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Abstract 

Cardiovascular diseases (CVDs) are a significant public health burden in Mexico 

despite national efforts to address traditional risk factors. With growing evidence that 

elements of nature can improve physical and mental health of people living in cities, this 

quantitative epidemiological study of secondary data examined the relationship between 

the presence of street trees in Mexican metropolitan areas and self-reported CVD in 

adults over age 40. The integrated socio-environmental model of health and well-being 

provided the conceptual framework for the study. A secondary data analysis was 

performed using combined individual health data from Mexico’s 2012 National Health 

and Nutrition Survey and environmental data from other governmental sources. Each 

analysis adjusted for different subsets of known individual and environmental risk 

factors. Results based on data from 10,798 adults living in urban neighborhoods of 

Mexico showed a marked trend of reduced likelihood of CVD prevalence as the number 

of streets with street trees increased, although this finding was not statistically significant 

after controlling for individual- and household-level factors (adjusted odds ratio [AOR] = 

0.84, 95% confidence interval [CI] = [0.56, 1.28], p = .43), after controlling for 

neighborhood- and municipality-level factors (AOR [95% CI] = 0.95 [0.59, 1.54], p = 

.83), and after controlling for individual- and household-level factors and adjusting for 

neighborhood- and municipality-level factors (AOR [95% CI] = 0.87 [0.55, 1.38], p = 

0.56). Findings may be relevant to public health practitioners, urban planners, and 

political leaders who could employ street tree planting to promote health equity and 

reduce CVD prevalence in cities, thereby contributing to meaningful social change for 

Mexico’s urbanizing population. 
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Dedication 

Being from the East Coast of the United States, trees have always been an integral 

part of the landscape and fabric of my life. Whether I was in the foothills of the 

Appalachian Mountains, the suburbs of an Alabama steel city, or a western 

Massachusetts college town, the towering poplar, oak, maple, and sycamore trees were 

essential elements in creating a sense of community and belonging. This background 

made my first visit to my husband’s homeland in central Mexico a surprisingly different 

experience. 

As our bus traveled out of Mexico City and later into heart of Puebla City, I was 

struck by the absence of trees along the city streets. I took note of the thin layer of brown 

haze that hung over the cities and wondered about the experience of people living in 

some of these neighborhoods. Some of the places that we passed along the bus route were 

not designed to optimize the mental or physical health of their residents. On the other 

hand, when there are trees lining the streets, that is where you will find pedestrians 

seeking to avoid the intense sun. Food vendors set up under trees and the shade provided 

by their branches. At dusk, sitting under the Indian laurels in the Zócalo of any Mexican 

city when the birds return to roost is a magical experience.  

I knew from that first visit that I wanted my dissertation to contribute to making 

cities in Mexico healthier for the people that live in them. Therefore, this dissertation is 

dedicated to the people in living in Mexican cities, both in areas with street trees and 

nearby parks and those without. It is dedicated to the people living in cities who have 

created nature on their rooftops and balconies in the form of small trees growing out of 

discarded washing machine drums and shrubs emerging old utility buckets. Most 



  

 

importantly, this dissertation is dedicated to the millions of people in Mexico who have 

been impacted by cardiovascular disease We all deserve to live in environments that 

contribute to, not detract from, our health and well-being. 
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Chapter 1: Introduction to the Study 

Cardiovascular disease (CVD) is a general term encompassing several major 

conditions related to the circulatory system. These include coronary heart disease, 

cerebrovascular disease, peripheral arterial disease, thrombosis/embolism, and aortic 

atherosclerosis (Olvera Lopez et al., 2023; WHO, 2021). CVDs are the leading causes of 

death and a significant contributor to global disability, accounting for approximately 18 

million (32%) of global deaths and 34.4 million years lived with disability as of 2019 

(Roth et al., 2020; WHO, 2021). Heart attacks, heart failure, and strokes are among the 

acute events resulting from CVD, and if not fatal can result in prolonged hospitalization, 

physical disability, and significant economic consequences for affected individuals and 

their families. 

Mexico is facing a potential future epidemic of CVD. Recent data indicated that 

more than 20.5 million individuals in Mexico (approximately 26% of the adult 

population) are affected by the cardiovascular conditions of myocardial infarction, atrial 

fibrillation, and heart failure and the major CVD risk factor of hypertension (Stevens et 

al., 2018). In contrast to similar middle-income countries and despite improvements in 

medical care, CVD-related mortality is increasing in Mexico (Arroyo-Quiroz et al., 2020; 

Pagan et al., 2017). Major well-known individual risk factors for CVD include poor diet, 

physical inactivity, dyslipidemia, hyperglycemia, high blood pressure/hypertension, 

obesity, and age (Arroyo-Quiroz et al., 2020; Bays et al., 2021). Over 30% of Mexican 

adults are estimated to have two or more of these individual risk factors, and the Mexican 

government and nongovernmental organizations spend millions of dollars to influence 

lifestyle risk factors, including diet and exercise (Mendoza-Herrera et al., 2019). 
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However, global evidence is accumulating that these traditional risk factors may be 

incomplete and overcounted (Reeves & Potter, 2023). Environmental risk factors for 

CVD, especially those related to living in urban areas, have been demonstrated to be 

significant detractors of physical and mental health (Münzel et al., 2022). Such 

environmental risk factors include air and noise pollution and elements of the built 

environment, including the absence of parks and other types of green space (Wolf & 

Robbins, 2015).  

Green spaces are vital public spaces known to counteract some of the adverse 

effects of living in cities and are being explored as public health interventions to address 

health issues related to obesity, cardiovascular effects, mental health, and well-being 

(Lovell et al., 2018; WHO, 2017). In the context of WHO research on the topic, urban 

green spaces are defined as urban spaces covered by vegetation of any kind (WHO, 

2017). Green spaces include small green space features such as street trees and roadside 

vegetation; green spaces not available for public access or recreational use, such as green 

roofs and facades or green space on private grounds; and large spaces such as parks, 

playgrounds, and greenways that provide various social and recreational functions 

(WHO, 2017). Recent research has established that green space, tree canopy, and other 

elements of nature in urban areas are associated with lower levels of obesity, 

hypertension, diabetes, and CVD and improved physical and mental health of its 

residents (Bhatnagar, 2017; Münzel et al., 2022). The small green space feature referred 

to as street trees are trees located in sidewalks, lining streets, and in public rights-of-way 

in cities. Street trees are of interest as a potential public health intervention because of 
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their public accessibility and the opportunity to create everyday exposures to nature for 

urban residents (Lai & Kontokosta, 2019; Salmond et al., 2016).  

Building on this understanding of street trees as a potential public health 

intervention, my research focused on urban areas in Mexico. Specifically, the current 

study examined whether the presence of street trees in census tracts designated as 

metropolitan was associated with reduced CVDs among residents. The intent was to 

extend general knowledge related to the potential health effects of street trees in urban 

areas that could be relevant to recommendations for infrastructure investments in urban 

and urbanizing areas within Mexico and beyond. For example, increasing the presence 

and distribution of street trees could serve as a tool to advance health equity and improve 

health outcomes for Mexican city dwellers, thereby contributing to social change.  

Chapter 1 presents the background, purpose, research questions and related 

hypothesis statements, conceptual framework, study nature, definitions and assumptions, 

scope and delimitations, limitations, and potential significance to social change. 

Background 

CVDs and their consequences have been on the rise in Mexico. One proposed 

causal factor is the shifting demographic trends and the consequent aging population 

(Angel et al., 2017). By 2055, the median age will be 44, and almost 30% of Mexicans 

will be over 60 (United Nations [UN], 2022). Other factors contributing to CVD risk 

include lifestyle and metabolic risk factors that are high in Mexican adults and rising in 

Mexican adolescents (Acosta-Cázares & Escobedo-de la Peña, 2010; Terminel-Zaragoza 

et al., 2023). In a 2010 study, Acosta-Cázares and Escobedo-de la Peña reported that 70% 

of Mexican adults in the productive, preretirement age group of 45 to 64 years had at 
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least one major CVD risk factor, and 7.2% had three or more major CVD risk factors. In 

contrast to other Latin American countries, Mexico remains in the growing phase of the 

cardiovascular health epidemic (Arroyo-Quiroz et al., 2020). Coronary heart disease 

excess mortality in Mexico, for example, rose 34% in men and 23% in women between 

2000 and 2012 (Arroyo-Quiroz et al., 2020). The proximal causes of excess mortality are 

increased prevalence of diabetes, high cholesterol levels, and physical inactivity. 

Environmental factors are distal causes of disease via their influence on lifestyle and 

behavioral choices, but can also impact cardiovascular function (Arroyo-Quiroz et al., 

2020; Medina et al., 2020; Mendoza-Herrera et al., 2019; Organisation for Economic Co-

operation and Development [OECD], 2015a). Because environmental factors are more 

pronounced in dense, urban environments, the current trend of rapid urbanization has 

brought global attention to urban neighborhood environments and inspired research to 

identify factors that can exert protective effects on cardiovascular health.  

Urbanization can have positive and negative effects on population health 

depending on how it is managed and the circumstances of an urban area. On the positive 

side, cities generally provide access to better educational and economic opportunities and 

improved housing quality (OECD, 2015b). On the negative side, residents are often 

exposed to the environmental stressors that are common in cities, such as air pollution, 

increased heat due to the urban heat island effect, traffic noise, and the absence of 

outdoor areas for safe physical activity (Bianconi et al., 2023; Dadvand et al., 2016; 

James et al., 2015). Approximately 90% of Mexico’s population is expected to live in 

cities by 2050, making efforts to improve air quality and separate residents from pollution 

sources increasingly necessary (WHO, 2019). Urbanization in Mexico has resulted in a 
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significant amount of urban sprawl and large numbers of people living in unplanned 

settlements on the peripheries of urban areas (OECD, 2015b). Without intentional urban 

planning to set land aside for green space and urban vegetation, such settlements have the 

potential to be stressful and pathogenic. 

Cardiovascular risk factors in the urban environment include light pollution, noise 

pollution, and other disruptors of the natural human circadian rhythm that can increase 

CVD susceptibility and severity (Bhatnagar, 2017). Air pollution is a significant 

contributor to CVD, with some estimates that air pollution is responsible for as much as 

21% of all global deaths from CVD (Landrigan et al., 2018). Other important 

environmental determinants of CVD risk include accessibility to infrastructure providing 

easy access to tobacco, alcohol, and unhealthy food choices, and inaccessibility to 

infrastructure providing easy access to markets selling healthy foods and facilities for 

physical and leisure activities (Y. Zhang et al., 2023). Of primary relevance to the current 

study, there is accumulating high-quality evidence that residential proximity to green 

space is associated with improved physical and mental health outcomes including 

reduced incidence and prevalence of CVD.  

Green space is an umbrella term indicating different elements of the physical 

environment containing or comprising vegetation (L. Mitchell et al., 2011; Taylor & 

Hochuli, 2017). Common measures of green space in epidemiological research include 

the percentage of land covered by parks/open spaces, the amount of satellite-detected 

greenness at various buffer distances surrounding individual residences, the percentage of 

tree canopy, and residential tree density (Kondo et al., 2018).  
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Trees constitute a central feature of urban green space. Trees have environmental 

benefits (e.g., carbon sequestration, air pollution reduction, and atmospheric cooling) and 

positive influences on health outcomes (e.g., cardiovascular benefits and stress reduction; 

(X. Liu et al., 2022; Pataki et al., 2021; Wolf et al., 2020). Urban tree cover has been 

associated with reduced allostatic load from chronic stress, reduced medication sales for 

cardiovascular conditions, and lower CVD prevalence in high-income countries in North 

America and Europe (Astell-Burt & Feng, 2020; Chi et al., 2022; Egorov et al., 2020). 

