant inverse associations between 

NDVI in the year of diagnosis and rates of mortality using quintiles and continuous exposure 

parameterizations (Table 2.2). Tests for splines were not significant, so we assumed linear dose 

response between continuous NDVI and mortality. When considering confounding factors 

(Model 1), there was a 12% lower rate of all-cause mortality comparing participants with NDVI 

Quintile 5 to 1 (Q5 to 1) (aHR: 0.88, 95% CI: 0.84, 0.92, Ptrend<0.0001). This association was 

similar for prostate-specific mortality (aHR: 0.88, 95% CI: 0.80, 0.98, Ptrend=0.0021). For CVD 

mortality, there was an 18% lower rate comparing NDVI Q5 to 1 (aHR: 0.82, 95% CI: 0.74, 

0.90, Ptrend<.0001).  
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Table 2.2. Cox Proportional Hazards Models for Association between Normalized Difference Vegetation Index (NDVI) at Diagnosis and Cause-specific 

Mortality among Pennsylvania Prostate Cancer Patients Diagnosed between 2000 and 2015 

  Full + Stage/Grade + Marital Statusa 

 Cases/Person-Years aHR (95% CI) aHR (95% CI) aHR (95% CI) 

All-cause mortality 29,978/916,590    

Linear (per 0.14 units)  0.94 (0.92, 0.96) 0.95 (0.93, 0.97) 0.96 (0.94, 0.98) 

  Q1 6,972/175,795 Ref Ref Ref 

  Q2 6,149/179,406 0.94 (0.90, 0.98) 0.95 (0.92, 0.99) 0.96 (0.93, 1.00) 

  Q3 6,026/182,719 0.94 (0.90, 0.98) 0.95 (0.91, 0.99) 0.96 (0.93, 1.01) 

  Q4 5,624/185,936 0.89 (0.85, 0.93) 0.92 (0.88, 0.96) 0.94 (0.90, 0.98) 

  Q5 5,207/192,733 0.88 (0.84, 0.92) 0.89 (0.85, 0.94) 0.92 (0.87, 0.96) 

Ptrend  <.0001 <.0001 0.0004 

Prostate-specific Mortality 6,515/916,590    

Linear (per 0.14 units)  0.93 (0.89, 0.98) 0.95 (0.91, 1.00) 0.96 (0.92, 1.01) 

  Q1 1,633/175,795 Ref Ref Ref 

  Q2 1,305/179,406 0.89 (0.82, 0.97) 0.93 (0.86, 1.01) 0.94 (0.87, 1.02) 

  Q3 1,256/182,719 0.88 (0.81, 0.96) 0.92 (0.84, 1.01) 0.94 (0.86, 1.02) 

  Q4 1,157/185,936 0.83 (0.76, 0.92) 0.92 (0.84, 1.01) 0.94 (0.85, 1.03) 

  Q5 1,164/192,733 0.88 (0.80, 0.98) 0.93 (0.84, 1.03) 0.96 (0.86, 1.06) 

Ptrend  0.0021 0.10 0.28 

Cardiovascular Mortality 7,677/916,590    

Linear (per 0.14 units)  0.90 (0.87, 0.94) 0.90 (0.87, 0.94) 0.91 (0.88, 0.95) 

  Q1 1,832/175,795 Ref Ref Ref 

  Q2 1,646/179,406 0.95 (0.88, 1.03) 0.95 (0.88, 1.03) 0.96 (0.89, 1.04) 

  Q3 1,505/182,719 0.88 (0.81, 0.96) 0.88 (0.81, 0.96) 0.90 (0.83, 0.98) 

  Q4 1,428/185,936 0.86 (0.78, 0.93) 0.86 (0.79, 0.94) 0.88 (0.81, 0.96) 

  Q5 1,266/192,733 0.82 (0.74, 0.90) 0.82 (0.74, 0.90) 0.84 (0.76, 0.92) 

Ptrend  <.0001 <.0001 <.0001 

Models adjusted for age (deciles), diagnosis year, race, census block group socioeconomic status (% poverty, median income, median home value, % 25 and 

older with less than high school education, joint race-income index concentration at extremes (quintiles), site at diagnosis (University of Pennsylvania Medical 

Center, University of Pittsburgh Medical Center, Fox Chase, Jefferson Health), network distance to closest cancer facility (minutes), population density 
aMissing values for marital status were obtained using multiple imputation 
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The associations with prostate-specific mortality were attenuated in models additionally 

adjusting for stage and grade (aHR NDVI Q5 to 1: 0.93, 95% CI: 0.84, 1.03) and then marital 

status (aHR NDVI Q5 to 1: 0.96, 95% CI: 0.86, 1.06). Adjusting for stage and grade did not 

result in major changes in inference with respect to all-cause mortality or CVD mortality. 

However, adjusting for marital status resulted in modest attenuation of the association with all-

cause mortality (aHR NDVI Q5 to 1: 0.92, 95% CI: 0.87, 0.96), but not CVD mortality.  

In stratified analyses, we found no evidence of effect modification by race, stage or 

population density with respect to all-cause mortality (Table 2.3). With prostate-specific 

mortality, the inverse association between an IQR increase in continuous NDVI and prostate-

specific mortality was stronger among participants with localized (aHR: 0.92, 95% CI: 0.87, 

0.97) compared to distant CaP (aHR: 0.98, 95% CI: 0.93, 1.03, Phet=0.032). In addition, the 

inverse association was stronger among participants in high (aHR: 0.88, 95% CI: 0.83, 0.93) 

compared to low (aHR: 0.96, 95%CI: 0.91, 1.01) population density areas (Phet=0.028). There 

was no association between continuous NDVI and CVD mortality among Black men with CaP 

(aHR: 0.97, 95% CI: 0.89, 1.06), but there was an inverse association among White men with 

CaP (aHR: 0.90, 95% CI: 0.86, 0.93, Phet=0.067), suggesting increasing levels of NDVI could 

increase disparities by preferentially benefiting White but not Black men with CaP. 
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Table 2.3. Cox Proportional Hazards Models for Association between Normalized Difference Vegetation Index (NDVI) at Diagnosis and Cause-specific 

Mortality among Pennsylvania Prostate Cancer Patients Diagnosed between 2000 and 2015, Stratified by Race, Stage and Population Density 

 All-cause Mortality Prostate-specific Mortality Cardiovascular Mortality 

 Cases/Person-Years aHR (95% CI) Cases/Person-Years aHR (95% CI) Cases/Person-Years aHR (95% CI) 

Racea       

White 26,472/819,457  5,601/819,457  6,796/819,457  

Linear (per 0.14 units)  0.94 (0.92, 0.96)  0.94 (0.90, 0.98)  0.90 (0.86, 0.93) 

  Q1 4,694/118,068 Ref 1,018/118,068 Ref 1,271/118,068 Ref 

  Q2 5,545/161,961 0.94 (0.90, 0.98) 1,166/161,961 0.90 (0.83, 0.99) 1,486/161,961 0.94 (0.87, 1.02) 

  Q3 5,721/172,952 0.93 (0.89, 0.98) 1,172/172,952 0.88 (0.80, 0.96) 1,436/172,952 0.88 (0.80, 0.95) 

  Q4 5,411/178,657 0.89 (0.85, 0.93) 1,107/178,657 0.84 (0.76, 0.92) 1,361/178,657 0.84 (0.76, 0.91) 

  Q5 5,101/187,820 0.88 (0.84, 0.92) 1,138/187,820 0.89 (0.80, 0.99) 1,242/187,820 0.81 (0.74, 0.90) 

Ptrend  <.0001  0.0046  <.0001 

Black 3,506/97,132  914/97,132  881/97,132  

Linear (per 0.14 units)  0.94 (0.89, 0.98)  0.90 (0.82, 0.98)  0.97 (0.89, 1.06) 

  Q1 2,278/57,728 Ref 615/57,728 Ref 561/57,728 Ref 

  Q2 604/17,445 0.94 (0.86, 1.04) 139/17,445 0.82 (0.68, 0.99) 160/17,445 1.01 (0.84, 1.21) 

  Q3 305/9,767 0.96 (0.84, 1.08) 84/9,767 0.99 (0.78, 1.26) 69/9,767 0.88 (0.68, 1.14) 

  Q4 213/7,279 0.95 (0.82, 1.10) 50/7,279 0.83 (0.62, 1.12) 67/7,279 1.23 (0.94, 1.60) 

  Q5 106/4,913 0.75 (0.62, 0.92) 26/4,913 0.69 (0.46, 1.03) 24/4,913 0.70 (0.46, 1.06) 

Ptrend  0.022  0.048  0.66 

Phet (quintiles)  0.47  0.41  0.076 

Phet (linear)  0.84  0.33  0.067 

Models adjusted for age (deciles), diagnosis year, race, census block group socioeconomic status (% poverty, median income, median home value, % 25 and 

older with less than high school education, joint race-income index concentration at extremes (quintiles), site at diagnosis (University of Pennsylvania Medical 

Center, University of Pittsburgh Medical Center, Fox Chase, Jefferson Health), network distance to closest cancer facility (minutes), population density 
aModel includes Race and NDVI interaction (1 degree of freedom) 
bModel includes Stage and NDVI interaction (1 degree of freedom) 
cModel includes Population Density (High: ≥1000 people/mi2, Low: <1000 people/mi2) and NDVI interaction (1 degree of freedom)
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Table 2.3. Cox Proportional Hazards Models for Association between Normalized Difference Vegetation Index (NDVI) at Diagnosis and Cause-specific 

Mortality among Pennsylvania Prostate Cancer Patients Diagnosed between 2000 and 2015, Stratified by Race, Stage and Population Density 

(continued) 

 All-cause Mortality Prostate-specific Mortality Cardiovascular Mortality 

 Cases/Person-Years aHR (95% CI) Cases/Person-Years aHR (95% CI) Cases/Person-Years aHR (95% CI) 

Stageb       

Localized 23,930/804,433  2,926/804,433  6,947/804433  

Linear (per 0.14 units)  0.94 (0.92, 0.96)  0.92 (0.87, 0.97)  0.90 (0.87, 0.94) 

  Q1 5,484/153,397 Ref 731/153,397 Ref 1,654/153,397 Ref 

  Q2 4,940/157,537 0.95 (0.91, 0.99) 605/157,537 0.91 (0.81, 1.02) 1,481/157,537 0.94 (0.87, 1.01) 

  Q3 4,849/161,217 0.95 (0.90, 0.99) 566/161,217 0.88 (0.78, 0.99) 1,366/161,217 0.88 (0.81, 0.96) 

  Q4 4,548/163,499 0.91 (0.87, 0.95) 531/163,499 0.85 (0.75, 0.96) 1,293/163,499 0.85 (0.77, 0.93) 

  Q5 4,109/168,784 0.88 (0.83, 0.92) 493/168,784 0.84 (0.74, 0.96) 1,153/168,784 0.82 (0.74, 0.90) 

Ptrend  <.0001  0.0038  <.0001 

Regional/Distant 6,048/112,156  3,589/112,156  730/112,156  

Linear (per 0.14 units)  0.95 (0.92, 0.98)  0.98 (0.93, 1.03)  0.91 (0.83, 0.99) 