All forms of green space represent potential strategies for large-scale interventions to 

improve urban health (Reeves & Potter, 2023; WHO, 2017). Recent research 

demonstrating that higher levels of residential greenness are associated with reduced 

CVD-related risk factors, CVD-related biomarkers, and lower CVD incidence, 

prevalence, and mortality is reviewed in Chapter 2: Literature Review 

Street trees are a prominent type of tool in the urban greening toolkit. As 

described by Smart et al. (2020), street trees “define the space of a street, delimit the 

pedestrian realm, calm traffic, filter sunlight, promote visual order, soften the streetscape, 

and introduce beauty in the form of nature” (p. 2). There is a small body of literature 

devoted to the health-promoting aspects of street trees. Studied outcomes have included 

childhood asthma (Moreira et al., 2020), birth outcomes, nonaccidental mortality, 

hypertension, and various cardiometabolic conditions (Abelt & McLafferty, 2017; Lovasi 

et al., 2008). Most research has been conducted in high-income countries with temperate 

climates, leaving a significant gap in knowledge for low- and middle-income countries 

with different climatic and economic conditions (R. Wang et al., 2022; Wolf et al., 2020). 

Furthermore, very few studies have investigated street trees and cardiovascular health 
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(Giacinto et al., 2021; R. Wang et al., 2022). My study was designed to fill this gap in the 

literature on the impact of green space, specifically street trees, on CVD in the middle-

income, tropical/temperate country of Mexico.  

Problem Statement 

Mexico faces a potential epidemic of CVD with rising prevalence and mortality 

rates despite efforts to address well-known individual risk factors. Heart disease affects a 

quarter of the Mexican population, and more than 4% of total health expenditures are 

estimated to be related to cardiovascular health (Richards et al., 2022; World Heart 

Federation, 2016). Recent research suggested that traditional risk factors may be 

incomplete, and environmental factors, particularly those related to living in urban areas, 

could play a crucial role. Urban green spaces, including street trees, have emerged as 

potential interventions to mitigate health issues such as obesity, CVD, and mental health 

concerns. Although existing literature supported the positive health effects of urban green 

spaces and tree cover, there was a gap in understanding the impact of street trees in the 

context of Mexican urban environments. 

With this research, I sought to contribute to the scientific evidence on the 

potential health effects of street trees and recommendations for infrastructure investments 

in urban and urbanizing areas of Mexico. Urban greening strategies have been explored 

in the United States and judged to be of relatively low cost when viewed from the 

perspective of rising health care costs and lost productivity. Through implementation of 

evidence-based, cost-effective interventions that create more health-promoting 

(salutogenic) cities, individual lives could be positively impacted on a broad scale. 

Enhanced urban environments that promote health equity and improve cardiovascular 
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outcomes may contribute to meaningful societal progress and significant social change in 

Mexico and similar countries.  

Purpose of the Study 

This quantitative study of secondary cross-sectional data was conducted to 

examine the relationship between street trees in urban neighborhoods of Mexico and self-

reported prior diagnoses of heart attack, angina, heart failure, heart disease, and stroke 

among adults, taking into account known covariates and potential confounders. The 

research questions were iterative, first addressing the relationship between the 

proportions of streets within a census tract with street trees and CVD in the context of 

individual- and household-level factors (Research Question 1), and then addressing the 

relationship between street trees and CVD while adjusting for census-tract- and 

municipality-level environmental factors (Research Question 2). Finally, the relationship 

between the presence of street trees and CVD was addressed while adjusting for 

individual-, household-, census-tract-, and municipality-level covariates (Research 

Question 3).  

Research Questions and Hypotheses 

Three research questions and corresponding hypotheses were developed by 

reviewing the extant literature on elements of urban green space and the integrated socio-

environmental model of health and well-being (ISEM) framework. 

RQ1: Is there a relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults living in those neighborhoods after 

controlling for individual- and household-level factors? 
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Ho1: There is no relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for individual- and household-level factors. 

Ha1: There is a relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for individual- and household-level factors. 

RQ2: Is there a relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those neighborhoods 

after controlling for neighborhood- and municipality-level factors? 

Ho2: There is no relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for neighborhood- and municipality-level factors. 

Ha2: There is a relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for neighborhood- and municipality-level factors. 

RQ3: Is there a relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those neighborhoods 

after controlling for individual-, household-, census-tract-, and municipality-level 

covariates. 

Ho3: There is no relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for individual- and household-level factors and 

adjusting for neighborhood- and municipality-level factors. 
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Ha3: There is a relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for individual- and household-level factors and 

adjusting for neighborhood- and municipality-level factors. 

Conceptual Framework and Study Variables 

The ISEM was employed as the conceptual framework for the study. Like the 

socioecological model of health promotion (SEM) developed in the 1970s, the ISEM 

identifies intra-individual, neighborhood-level, social, and physical environmental factors 

as independently and jointly involved in an individual’s health outcomes (Hayden, 2019; 

Olvera Alvarez, Appleton, et al., 2018). Whereas the canonical SEM focuses on the 

impact of multiple levels of influences on health behaviors (Pahn & Yang, 2021), the 

ISEM adopts a broader perspective that includes both behavioral and biological 

responses. The ISEM framework acknowledges that these biological and behavioral 

responses can have either adverse or beneficial effects depending on individuals’ prior 

life experiences and their protective resources or innate susceptibilities to various 

environmental triggers. The ISEM has been employed in conceptualizing the relationship 

between early life stress, air pollution, inflammation, and disease in socially 

disadvantaged individuals (Olvera Alvarez, Kubzansky, et al., 2018) and cited in studies 

on how the social and physical environment interact in the social patterning of general 

well-being and the aging trajectory across generations (Boehm, 2021; Malecki et al., 

2022). By considering positive health outcomes instead of only disease and deficit, the 

model provides a framework for identifying protective, restorative, and health-promoting 

influences. 
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Numerous studies have identified elements of urban green space as health-

promoting factors. There are multiple mechanistic pathways by which different aspects of 

green space have been posited to contribute to health and well-being. Researchers have 

organized these potential pathways into three primary domains: (a) reducing harm (e.g., 

mitigation), (b) restoring capacities (e.g., restoration), and (c) building capacities (e.g., 

instoration; (Markevych et al., 2017; Yeager et al., 2020). The present study did not 

address a specific pathway of action between street trees and CVD in Mexico. Rather, it 

was designed to detect whether a statistically significant relationship existed while 

controlling for other potentially relevant factors. 

Because of the known biological, psychological, and sociological factors 

contributing to the development of CVD (James et al., 2015), the ISEM provided a strong 

foundation for conceptualizing the relationship between street trees and health outcomes 

in this study. As discussed more thoroughly in Chapter 2, the ISEM conceptual model 

was employed to inform the selection of covariates (see Table 1) and the consideration of 

whether multilevel regression models were needed to account for similarities among 

people living in the same community. 



12  

 

Table 1 

Hierarchical Structure of Covariates 

Level Variable 

Individual  Age, sex, family history of infarction, hypertriglyceridemia, 
hypercholesterolemia, prior diabetes diagnosis, prior hypertension diagnosis, 
years since hypertension and diabetes diagnosisa, prior depression diagnosis, 
smoking status, excessive alcohol use, body mass index (BMI)b, current 
physical activity levelc, hours of sleep per nightc, educationc 

Household  Household cookstove (gas or other) 

Neighborhood/census 
tract 

Social Lag Index (SLI/GRS), altitude 

Municipal  Road network density 
a Years since diagnosis was redundant with prior diagnosis of diabetes and hypertension. Only the 

continuous variables of years since diagnosis were included in the final models, with 0 representing no 

diagnosis. 

b There was a substantial amount of missing data for BMI, so it was removed from the final models, 

although sensitivity analyses indicated it was not statistically significant and it did not change the 

results for other variables into relevant models. 

c Data on these variables were missing for 80% of the subpopulation and were excluded from the final 

analysis. 

 
Nature of the Study 

This study employed a quantitative analysis of cross-sectionally collected survey 

data, the design of which was guided by the ISEM framework and the availability of data 

on street trees in Mexico. This study made use of individual-level secondary data from 

the 2012 Mexican Encuesta Nacional de Salud y Nutrición (National Health and 

Nutrition Survey), referred to herein as ENSANUT 2012. This was a national 

probabilistic survey with state representation, urban and rural strata, and an oversample 

of marginalized households to quantify the frequency, distribution, and trends of health 
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and nutrition conditions and their determinants in the Mexican population (Romero-

Martínez et al., 2012). Although more recent surveys were available, ENSANUT 2012 

was used because it contained higher resolution information about participants’ 

residential locations and could be matched with a separate, contemporaneous data set 

containing street tree information in the same locations. The study sample included adults 

40 years and older living in areas designated as metropolitan and for which there was 

residential information at the census tract level and responses to questions regarding a 

prior medical diagnosis of angina, heart failure, heart disease, stroke, or heart attack. The 

ENSANUT 2012 data sets are publicly available, as are the codebooks, questionnaires, 

informed consent forms, and descriptions of the sampling procedures.  

The primary independent variable in all research questions was the proportion of 

streets with street trees along the perimeter of each city block comprising a census tract. 

The street tree variable was derived from a 2014 survey conducted by the Instituto 

Nacional de Estadística y Geografía (National Health and Nutrition Evaluation Survey 

[INEGI], 2014). The survey methodology involved INEGI personnel walking the 

perimeter of each city block and recording both he number of streets making up the 

perimeter and how many of those streets contained at least one street tree. These data 

were converted into a scale value representing the proportions of streets with street trees 

aggregated at the census tract (AGEB) level.  

CVD-related covariates at different levels of influence were included in the 

analysis. At the individual level, covariates of interest included age, sex, family history of 

infarction, hypertriglyceridemia, hypercholesterolemia, prior diabetes diagnosis, prior 

hypertension diagnosis, years since hypertension and diabetes diagnosis, and prior 
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depression diagnosis. Additional individual-level variables considered for inclusion were 

current smoking status, excessive alcohol use, physical activity level, average sleep per 

night, and the household cooking method. Neighborhood- and municipality-level factors 

linked to CVD were identified from existing literature on CVD, and publicly available 

data sets with information on neighborhood marginalization, altitude, and municipal road 

density were located. The rationale for the inclusion of each covariate was based on 

previous findings in the literature, which are described in Chapter 2. Descriptions of the 

data collection instruments and operationalization of the variables are provided in 

Chapter 3. Single-level complex samples logistic regression analyses were used for the 

final analyses. 

Definitions 

The variables, attributes, and concepts relevant to the study are organized 

conceptually and defined herein: 

Health-Related Terms 

Body mass index (BMI): A measure of obesity based on height and weight. 

Clinical and epidemiological data have established a connection between obesity and a 

diverse range of CVD. Direct effects of obesity include structural and functional 

adaptations of the cardiovascular system to accommodate excess body weight (Koliaki et 

al., 2019). Indirect effects are manifested through coexisting CVD risk factors including 

insulin resistance, hyperglycemia, hypertension, and dyslipidemia.  