  Q1 1,488/22,398 Ref 902/22,398 Ref 178/22,398 Ref 

  Q2 1,209/21,870 0.93 (0.86, 1.01) 700/21,870 0.94 (0.84, 1.04) 165/21,870 1.07 (0.86, 1.32) 

  Q3 1,177/21,503 0.94 (0.87, 1.02) 690/21,503 0.95 (0.85, 1.06) 139/21,503 0.93 (0.74, 1.16) 

  Q4 1,076/22,437 0.89 (0.82, 0.96) 626/22,437 0.90 (0.80, 1.01) 135/22,437 0.94 (0.74, 1.18) 

  Q5 1,098/23,949 0.94 (0.86, 1.02) 671/23,949 0.98 (0.87, 1.11) 113/23,949 0.83 (0.65, 1.06) 

Ptrend  0.024  0.42  0.12 

Phet (quintiles)  0.34  0.33  0.79 

Phet (linear)  0.55  0.032  0.89 

Models adjusted for age (deciles), diagnosis year, race, census block group socioeconomic status (% poverty, median income, median home value, % 25 and 

older with less than high school education, joint race-income index concentration at extremes (quintiles), site at diagnosis (University of Pennsylvania Medical 

Center, University of Pittsburgh Medical Center, Fox Chase, Jefferson Health), network distance to closest cancer facility (minutes), population density 
aModel includes Race and NDVI interaction (1 degree of freedom) 
bModel includes Stage and NDVI interaction (1 degree of freedom) 
cModel includes Population Density (High: ≥1000 people/mi2, Low: <1000 people/mi2) and NDVI interaction (1 degree of freedom)
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Table 2.3. Cox Proportional Hazards Models for Association between Normalized Difference Vegetation Index (NDVI) at Diagnosis and Cause-specific 

Mortality among Pennsylvania Prostate Cancer Patients Diagnosed between 2000 and 2015, Stratified by Race, Stage and Population Density 

(continued) 

 All-cause Mortality Prostate-specific Mortality Cardiovascular Mortality 

 Cases/Person-Years aHR (95% CI) Cases/Person-Years aHR (95% CI) Cases/Person-Years aHR (95% CI) 

Population Densityc       

Low 20,020/644,185  4,306/644,185  5,082/644,185  

Linear (per 0.14 units)  0.94 (0.91, 0.96)  0.96 (0.91, 1.01)  0.89 (0.85, 0.94) 

  Q1 1,787/44,248 Ref 392/44,248 Ref 488/44,248 Ref 

  Q2 3,841/114,433 0.95 (0.89, 1.00) 823/114,433 0.92 (0.82, 1.04) 1,018/114,433 0.95 (0.85, 1.06) 

  Q3 4,662/143,322 0.94 (0.89, 1.00) 989/143,322 0.91 (0.81, 1.03) 1,156/143,322 0.88 (0.79, 0.98) 

  Q4 4,834/160,757 0.90 (0.85, 0.96) 998/160,757 0.86 (0.76, 0.97) 1,227/160,757 0.86 (0.77, 0.97) 

  Q5 4,896/181,426 0.89 (0.83, 0.94) 1,104/181,426 0.91 (0.80, 1.04) 1,193/181,426 0.82 (0.73, 0.92) 

Ptrend  <.0001  0.090  0.0002 

High 9,958/272,404  2,209/272,404  2,595/272,404  

Linear (per 0.14 units)  0.94 (0.92, 0.97)  0.88 (0.83, 0.93)  0.93 (0.88, 0.98) 

  Q1 5,185/131,548 Ref 1,241/131,548 Ref 1,344/131,548 Ref 

  Q2 2,308/64,973 0.93 (0.88, 0.98) 482/64,973 0.85 (0.76, 0.95) 628/64,973 0.96 (0.87, 1.06) 

  Q3 1,364/39,397 0.93 (0.88, 0.99) 267/39,397 0.83 (0.72, 0.95) 349/39,397 0.90 (0.79, 1.02) 

  Q4 790/25,179 0.86 (0.79, 0.93) 159/25,179 0.78 (0.66, 0.93) 201/25,179 0.82 (0.70, 0.95) 

  Q5 311/11,307 0.85 (0.76, 0.96) 60/11,307 0.74 (0.56, 0.96) 73/11,307 0.77 (0.60, 0.98) 

Ptrend  <.0001  <.0001  0.0028 

Phet (quintiles)  0.87  0.58  0.91 

Phet (linear)  0.84  0.028  0.24 

Models adjusted for age (deciles), diagnosis year, race, census block group socioeconomic status (% poverty, median income, median home value, % 25 and 

older with less than high school education, joint race-income index concentration at extremes (quintiles), site at diagnosis (University of Pennsylvania Medical 

Center, University of Pittsburgh Medical Center, Fox Chase, Jefferson Health), network distance to closest cancer facility (minutes), population density 
aModel includes Race and NDVI interaction (1 degree of freedom) 
bModel includes Stage and NDVI interaction (1 degree of freedom) 
cModel includes Population Density (High: ≥1000 people/mi2, Low: <1000 people/mi2) and NDVI interaction (1 degree of freedom) 
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Racial disparities in 10-year mortality without adjustment for NDVI were greatest for all-

cause mortality, resulting in 29.3 excess deaths per 1,000 (95% CI: 22.1, 36.5) among Black men 

with CaP, and least for CVD mortality (11.5, 95% CI: 6.4, 16.7 excess deaths per 1,000). 

Disparities were greater in low (All-cause: 33.9, 95% CI: 20.9, 47.8; Prostate: 22.1, 95% CI: 

13.0, 31.2; CVD: 16.8 (95% CI: 7.3, 26.3 per 1,000) compared to high population density areas 

(All-cause: 25.1, 95% CI: 15.2, 35.0; Prostate: 15.1, 95% CI: 8.1, 22.1; CVD: 8.5, 95% CI: 1.6, 

15.3 per 1,000). There were no statistically significant differences in racial disparities among 

men with CaP following hypothetical interventions fixing residential NDVI to the 25th percentile 

(Black), observed values of NDVI, or the 75th percentile (White) (Table 2.4). Fixing NDVI to the 

75th percentile (White) resulted in the lowest cause-specific mortality, and fixing NDVI to the 

25th percentile (Black) resulted in the highest cause-specific mortality in all scenarios except for 

CVD mortality among Black men in low population density areas (Figure 2.3).  
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Table 2.4. Cause-specific 10-year Mortality Risksa, Disparitiesb, and 95% Confidence Intervals Under Three Levels of Normalized Difference 

Vegetation Index (NDVI) at Diagnosis among Black and White Men with Prostate Cancer in Pennsylvania, 2000 to 2015 

  All-cause Mortality Prostate-specific Mortality Cardiovascular-specific Mortality 

10-year mortality riska Black/100 White/100 Disparity/1,000  Black/100 White/100 Disparity/1,000  Black/100 White/100 Disparity/1,000  

Total Population                   

    No NDVI intervention 
21.1  

(20.4, 21.8) 

18.2  

(18.0, 18.3) 

29.3  

(22.1, 36.5) 

6.4  

(5.8, 6.9) 

4.6  

(4.5, 4.8) 

17.3  

(11.6, 22.9) 

6.5  

(6.0, 7.0) 

5.4  

(5.2, 5.5) 

11.5  

(6.4, 16.7) 

  NDVI threshold                   

    25th percentile (Black) 
22.8  

(21.7, 23.9) 

19.6  

(19.1, 20.1) 

31.8  

(21.7, 41.9) 

7.2  

(6.3, 8.1) 

5.1  

(4.7, 5.4) 

21.3  

(13.2, 29.4) 

7.1  

(6.4, 7.9) 

6.3  

(5.9, 6.6) 

8.8  

(1.8, 15.8) 

    Observed 
21.1  

(20.2, 21.9) 

18.2  

(18.0, 18.3) 

29.0  

(20.1, 37.8) 

6.2  

(5.6, 6.8) 

4.6  

(4.5, 4.7) 

15.6  

(9.0, 22.2) 

6.9  

(6.2, 7.5) 

5.4  

(5.2, 5.5) 

14.9  

(8.4, 21.5) 

    75th percentile (White) 
20.3  

(19.1, 21.5) 

17.6  

(17.3, 17.8) 

27.8  

(15.7, 39.9) 

5.8  

(4.9, 6.6) 

4.4  

(4.3, 4.6) 

13.3  

(4.5, 22.0) 

6.7  

(5.9, 7.6) 

5.0  

(4.8, 5.2) 

17.4  

(8.4, 26.3) 

  Proportion Eliminatedc      -0.053     -0.232      +0.505  

Urban (≥1000 people/mi2) 
    

    
   

    No NDVI intervention 
22.1  

(21.3, 22.9) 

19.6  

(19.2, 19.9) 

25.1  

(15.2, 35.0) 

6.5  

(5.9, 7.1) 

5.0  

(4.7, 5.3) 

15.1  

(8.1, 22.1) 

6.8  

(6.2, 7.4) 

5.9  

(5.7, 6.2) 8.5 (1.6, 15.3) 

  NDVI threshold 
    

    
   

    25th percentile (Black) 
23.0  

(21.9, 24.1) 

20.5  

(19.8, 21.2) 

25.6  

(13.0, 38.2) 

7.1  

(6.2, 7.9) 

5.5  

(5.0, 5.9) 

15.8  

(6.5, 25.1) 

7.1  

(6.3, 7.9) 

6.5  

(6.0, 7.0) 

6.3  

(-2.4, 15.1) 

    Observed 
22.0  

(21.1, 22.9) 

19.6  

(19.2, 20.0) 

24.0  

(13.6, 34.5) 

6.5  

(5.8, 7.1) 

5.0  

(4.7, 5.3) 

14.6  

(7.4, 21.8) 

6.9  

(6.2, 7.5) 

6.0  

(5.7, 6.2) 

9.1  

(1.8, 16.5) 

    75th percentile (White) 
21.2  

(19.8, 22.6) 

18.9  

(18.4, 19.5) 

22.8  

(7.8, 37.8) 

6.0  

(5.1, 6.9) 

4.6  

(4.3, 5.0) 

13.6  

(3.7, 23.5) 

6.7  

(5.7, 7.7) 

5.6  

(5.2, 5.9) 

11.1  

(0.7, 21.6) 

  Proportion Eliminated    -0.092    -0.098   +0.314 

Rural (<1000 people/mi2)                   

    No NDVI intervention 
21.0  

(19.7, 22.3) 

17.6  

(17.4, 17.8) 

33.9  

(20.9, 47.8) 

6.7  

(5.8, 7.6) 

4.5  

(4.4, 4.6) 

22.1  

(13.0, 31.2) 

6.8  

(5.9, 7.7) 

5.1  

(5.0, 5.3) 

16.8  

(7.3, 26.3) 

  NDVI threshold                   

    25th percentile (Black) 
21.9  

(20.4, 23.4) 

18.3  

(17.9, 18.7) 

36.0  

(20.6, 51.4) 

7.4  

(6.3, 8.5) 

4.6  

(4.4, 4.9) 

27.7  

(16.8, 38.6) 

6.9  

(5.8, 8.0) 

5.5  

(5.3, 5.8) 

14.3  

(3.0, 25.5) 

    Observed 
20.7  

(19.4, 22.0) 

17.6  

(17.4, 17.8) 

31.2  

(17.8, 44.5) 

6.3  

(5.4, 7.2) 

4.5  

(4.4, 4.6) 
17.9 (8.4, 27.4) 

7.0  

(6.0, 7.9) 

5.1  

(5.0, 5.3) 

18.6  

(9.0, 28.2) 

    75th percentile (White) 
20.0  

(18.3, 21.8) 

17.2  

(16.9, 17.4) 

28.5  

(11.1, 46.0) 

5.7  

(4.5, 6.8) 

4.4  

(4.2, 4.6) 
12.4 (0.7, 24.1) 

7.0  

(5.8, 8.2) 

4.9  

(4.7, 5.1) 

21.2  

(8.7, 33.7) 

  Proportion Eliminatedc      -0.163     -0.439      +0.265  
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Table 2.4. Cause-specific 10-year Mortality Risksa, Disparitiesb, and 95% Confidence Intervals Under Three Levels of Normalized Difference 

Vegetation Index (NDVI) at Diagnosis among Black and White Men with Prostate Cancer in Pennsylvania, 2000 to 2015 (continued) 

a10-year risks among Black and White men estimated using Cox models with continuous NDVI (0.14 unit increase), adjusted for age (deciles), diagnosis 

year, race, census block group socioeconomic status (% poverty, median income, median home value, % 25 and older with less than high school education, joint 

race-income index concentration at extremes (quintiles), site at diagnosis (University of Pennsylvania Medical Center, University of Pittsburgh Medical Center, 

Fox Chase, Jefferson Health), network distance to closest cancer facility (minutes), population density (total only), and interaction term between NDVI and race, 

standardized to distribution of confounders in total Urban and Rural population 
bDisparity denotes racial disparity, estimated by taking difference in 10-year mortality risks in Black and White men standardized to covariates. Confidence 

intervals were estimated using bootstrapping with 500 repetitions.  
cProportion disparity eliminated by increasing NDVI estimated by taking the difference of racial disparity under No NDVI intervention and 75th percentile of 

NDVI (White), divided by disparity under No NDVI intervention. (-) indicates disparity would be reduced, (+) indicates disparity would be increased.  
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Figure 2.3. Standardized 10-year Cause-specific (All-Cause, Cardiovascular-, Prostate-specific) Mortality 

Risk and 95% Confidence Intervals Under Three Scenariosa of Normalized Difference Vegetation Index 

(NDVI) at Diagnosis among Black and White Men with Prostate Cancer in Pennsylvania) 

 

 
aScenario 1: Observed NDVI, Scenario 2: Low NDVI (25th percentile of Black men with CaP), Scenario 3: High 

NDVI (75th percentile of White men with CaP), CVD = cardiovascular disease specific-mortality, (Urban: ≥1000 

people/mi2, Rural: <1000 people/mi2) 
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Estimated proportions of racial disparity in mortality that would be eliminated by fixing 

neighborhood greenness to the 75th percentile of NDVI (White) were modest for all-cause (5.3%) 

and prostate-specific (23.2%) mortality. However, for CVD mortality, we estimated a relative 

50.5% increase in the racial disparity following this hypothetical intervention (Table 2.4). These 

findings are consistent with results from our race-stratified models, in which NDVI was 

associated with lower CVD mortality among White but not Black men with CaP. Stratification 

by population density preserved these patterns, though estimated proportions of racial disparities 

eliminated for all-cause and prostate mortality were greater in low compared to high population 

density areas (Table 2.4).  

 In sensitivity analysis for competing risks, results for stratified associations between 

NDVI and prostate- and CVD-specific mortality resulted in slightly weaker estimates compared 

to primary results and no change to inference so we did not use competing risk models for our 

main analysis (Table S2.1). E-values summarizing bounds of bias due to unmeasured 

confounding for our primary effect estimates are provided in Table S2.2. Effect sizes for the 

association between socioeconomic status, a likely confounding variable, and mortality among 

men with CaP from previous registry-based studies range from 1.14 to 1.52 (31). E-values for 

all-cause mortality and prostate-specific mortality lie within this range, meaning that if an 

unmeasured factor exhibited patterns of association with NDVI and mortality similar to that of 

socioeconomic status, adjusting for that factor could explain away these results. However, this 

unmeasured factor would need to be sufficiently correlated with NDVI and mortality even after 

adjusting for the demographic, socioeconomic, and geographic access variables already included 

in our analysis. Our strongest e-values corresponding to the hazard ratio for CVD-mortality 

comparing men in Q5 to Q1 are 1.75 for point estimate, and 1.47 for confidence interval, 
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suggesting that these results are unlikely to be explained by unmeasured confounding bias. 

Associations between cumulative updated average NDVI and mortality exhibited non-linear dose 

response, with increased all-cause mortality and prostate-specific mortality in lowest and highest 

quintiles of NDVI. (Table S2.3). 

 

DISCUSSION 

In this cohort of Black and White men with CaP, we observed inverse associations 

between NDVI and lower all-cause, prostate-, and CVD-specific mortality after adjusting for 

demographics, neighborhood socioeconomic context, and geographic health care access. Our 

results suggest that increasing levels of neighborhood greenness could result in modest, non-

significant decreases in racial disparities in all-cause and prostate-specific mortality. However, 

we estimated increases in racial disparities in CVD mortality among men with CaP following 

hypothetical interventions to increase neighborhood greenness. In our sensitivity analysis using 

cumulative updated average, we observed different dose-response patterns compared to analyses 

using NDVI at time of diagnosis. Increased all-cause and prostate specific mortality observed 

with increasing cumulative updated average NDVI could be attributable to reverse causation, 

resulting from tree planting and greening interventions such as Philadelphia’s “Green Works” 

program, implemented from 2009 to present. These interventions were targeted precisely at those 

urban areas which were most deprived and experienced worse outcomes during the study period 

(32).  

While few studies have reported associations between neighborhood greenness and 

mortality among men with CaP, our findings are consistent with results from earlier prospective 
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population-based and occupational cohort studies in the US, Canada, and Europe, which have 

also reported inverse associations between neighborhood greenness and all-cause mortality (17, 

19, 21, 22). Most men in our study were diagnosed with localized CaP. Ten-year survival is 

relatively high among these men, and deaths from prostate cancer are few relative to deaths from 

other causes like CVD (33, 34). This suggests mortality risks for these men could be similar to 

the general population. Cohort studies in Canada, Europe and the US have also reported inverse 

associations between neighborhood greenness and cardiovascular mortality (18, 19, 21, 22, 35). 

Though we did not have data to evaluate lifestyle risk factors, prior research shows that physical 

activity is associated with lower mortality risk (36-38), and obesity is associated with higher risk 

(39, 40) among men with CaP. In our study, CVD-specific mortality was the leading cause of 

death among men with CaP, so inverse associations between neighborhood greenness and 

mortality reported here could be due to reduced CVD-specific mortality, possibly through 

pathways related to physical activity and obesity (13, 14, 16).  

The second question we sought to answer was whether increasing neighborhood 

greenness could reduce racial disparities in mortality among men with CaP. No differences in the 

association between NDVI and either all-cause or prostate-specific mortality comparing Black to 

White men with CaP were observed. However, for CVD mortality, we observed an inverse 

association with NDVI in White but not Black men. Wide confidence intervals for the cause-

specific racial disparities from our simulation-based approach limited our ability to statistically 

evaluate differences in disparities under hypothetical interventions to fix NDVI to different 

thresholds. However, estimates of the proportion of disparity eliminated suggest that increasing 

neighborhood greenness could lead to modest reductions in disparities in all-cause mortality. 

Estimated reductions in racial disparities for CaP mortality were offset by increases in disparities 
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for CVD mortality. Cohort studies in the general population from Canada and Europe looking at 

all-cause and CVD mortality have also reported stronger inverse associations among high 

income or privileged racial groups (21, 22). Better understanding of how contextual environment 

and CaP outcomes vary by race in different US and global settings will be essential to informing 

policy interventions.  

While we lacked data to explain racial differences in the association between NDVI and 

CVD mortality, literature on differing patterns of park use between Black and White men and 

women offers some guidance. Parks are a major contributor to urban neighborhood greenness. 

The ways in which Black and White men experience neighborhood greenness could be different, 

which in turn could have consequences for potential health benefits of exposure to high levels of 

greenness. Parks in predominantly Black neighborhoods may be used less frequently due to 

fewer resources for security and maintenance (41). Black men in the US may use parks 

differently because they were historically excluded from public parks through segregation (42, 

43). Residents’ perception of higher crime rates, lower levels of walkability, and lack of upkeep 

could make parks less welcoming for physical activity and socializing, particularly for older 

community members (44-46). Surveys of park users in the US have found that Black community 

members often cite greater obstacles to using parks compared to White users, including feeling 

unwelcome, inconvenient schedules, and financial barriers (42, 47). These findings suggest that 

merely introducing neighborhood green spaces in these communities, without any attempts to 

ensure that the space fits the needs and social mores of that community, could fail to produce any 

health benefits.   

Results from our study should be interpreted in light of its limitations. This study was 

conducted in the state of Pennsylvania, which has a unique history, geography, and racial 
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composition. Thus, our results may not be generalizable to dissimilar populations. NDVI is a 

popular objective measure of neighborhood greenness, but does not capture quality or 

accessibility of green spaces, which may be necessary to inform appropriate interventions. It is 

possible that our exposure assessment approach may have introduced measurement error because 

participants may spend considerable time outside of the home in green areas, may have moved 

during follow up, and spent significant amounts of time away from their residence, though this 

measurement error is likely to be non-differential after accounting for other important 

confounding factors. We did not have measurements of screening, diet, and lifestyle factors at 

diagnosis, which could influence neighborhood selection and mortality, leading to unmeasured 

confounding (a threat to all observational studies). Our sensitivity analysis using E-values 

suggests that unmeasured variables would be unlikely to completely explain our effect estimates, 

particularly for CVD mortality. If lifestyle factors lie on the causal path between neighborhood 

greenness and mortality, we would not adjust even if those data were available. Strengths of our 

study include a cohort design with long follow-up, a large, racially diverse population, 

adjustment for major sociodemographic, clinical, and contextual environmental confounders, and 

analysis of the contribution of environment to racial disparities. 

In conclusion, we report an inverse association between neighborhood greenness and rate 

of all-cause, prostate- and CVD-specific mortality among men with CaP in Pennsylvania. While 

interventions to set thresholds of neighborhood greenness could have limited impact on reducing 

racial disparities, increases in greenness were associated with reduced all-cause and prostate-

specific mortality rates among both Black and White men with CaP. Enhanced understanding of 

differences in how Black and White men interact with green spaces could inform targeted nature-

based interventions to allow all men with CaP to experience those benefits.   
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Supplementary Appendix 

This appendix provides additional details regarding procedures used for the following 

analyses conducted in our study: 

1. Methods to estimate the impact of hypothetical interventions to increase 

neighborhood greenness on racial disparities in mortality among men with prostate 

cancer 

2. Sensitivity analyses for competing risks 

3. Sensitivity analyses to estimate minimum bounds of bias due unmeasured 

confounding 

1. Methods to Evaluate Impact of Policy to Increase Neighborhood Greenness on Racial 

Disparities in Mortality 

We used epidemiologic methods for causal mediation analysis to evaluate whether 

increasing neighborhood greenness could reduce racial disparities in mortality among men with 

prostate cancer. Briefly, causal mediation analysis is an analytic approach that allows 

decomposition of a total effect into a portion that is attributable only to exposure in the absence 

of a mediator (defined as the natural direct effect), and a portion that is attributable to the 

exposure’s effect on the outcome which flows through the mediator (natural indirect effect) (8, 

29). In this framework, an effect is defined as the difference in potential outcomes that would be 

observed in the presence or absence of an exposure.  