Cardiovascular disease: A general term encompassing several major conditions 

related to the circulatory system, including problems with blood flow to heart muscles 

(coronary heart disease), peripheral tissues, and the brain (cerebrovascular disease) ; 
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(Olvera Lopez et al., 2023; WHO, 2021). The dependent variable underlying all research 

questions in this study was whether respondents had been told by a medical professional 

that they had angina, heart failure, heart disease, stroke, or a heart attack. Although these 

outcomes were limited in scope due to data constraints, they represented some of the 

most important indicators of CVD. The same self-reported outcomes were included in 

versions of ENSANUT around the world (NHANES-U.S., NHANES-KOREA, China 

Health and Nutrition Survey).  

• Angina is chest pain caused by reduced blood flow to the heart, either from 

vessel narrowing due to coronary heart disease and/or a blockage in the 

arteries that feed the heart (i.e., thrombosis). 

• Infarction/heart attack is blood flow to the heart being severely reduced or 

blocked. The blockage is usually due to a buildup of fat, cholesterol, and other 

substances in the heart (coronary) arteries.  

• Heart failure/cardiac insufficiency is the heart muscle not pumping blood 

sufficiently. Blood backs up, and fluid can build up in the lungs, causing 

shortness of breath. 

• Stroke is the blood supply to part of the brain being interrupted or reduced, 

preventing brain tissue from getting oxygen and nutrients.  

Green Space and Related Terms 

Green infrastructure: A term historically used to describe an approach to water 

management involving planting trees and restoring wetlands to supplement or replace 

gray infrastructure such as drains and treatment plants. Types of green infrastructure 

include rain gardens, green roofs, infiltration planters, and tree boxes (Grabowski et al., 
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2022). Green infrastructure in urban areas serves a dual role of stormwater management 

and increasing greenness for residents. 

Green space (also written as greenspace): Parts of urban environments containing 

elements of nature. These spaces are available for inhabitants to interact with either 

visually or physically and, depending on the definition, can include small and large parks, 

trails, road verges, median plantings, and vegetation along roadways. This study focused 

on trees in the public right-of-way and those that line residential streets as a distinct form 

of urban green space. 

Greenness: The amount of green vegetation at ground level, including trees and 

shrubs, or various measures of greenness from satellite imagery. The Normalized 

Difference Vegetation Index (NDVI) is the most commonly used satellite-derived metric 

for measuring the relative abundance and spatial distributions of vegetation (de la Iglesia 

Martinez & Labib, 2023). Other indices used in the foundational literature relating green 

space and health were discussed by Shahtahmassebi et al. (2021). An overview is 

provided in Chapter 2.  

Street trees: Trees located in sidewalks, lining streets, in public rights-of-way, and 

medians. The 2014 Characteristics of the Urban Environment survey (INEGI, 2015b) 

counted street trees according to the following definitions:  

• A tree is a plant with a thick, woody, and elevated trunk, branched at a certain 

height from the ground and covered with foliage. The size is variable due to 

the species or to pruning to improve its appearance. 
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• A palm is a tree-like plant with a straight and flexible trunk and the crown 

formed by large plume-shaped leaves. A palm does not develop branches or 

trunks with wood. 

Streets were counted as having at least one tree or palm tree on the edge of the 

road regardless of its size or who planted it. Weed-type vegetation, shrubs, and gardens 

were not counted, nor were trees within road medians (INEGI, 2015b). 

Mexican Governmental Institutions and Data Sources 

Consejo Nacional de Evaluacion de la Politica de Desarrollo Social / National 

Council for the Evaluation of Social Development Policy (CONEVAL): A decentralized 

public agency of the Mexican government that coordinates and evaluates policies, 

programs, and interventions related to poverty and social development. CONEVAL 

develops and publishes the Social Deprivation Index (SLI) and the Degree of Social Lag 

(GRS) scale (CONEVAL, n.d.). 

La Encuesta Nacional de Salud y Nutrición / National Health and Nutrition 

Evaluation Survey (ENSANUT): A periodic national survey that gathers information on 

the health and nutrition status of the Mexican population, providing benchmarks and 

statistics used to inform health policies, programs, and funding (Shamah-Levy et al., 

2019).  

Instituto Nacional de Estadística y Geografía / National Institute of Statistics and 

Geography (INEGI): An autonomous governmental body responsible for collecting and 

disseminating information about Mexican territories, populations, and economic activities 

(Esparza Rios, 2017). 
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Geographic Terms 

Área GeoEstadística Básica / Basic Geostatistical Area (AGEB): A geostatistical 

boundary that is analogous to a U.S. census tract developed by INEGI as part of 

Mexico’s National System of Statistical and Geographic Information. Between 2010 and 

2015, there were approximately 2.5 million demarcated AGEBs (Esparza Rios, 2017). 

AGEBs and other geostatistical boundaries are updated periodically to reflect population 

growth and new settlements. At the time of the 2020 Mexican Census, the number of 

AGEBs had increased to approximately 2.7 million. 

Entidad Federativa / Federal Entity: The geopolitical equivalent of a U.S. state. 

Mexico counts 32 federal entities comprising 31 states and Mexico City (Esparza Rios, 

2017).  

Manzana / City Block: The smallest geostatistical unit defined by the National 

System of Statistical and Geographic Information and only defined for settled areas. 

Manzanas are analogous to U.S. census blocks and referred to as city blocks for the 

purposes of this study. Due to privacy concerns, data collected at this level are aggregated 

and published at the AGEB or municipality level (GeoAnalitica, 2020). All inhabited 

areas of Mexico are identified using a nested hierarchy of codes starting with the state 

code and ending with the manzana code.  

Municipio / Municipality: Both a geostatistical and geopolitical unit, 

municipalities have their own president and governing bodies. There are approximately 

2,500 municipalities across Mexico, encompassing metropolitan, urban, and rural 

localities. Municipalities are the smallest geographic boundaries that cover 100% of 

Mexico’s land area (Esparza Rios, 2017). 
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Other Terms 

Global South: A multidimensional term generally used to describe developing 

countries with lower levels of wealth, economic development, income equality, and 

democratic institutions than developed countries of North America, Europe, and Asia 

(Rigolon et al., 2018). Although the term does not strictly imply geographic location, 

most countries comprising the Global South are in the southern hemisphere. 

Metropolitan: An INEGI classification for state capitals and localities with 

100,000 or more inhabitants (INEGI, 2018). 

Social Lag Index / Grado de Rezago Social (SLI/GRS): Scales that integrate 

information on educational attainment, access to health services, housing quality, and 

basic household services aggregated at either the AGEB or municipality level. Based on 

their SLI/GRS score, geographical units are classified on a 3-point scale of social 

deprivation: low, medium, and high. The SLI is updated every 5 years according to new 

data, and the GRS is updated every 10 years. 

Urban: An INEGI classification for locations with more than 2,500 but fewer than 

100,000 inhabitants that are not otherwise defined as metropolitan (INEGI, 2018). 

Assumptions 

A few assumptions were considered and documented. First, I assumed that 

participants in the ENSANUT 2012 sample recalled and responded to the survey 

questions accurately. Secondly, I assumed that proxy values for neighborhood street trees 

were accurate and reliable exposure indicators and that any bias due to the method of 

variable derivation was nondifferential. Third, I assumed that all relevant covariates were 

appropriately identified and controlled. Lastly, I assumed that the sample included in 
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ENSANUT 2012 had lived at their present residence for enough time to experience any 

benefits or stresses related to the presence or absence of street trees.  

Scope and Delimitations 

Using secondary data from governmental surveys conducted in Mexico between 

2010 and 2017, this study addressed the research problem by testing for a statistically 

significant relationship between the presence of street trees and a known prior medical 

diagnosis of CVD in Mexican adults. Covariates at multiple levels of influence that could 

mask or distort the observed association between the independent and dependent 

variables were controlled statistically to increase internal validity and support the 

inference that any observed statistically significant relationship was due to the primary 

relationship being investigated. Health data were sourced from the 2012 ENSANUT 

survey, and the neighborhood-, municipality-, and regional-level data were sourced from 

four additional data sets with information collected between 2010 and 2017. All data 

were publicly available from the Mexican government, and all contained standardized 

geographical codes by which data sets were combined. The study sample included adults 

over 40 who were identified as living in metropolitan census tracts for which street tree 

data were available. The probabilistic sampling methodology and survey weights of the 

health data contributed to the generalizability of the study results to Mexico. 

Limitations 

Several limitations were identified prior to data access and evaluation. As a 

secondary data analysis, the study relied on information collected for other purposes, 

potentially omitting variables that could contribute to CVD development, such as air 

quality, proximity to high-traffic areas, and respondents’ duration of residence at their 
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current location. The study outcome (self-reported prior diagnoses of CVD by medical 

professionals) was also subject to bias. Participants may have failed to recall prior 

diagnoses, potentially underestimating CVD prevalence. Moreover, individuals with 

limited health care access or those who infrequently seek medical care may have 

undiagnosed CVD, further contributing to an undercount. This issue is common in studies 

of CVD risk factors such as hypertension, as evidenced by a recent Mexican study that 

found that although 32.8% of adults had arterial hypertension, only 72% were aware of 

their condition (Palomo-Piñón et al., 2022). The definition of street tree exposure 

presented another limitation. The 2014 Urban Characteristics Survey measured only the 

presence or absence of street trees on the periphery of city blocks within a census tract. I 

assumed these values were representative of interior streets, which may not be accurate. 

These limitations should be taken into account when evaluating the study’s findings and 

implications. 

Significance 

This study was designed to better understand how environmental features can 

impact residents’ cardiovascular health, potentially leading to the identification of a 

strategy for local risk mitigation measures and health equity improvements. The 

relationships between street trees and health outcomes examined in this study are relevant 

both to place-based social justice and to United Nations Sustainable Goal 11.7 of 

“provid[ing] universal access to safe, inclusive and accessible, green and public spaces” 

(United Nations, 2015, p. 22). There have been studies in specific areas of Mexico 

examining the distribution of green spaces and street trees based on social and economic 

marginalization (Martínez Juárez et al., 2022; Ribeiro-Palacios et al., 2021). However, a 
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deeper understanding of any benefits conferred by the presence of street trees in 

residential environments could be used by cities and municipalities to design civic 

projects that have multiple benefits to the community. Decisions about the green space 

interventions in which to invest are critical to ensuring that urban green space delivers 

positive health, social, and environmental outcomes.  

Summary 

Following this introduction, Chapter 2 provides a fuller discussion of the 

theoretical framework and how it relates to the research questions. Additionally, Chapter 

2 provides a review of the published literature from 2016 to 2024 for the key constructs 

related to the current study. Chapter 3 provides a description of the methods used in the 

study, including details regarding the population, sampling, procedures, the instruments 

used for measurement, threats to validity, and the data analysis plan. Chapter 4 presents 

the results of the statistical analyses, including assumption testing and descriptions of the 

study population. The last chapter summarizes and interprets the findings in relation to 

existing research and in the context of the study’s limitations. 
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Chapter 2: Literature Review 

Diseases of the heart and circulatory system are the leading causes of death and a 

significant contributor to global disability, accounting for approximately 18 million 

deaths (32% of global deaths) and 34.4 million years lived with disability as of 2019 

(Roth et al., 2020; WHO, 2021). Over three quarters of CVD deaths take place in low- 

and middle-income countries and pose a significant economic burden via direct and 

indirect costs (Münzel et al., 2022). The prevalence of CVD and its related problems are 

rising, especially in developed countries and urban areas that have undergone changes in 

economic development, physical activity, and food consumption patterns (Barquera et al., 

2016). Country-specific prevalence and cost estimates vary by country and its available 

data collection infrastructure. Consistent with global statistics, CVD is the leading cause 

of mortality among Mexico’s population of 127 million, accounting for approximately 

20% of annual deaths and 2,919 years of life lost per 100,000 population (Pan American 

Health Organization, 2021). Heart disease affects approximately 26% of the Mexican 

population, with over 30% of Mexican adults estimated to have two or more individual 

CVD risk factors (Mendoza-Herrera et al., 2019; World Heart Federation, 2016).  