Causal mediation analysis also allows estimation of the controlled direct effect, or the 

effect of an exposure on an outcome that would occur if the mediator were, possibly contrary to 

fact, fixed to a specific value (8, 29). Estimating the controlled direct effect is particularly useful 
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when attempting to understand if an intervention that occurs downstream of a particular exposure 

can reduce the effect of that exposure (48). Estimation of the controlled direct effect requires 

fewer assumptions than natural direct and indirect effects, namely that (1) the covariate set 

accounts for confounding of the exposure and outcome (which is implicitly assumed in any 

observational study), and (2) confounding of the mediator and outcome (8, 29, 48).  

Epidemiologists have applied this causal mediation analysis framework to study how 

policy changes could impact racial and socioeconomic disparities (9-11, 27). In these settings, 

the type of disparity (for example, the difference in mortality comparing Black and White men) 

is treated as the “exposure”, and the policy change is treated as the “mediator” (10). Assuming 

that we have sufficient covariate data to control for confounding of race and our outcome, as 

well as our policy and our outcome, we can estimate controlled direct effects at different levels 

of our policy. These controlled direct effects can be interpreted as the disparity that would 

remain following implementation of the policy under study. Concretely, in our study, controlled 

direct effects correspond to the residual racial disparities in cause-specific mortality following 

implementation of hypothetical interventions or policies to fix Normalized Difference Vegetation 

Index (NDVI) for all men with prostate cancer to specific values.  

Since the key focus of this analysis was understanding the extent to which racial 

disparities could be reduced by increasing neighborhood greenness, we estimated the proportion 

of racial disparity that would be eliminated by fixing NDVI to the 75th percentile experienced by 

White men with prostate cancer using the equation below (48): 

Equation 1. 
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𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝐸𝑙𝑖𝑚𝑖𝑛𝑎𝑡𝑒𝑑 =

 
𝑅𝑎𝑐𝑖𝑎𝑙 𝐷𝑖𝑠𝑝𝑎𝑟𝑖𝑡𝑦−𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑑 𝐷𝑖𝑟𝑒𝑐𝑡 𝐸𝑓𝑓𝑒𝑐𝑡(𝑁𝐷𝑉𝐼= 𝑁𝐷𝑉𝐼 𝑎𝑡 75𝑡ℎ 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒 𝑓𝑜𝑟 𝑊ℎ𝑖𝑡𝑒 𝑀𝑒𝑛)

𝑅𝑎𝑐𝑖𝑎𝑙 𝐷𝑖𝑠𝑝𝑎𝑟𝑖𝑡𝑦
  

We modeled counterfactual 10-year mortality risks for Black and White CaP cases under 

different levels of NDVI using Cox proportional hazards models. For estimation of the overall 

racial disparity in mortality, we fit Cox model 1 described in the methods, omitting the NDVI 

variable. For estimation of controlled direct effects, we fit Cox models using the covariates in 

model 1, and additionally including a term for continuous NDVI and a term for the interaction 

between NDVI and race (8, 29). We calculated the survival proportion at each failure time using 

the Breslow method (49). We then standardized these race-specific counterfactual 10-year 

mortality risks to the total study population using Robins’ g-formula, a simulation-based 

procedure. We made three copies of the dataset, one which contained the observed data, one in 

which the race of all participants was set to White, and one in which the race of all participants 

was set to Black. Since estimates preserve the distribution of covariates defined above, model 

estimates correspond to 10-year cause-specific mortality in each racial group, standardized to 

confounders in the total population (28).  

We then computed 10-year mortality risk differences using the standardized 10-year 

mortality for Black men and White men with CaP, and obtained 95% confidence intervals using 

500 bootstrapped samples (28). We repeated this approach separately for each mortality outcome 

in the total population. We then repeated the analysis separately for high (≥1000 people/mi2) and 

low (<1000 people/mi2) population density areas because most Black study participants lived in 

high population density areas. In addition, since NDVI varied between high and low population 

density areas, thresholds for each policy were set separately by level of population density.  
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2. Competing Risks 

When assessing prostate- and CVD-specific mortality, to assess sensitivity to competing 

risks, we calculated inverse probability of censoring weights for all other causes of death using 

multiple logistic regression (50). Briefly, the weights simulate experience of a 

“pseudopopulation” in which death from other causes cannot occur, and so models associations 

of interest in the absence of those competing risks of death. We compared estimates from these 

weighted models to our primary analysis to determine whether competing risks would lead to 

changes in our inference. Since we did not find evidence that competing risks resulted in major 

changes in inference, we did not apply this approach to our primary analyses. 

3. Unmeasured Confounding 

We computed E-values to estimate bounds of bias due to unmeasured confounding for 

each hazard ratio point estimate and confidence interval reported in Table 2 (30). The E-value 

quantifies the minimum strength of the relative association between an unmeasured confounder 

and either exposure or outcome, conditional on covariates, required to attenuate the observed 

point estimate to the null value of 1. For confidence intervals, the E-value represents the 

minimum association needed to shift the confidence interval limit closest to 1 to contain that null 

value. Larger E-values suggest stronger bias due to unmeasured confounding would be needed to 

explain the reported association. Smaller E-values provide weaker evidence against unmeasured 

confounding bias as an explanation for reported findings. 

We computed E-values for point estimates and confidence intervals for each of the 

adjusted hazard ratios estimated for the association between NDVI and cause-specific mortality, 

under the different sets of confounders in Table 2 of our main manuscript.
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Table S2.1. Sensitivity Analysis for Competing Risks: Cox Proportional Hazards Model Estimates of Association between Normalized Difference 

Vegetation Index (NDVI) at Diagnosis and Prostate-specific Mortality and Cardiovascular Mortality using Inverse Probability of Censoring Weights 

Prostate-specific Mortality Cardiovascular-specific Mortality 

 Cases/Person-Yearsa aHR (95% CI)  Cases/Person-Yearsa aHR (95% CI) 

Population Density   Race   

Low 6,742/700,116  White 10,472/881,646  

  Linear (per 0.14 units)  0.94 (0.89, 1.00)   Linear (per 0.14 units)  0.90 (0.86, 0.94) 

    Q1 615/49,334 Ref     Q1 2,063/129,441 Ref 

    Q2 1,259/124,658 0.98 (0.85, 1.11)     Q2 2,287/174,725 0.94 (0.86, 1.02) 

    Q3 1,518/156,210 0.95 (0.83, 1.08)     Q3 2,223/185,991 0.89 (0.81, 0.97) 

    Q4 1,495/174,455 0.88 (0.77, 1.01)     Q4 2,053/191,172 0.84 (0.76, 0.92) 

    Q5 1,587/195,459 0.93 (0.81, 1.06)     Q5 1,849/200,318 0.82 (0.75, 0.91) 

  Ptrend  0.10   Ptrend  <.0001 

High 3,446/301,159  Black 1,289/104,019  

  Linear (per 0.14 units)  0.89 (0.83, 0.94)   Linear (per 0.14 units)  0.98 (0.89, 1.08) 

    Q1 1,951/146,463 Ref     Q1 827/62,223 Ref 

    Q2 738/71,551 0.90 (0.80, 1.02)     Q2 239/18,538 1.06 (0.87, 1.29) 

    Q3 433/43,202 0.90 (0.77, 1.04)     Q3 101/10,297 0.96 (0.72, 1.28) 

    Q4 238/27,660 0.78 (0.64, 0.94)     Q4 91/7,722 1.21 (0.91, 1.61) 

    Q5 88/12,284 0.75 (0.57, 0.99)     Q5 32/5,239 0.69 (0.43, 1.1) 

  Ptrend  0.0028   Ptrend  0.9446 

  Phet (quintiles)  0.61   Phet (quintiles)  0.094 

  Phet (linear)  0.11   Phet (linear)  0.064 
aEstimates from pseudopopulation generated using inverse probability of censoring weights. This model simulates the experience of a population that can only 

exit the cohort through death from the specified cause. 
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Table S2.2. E-values for Robustness to Unmeasured Confounding for Cox Model Hazard Ratio Estimates of the Association between Normalized 

Difference Vegetation Index (NDVI) at Diagnosis and Rate of Cause-specific Mortality among men with prostate cancer 

 Full + Stage/Grade + Marital Statusa 

 aHR (Lower Bound) aHR (Lower Bound) aHR (Lower Bound) 

All-cause mortality    

  Linear (per 0.14 units) 1.26 (1.20) 1.24 (1.18) 1.21 (1.15) 

    Q1 Ref Ref Ref 

    Q2 1.26 (1.14) 1.23 (1.09) 1.19 (1.00) 

    Q3 1.27 (1.15) 1.23 (1.09) 1.19 (1.00) 

    Q4 1.38 (1.27) 1.32 (1.20) 1.26 (1.13) 

    Q5 1.41 (1.31) 1.37 (1.26) 1.32 (1.20) 

Prostate-specific Mortality    

  Linear (per 0.14 units) 1.35 (1.19) 1.28 (1.06) 1.23 (1.00) 

    Q1 Ref Ref Ref 

    Q2 1.49 (1.21) 1.35 (1.00) 1.31 (1.00) 

    Q3 1.53 (1.24) 1.39 (1.00) 1.34 (1.00) 

    Q4 1.69 (1.41) 1.40 (1.00) 1.34 (1.00) 

    Q5 1.52 (1.19) 1.36 (1.00) 1.27 (1.00) 

Cardiovascular Mortality    

  Linear (per 0.14 units) 1.45 (1.32) 1.45 (1.32) 1.41 (1.27) 

    Q1 Ref Ref Ref 

    Q2 1.29 (1.00) 1.29 (1.00) 1.24 (1.00) 

    Q3 1.52 (1.26) 1.52 (1.26) 1.47 (1.19) 

    Q4 1.61 (1.35) 1.61 (1.34) 1.53 (1.25) 

    Q5 1.75 (1.47) 1.75 (1.47) 1.67 (1.39) 

Models adjusted for age (deciles), diagnosis year, race, census block group socioeconomic status (% poverty, median income, median home value, % 25 and 

older with less than high school education, joint race-income index concentration at extremes (quintiles)), site at diagnosis (University of Pennsylvania Medical 

Center, University of Pittsburgh Medical Center, Fox Chase, Jefferson Health), network distance to closest cancer facility (minutes), population density 
aMarital Status estimated using multiple imputation 
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Table S2.3. Cox Proportional Hazards Models for Association between Cumulative Updated Average NDVI over follow-up and Cause-specific 

Mortality among Pennsylvania Prostate Cancer Patients Diagnosed between 2000 and 2015 

  Full + Stage/Grade + Marital Statusa 

 Cases/Person-Years aHR (95% CI) aHR (95% CI) aHR (95% CI) 

All-cause mortality 29,978/916,590    

  Linear (per 0.14 units)  1.03 (1.01, 1.05) 1.02 (1.00, 1.05) 1.04 (1.02, 1.06) 

    Q1 6,966/176,384 Ref Ref Ref 

    Q2 6,431/179,028 0.97 (0.93, 1.01) 0.97 (0.93, 1.01) 0.98 (0.94, 1.02) 

    Q3 5,606/187,427 0.87 (0.83, 0.91) 0.89 (0.85, 0.93) 0.91 (0.87, 0.95) 

    Q4 5,253/190,346 0.86 (0.82, 0.90) 0.88 (0.84, 0.92) 0.89 (0.85, 0.94) 

    Q5 5,722/183,404 1.11 (1.06, 1.17) 1.11 (1.06, 1.16) 1.13 (1.08, 1.19) 

  Ptrend  0.007 0.033 0.002 

Prostate-specific Mortality 6,515/916,590    

  Linear (per 0.14 units)  1.04 (1.00, 1.09) 1.03 (0.99, 1.07) 1.04 (1.00, 1.08) 

    Q1 1,612/176,384 Ref Ref Ref 

    Q2 1,394/179,028 0.98 (0.90, 1.06) 0.97 (0.89, 1.05) 0.97 (0.90, 1.06) 

    Q3 1,140/187,427 0.83 (0.76, 0.91) 0.90 (0.82, 0.98) 0.91 (0.83, 1.00) 

    Q4 1,019/190,346 0.78 (0.71, 0.86) 0.81 (0.74, 0.90) 0.83 (0.75, 0.92) 

    Q5 1,350/183,404 1.22 (1.10, 1.35) 1.19 (1.07, 1.31) 1.21 (1.09, 1.34) 

  Ptrend  0.021 0.24 0.0948 

Cardiovascular Mortality 7,677/916,590    

  Linear (per 0.14 units)  0.97 (0.94, 1.01) 0.97 (0.94, 1.01) 0.99 (0.95, 1.02) 

    Q1 1,854/176,384 Ref Ref Ref 

    Q2 1,692/179,028 0.93 (0.86, 1.00) 0.92 (0.86, 1.00) 0.94 (0.87, 1.01) 

    Q3 1,400/187,427 0.79 (0.72, 0.86) 0.79 (0.72, 0.86) 0.81 (0.74, 0.88) 

    Q4 1,381/190,346 0.83 (0.76, 0.90) 0.83 (0.76, 0.90) 0.85 (0.78, 0.93) 

    Q5 1,350/183,404 0.96 (0.87, 1.05) 0.96 (0.87, 1.05) 0.98 (0.89, 1.08) 

  Ptrend  0.33 0.30 0.61 

Models adjusted for age (deciles), diagnosis year, race, census block group socioeconomic status (% poverty, median income, median home value, % 25 and 

older with less than high school education, joint race-income index concentration at extremes (quintiles)), site at diagnosis (University of Pennsylvania Medical 

Center, University of Pittsburgh Medical Center, Fox Chase, Jefferson Health), network distance to closest cancer facility (minutes), population density 
aMissing values for marital status were obtained using multiple imputation 
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ABSTRACT 

Background: Population growth, demographic transitions and urbanization in sub-Saharan 

Africa (SSA) will increase non-communicable disease (NCD) burden. Studies in North America, 

Europe and Asia suggest that increasing neighborhood greenness, or natural green vegetation, 

reduces NCDs. Proposed mechanisms include reduced inflammation and stress, causing 

improved cardiometabolic profiles. However, few studies have evaluated these associations in 

SSA.  

Objectives: We studied the association between neighborhood greenness and NCDs in a multi-

country cross-sectional study. 

Methods: In 2011, study participants from Uganda, South Africa, and Tanzania provided data on 

NCD risk factors and socioeconomic status through surveys and biospecimen collection. Work 

or residential locations were geocoded using Google Maps and verified by site-based teams. 

Neighborhood greenness exposure was estimated using satellite-derived Normalized Difference 

Vegetation Index (NDVI) with 250m resolution. Outcomes based on study measurements and self-

reported prior history of disease or treatment included: body mass index, diabetes, hypertension, 

cholesterol, and allostatic load, a composite outcome representing physiologic adaptation to 

stress. Odds ratios (OR) were modeled using sequentially adjusted multiple linear, logistic, and 

multinomial regression models. We used multiple imputation with 10 samples for missing data, 

and assigned Bonferroni correction to p-values from fully adjusted models. 

Results: Among 1178 participants, in adjusted models, a 0.11 unit NDVI increase was 

associated with lower BMI (β: -1.01, 95% CI: -1.35, -0.67), and lower odds of 

overweight/obesity (aOR: 0.73, 95% CI: 0.62, 0.85), diabetes (aOR: 0.77, 95% CI: 0.62, 0.96)), 
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and having ≥3 allostatic load components compared to none (aOR: 0.66, 95% CI: 0.52, 0.85). 

Except for diabetes, these remained statistically significant after Bonferroni correction. We 

observed no association between NDVI and hypertension or cholesterol. 

Discussion: Our findings are consistent with health benefits of neighborhood greenness reported 

in other countries, suggesting greening strategies could be considered as part of broader public 

health interventions for NCDs. 
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INTRODUCTION 

Sub-Saharan Africa’s (SSA) population is projected to increase from 1.05 billion in 2018 

to 2.2 billion in 2050, resulting in a more urban, older population (1, 2). Non-communicable 

disease (NCD) burden is expected to continue rising alongside these demographic changes (3-6). 

The Global Burden of Disease Study estimated a 67% increase in disability-adjusted life-years 

attributable to NCDs in SSA from 1990 to 2017, with cancer (79.5%) and diabetes (83.1%) 

burden presenting the largest relative increases (7). National health ministries in SSA are 

developing strategies to control NCDs by expanding medical services and promoting lifestyle 

changes (8-13). Increased investments in health care delivery are necessary to limit the spread of 

NCDs in SSA countries (14). However, experience from other parts of the world suggests that in 

order to be effective, public health strategies for NCD control must consider socioeconomic and 

contextual factors, such as income and education, catastrophic health expenditures, availability 

of spaces for active transport and heathy diets, and incentives for promoting healthy lifestyles 

(15). Analytic models that incorporate relationships between risk factors and underlying social 

and environmental context are essential to accurately inform NCD prevention policy (16, 17). 

 Neighborhood greenness, or the natural green vegetation in a given neighborhood area, is 

increasingly understood as an important health promoting contextual environmental factor. 

African scientists have called for more parks and street trees in cities, listing benefits including 

reductions of adverse health impacts of temperature and air pollution, as well as space for active 

transport and exercise (18-21). Cohort studies in western countries have reported multiple health 

benefits of green spaces, including promotion of physical activity, lower risk of obesity and 

diabetes, improved mental health, enhanced social capital, and reduced all-cause and 

cardiovascular mortality (22-24). Researchers have estimated effects of nature visits on 
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physiologic stress response, and reported reduced inflammation, enhanced glucose and 

cardiometabolic profile, and reduced sympathetic nervous system activation (25, 26). Cross-

sectional studies in the United States reported associations between neighborhood greenness and 

allostatic load, an index made up of biomarkers capturing physiologic response to cumulative 

biologic stress (27), and sympathetic stress response (28, 29). While studies in SSA have 

assessed the association between neighborhood greenness and mental health (30), little evidence 

exists regarding relationships with other NCDs. 

We conducted a cross-sectional study using data from a multi-country sample of urban 

and rural community members in SSA to evaluate the association between neighborhood 

greenness and cardiometabolic NCDs. We hypothesized that neighborhood greenness would be 

associated with lower NCD prevalence, lower prevalence of lifestyle risk factors, and lower 

cardiometabolic allostatic load.  

METHODS 

Study setting and population 

We used participant data from the Africa/Harvard Partnership for Cohort Research and 

Training (PaCT), launched in 2011 as a collaboration between the Harvard T. H. Chan School of 

Public Health (USA), Makerere University (Uganda), Mbarara University (Uganda), Muhimbili 

University (Tanzania), University of Ibadan (Nigeria), and Stellenbosch University (South 

Africa). For this study, we included participants from sites with available location data (Uganda, 

South Africa, Tanzania). In Uganda, participants were recruited from villages in peri-urban 

(Kampala) and rural (Mbarara) settings. In Tanzania and South Africa, occupational samples of 

teachers were recruited from cities (Dar Es Salaam, Tanzania and Cape Town, South Africa). 
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Standardized, culturally-adapted questionnaires were administered to capture information on 

demographics, socioeconomic status, diet and lifestyle factors, medical history, and care seeking 

behaviors. Anthropometric data and blood measurements were taken by trained study staff. 

Participants provided names of the village where they lived (Uganda sites) or school where they 

worked (Tanzania, South Africa sites). Full details regarding study procedures are described 

elsewhere (31). 

One of the investigators (HSI) collected geocodes for locations by entering names of 

villages and schools into Google Maps and extracting coordinates at the center of the village or 

school. Site investigators (FB, JM, MN, VS) verified the accuracy of these coordinates and 

resolved discrepancies (10/81, 12%). Of 1215 participants, 3% (n=37) were excluded due to 

missing geocodes resulting in a final sample of 1178. 

Exposure 

We estimated exposure to neighborhood greenness at participant locations using the 

Normalized Difference Vegetation Index (NDVI), a satellite-derived measure of natural green 

vegetation (32). NDVI is calculated by taking the difference of near infrared light (reflected by 

leaves) and visible red light (absorbed), and dividing by the sum of these measures. Values range 

from -1 to +1, with values below 0 reflecting bodies of water. NDVI was obtained from the 

Moderate Resolution Imaging Spectroradiometer (MODIS) with resolution of 250 meters. We 

extracted the NDVI value for the area that included the participant’s school (Tanzania, South 

Africa) or village (Uganda) geocodes, and collected four seasonal (January, April, July, 

September) images each year from 2010 to 2011. Google Earth Engine was used to extract 

images and select the least cloudy image in each month (33). In order to capture recent exposure 

and account for seasonal differences, we averaged over the eight seasonal measures at each 
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location. Sensitivity analyses using zonal statistics to assign mean NDVI to village locations 

defined by polygons did not change conclusions, so we used a point-based approach for 

consistency across villages and schools. 

Outcomes 

 We studied the association between neighborhood greenness and multiple NCD 

endpoints including specific diseases (diabetes, hypertension), lifestyle risk factors (obesity), and 

cardiometabolic profile (allostatic load, total cholesterol). Whenever possible, we relied on 

measurements taken by trained study staff. However, because access to NCD services varied 

across sites and prior disease status could affect measurements taken during the study, we also 

included information about prior history of diagnosis and treatment to define outcomes. 