Among the countries of Latin America, Mexico has the third highest age-

standardized CVD-related disability-adjusted life years lost per 100,000 people, a statistic 

driven by ischemic heart disease, hypertensive heart disease, and stroke (Lindstrom et al., 

2022). The CVD burden in Mexico has been compared to other megacountries, or 

countries with populations over 100 million people (Barquera et al., 2016; Mendoza-

Herrera et al., 2019). Hypercholesterolemia, hypertriglyceridemia, and obesity are the 

most prevalent metabolic risk factors in these megacountries, but Mexico’s rates are 
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higher than those of Nigeria, India, China, the United States, and Japan (Mendoza-

Herrera et al., 2019). Unlike the United States or China where the incidence of CVD risk 

factors and the CVD mortality rates are higher in rural areas than in urban areas, the trend 

is reversed in Mexico. The rate of cardiovascular mortality is 11% higher in urban areas 

of Mexico than in rural ones (Martínez-Téllez et al., 2023). 

Heart conditions cost Mexico billions of dollars every year in direct and indirect 

costs. Direct costs include expenses related to health care services, such as 

hospitalization, medication, diagnostic tests, and surgeries, and are thought to comprise 

half of expenditures (Mendoza-Herrera et al., 2019). The remaining indirect costs refer to 

the productivity losses resulting from premature death, disability, absenteeism from 

work, opportunity costs of informal care by family and friends, and lost tax revenue 

(Mendoza-Herrera et al., 2019; Stevens et al., 2018). A 2024 estimate put the costs of 

productivity losses due to chronic CVD at $11.8 billion for Mexican men and $3.7 billion 

for Mexican women (Guerrero-López et al., 2024). Advancements in medical treatments 

have improved CVD management in affluent nations of the Global North, but low-

income countries and those in the Global South lack comparable physical and financial 

means for medical interventions. Consequently, these regions must prioritize primary 

prevention efforts to address CVD risk factors (Barquera et al., 2016; Mendoza-Herrera 

et al., 2019).  

Of particular interest for the current study was the growing body of literature 

describing a negative relationship between CVD and elements of what is referred to as 

green space among people living in urban and metropolitan areas. Green space in these 

environments includes vegetated areas in cities, such as parks, forests, gardens, and 
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greenways, and comprises public and private settings (Jennings et al., 2017). As 

discussed in more detail later in this chapter, many studies have described positive effects 

of green space, tree canopy, and greenness on physical and mental health. Additionally, a 

a small number of researchers have looked at the health benefits of street trees, a 

particular type of public green space. Street trees are trees located in sidewalks, lining 

streets, and in public rights-of-way (see Figure 1). Street trees are an essential element of 

streetscape design that define the space of a street, delimit the pedestrian realm, calm 

traffic, filter sunlight, promote visual order, soften the streetscape, and introduce beauty 

in the form of nature associated with enhancing the experience of living in cities (Smart 

et al., 2020). The presence of street trees can also influence individual behaviors such as 

increasing the likelihood of physical activity and providing spaces for social interactions.  
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Figure 1 

Different Types of Urban Green Space 

 

Note. Adapted from (Jennings et al., 2017). 

The primary focus of the current study was the relationship between street trees in 

metropolitan administrative divisions of Mexico and self-reported CVD among adults, 

while controlling for established individual and environmental CVD risk factors. In the 

remainder of this chapter, I describe the theoretical foundations and conceptual 

frameworks that underpinned this study. Next, I present a historical overview of studies 

connecting various green space elements to CVD epidemiology and synthesize existing 

literature linking trees, tree canopy, and urban street trees to CVD. Finally, background 

information on all relevant risk factors for CVD is provided to justify the inclusion or 

exclusion of different covariates for the final analyses.  
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Literature Search Strategy 

The literature search was initiated using the keywords greenspace or green space, 

urban or city or cities or metropolitan or urban areas, street trees, tree cover, 

cardiovascular disease or CVD or heart or cardiac or coronary heart disease, population 

health, GIS, and public health or community health in MEDLINE/PubMed, Cochrane 

Database of Systematic Reviews, CINAHL, APA PsycInfo, SocIndex, ScienceDirect, 

Academic Search, Education Source, ERIC, IEEE Xplore, Emerald Insight, and 

Directory of Open Access Journals. Additional searches were conducted in Google 

Scholar and LILACS (Latin American and Caribbean Health Science Literature) using 

the English-language search terms green space, street trees, urban trees, health, 

cardiovascular, and heart disease, and the Spanish search terms arbolado de alineacion, 

areas verdes, infraestructura verde, arboles, and salud. Because of the paucity of 

research focused on street trees and the publication of a study central to the study of street 

tree epidemiology in 2013, I restricted initial searches from 2013 to the present and 

identified older studies of particular interest from reference lists. Both peer-reviewed 

materials and sources that were not peer-reviewed were considered for their contributions 

and were used for reference mining. At regular intervals, forward citation searches were 

undertaken in Google Scholar with seminal publications to identify more recent relevant 

studies.  

Theoretical Foundations 

Several theories have been proffered to explain the mechanisms by which green 

space and tree cover (generally) and street trees (specifically) can impact health (Li & 

Zhang, 2023). These include named theories such as the conditioned restoration and toxic 



28  

 

stress theories and nonnamed theories involving dose response, psychological well-being, 

and social cohesion. Kuo (2015) identified 21 plausible causal pathways from nature to 

health, each of which had been tied to nature contact while accounting for other factors 

and was empirically or theoretically tied to specific health outcomes. All pathways are 

generally compatible with a three-domain framework proposed by a transdisciplinary, 

international group of 100+ scientists who met in 2016 to review potential mechanisms 

underlying the relationship between greenness and health (Kuo, 2015; Markevych et al., 

2017). The three domains within the framework are reducing harm (i.e., mitigation), 

restoring capacities (i.e., restoration), and building capacities (i.e., instoration). 

The harm reduction/harm mitigation domain encompasses physiochemical actions 

in which components of urban green space reduce exposure to air pollution, noise 

pollution, heat, and UV radiation. The restorative domain covers pathways by which 

nature can improve attention, mental health, and related clinical outcomes and reduce 

stress. Green space can also promote health through a building capacities/health 

promotion/instoration domain. This refers to the capacity of nature to promote 

reorientation and the creation of new coping strategies (Hartig et al., 2014). Outcomes 

included in the instoration domain have included improved birth outcomes, increased 

physical activity levels, and strong social networks (see Figure 2).  
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Figure 2 

Three Domains Linking Green Space to Positive Health Outcomes 

 
Note. From Markevych et al. (2017, p. 8). 

These three domains encompass the same four general pathways identified by 

Hartig et al. (2014), which are air quality, physical activity, social cohesion, and stress 

reduction pathways. A fourth domain, causing harm, was recently proposed by Marselle 

(2021). This domain includes negative aspects of contact with nature such as infectious 

and zoonotic disease exposures and increased exposure to allergens (Marselle et al., 

2021). Multiple pathways within each domain have been investigated in epidemiological 

studies using mediation and moderation analyses.  

Several studies of green space were designed with all three domains in mind. A 

cross-sectional study conducted in China tested whether the amount of urban green space 

and neighborhood walkability around homes in Beijing were associated with less 

coronary atherosclerosis via mechanisms involving enhanced physical activity, air 
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pollution mitigation, or reduced psychological stress (Hu et al., 2022). In another 

example, Moran et al. (2021) examined the relationship between urban greenness and 

four mortality outcomes: life expectancy at birth and three categories of cause-specific 

mortality. The outcomes were selected to represent the three main domains through 

which green spaces are hypothesized to benefit health. Although Moran et al. (2021) 

initially linked cardiovascular mortality with pathways involving recreation and physical 

activity, they also acknowledged the potential overlap between pathways and noted that 

green spaces could also reduce stress. Moran et al. acknowledged using the three domains 

as a simplified framework to guide their analysis, but also recognized the potential for 

overlapping pathways and nuanced relationships between variables. The complex 

interplay of social, physical, and psychological factors impacting health outcomes means 

that multiple theoretical pathways should be considered when linking green space or 

street tree exposure to downstream health endpoints.  

Many researchers have acknowledged the likelihood of multiple and interacting 

mechanisms linking green infrastructure and health, although their research focused 

primarily on a single mechanism or pathway. The restoration/stress reduction pathway 

has been examined in studies with mood evaluations before and after subjects spent time 

in nature using stress response testing before and after viewing different types of 

landscapes (An et al., 2022; Huang et al., 2020; L. Liu et al., 2022). The building 

capacities/health promotion pathway has been supported by research findings of 

improved cardiovascular function (e.g., heart rate, blood pressure, homocysteine levels) 

after the practice of walking in a forested area (Wolf et al., 2020). Typically grouped with 

other evidence of improved resilience and better health, social cohesiveness has been 
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identified as a mediating factor between the number of green spaces and self-reported 

health (R. Zhang, et al., 2021). Complicating the literature and the identification of causal 

pathways are the inconsistencies in the literature regarding how green space is measured 

and whether the results using one measure of green space, or green exposures, can be 

transposed onto others. The literature review describes diverse ways in which green space 

exposure is measured and highlights research specific for measures of trees, tree canopy, 

and street trees.  

Each of the three main domains (mitigation, restoration, instoration) have been 

proposed as mechanisms by which trees could have health effects. The domains and 

pathways outlined by Markevych et al. (2017) and Kuo (2015) are applicable to the 

relationship between street trees and health. Furthermore, the domains can be situated 

inside a broader conceptual framework, one that identifies potential feedback loops, 

interferences, and multilevel factors that could alter the exposure influence. The ISEM is 

one such framework that was helpful in conceptualizing the relationship between street 

trees and cardiovascular health and designing the current study (see Olvera Alvarez, 

Appleton, et al., 2018).  

Conceptual Framework 

The ISEM was first proposed in 2018 by an interdisciplinary team of 

environmentally focused social scientists and epidemiologists who noted that 

environmental and social determinants of health often cooccur but that joint effects on 

health are likely underestimated because they are studied separately (Olvera Alvarez, 

Appleton, et al., 2018). The ISEM was selected for the current study because it is a 

comprehensive, theory-informed framework to guide future research on the joint 
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contribution of social and environmental factors to health and well-being across the 

lifespan (Olvera Alvarez et al. 2018a). On its face, the ISEM appears similar to the well-

established SEM (Hayden, 2019). The ISEM can be used to conceptualize the interplay 

among the natural environment, the social environment, and the personal environment 

and how the various pathways might interact to promote or damage human health. Both 

the SEM and the ISEM acknowledge multiple interconnected levels of influence over 

individual behavior and health outcomes. However, the ISEM was more appropriate for 

the current epidemiological investigation because it includes biological and behavioral 

responses to external stimuli. 

The ISEM conceptual model is built upon two prior frameworks, both initially 

applied to birth outcomes. The first one, published in 2006, describes an environmental 

risk-scape in which community-level stressors and buffers of the built and social 

environments interact with individual-level stressors and buffers, combining to affect 

individual allostatic load and susceptibility to disease (Morello-Frosch & Shenassa, 

2006). The second foundational framework by Tulve et al. (2016) depicted five levels of 

interacting influences, expanding from the individual out to the city/state/nation. 