 Diabetes was reported on questionnaires by participants and, when available, estimated 

based on blood glucose measures taken during the study. Participants were classified as diabetic 

if they reported history of diabetes (62/139, 45%), or if they reported a fasting glucose level ≥ 7 

mmol/l (77/139, 55%) (34). Hypertension was reported on questionnaires, and, when available, 

confirmed by blood pressure measurements. We used WHO classifications for hypertension as 

follows: Hypertensive (SBP: 140 mm Hg and/or DBP: 90 mm Hg based on blood pressure 

measurement (297/448, 66%), self-reported being on regular anti-hypertensive therapy (94/448, 

21%), or self-reported history of hypertension (57/448, 13%)) (35). We modeled obesity using 

the body mass index (BMI) as a continuous scale, and using WHO classification (under-weight: 

BMI<18.5 kg/m2; normal weight: BMI in 18.5-24.9 kg/m2; overweight: BMI in 25-29.9 kg/m2; 

obese: 30 kg/m2 and over). We also dichotomized BMI categories into overweight/obese vs 

normal/under-weight. Total cholesterol was ascertained by trained nurses who visited schools to 

collect blood samples at pre-specified times, while in villages, trained staff conducted blood 
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draws in the community. Cholesterol was modeled as a continuous variable, and dichotomized, 

defining high cholesterol as any value above 6.22 mmol/L based on clinical guidelines used in 

2011 (36).  

 We developed a minimal allostatic load score to assess the association between NDVI 

and chronic stress in this population focusing on metabolic measures available in our data, 

adapting the full allostatic load measure developed by Seeman et al. which incorporated ten 

components reflecting multiple homeostatic regulatory systems (37). Our score was comprised of 

the following subset of four variables: systolic blood pressure, diastolic blood pressure, natural 

log of blood glucose, and body mass index (as a proxy for waist-to-hip ratio). We used this 

abridged score because it was consistent with cardiovascular contributions to allostatic load used 

elsewhere, and because other individual components were missing for entire sites (27, 37). To 

calculate the allostatic load score, we first created quartiles for each of the components, and then 

assigned a score of 1 if the component was in the highest quartile and 0 otherwise (37). Allostatic 

load was then calculated using the sum of component scores, ranging from 0 to 4, with four 

being the least healthy. Individuals with three or more components were grouped together due to 

few participants with four allostatic load components (n=17), yielding a four-level categorical 

variable (0, 1, 2 or ≥3 components).   

Ethics 

Written informed consent from each participant was provided through a signed form 

along with mailed completed questionnaire (South Africa, Tanzania) or during enrollment 

interviews with study staff (Uganda). This study was approved by the Harvard T. H. Chan 

School of Public Health Institutional Review Board; the Health Research Ethics Committee of 

the Faculty of Health Sciences, Stellenbosch University; Makerere University School of Public 
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Health Higher Degrees Research and Ethics Committee; National Institute for Medical Research, 

Tanzania; Mbarara University of Science and Technology Research Ethics Committee; and the 

Uganda National Council of Science and Technology.  

Statistical Analysis 

Since 369 participants (31%) were missing values for at least one outcome or covariate, 

we used multiple imputation with chained equations to fit models for missingness, assuming data 

were missing at random (Rubin 1987). To multiply impute missing continuous covariates (age, 

BMI, systolic blood pressure, diastolic blood pressure, blood glucose) we used linear regression, 

and for missing categorical and binary covariates (private health care seeking, piped water 

source, overweight/obesity, allostatic load category) we used the discriminant function. We used 

the following covariates as predictors of missingness: age, sex, marital status, educational 

attainment, cooking fuel type, NDVI, smoking status, and site. For models estimating the 

association between NDVI and cholesterol, we excluded the peri-urban Uganda site because no 

cholesterol measurements were taken. Using these models, we imputed values for covariates 

with missing data to generate 10 datasets.  

 Next, we fit multiple linear regression models for continuous outcomes (BMI, 

cholesterol) and logistic regression models for binary outcomes (obese/overweight, diabetes, 

hypertension, high cholesterol). Models for categorical allostatic load were fit using multiple 

multinomial logistic regression. NDVI was modeled as a continuous exposure, and effect 

estimates correspond to a 0.11 unit increase in NDVI (0.58 standard deviation) to facilitate 

comparisons with previous studies. We tested for linearity between NDVI and each outcome 

using quadratic terms. Models were sequentially adjusted for (1) age at interview (continuous), 

sex; (2) educational attainment (primary school or lower vs other), fuel source (electric or gas vs 
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other), marital status (married/cohabiting vs other), smoking status (current smoker or not), site 

(Uganda/rural, Uganda/peri-urban, Tanzania/urban, South Africa/urban), care sought in private 

sector (binary). Covariates were selected based on previous studies by PaCT investigators (34, 

35, 38, 39) and literature on common causes of NDVI and NCDs (22-24). Since these models 

were fit in imputed datasets, standard errors were estimated using Rubin’s Rules (40). We 

provided results from a complete case analysis as a sensitivity analysis. As an additional 

sensitivity analysis, we restricted the analysis to urban sites only (excluding the rural Uganda 

site). 

In addition, we explored the role of BMI as a mediator of the association between NDVI 

and NCD outcomes. Following methods described by Valeri and VanderWeele (41), we fit 

regression models adjusting for the full set of covariates above, and tested for interaction 

between NDVI and BMI at the alpha=0.05 level. If interactions were present, we presented 

estimates for the NDVI-outcome association at three levels of BMI (20, 25, 30). For binary 

outcomes, we replaced the logistic model with a log-linear model with Poisson distribution to 

model prevalence ratios which can be directly compared in models with and without the 

mediator, a property not shared by odds ratios (41).  

Since we studied the association between NDVI and multiple outcomes, we used 

VanderWeele’s Outcome-wide Epidemiology approach (42). This approach facilitates 

comparisons between multiple exposure-outcome associations simultaneously. We report E-

values as a sensitivity analysis to quantify the minimum unmeasured confounding bias required 

to explain away our findings (43). The E-value for a point estimate corresponds to the minimum 

bias, conditional on covariates, necessary to attenuate the point estimate to the null value of 1. 

Confidence interval E-value quantifies the bias required to shift the confidence interval to 
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include 1. To limit type 1 error, we applied a Bonferroni correction to all significance tests for 

association between NDVI and NCD outcomes in fully adjusted outcome models performed (7 

tests in total population, 5 tests in urban sites only, for a total of 12 tests). This correction 

resulted in an alpha type 1 error cutoff of 0.0042. All analyses were done using SAS version 9.4. 

 

RESULTS 

After exclusions, 1178 participants were included in the study, with 275 (23%) from Peri-

urban Uganda, 200 (17%) from rural Uganda, 477 (40%) from South Africa, and 226 (19%) 

from Tanzania. The NDVI distribution varied by site, with Tanzania and South Africa exhibiting 

lower levels of NDVI than the Uganda sites (Table 3.1). Higher levels of NDVI were associated 

with lower median age (NDVI Q5: 36, NDVI Q1: 46.7), lower proportion reporting female 

gender (NDVI Q5: 51%, NDVI Q1: 81%), and lower educational attainment (NDVI Q5: 82% 

with primary school or lower, NDVI Q1: 3%). We observed high reported prevalence of 

overweight (31%) and obesity (33%) in the total study population. Prevalence of diabetes was 

12%, and prevalence of hypertension was 38%. In our analysis of NDVI and cholesterol 

excluding the peri-urban Uganda site, the prevalence of high cholesterol was 14%.  
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Table 3.1. Descriptive Characteristics of Study Participants from four Sites in Three sub-Saharan African Countries 

  Normalized Difference Vegetation Index (NDVI)  

 Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 Total 

 N (%) N (%) N (%) N (%) N (%) N (%) 

No. 233 229 245 240 231 1178 

Agea 46.7 [40.7, 52.3] 
44.2 [37.1, 

51.4] 

43.4 [34.29, 

51.14] 
33.2 [26, 47.42] 36.1 [27.2, 42.94] 41.9 [32.6, 50.32] 

Female 189 (81.1) 178 (77.7) 160 (65.3) 125 (52.1) 117 (50.7) 769 (65.3) 

BMIa 30.1 [26.8, 34.8] 
29.9 [25.7, 

33.2] 
27.6 [23.7, 32.3] 24.1 [21.7, 28.6] 24.2 [21.8, 27.3] 27.1 [23.3, 31.4] 

MET-Hours/weeka 38 [10.7, 65] 52 [24, 81.7] 45.2 [16, 76] 56 [22, 100] 60 [52, 72] 52 [24, 76] 

Ever Smoke 27 (11.6) 20 (8.7) 26 (10.6) 28 (11.7) 28 (12.1) 129 (11) 

Systolic Blood Pressure (mm/Hg)a 
133.8 [124, 

145.5] 
130 [120, 145] 124.3 [116, 137] 

123.5 [114, 

133.5] 

118.8 [109.5, 

125] 

125 [115.5, 

138.5] 

Diastolic Blood Pressure 

(mm/Hg)a 
79.3 [73, 87.5] 80 [74.5, 90] 80 [70, 87] 75.5 [68.5, 82.5] 77.3 [70.5, 82.5] 79 [70.5, 85.5] 

Blood glucosea 5.2 [4.6, 5.8] 4.8 [4.4, 5.5] 5.2 [4.5, 5.8] 5.1 [4.5, 5.7] 5.7 [5.1, 6.4] 5.2 [4.6, 5.8] 

NDVI (two-year seasonal 

average)a 
0.23 [0.23, 0.24] 

0.31 [0.29, 

0.33] 
0.40 [0.37, 0.41] 0.61 [0.54, 0.67] 0.73 [0.72, 0.75] 0.40 [0.29, 0.67] 

Site       

  Kampala, Uganda (peri-urban) . . 89 (36.3) 169 (70.4) 17 (7.4) 275 (23.3) 

  Mbarara, Uganda (rural) . . . . 200 (86.6) 200 (17) 

  Cape Town, South Africa (urban) 195 (83.7) 119 (52) 93 (38) 70 (29.2) . 477 (40.5) 

  Dar Es Salaam, Tanzania (urban) 38 (16.3) 110 (48) 63 (25.7) 1 (0.4) 14 (6.1) 226 (19.2) 

Primary School Education or 

Lower 
6 (2.6) 14 (6.1) 38 (15.5) 63 (26.3) 190 (82.3) 311 (26.4) 

Currently Married/Cohabiting 160 (68.7) 159 (69.4) 163 (66.5) 162 (67.5) 190 (82.3) 834 (70.8) 

Fuel (not electricity, natural gas, 

biogas) 
39 (16.7) 111 (48.5) 149 (60.8) 165 (68.8) 231 (100) 695 (59) 

Piped drinking water 193 (82.8) 136 (59.4) 122 (49.8) 136 (56.7) 5 (2.2) 592 (50.3) 

Seek health care at private 

facility 
      

  Yes 181 (77.7) 195 (85.2) 143 (58.4) 117 (48.8) 77 (33.3) 713 (60.5) 

  No 52 (22.3) 34 (14.9) 98 (40) 122 (50.8) 153 (66.2) 459 (39.0) 

  (Missing) . . 4 (1.6) 1 (0.4) 1 (0.4) 6 (0.5) 

Have you ever been told by a doctor or other health worker that you 

have DM? 
    

  Yes 24 (10.3) 23 (10.0) 21 (8.6) 6 (2.5) 2 (0.9) 76 (6.5) 

  No 162 (69.5) 171 (74.7) 198 (80.8) 225 (93.8) 228 (98.7) 984 (83.5) 

  (Missing) 47 (20.2) 35 (15.3) 26 (10.6) 9 (3.8) 1 (0.4) 118 (10) 
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Table 3.1. Descriptive Characteristics of Study Participants from four Sites in Three sub-Saharan African Countries (continued) 

 Normalized Difference Vegetation Index (NDVI)  

 Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 Total 

 N (%) N (%) N (%) N (%) N (%) N (%) 

Family member with diabetes       

  Yes 105 (45.1) 87 (38.0) 85 (34.7) 63 (26.3) 28 (12.1) 368 (31.2) 

  No 111 (47.6) 131 (57.2) 152 (62.0) 174 (72.5) 202 (87.5) 770 (65.4) 

  (Missing) 17 (7.3) 11 (4.8) 8 (3.3) 3 (1.3) 1 (0.4) 40 (3.4) 

Have you ever been told by a doctor or other health worker that you 

have HPT? 
    

  Yes 75 (32.2) 78 (34.1) 57 (23.3) 23 (9.6) 14 (6.1) 247 (21.0) 

  No 145 (62.2) 140 (61.1) 174 (71.0) 209 (87.1) 217 (93.9) 885 (75.1) 

  (Missing) 13 (5.6) 11 (4.8) 14 (5.7) 8 (3.3) . 46 (3.9) 

Family member with hypertension      

  Yes 137 (58.8) 118 (51.5) 122 (49.8) 118 (49.2) 66 (28.6) 561 (47.6) 

  No 84 (36.1) 99 (43.2) 116 (47.4) 120 (50.0) 164 (71.0) 583 (49.5) 

  (Missing) 12 (5.2) 12 (5.2) 7 (2.9) 2 (0.8) 1 (0.4) 34 (2.9) 
aMedian [Interquartile Range] 
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Results of our outcome-wide regression analysis using multiple imputation are presented 

in Table 3.2. In fully adjusted models, a 0.11 unit increase in NDVI was associated with a 1.01 

unit decrease in BMI (b: -1.01, 95% CI: -1.35, -0.67). Similarly, in fully adjusted models, we 

observed 27% lower odds of overweight/obesity associated with a 0.11 unit increase in NDVI 

(aOR: 0.73, 95% CI: 0.62, 0.85) in the total study population. Both were statistically significant 

after applying the Bonferroni correction. In fully adjusted models, a 0.11 unit increase in NDVI 

was associated with a 23% lower odds of prevalence of diabetes in the total study population 

(aOR: 0.77, 95% CI: 0.62, 0.96), but this association was not statistically significant after 

correcting for multiple testing. We did not observe statistically significant associations between 

NDVI and prevalence of hypertension, or between NDVI and cholesterol (continuous or 

dichotomous outcome) after adjustment for covariates. Results from fully adjusted multinomial 

regression models for allostatic load showed that a 0.11 unit increase NDVI was associated with 

34% lower odds of having 3 or more allostatic load components (worst) compared to none (best) 

(aOR: 0.66, 95% CI: 0.52, 0.85), and 33% lower odds of having 2 allostatic load components 

compared to none (aOR: 0.67, 95% CI: 0.52, 0.85). This association was statistically significant 

after correction for multiple testing. Magnitude and direction of reported associations were 

similar when restricting to urban populations only.
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Table 3.2. Cross-sectional associations between Normalized Difference Vegetation Index (0.11 unit increase) and components of allostatic load using 

Multiple Imputationa among Participants from four Sites in Three sub-Saharan African Countries 

 Total Population (N=1178) Urban Population (N=978) 

Outcome β OR (95% CI) p β OR (95% CI) p 

BMI (continuous)         

  Unadjusted -1.65  (-1.84, -1.45) <.0001 -1.87  (-2.17, -1.58) <.0001 

  Age + Sex -1.38  (-1.58, -1.17) <.0001 -1.52  (-1.84, -1.21) <.0001 

  Full Adjustmentb -1.01  (-1.35, -0.67) <.0001 -0.97  (-1.37, -0.57) <.0001 

Overweight/Obese         

  Unadjusted  0.57 (0.53, 0.62) <.0001  0.52 (0.46, 0.58) <.0001 

  Age + Sex  0.64 (0.58, 0.70) <.0001  0.60 (0.53, 0.68) <.0001 

  Full Adjustmentb  0.73 (0.62, 0.85) <.0001  0.73 (0.63, 0.85) <.0001 

Diabetes         

  Unadjusted  0.87 (0.79, 0.97) 0.0153  0.74 (0.63, 0.87) 0.0003 

  Age + Sex  0.93 (0.83, 1.05) 0.2381  0.76 (0.64, 0.91) 0.0032 

  Full Adjustmentb  0.77 (0.62, 0.96) 0.0193  0.77 (0.62, 0.95) 0.0167 

Hypertension         

  Unadjusted  0.68 (0.63, 0.74) <.0001  0.75 (0.68, 0.82) <.0001 

  Age + Sex  0.76 (0.70, 0.82) <.0001  0.84 (0.75, 0.94) 0.0017 

  Full Adjustmentb  0.92 (0.80, 1.05) 0.1996  0.91 (0.79, 1.04) 0.1531 

Cholesterol (continuous)c         

  Unadjusted -0.24  (-0.30, -0.18) <.0001     

  Age + Sex -0.17  (-0.23, -0.11) <.0001     

  Full Adjustmentb 0.04  (-0.07, 0.14) 0.4875     

Cholesterol (binary)c         

  Unadjusted  0.99 (0.90, 1.11) 0.9252     

  Age + Sex  1.07 (0.95, 1.20) 0.2626     

  Full Adjustmentb  1.15 (0.93, 1.42) 0.2093     
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Table 3.2. Cross-sectional associations between Normalized Difference Vegetation Index (0.11 unit increase) and components of allostatic load using 

Multiple Imputationa among Participants from four Sites in Three sub-Saharan African Countries (continued) 

 Total Population (N=1178) Urban Population (N=978) 

Outcome β OR (95% CI) p β OR (95% CI) p 

Allostatic Load         

  Unadjusted 

    0 (Low) 

        

    1  0.86 (0.79, 0.94) 0.0016  0.80 (0.71, 0.91) 0.0005 

   2  0.66 (0.58, 0.75) <.0001  0.60 (0.50, 0.70) <.0001 

   ≥ 3 (High)  0.61 (0.52, 0.70) <.0001  0.58 (0.48, 0.69) <.0001 

  Age + Sex         

   0 (Low)  Ref       

   1  0.94 (0.86, 1.04) 0.1376  0.90 (0.78, 1.03) 0.1376 

   2  0.74 (0.65, 0.84) <.0001  0.66 (0.55, 0.79) <.0001 

   ≥ 3 (High)  0.69 (0.59, 0.81) <.0001  0.66 (0.54, 0.8) <.0001 

  Full Adjustmentb         

    0 (Low)  Ref       

    1  0.87 (0.74, 1.02) 0.1702  0.88 (0.74, 1.05) 0.1702 

    2  0.67 (0.52, 0.85) 0.0004  0.65 (0.51, 0.82) 0.0004 

    ≥ 3 (High)  0.66 (0.52, 0.85) 0.0014  0.67 (0.52, 0.85) 0.0014 
aImputation models were fit using multiple chained equations to impute missing data for body mass index and the following covariates: age, sex, educational 

attainment, fuel source, marital status, NDVI, smoking status, site. 
bMultiple regression models were fit for categorical (multinomial logistic), binary (logistic) or continuous (linear) outcome variables, using the following 

covariates: age, sex, educational attainment, fuel source, marital status, smoking status, site, seeking health care in private sector. 
cSince cholesterol was missing for one site (peri-urban Uganda), these models were fit only on remaining sites (Tanzania, South Africa, and Rural Uganda) with 

a sample size of 903.  

Bold: p<0.05 after Bonferroni correction applied to final fully adjusted outcome models (the p-value cutoff for Bonferroni correction = 0.05/12 outcomes = 

0.0042). 
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Table 3.3 presents results from our exploratory mediation analysis. Further adjustment 

for BMI attenuated the association between NDVI and diabetes prevalence towards the null 

(aPR: 0.87, 95% CI: 0.71, 1.06).  There was a significant interaction between NDVI and BMI 

(Phet = 0.019), so we estimated prevalence ratios at different levels of BMI. Results suggest that a 

joint hypothetical intervention to increase NDVI while fixing BMI of all participants to 20 would 

be associated with a 13% reduced prevalence of hypertension (aPR: 0.87, 95% CI: 0.77, 0.98). 

However, fixing BMI at higher levels would attenuate the association between NDVI and 

hypertension prevalence. 
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Table 3.3. Cross-sectional associations between Normalized Difference Vegetation Index (0.11 unit increase) and Non-Communicable Disease 

Prevalence Using Log-Linear Models using Multiple Imputationa to Evaluate Mediation by Body Mass Index among Participants from four Sites in 

Three sub-Saharan African Countries 

 Total Population (N=1178) Urban Population (N=978) 

Outcome β PR (95% CI) p β PR (95% CI) p 

Diabetes         

  Full Adjustment  0.80 (0.65, 0.98) 0.030  0.80 (0.65, 0.97) 0.026 

  Full + BMIb  0.87 (0.71, 1.06) 0.17  0.86 (0.71, 1.06) 0.16 

Hypertension         

  Full Adjustment  0.95 (0.86, 1.05) 0.32  0.95 (0.86, 1.04) 0.27 

  Full + BMIb  0.98 (0.89, 1.09) 0.75  0.98 (0.88, 1.08) 0.64 

    BMI: 20c  0.87 (0.77, 0.98) 0.025  0.87 (0.77, 0.99) 0.029 

    BMI: 25c  0.93 (0.85, 1.01) 0.10  0.93 (0.85, 1.01) 0.088 

    BMI: 30c  0.99 (0.92, 1.07) 0.83  0.99 (0.92, 1.06) 0.71 

Cholesterol (continuous)         

  Full Adjustment 0.04  (-0.07, 0.14) 0.49     

  Full + BMIb 0.02  (-0.08, 0.13) 0.66     

Cholesterol (binary)         

  Full Adjustment  1.11 (0.92, 1.34) 0.28     

  Full + BMIb  1.09 (0.90, 1.32) 0.37     

Abbreviations: Normalized Difference Vegetation Index (NDVI), Body Mass Index (BMI), PR (prevalence ratio) 
aImputation models were fit using multiple chained equations to impute missing data for BMI and the following covariates: age, sex, educational attainment, fuel 

source, marital status, NDVI, smoking status, site. 
bMultiple log-linear regression models were fit for the outcome, using the following covariates: age, sex, educational attainment, fuel source, marital status, 

smoking status, site, seeking health care in private sector, BMI 
cMultiple log-linear regression models were fit for prevalence of hypertension, using the following covariates: age, sex, educational attainment, fuel source, 

marital status, smoking status, site, seeking health care in private sector, interaction between BMI and NDVI (Phet = 0.019 for Total Population, Phet = 0.042 for 

Urban Population). 
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In complete case analysis, associations between NDVI and NCD outcomes remained 

largely unchanged (Table S3.1), but there were a few differences. A 0.11 unit increase in NDVI 

was associated with 20% lower odds of hypertension (aOR: 0.80, 95% CI: 0.68, 0.93), remaining 

statistically significant after multiple testing in urban sites only. Associations between NDVI and 

allostatic load in complete case analysis were of similar magnitude but less precise, and did not 

meet statistical significance after applying Bonferroni correction. 