Moreover, the concept of the life course was included in this model. The authors 

emphasized that stressors and buffers at every level are present during multiple phases of 

development and can change people’s health trajectories (Tulve et al., 2016). Tulve et al. 

also explicitly discussed policy in their model because the sum of an individual’s 

environment is shaped by many types of decisions from both governmental and corporate 

decision-makers.  
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All of the components of these earlier models are included within the ISEM 

(Figure 3), which is centered on the individual and the community together as a unit in 

the context of the physical and social environments. The physical environment includes 

both the built and the natural environments; the social environment comprises the 

connections between people and the industries around them (Yen & Syme, 1999). The 

social environment also includes governmental factors such as laws and regulations. 

Located around the edge of Figure 3, policy and cultural factors are depicted as 

influencing the social and physical environments and also downstream individual 

responses to health promoters and stressors.  
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Figure 3 

Integrated Socio-Environmental Model of Health and Well-Being (ISEM) 

 

Note. From Olvera Alvarez, Appleton, et al. (2018, p. 6). 

While conceptualizing the research study, I applied the ISEM framework and 

drew from existing literature to select variables for inclusion in the statistical analyses. To 

isolate a potential contributory or protective role of street trees in the development of 

CVD, I considered the overlapping and interconnecting harm reduction, restoration, and 

instoration pathways and how they might function within the cultural and environmental 

backdrop of Mexican urban areas. At the individual level, people have an innate risk for 

CVD (i.e., gender, age, family history) as well as accumulated risk factors (i.e., smoking, 

a sedentary lifestyle) that develop over their life course. At the neighborhood and 

municipality levels, environments can positively or negatively affect behaviors that 

contribute to CVD and help buffer the effects of negative external stressors.  
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The ISEM provides a solid framework for this study, but the present cross-

sectional study design and the available data do not and cannot include all the factors 

conceptualized in the model. For example, early life experiences and individuals’ current 

social environments could impact CVD susceptibility, but neither are addressed in this 

study. Additionally, this study tests relationships, rather than the pathways of health and 

illness that were the focus of the model’s creators (Olvera Alvarez, Appleton, et al., 2018; 

Olvera Alvarez, Kubzansky, et al., 2018). In a later review of the benefits of nature 

exposure, the creators of the ISEM noted that effective interventions at the individual and 

population levels are most informed when they account for the multiple environmental 

exposures that interact in direct and indirect ways to impact psychological well-being 

(Bratman et al., 2021). The spirit of this sentiment is applied via the multiple covariates 

and risk factors conceptualized in the present study and consideration of the hierarchical 

nature of the data in the analytical model.  

Literature Review Related to Key Variables and Concepts 

This section includes background information related to the key independent, 

dependent, and covariates. It also reviews and synthesizes the extant research linking 

various green space measures to CVD incidence, prevalence, and outcomes. This review 

is focused on literature published between 2016 and 2024, although important works 

published earlier are included for historical context and supporting evidence. All 

information is included to support the purpose and design of the present investigation. 

Cardiovascular Diseases 

These represent a group of disorders of the heart and blood vessels that include 

coronary heart disease (involving blood vessels to heart muscles), cerebrovascular 
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disease (involving blood vessels supplying the brain), peripheral arterial disease 

(involving blood vessels supplying arms and legs), rheumatic heart disease (caused by 

bacterial rheumatic fever), congenital heart disease, and thrombosis/embolism (WHO, 

2021). Myocardial infarctions (heart attacks) and cerebrovascular accidents (strokes) are 

consequences of CVD that account for the most significant percentages of global CVD-

related death and disability around the world (Vaduganathan et al., 2022). Another 

symptom is angina, which is chest pain caused by reduced blood flow to the heart, either 

from vessel narrowing due to coronary heart disease or a blockage in the arteries that feed 

the heart (Mayo Clinic, 2022). The CVD-related outcomes probed in this study are self-

reported angina, heart failure, heart disease, stroke, or heart attack. The same outcomes 

have been employed in other studies linking green space to CVD (Richardson et al., 

2013; Tamosiunas et al., 2014; R. Wang et al., 2022) and are also included in multiple 

international versions of national health surveys similar to ENSANUT 2012. Examples of 

other surveys using similar endpoints are the Longitudinal Ageing Study of India, 

Brazil’s National Health Survey (BPNS), China’s National Health Survey (CNHS), and 

ENSANUT-Ecuador, among others (Ahmed et al., 2023; Glynn et al., 2021; Gonçalves et 

al., 2019; He et al., 2020; Jeong et al., 2020; Pengpid & Petlzer, 2021). These outcomes 

are limited to self-reported prior diagnoses, which may undercount the actual prevalence 

of CVD and its major risk factors (Ahmed et al., 2023; Palomo-Piñón et al., 2022). 

Nonetheless, self-reported diagnoses are an important and consistent indicator of CVD in 

the extant literature and are appropriate for this study.  

The global proliferation of CVDs has been linked to a set of modifiable and 

nonmodifiable risk factors that are associated with behavioral, socioeconomic, 
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environmental, physiological, and psychosocial characteristics (Keymolen & Robles 

Linares, 2021). Metabolic and behavioral risk factors are prominent targets of public 

health and medical research because, by their very definition, they are modifiable by the 

actions of individuals. Individual behaviors, such as excessive salt and sugar intake, 

smoking, and a sedentary lifestyle, contribute to CVD indirectly via their effects on 

metabolic risk factors, but they also can directly affect the function of the cardiovascular 

system.  

Many elements of an individual’s environment have been linked to elevated CVD 

risk after controlling for the known individual-level risk factors. The most well-known 

environmental risk factors are anthropogenic air, water, and soil pollution as well as 

increased heat (Franklin et al., 2015; WHO, 2022). These environmental factors are 

typically more pronounced in dense, urban environments.  

Additional environmental factors like noise pollution, heat, light cycles, sunlight 

exposure, seasons, and geographic characteristics, as well as social and personal aspects 

of the environment, such as built environments, socioeconomic status, and social 

networks, can also significantly influence CVD risk (Bhatnagar, 2017; Cosselman et al., 

2015). The noise and light pollution found in urban environments are known to disrupt 

circadian rhythms which elevates CVD risk. The urban heat island effect is the 

phenomenon of increased temperatures in high-density urban areas due to the amount of 

impervious surfaces and lack of shade (Shao & Kim, 2022; Vaduganathan et al., 2022). 

In susceptible individuals, increased heat in general is associated with cardiovascular 

mortality. In susceptible environments, increased heat can create a destructive feedback 

loop of increased energy consumption, altered water and air quality, and worsened 
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environmental quality (Bhatnagar, 2017; Shao & Kim, 2022). Road and intersection 

density and proximity to major roads can negatively impact human physiology and the 

proper functioning of the circulatory system by increasing stress related to environmental 

noise and air pollution (Chum & O'Campo, 2015).  

Urban environments also affect individual behaviors and choices. Environmental 

factors have a “crucial influence” on the physical and financial burden caused by CVD by 

dismantling healthy food systems, accelerating urbanization, and fostering sedentary, 

inactive lifestyles (Mendoza-Herrera et al., 2019, p. 2; Reeves & Potter, 2023). Food 

availability, accessibility of cigarettes and alcohol, distribution of recreational spaces, and 

differences in transportation services, health care resources, social interactions, and 

neighborhood identity have been linked to CVD outcomes through impacts on individual 

behaviors and metabolic risk factors such as hypertension and diabetes (Avila-Palencia et 

al., 2022; Bhatnagar, 2017; Chum & O'Campo, 2015).  

The scientific underpinning of the present study is research which demonstrates 

higher levels of residential greenness are significantly associated with reduced CVD 

mortality (Bianconi et al., 2023; Gascon et al., 2016; X. Liu et al., 2022), lower CVD 

incidence and prevalence (Asri et al., 2020; H. Chen et al., 2020; T. Li et al., 2022), fewer 

CVD-related hospital admissions (Pereira et al., 2012), reduced incidence and prevalence 

CVD risk factors (Almeida et al., 2021; Knobel et al., 2021), and lower levels of CVD-

related biomarkers (Iyer et al., 2022; T. Liu et al., 2021; L. Yang et al., 2021). A 2018 

systematic review and meta-analysis including almost 150 observational and 

interventional research projects established that higher exposure to green spaces was 

statistically significantly associated with reduced stress biomarkers, lower heart rate, 
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decreased diastolic blood pressure, improved cholesterol levels, enhanced heart rate 

variability, lower prevalence of type II diabetes, and improved self-reported health 

(Twohig-Bennett & Jones, 2018). Two subsequent systematic metareviews have 

synthesized the available literature and concluded that there are beneficial associations of 

green space with all-cause and stroke-specific mortality, CVD morbidity, 

cardiometabolic factors, and mental health (B. Yang et al., 2021; Y. Zhang et al., 2023).  

Green Spaces, Greenness, and Cardiovascular Health 

Medicus curat, Natura sanat morbus. 

The physician heals, Nature makes well. 

-Latin Proverb 

Cardiovascular Mortality 

Nature has long been recognized as a health agent, but the current era of green 

space research did not begin until the 1990s and 2000s. Initial interest was focused on the 

ecological benefits of green infrastructure, including stormwater management and urban 

heat mitigation (Nieuwenhuijsen, 2021). Soon thereafter, contact with nature and 

residential greenness were linked with positive outcomes for both mental and physical 

well-being (Hartig et al., 2014; Lee & Maheswaran, 2011).  

Cardiovascular-related mortality was the endpoint of interest in early 

epidemiology studies of green space because of the completeness of readily available 

data. A string of papers published between 2008 and 2014 showed a reduction in the risk 

of CVD mortality in areas with higher residential greenness as assessed using either 

normalized difference vegetation index (NDVI) or land cover maps (discussed below) 

(Gascon et al., 2016). Similar reductions were not seen in all-cause mortality or lung 

https://www.azquotes.com/quote/573918
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cancer mortality. Subsequently, an inverse relationship between the amount of residential 

greenness and CVD mortality has been documented in at least a dozen countries. These 

include studies conducted in Hong Kong (Xu et al., 2017), Brazil (da Silveira & Junger, 

2018), South Korea (Kim et al., 2019), Taiwan (H. Y. Lee et al., 2020), and Greece 

(Kasdagli et al., 2021). Although many of these studies were ecological and subject to the 

limitations inherent in such study designs, the findings have been reinforced using cross-

sectional (United States / Yitshak-Sade et al., 2019) and longitudinal (Canada / H. Chen 

et al., 2020; Feng et al., 2023; Italy /Orioli et al., 2019) study designs.  

A 2016 meta-analysis with pooled data from eight published studies demonstrated 

a statistically significant risk reduction for CVD mortality (RR = 0.96; 95% CI: 0.94, 

0.97) and all-cause mortality (RR = 0.92; 95% CI: 0.87, 0.97) when greenness was 

measured as “high” and “low” but not when measured in 10% increments (Gascon et al., 

2016). A second systematic review published in 2018 included mortality as well as stroke 

and coronary heart disease incidence. Although only two studies were included in the 

summary for cardiovascular mortality, it covered almost 4 million participants and 

demonstrated an odds ratio (OR) (95% CI) of 0.84 (0.76, 0.93; p < 0.001) when 

comparing people living in high green space versus low green space areas (Twohig-

Bennett & Jones, 2018). In the same meta-analysis, positive results were found for type II 

diabetes and hypertension but not for stroke or coronary heart disease. More recent meta-

analyses were published in 2023 by Bianconi et al. (2023); M. Liu et al. (2023); Y. Zhang 

et al. (2023). Increases in NDVI demonstrated an overall statistically significant 

protective effect of urban green for CVD, ischemic heart disease, and cerebrovascular 

disease mortality (Bianconi et al., 2023). Additional studies were referenced that studied 
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different green space metrics and CVD morbidity and are discussed elsewhere in support 

of the premise of the present research study. 

Identifying and Quantifying Green Space Exposures 

The process of quantifying individual exposure to nature in epidemiological 

studies and determining which elements of urban nature are responsible for health 

benefits is challenging. Not only do different studies use different methods to measure 

green exposure, but they also connect those exposures to different outcomes.  

A common measure in the research literature is NDVI, a remote sensing method 

that takes advantage of plants’ unique reflectance characteristics for near infrared and red 

visible light. The NDVI is calculated as a ratio of reflectances in those two light bands 

and can differentiate between areas of high versus low vegetation. NDVI values range 

from -1 to 1, with values closer to 1 indicating greater amounts and healthier vegetation 

(Scheftic et al., 2014; Shahtahmassebi et al., 2021). Using the NDVI, individual 

exposures can be calculated as the percent greenness within a given radius around an 

address or as a percentage of an administrative land division.  

Other satellite-based measures of greenness include the LAI (Leaf Area Index), 

SAVI (Soil-Adjusted Vegetation Index), LiDAR (Light Detection and Ranging), EVI 

(Enhanced Vegetation Index), and several LC/LU (Land Use/Land Cover) data sets 

(Shahtahmassebi et al., 2021). LC/LU maps provide spatial information on types of land 

cover (e.g., forests, grasslands, croplands, lakes, wetlands) or land use categories (e.g., 

agricultural, residential, recreational, commercial, industrial, transportation).  

Both LU/LC classifications and satellite data have been used to quantify tree 

canopy cover, the percentage of land occupied by parks, and other natural elements. The 
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results for tree canopy cover are of particular interest to this study, as tree canopy cover 

distinguishes between the greenness provided by trees versus other sources of vegetation. 

In urban areas, tree canopy cover reflects the amount of shade provided by trees, a feature 

of urban greenness known to reduce heat intensity and improve feelings of well-being 

(Ulmer et al., 2016; C. Zhang et al., 2022). At present, new techniques are being 

developed to analyze street-level greenness exposure using machine-learning and image 

databases such as Google Street View (Hankey et al., 2021; Larkin & Hystad, 2019; R. 

Wang et al., 2022).  

Other measures used in the exploration of green space and health relate to the 

proximity, accessibility, quality, and various attributes green spaces, including of parks, 

open spaces, and trees versus grasses. Frequent measures in published literature are the 

total number of parks within an administrative area, the distance to a park entry from a 

known address, the frequency of visiting a public park, and proximity to space designated 

as a park or other open space (De Petris et al., 2021; Jennings et al., 2019). Exposure 

measures specific to trees are most relevant to the current study.  

In head-to-head comparisons of the effects of distinct types of green space 

variables, measures related to tree canopy, tree diversity, or tree cover seem to 

outperform other measures and other types of nature in their contributions to human 

health. In one such example, three different green space metrics (NDVI, % tree cover, % 

herbaceous cover) were used to examine the differential contribution of each type of 

neighborhood green space to the prevalence of the CVD risk factors of obesity, 

abdominal obesity, and low HDL among a sample of adult Brazilians (Almeida et al., 

2021). The authors concluded, “tree cover seems more relevant for cardiometabolic 
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health than does herbaceous cover, since the former presented stronger magnitudes of 

associations with the studied outcomes when compared to the latter” (p. 6). In New York 

City, Reid et al. (2017) found higher reporting “very good” or “excellent” self-reported 

health for respondents with the highest, compared to the lowest, quartiles of tree density 

but not grass density within 1,000 m buffers.  

In a small cross-sectional study of North Carolina residents, Egorov et al. 

investigated tree cover and biomarkers of allostatic load (2020). The group living in the 

highest tertile of tree cover within 500 meters of their homes was had a statistically 

significant 14% reduction in fifteen biomarkers indicative of allostatic load for the group 

versus those living in the area of the lowest tree cover. On the other hand, there was no 

statistical relationship between the amount of grass cover and markers of allostatic load.  

Several studies have found that tree canopy percentage, but not other vegetation 

indexes have positive health and well-being influences. A recent analysis of data from 

Australia’s largest ongoing study of health and aging uncovered reduced odds of both 

prevalent and incident social loneliness among those studied with 10% more green space 

or tree canopy, but increases in open grass areas were associated with increased odds of 

social loneliness measures (Astell-Burt et al., 2023). A separate analysis from the same 

data set reported that residential addresses with higher levels of tree canopy (> 30% 

versus 0%–9%) were associated with lower odds of incident psychological stress and 

poor health, whereas addresses with higher levels of open grasslands were associated 

with the opposite (Astell-Burt & Feng, 2019). There are publications with less clear 

results, such as Wu et al. (2018). In their study of census tracts in urban Wake County, 

NC, sudden unexpected cardiac death was inversely associated with greenway density 
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and the percentage of forest but not with grassland, average tree canopy, near-road tree 

canopy, and tree canopy diversity (Wu et al., 2018). Nonetheless, a systematic review of 

different green space measures and various health endpoints was published in 2021 by 

Astell-Burt and collaborators (Nguyen et al., 2021). The conclusion, not specifically 

related to CVD, was that “health benefits were more consistently observed in areas with 

greater tree canopy, but not grassland” (p. 1).  

The following sections continue to summarize the literature relating green space 

to CVD and then describe the research that has linked trees to human health. These 

findings set the stage for the present study by providing theoretical and scientific support 

for the hypothesis that there is a relationship between urban street trees and CVD 

prevalence in Mexico. 

CVD Prevalence and Incidence 

Research revealing a connection between CVD mortality and exposure to urban 

green spaces has prompted further investigation into the role of green space role in 

disease development. These studies have focused on CVD incidence and prevalence as 

key outcomes. Disease prevalence is the total number of cases of disease existing in a 

population . It is frequently evaluated in large, cross-sectional, and nationally 

representative studies such as ENSANUT 2012. In contrast, disease incidence measures 

the number of new cases that emerge during a specified time frame and provides insight 

into the rate at which a disease is developing within a population. By examining both 

prevalence and incidence in relation to urban green spaces, researchers have been trying 

to tease out the mechanisms by which environmental factors might influence CVD at 

different stages of its progression. 
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A negative statistical relationship has been documented between areas of higher 

greenness and incidence rates of acute myocardial infarction (Ponjoan et al., 

2022)/[NDVI], (Seo et al., 2019)/[%GS area]); cerebrovascular disease/stroke (Orioli et 

al., 2019; Seo et al., 2019)/[%GS area]; heart failure (H. Chen et al., 2020)/[NDVI]; and 

ischemic heart disease (Dalton & Jones, 2020)/[%GS area]. Similarly, lower CVD 

prevalence has been linked to increased green space (Astell-Burt & Feng, 2020)/[%GS 

area and Tree Canopy Cover], (Maas et al., 2009)/[%GS area], and (T. Liu et al., 

2021)/[NDVI tertiles]). Other studies found non-statistically significant or non-dose 

responsive positive trends in CVD prevalence related to green space measures (Astell-

Burt et al., 2021; Pereira et al., 2012; Richardson et al., 2013). One study in Atlanta, GA, 

reported a significantly higher prevalence of COPD, coronary heart disease, and stroke in 

areas with greater tree canopy cover and green space access (Servadio et al., 2019). Areas 

with majority African American populations also had higher disease prevalence. The 

counterintuitive results with green space metrics are thought to result from the inability of 

the researchers to fully control for interactions between demographics, air quality, and 

green space.  

The studies described up to this point have included ecological, cross-sectional, 

and longitudinal cohort studies. Additionally, experimental and quasi-experimental 

studies are valuable in establishing a cause-and-effect relationship between independent 

exposure variables and outcomes.  
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Experimental and Quasi-Experimental Studies on Greenness and Cardiovascular 

Health 

Experimental studies are those in which the investigators manipulate exposure to 

a stressor or protective factor in randomly assigned research subjects and look for a 

change. Quasi-experimental studies are those in which similar populations of people are 

exposed to different stressors or protective factors by chance, giving researchers an 

opportunity to look for differences between exposed and nonexposed groups. Both types 

of these studies have been conducted and both support the role of green spaces and 

nature-based interventions in improved cardiovascular health outcomes.  

In a 2022 systematic review summarizing the impact of green spaces or greenness 

on cardiovascular health and cancer-related outcomes, Bikomeye et al. (2022) identified 

four types of interventions that demonstrated a beneficial effect on blood pressures, heart 

rate variability, or CVD-related biomarkers. Two experimental studies in Japan used 

“forest bathing” as an intervention to reduce stress-related feelings (i.e., stress and 

depression) or physiological responses to stress (e.g., blood pressure, inflammatory and 

CVD-related biomarkers) (Mao et al., 2012; Morita et al., 2007). In both studies, 

therapeutic effects on mood, hypertension, or inflammation were noted and the authors 

suggested that exposure to nature could be used to decrease the risk of psychosocial 

stress-related diseases. In a more recent study, L. Yang et al. (2021) recruited 39 

participants in Hong Kong and tracked weekly exposure to green space, air pollution, and 

the physical activities of individual participants using personal tracking devices. After 

accounting for factors such as sex, income, occupation, physical activities, dietary intake, 

noise, and air pollution, noteworthy inverse relationships were identified between 
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exposure to high levels of greenness and cardiorespiratory biomarkers. These included 

significant decreases in total cholesterol (–21.6% per interquartile range rise in NDVI), 

low-density lipoprotein (–14.9%), glucose (–11.2%), and high-sensitivity C-reactive 

protein (–41.3%) (L. Yang et al., 2021). 

Other experimental studies have used nature-based images to see if they can 

partially ameliorate stress responses measured as skin conductance, heart rate, salivary 

cortisol, or eye movement analysis. In one set of studies, participants were exposed to a 

social or mental stressor in a laboratory situation and then shown images or videos of 

urban scenes with various levels of greenery and tree cover density (Jiang et al., 2014; L. 

Liu et al., 2022; X. Wang et al., 2016). Comparisons of stress recovery responses 

indicated that images with higher levels of greenness and tree cover had the most positive 

effects on stress recovery, whereas buildings and pavement had either neutral or negative 

effects. In another set of studies, participants were shown images of urban streetscapes 

and subsequently asked to rate their perceived affect from a validated positive and 

negative affect schedule (Navarrete-Hernandez & Laffan, 2023). An 8% increase in green 

coverage in a photo was associated with a 0.23 increase in positive affect on a ten-point 

scale. Furthermore, green coverage positively impacted nine of ten queried emotions, and 

negatively impacted all ten of the negative emotions covered in the scale. Notably, there 

was a threshold of approximately 16% green coverage in a photo before changes in 

affective states were detected and a leveling off at high levels of green coverage. 

Quasi-experimental research has been harnessed to provide important insights 

into the benefits of urban nature. Several studies have used the devastation of U.S. ash 

trees due to the spread of the Emerald Ash Borer (EAB) that started in 2002 as an 
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opportunity to examine social and physical health effects after neighborhood tree loss. An 

invasive beetle, the EAB kills nearly all ash trees that it infects and has devastated U.S. 

ash trees since it was first detected in the United States in 2002. In one study using data 

from before and after tree loss, a significant and positive relationship between tree loss 

and four types of crime was uncovered (Kondo et al., 2017). In another study, tree loss 

was associated with a “negative and persistent relationship” in daily outdoor leisure time 

(Jones, 2016, p. 49). Most notably, Donovan et al. (2013) established a significant link 

between tree loss and increased cardiovascular mortality. 