 E-values for point estimates and 95% confidence intervals are reported in Table S3.2. 

Estimates for BMI, overweight/obesity, and allostatic load would require moderate amounts of 

unmeasured confounding bias to attenuate point estimates to the null or shift confidence intervals 

to contain 1 (point estimates range: 1.59-1.76, confidence intervals range: 1.39-1.44). An omitted 

variable would have to be associated with a 59%-76% increased relative risk or prevalence 

comparing exposed to unexposed, conditional on covariates, to attenuate point estimates to the 

null. E-values for estimates and confidence intervals did not change when restricting only to 

urban sites. 

 

DISCUSSION 

In this multi-country sample of urban and rural study participants in SSA, we observed 

statistically significant inverse associations between NDVI and a number of NCDs and risk 

factors. Participants in locations with higher NDVI had lower BMI and lower allostatic load 

based on cardiovascular components. Though we observed an inverse association between NDVI 

and prevalence of diabetes, this finding was not statistically significant after accounting for 

multiple testing. The strength of associations between NDVI and NCDs were attenuated 
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following adjustment for BMI, suggesting that BMI could play an explanatory role, though this 

cannot be confirmed in our cross-sectional study. Restricting analyses to urban sites alone did 

not result in major changes to our inference.  

Our results are largely in agreement from studies of neighborhood greenness, BMI and 

diabetes conducted in other parts of the world. Following results from a large cross-sectional 

study in Australia (44), several authors have reported an association between NDVI and lower 

odds of diabetes. A recent meta-analysis estimated 28% lower odds of type II diabetes associated 

with high compared to low levels of greenness (aOR: 0.72, 95% CI: 0.61, 0.85) (24). In addition, 

others have previously reported inverse associations between NDVI and BMI (22, 45). Studies in 

Europe and China have reported inverse associations between NDVI and glucose levels in 

children and adults, consistent with our findings (46-48).  

We did not observe statistically significant associations between NDVI and hypertension 

or cholesterol. While studies from Western countries largely find that increased levels of 

neighborhood greenness are associated with lower cardiovascular disease, evidence of the 

relationship between neighborhood greenness, blood pressure and hypertension is mixed (24, 

49). A large study in Korea reported lower levels of lipidemia associated with increasing 

proximity to parks, while a study among 10-15 year old children in Lithuania using NDVI as 

greenness exposure found no association (50, 51). Another cross-sectional study in China 

reported associations between neighborhood greenness and lower hypertension prevalence, but 

did not control for income (52). While we did not observe an association between NDVI and 

total cholesterol, others have reported inverse associations between NDVI and high-density 

lipoprotein cholesterol (30). Future studies employing prospective designs will be needed to 

clarify the relationship between NDVI, hypertension, and cholesterol in SSA. 
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We were unable to specifically evaluate the role of physical activity as a mediator of the 

estimated effect between neighborhood greenness and NCDs in this study due to differences in 

how types and frequency of physical activity were assessed at each site. However, rural 

populations in SSA experience much higher levels of physical activity from occupation and 

travel compared to urban populations (53, 54). Thus, the fact that associations between NDVI 

and NCDs in our study did not change when restricting to urban populations only suggests that 

differences in unmeasured physical activity between sites cannot completely explain our 

findings. Cross-sectional studies in Europe and New Zealand attempting to evaluate the role of 

physical activity as a mediator of the effect of neighborhood greenness on cardiovascular disease 

and mortality generally have found little explanatory power, possibly due to difficulties in 

accurately measuring physical activity (55, 56). A Chinese study reported strong inverse 

associations between neighborhood greenness and physical activity, but did not control for 

income, an important confounder (52). Longitudinal designs incorporating precise physical 

activity measurements could improve assessment of this pathway.  

Limitations of our study include its cross-sectional design which hampers causal 

inference. Our study further relied on discrete, spatially diffuse locations, assuming that these 

locations (villages and schools) would be sufficient to capture relevant exposure to neighborhood 

greenness. If exposure to neighborhood greenness occurs outside these locations, we could 

introduce non-differential exposure measurement error. For diabetes and hypertension, outcomes 

were assessed in part using self-report, which could have led to outcome misclassification. 

Higher NCD detection in urban compared to rural areas is possible, and since urban areas had 

lower NDVI, failure to account for this relationship could have resulted in residual bias. Control 

for factors associated with urbanicity, NDVI and NCDs, and our sensitivity analysis restricting to 
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urban sites should mitigate this bias. While NDVI is an objective measure of neighborhood 

greenness, it does not capture specific types of vegetation that could drive the associations, 

which would be needed to develop interventions. Study participants represent a unique mix of 

urban vs rural, as well as occupational- vs population-based samples, which limits the overall 

generalizability of these findings because neighborhood greenness exposure, behavioral risk 

factors, and NCD risk could vary in other African populations. Future studies should explore 

more detailed residential histories and assess movement patterns at the individual- rather than 

area-level.  

CONCLUSION 

We found that higher levels of neighborhood greenness are associated with lower BMI 

and lower cardiometabolic allostatic load in a multi-country study of SSA participants, 

supporting evidence from other countries. Studies with prospective follow-up and more detailed 

measurement of contextual environmental exposure are needed to strengthen evidence for these 

associations. Given growing interest in green infrastructure and urban planning for public health 

in SSA, confirmation could help inform evidence-based urban public health interventions to 

control NCD burden in SSA.  
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Supplementary Appendix 

Table S3.1. Cross-sectional associations between Normalized Difference Vegetation Index (0.11 unit increase) and components of allostatic load among 

Participants from four Sites in Three sub-Saharan African Countries (complete case) 

 Total Population (N=984) Urban Population (N=822) 

Outcome β OR (95% CI) p β OR (95% CI) p 

BMI (continuous)         

  Unadjusted -1.65  (-1.86, -1.45) <.0001 -1.89  (-2.18, -1.59) <.0001 

  Age + Sex -1.39  (-1.61, -1.17) <.0001 -1.53  (-1.85, -1.22) <.0001 

  Full Adjustmenta -0.98  (-1.34, -0.61) <.0001 -0.97  (-1.36, -0.58) <.0001 

Overweight/Obese         

  Unadjusted  0.57 (0.52, 0.62) <.0001  0.51 (0.45, 0.58) <.0001 

  Age + Sex  0.64 (0.58, 0.70) <.0001  0.60 (0.53, 0.69) <.0001 

  Full Adjustmenta  0.73 (0.62, 0.86) 0.0001  0.72 (0.61, 0.85) 0.0001 

Diabetes         

  Unadjusted  0.87 (0.77, 0.98) 0.0219  0.72 (0.6, 0.87) 0.0004 

  Age + Sex  0.93 (0.82, 1.06) 0.3005  0.75 (0.62, 0.91) 0.0033 

  Full Adjustmenta  0.76 (0.6, 0.96) 0.0226  0.75 (0.59, 0.95) 0.0157 

Hypertension         

  Unadjusted  0.66 (0.60, 0.72) <.0001  0.69 (0.62, 0.77) <.0001 

  Age + Sex  0.73 (0.67, 0.80) <.0001  0.78 (0.69, 0.88) <.0001 

  Full Adjustmenta  0.80 (0.68, 0.93) 0.0043  0.79 (0.67, 0.92) 0.0026 

Cholesterol (continuous)b         

  Unadjusted -0.26  (-0.32, -0.2) <.0001     

  Age + Sex -0.18  (-0.25, -0.12) <.0001     

  Full Adjustmenta 0.03  (-0.09, 0.15) 0.6461     

Cholesterol (binary)b         

  Unadjusted  0.99 (0.89, 1.11) 0.8804     

  Age + Sex  1.06 (0.94, 1.21) 0.3341     

  Full Adjustmenta  1.11 (0.88, 1.39) 0.3698     
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Table S3.1. Cross-sectional associations between Normalized Difference Vegetation Index (0.11 unit increase) and components of allostatic load among 

Participants from four Sites in Three sub-Saharan African Countries (complete case) (continued) 

 Total Population (N=984) Urban Population (N=822) 

Outcome β OR (95% CI) p β OR (95% CI) p 

Allostatic Loadc         

  Unadjusted 

    0 (Low) 

        

    1  0.87 (0.79, 0.96) 0.0064  0.80 (0.70, 0.92) 0.0011 

   2  0.69 (0.61, 0.79) <.0001  0.65 (0.54, 0.77) <.0001 

   ≥ 3 (High)  0.64 (0.55, 0.75) <.0001  0.62 (0.51, 0.76) <.0001 

  Age + Sex         

   0 (Low)  Ref       

   1  0.96 (0.86, 1.07) 0.4557  0.91 (0.78, 1.05) 0.205 

   2  0.79 (0.69, 0.91) 0.0012  0.74 (0.61, 0.90) 0.0022 

   ≥ 3 (High)  0.75 (0.64, 0.89) 0.0007  0.72 (0.58, 0.90) 0.0033 

  Full Adjustmenta         

    0 (Low)  Ref       

    1  0.87 (0.72, 1.05) 0.1532  0.87 (0.72, 1.05) 0.1377 

    2  0.72 (0.56, 0.92) 0.0091  0.70 (0.55, 0.90) 0.006 

    ≥ 3 (High)  0.74 (0.56, 0.98) 0.0353  0.72 (0.55, 0.96) 0.0234 
aMultiple regression models were fit for categorical (multinomial logistic), binary (logistic) or continuous (linear) outcome variables, using the following 

covariates: age, sex, educational attainment, fuel source, marital status, smoking status, site, seeking health care in private sector. 
bSince cholesterol was missing for one site (peri-urban Uganda), these models were fit only on remaining sites (Tanzania, South Africa, and Rural Uganda) with 

a sample size of 903.  
cSince glucose was missing for several participants, these models were only fit among those with non-missing data (total: N=809; urban: N=662). 

Bold: p<0.05 after Bonferroni correction applied to final fully adjusted outcome models (the p-value cutoff for Bonferroni correction = 0.05/12 outcomes = 

0.0042). 
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Table S3.2. Sensitivity Analysis for Unmeasured Confounding using E-values for Associations between Normalized Difference Vegetation Index (0.11 

unit increase) and allostatic load componentsa 

 Total Population Urban Population Only 

Allostatic Load 

Component 

E-value for Point 

Estimate 

E-value for Confidence 

Interval 

E-value for Point 

Estimate 

E-value for Confidence 

Interval 

BMI (continuous) 1.59 1.44 1.56 1.39 

Overweight/Obese 1.62 1.39 1.61 1.38 

Diabetes 1.53 1.17 1.54 1.18 

Hypertension 1.26 1.00 1.28 1.00 

Cholesterol (continuous) 1.17 1.00 - - 

Cholesterol (binary) 1.35 1.00 - - 

Allostatic Load     

 0 (Low) Ref - Ref - 

 1 1.36 1.00 1.33 1.00 

 2 1.75 1.39 1.79 1.45 

 ≥ 3 (High) 1.75 1.39 1.75 1.38 
aAll models were fit using multiple imputation with chained equations to impute body mass index and the following covariates: age, sex, educational attainment, 

fuel source, marital status, NDVI, smoking status, site. Outcome models were fit adjusting for the following covariates: age, sex, educational attainment, fuel 

source, marital status, smoking status, site, seeking health care in private sector. 
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