Urban Trees and Various Health Outcomes 

In 2013, Donovan published the results of a quasi-experimental ecological study 

that estimated the relationship between the presence of the EAB and county-level 

mortality in 15 U.S. states. Controlling for a wide range of demographic covariates, 

Donovan et al. revealed an increase in mortality related to cardiovascular and lower-

respiratory-tract illness, but not accidental mortality, in counties infested with the EAB 

(Donovan et al., 2013). The magnitude of this effect was greater the longer the EAB had 

been in the county and in counties with a greater percentage of tree canopy from ash 

trees. For example, the estimated marginal effect of the EAB on CVD-related mortality 

after one year of infestation was 9.7 additional deaths per year per 100,000 adults 

(95% CI: 1.8, 17.6) and after six years of infestation, the effects had increased to 38.6 

additional deaths per year per 100,000 adults (95% CI: 23.6, 53.6) (Donovan et al., 

2013). Jones (2023) suggested that a possible, but not exclusive, mechanism of action of 

this deforestation was a reduction in physical activity outside. Another team of 

researchers described increased subjective well-being scores among Australian urban 
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residents with a tree in front of their home Ordóñez Barona et al. (2024). These changes 

in well-being scores was partially mediated by prior feelings of relatedness to nature.  

Donovan and colleagues extended their study of the effect of EAB-related tree 

loss and health outcomes using individual-level outcome data from the Women’s Health 

Initiative, one of the largest longitudinal studies of women’s health undertaken in the 

United States (Donovan et al., 2015). In their 2015 follow-up study, Donovan et al. 

compared these individual health outcomes with data indicating the years since EAB was 

first detected in an individual’s county of residence (Donovan et al., 2015). Living in a 

county infested with EAB versus no EAB was associated with a 41% increased risk of 

CVD (hazard ratio [HR] = 1.4; 95% CI: 1.4, 1.5). CVD was defined as acute myocardial 

infarction requiring overnight hospitalization, silent myocardial infarction determined 

from electrocardiogram, stroke, or coronary heart disease-related death. The association 

was unchanged when the analysis was limited to metropolitan areas. The association 

between years of EAB infestation and CVD risk was somewhat attenuated when the 

analysis was restricted to EAB-infested counties only (HR = 1.3, 95% CI:1.2, 1.3) 

(Donovan et al., 2015). As discussed previously, both Donovan studies support the 

conclusion that tree cover, rather than other measures of green space, has a protective role 

in maintaining cardiovascular health. Although neither study was designed to investigate 

the mechanism of action, both studies provided a springboard for later researchers 

designing studies to understand which features of urban greenness are most impactful and 

why. 

More recently, Donovan et al. (2022) assessed the impact of 30 years of tree 

planting by an environmental nonprofit on non-accidental, cardiovascular, lower 
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respiratory, and accidental mortality in Portland, Oregon. With geolocated data on 

mortality from the Oregon Health Authority and a corresponding data set with the 

number, date, and location of new trees, the authors estimated linear mixed models of 

mortality rate with the tree planting data, census tract random effects, and potentially 

confounding census tract-level sociodemographic drivers of mortality (Donovan et al., 

2022). There was a statistically significant negative association between the number of 

trees planted in the past 15 years and CVD and respiratory mortality, with the mean 

number of trees planted per year (11.7) associated with an annual reduction of 5.0 CVD 

deaths (95% CI: 1.9, 8.0). Further analysis showed only a weak association between tree 

planting and lower respiratory deaths and no relationship with accidental mortality. Their 

results both support the linkage between street trees and CVD and unique methods to 

measure tree exposure.  

A body of research has identified associations between urban trees and all three 

positive health domains (i.e., harm reduction, restoration, and instoration) of the 

theoretical framework linking green space to health. Harm reduction has been 

demonstrated via urban forests’ known ability to mitigate air pollution and urban heat and 

to reduce extreme heat events (Graham et al., 2016; Nowak et al., 2018; Y. Yang et al., 

2023). The extent of tree canopy cover is negatively correlated with heat-related 

emergency calls, decreases in pedestrian falls, fewer suicide attempts, improved self-

reported general health, improved healthy aging scores, and lower individual and county-

level Medicare health care costs, (Becker et al., 2019; John et al., 2023; S. Lee et al., 

2023; S. Lee et al., 2022; Ulmer et al., 2016; Van Den Eeden et al., 2022). Van den 

Eeden et al. noted that the health benefits conferred by green exposure are “likely through 
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effects across multiple organ systems and chronic diseases” such that a dependent 

variable of health care costs “can be considered a measure of the systemic impact of 

green cover on health” (p.7). 

The proposed restorative and instorative capabilities of urban trees and tree 

canopy have been demonstrated by the studies with mental health outcomes, reduced 

crime and aggression, and improved general health and health perceptions. Restoration 

indicates the experience of a psychological and/or physiological recovery process” (Joye 

& van der Berg, 2013, p. 58); instoration refers to “perceptions of restorative potential 

and outcomes without a prior stress intervention” (Korpela & Ratcliffe, 2021, p. 1). 

Instoration, in particular, is thought to build the capacity to withstand the negative 

impacts of stressful events (Joye & van der Berg, 2013). In Brussels, higher tree crown 

volume was associated with lower medication sales for medications commonly 

prescribed for mood disorders (Chi et al., 2022). In London and in Leipzig, decreases in 

antidepressant prescriptions have been reported in areas of higher street tree density 

(Marselle et al., 2020; Taylor et al., 2015). Kardan et al. (2015) found that having ten 

more trees in an Ontario, Canada, city block improved personal health perceptions 

comparable to being seven years younger and improved residents’ cardiometabolic 

profiles.  

Urban Trees and CVD 

The cardiometabolic profile in the Kardan et al. (2015) study was a summation of 

the following seven variables: the presence of the risk factors hypertension, high blood 

glucose, obesity, high cholesterol, and diabetes, as well as a a prior diagnosis of 

myocardial infarction, heart disease, and stroke. These CVD risk factors and related 



52  

 

diagnoses have not only been linked to NDVI levels, park proximity, and land cover 

percentages, they have also specifically been connected to urban trees and tree canopy, 

providing evidentiary support for the premise of the present research study. For example, 

Moreira et al. (2020) reported that 10,000 more street trees within regional government 

boundaries encompassing an individual’s residence (trees in sidewalks, street islands and 

roundabouts and not those in squares, parks, reserves, and private areas) was associated 

with a lower odds of hypertension (OR = 0.94; 95% CI: 0.88, 0.99). At smaller 300 m 

buffer distances, this association was not significant. Other green space variables such as 

tree canopy cover and district-level green space showed nonsignificant tendencies 

towards negative ORs. In a longitudinal study of nearly 50,000 older Australians, Astell-

Burt and Feng (2020) reported that areas with ≥ 30% tree canopy (compared with 0–9%) 

exhibited lower odds of incident diabetes (OR = 0.69, 95% CI: 0.55, 0.86), incident 

hypertension (OR = 0.83, 95% CI: 0.72, 0.95) and incident CVD (OR = 0.78, 95% CI: 

0.65, 0.94). Notably, these health benefits were consistently associated with higher tree 

canopy cover but not with higher total green space in the Sydney, Wollongong, and 

Newcastle study areas.  

Research by Alkhatib et al. (2021) in Palestinian occupied territory demonstrated 

that residents in areas with the lowest quartile of non-crop mixed trees (about 2.8% of 

total land) had twice the likelihood of chronic illness compared to those in the third 

quartile (about 9% of total land). Only the green space variables had a significant 

association with chronic illness, not factors like living in refugee camps or under Israeli 

versus Palestinian governance (Alkhatib et al., 2021). When analyzed as a continuous 

variable, each 1% increase in non-crop mixed trees corresponded to a 4% decrease in 
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chronic illness odds (OR = 0.96). In a separate longitudinal study in China, Zhou et al. 

(2023) found that higher levels of residential greenness, tree coverage, and the ratio of 

trees to shrublands/grassland were inversely associated with peripheral 

overweight/obesity and central obesity, both significant risk factors for CVD.  

In Brussels, a quartile increase in tree crown volume was linked with a 25% 

decrease in CVD medication sales (Chi et al., 2022). Another ecological study conducted 

in Tampa, FL, demonstrated that tree density showed a significant inverse association 

with respiratory and cardiovascular hospitalizations, but percent tree canopy cover 

showed a nonsignificant inverse association (Jennings et al., 2019). Conversely, no 

significant association was found between heart attack or hypertension prevalence and 

percent tree canopy cover in an ecological study of Texas metro areas (Tarar et al., 2015).  

The bulk of the evidence points to the potential for increased green space in 

general, and an increased presence of trees in general, to positively impact cardiovascular 

health. The purpose for this study was to extend the current research related to street 

trees. To isolate the potential effects of the presence of street trees, the analyses 

controlled for the effects of the CVD risk factors. The most notable risk factors, both 

individual and environmental, are described below. 

Costs of Urban Greening Strategies 

Recent studies in the United States have highlighted the substantial economic 

benefits of urban greening strategies in relation to health outcomes. A study conducted in 

Philadelphia projected that reaching a 30% tree canopy goal by 2030 would yield annual 

health-related benefits of USD 3.8 billion (Konijnendijk et al., 2023). In Portland, OR, a 

group studying an urban tree planning initiative estimated that planting just one tree in 
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each of the city’s 140 census tracts would generate USD 14.2 million in annual benefits 

from deaths averted based on the U.S. Environmental Protection Agency value of a 

statistical life (Donovan et al., 2022). The annual maintenance cost for these 140 trees 

would be less than $15,000 per tree, a relatively low cost when viewed from the 

perspective of health care costs and lost productivity. These findings underscore the 

significant return on investment that urban greening initiatives can offer in terms of 

public health and economic benefits. 

Behavioral, Metabolic, and Environmental Risk Factors for CVD 

Individual-Level Risk Factors 

Age. CVD is often thought of as a disease of older individuals, and aging is an 

important factor contributing to cardiovascular decline. Over time, accumulated oxidative 

stress, inflammation, tissue degradation, and imbalances in circulating factors can cause 

functional changes in cardiac activity (Rodgers et al., 2019). Furthermore, the incidence 

of many of the important metabolic risk factors for CVD, such as BMI and central 

obesity, hypertension, diabetes, high fasting plasma glucose levels, and altered blood 

lipid levels also increase with age (Acosta-Cázares & Escobedo-de la Peña, 2010; 

Vaduganathan et al., 2022). The lifetime risk of developing CVD is similar for men and 

women, although there are notable differences in age-specific rates of CVD diagnoses 

and mortality. Men typically manifest CVD at an earlier age than women, but after age 

60, the incidence rates for CVD among women increase and prevalence approaches 

parity (Peters et al., 2019).  

Among adults in the United States, the odds of reporting CVD is four to ten times 

higher for individuals 40–59 years of age than for those under 40 (Abdalla et al., 2020). 
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The odds of CVD for those over 60 years old is 15 to 30 times higher than for those 

under 40. Age is such an important factor in the risk of CVD that comparisons between 

countries and across time are nearly universally reported using age standardization 

(Dávila-Cervantes, 2020; Rittiphairoj et al., 2022). Mexico is currently at the cusp of a 

dramatic demographic transition, with the median age expected to rise from 28 to 42 by 

2050 and the proportion of people 65 and older tripling to 20.2% (Angel et al., 2017). 

Therefore, age should not only be controlled for in the study analysis, but the aging of the 

population should also be taken into account when contemplating the future burden of 

CVD in Mexico. 

Sex. Some of the observed gender differences in incidence rates have been 

hypothesized to result from protective effects of estrogen in women (Sophie et al., 2017). 

Sex is differentially linked to other prominent risk factors for CVD, including obesity 

(more common in women) and diabetes (more common in men) (Rodgers et al., 2019). 

Sex is nearly universally included as a covariate in the body of research that associates 

residential green space with cardiovascular outcomes.  

Family History of CVD or Myocardial Infarction. Family history of CVD is a 

known risk factor for CVD, although it is unclear the extent to which family history is 

meaningful for traditional ages of diagnosis versus being relevant only for premature 

CVD, or diagnosis before age 50 (Bittencourt, 2018). Furthermore, because families 

often share habits such as diet and smoking, it can be challenging to disentangle the 

specific contribution of family behaviors versus genetics. A 10-year prospective 

multiethnic cohort study in the United States found that individuals with a known family 
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history of heart disease had increased hazard ratios, ranging from 1.3 to 1.6, for various 

forms of heart disease compared to those without a family history (Patel et al., 2018).  

Hypertension. Hypertension is a condition in which the pressure in arteries is 

high and the heart needs to work harder to move blood through the body. Normal blood 

pressure is close to 120/80 mm Hg. The clinical definition of hypertension is systolic 

blood pressure over 130 mm Hg and diastolic blood pressure over 80 mm Hg. Continual 

pumping of the heart against these elevated blood pressures can lead to conditions such as 

heart failure, arterial and venous wall damage, heart valve disease, and atrial fibrillation 

(Fuchs & Whelton, 2020). Labeled as a metabolic risk factor, hypertension has been 

identified as the single largest risk factor for CVD and its prevalence increases with age. 

According to Yusuf et al. (2020), hypertension is responsible for 22.3% of the 

population-attributable fraction (PAF) of incident CVD and accounts for the largest 

proportion of disability-adjusted life years lost in Latin America (Lindstrom et al., 2022). 

The PAF of abdominal obesity, tobacco use, high cholesterol, poor diet, diabetes, 

household air pollution, and low education were each estimated by the same research 

team to be between 5 and 10% for CVD (Yusuf et al., 2020). The remaining major risk 

factors, including alcohol use, physical activity, and depression, were assessed to 

contribute less than 5% of the PAF for CVD.  

In high- and middle-income countries, the hazard ratio for incident CVD between 

those with and without hypertension ranges from 1.5 to 2.1 (Ruilope et al., 2017). In 

Latin American countries, generally up to 40% of the population is affected by 

hypertension, with estimates in Mexico from ENSANUT 2012 being 26% affected 

women and 31% affected men in the adult population (Ruilope et al., 2017). By some 
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estimates, at least half of CVD-related mortality in Mexicans 50 years and older is 

attributable to suboptimal blood pressure levels (Cortés-Hernández et al., 2014).  

Obesity. The WHO and other health organizations recognize obesity as a major 

public health concern due to its link with various chronic diseases, including CVD 

(OECD, 2017). Numerous studies have shown a strong association between obesity and 

an increased risk of developing various cardiovascular conditions such as coronary artery 

disease, heart failure, stroke, and hypertension (Escobedo-de la Peña et al., 2021). 

Mexico and Poland are two countries in which obesity has the greatest impact on health 

by reducing life expectancy by 4.2 years and 3.9 years, respectively (OECD, n.d.). As of 

2017, Mexico had the highest obesity prevalence (32.4%) among people aged 15–74 

years in OECD countries and ranked fourth in childhood obesity (OECD, 2017). Some of 

the mechanisms by which obesity affects healthy physiological functioning and 

cardiovascular health are listed below and discussed independently in other subsections. 

• metabolic changes which contribute to atherosclerosis 

• low-grade inflammation contributing to the development and progression of 

atherosclerosis 

• overactivation of the renin-angiotensin-aldosterone system leading to 

hypertension 

• an imbalance of lipid levels leading to dyslipidemia 

• type 2 diabetes 

• structural and functional changes in the heart 

• sleep apnea 
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• physical inactivity 

Smoking. Extensive epidemiological research has established smoking as a 

significant preventable factor in the development and progression of heart disease 

(Gallucci et al., 2020). Although precise mechanisms have not yet been completely 

elucidated, it is known that smoking affects endothelial function via inflammatory and 

oxidative processes within the vascular wall. In 2010, Acosta-Cázares & Escobedo-de la 

Peña identified smoking as the most prevalent cardiovascular risk factor in men within 

the Mexican Social Security health care system (31.9%). Since 2010, smoking rates have 

decreased to approximately 25% among males and 8.2% among females, with nondaily 

smoking being slightly more prevalent than daily smoking (Sreeramareddy & Aye, 

2021). Smoking rates in Mexico demonstrate a declining trend with age, which is 

encouraging (Acosta-Cázares & Escobedo-de la Peña, 2010). However, negative 

atherosclerotic changes may have already occurred in those who formerly smoked. 

In Mexico, the current prevalence of smoking is 16% (Rojas-Martínez et al., 

2021). Additionally, a total of 20.5% have arterial hypertension, and almost 80% of 

adults are classified as overweight or obese (Rojas-Martínez et al., 2021).  

Hypercholesterolemia/Hypertriglyceridemia. Hypercholesterolemia is the 

condition of having a blood level of cholesterol greater than 190 mg/dl, greater than 

160 mg/ml with one other CVD risk factor, or greater than 130 mg/dl with two other 

cardiovascular risk factors (Ibrahim et al., 2022). Similarly, hypertriglyceridemia is a 

blood lipid disorder in which circulating triglyceride levels are elevated above 200 mg/dl 

(Karanchi et al., 2023). People with high cholesterol or high triglycerides are at a higher 

risk of adverse cardiac events, including stroke, heart disease, and peripheral artery 
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disease due to blood hyperviscosity and the aging of important blood vessels. The 

prevalence of hypercholesterolemia and hypertriglyceridemia is higher among Mexican 

adults, 43.6% and 31.5%, respectively, than in the high-development countries of Japan 

and the United States (Mendoza-Herrera et al., 2019). Depending on moderating factors, 

the hazard ratio (HR) of incident CVD is approximately 1.5 to two times higher for 

people with high lipid levels than those who do not. 

Diabetes. As with obesity, the relationship between diabetes (type II) and CVD is 

complex. Though much of the excess CVD risk in diabetics stems from well-known 

factors, diabetes-related vascular dysfunction also plays a role. This dysfunction is 

influenced by changes in visceral adiposity, insulin resistance, and alterations in 

hormones, lipids, and inflammatory cytokines (Cannatà et al., 2017; Martín-Timón et al., 

2014). Over the past 12 years, the reported adult diabetes prevalence in Mexico has been 

approximately 15%, one of the highest in the OECD and trending upwards (López 

Sánchez et al., 2022; OECD, 2015b). Notably, Mexico also has a higher prevalence of 

early onset type 2 diabetes compared to other OECD countries, with 23.8% for ages 40–

59 and 5.9% for ages 20–39, versus the OECD averages of 8.9% and 1.7%, respectively 

(Bello-Chavolla et al., 2022; OECD, 2015b). Early onset of diabetes has important 

implications for long-term health status and may result in greater social and health care 

needs over extended periods.  

Alcohol Intake. There is a complicated relationship between alcohol 

consumption and CVD incidence and outcomes. On the one hand, there is some evidence 

that moderate levels of alcohol consumption exert a protective effect on cardiometabolic 

risk among middle-aged adults, particularly those without multiple other risk factors 
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(Yoon et al., 2020). On the other hand, excessive alcohol consumption of 60g or more (≥ 

6 drinks) results in myocardial toxicity and cumulative cardiovascular damage and 

dysfunction (Fernández-Solà, 2015; Piano et al., 2017). Research by Wannamethee et al. 

(2015) identified that regular consumption of five drinks per day increased heart failure 

among men.  

Depression. A link between depression and CVD has been established for more 

than three decades, with evidence from diverse populations and from countries of all 

levels of economic development (Rajan et al., 2020). Not only this, the relative risk of 

depressive symptoms and incident CVD is twice as high in urban versus rural areas 

across 7 different geographical regions and in countries at all economic levels (Rajan et 

al., 2020). The hypothetical biological pathway linking depression and CVD involves 

stress hormones and elevated inflammatory cytokines (Ryder & Cohen, 2021). This 

pathway supported by research with evidence that green space and tree canopy is 

associated with reduced stress and depressive symptoms in urban areas (Jimenez et al., 

2021). Depression may be more than a risk factor, but also a mediating or moderating 

factor affecting the relationship between green space and disease (R. Zhang, et al., 2021).  

Physical Activity. Physical activity is well-established to be inversely related to 

CVD incidence, prevalence, and mortality (Shakoor et al., 2023). Regular physical 

activity substantially lowers the risk of experiencing the cardiovascular events that are of 

interest for this research (Aune et al., 2021). Moderate physical activity is associated with 

a 5% to 15% reduced relative risk of developing various forms of CVD compared with 

inactivity (Aune et al., 2021; Chomistek et al., 2018). Evidence also supports the idea that 

physical activity plays a pivotal role in reducing the incidence of hypertension, 
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hypercholesterolemia, metabolic syndrome, weight gain, and diabetes in a curvilinear 

dose-dependent manner (Shakoor et al., 2023; U.S. Department of Health Human 

Services, 2018).  

Physical activity has been proposed to be a primary mediating factor between 

green space exposures and measures of CVD, but the results have been inconclusive 

(Dalton & Jones, 2020). A 10-year Australia cohort study showed a weak mediating 

effect in which increased physical activity among those with higher access to public open 

spaces was linked with lower cumulative risk scores based on metabolic syndrome 

biomarkers (Paquet et al., 2013). On the other hand, Richardson et al. (2013) and T. Liu 

et al. (2021) did not find a statistically significant mediating effect of physical activity 

levels between area-level green space and a diagnosis of CVD or between NDVI-defined 

greenness levels and the presence of hypertension, coronary heart disease, or stroke. 

According to previously published ENSANUT data, the prevalence of physical 

inactivity in Mexico rose from 13.4% to 19.4% between 2006 and 2012 and stayed 

relatively stable between 2012 and 2018 (Medina et al., 2013; Medina et al., 2021). As a 

reference, the prevalence of physical inactivity was 25.3% in the United States in 2020, 

ranging from 17.7% (Colorado) to 49.4% (Puerto Rico) (U.S. Department of Health and 

Human Services, 2022).  

Hours of Sleep per Night. In 2022, the American Heart Association (AHA) 

added sleep health to its list of significant factors needed for cardiovascular health. 

Supported by numerous epidemiological studies, the AHA recommended 7 to 9 hours of 

sleep daily for optimal cardiovascular health for adults (AHA, 2022). Insufficient and 

poor-quality sleep has been found to interfere with numerous physiological functions, 
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including previously described conditions such as hypertension, glucose sensitivity, and 

obesity. Even controlling for confounders that could affect both sleep duration and 

cardiovascular health (e.g., age, depressive mood, alcohol consumption), findings still 

favor a pathogenic contribution of inadequate sleep to CVD (Covassin & Singh, 2016; 

Mentzelou et al., 2023). 

Household-Level Risk Factors 

The most well-known environmental risk factors are anthropogenic air, water, and 

soil pollution (Franklin et al., 2015; WHO, 2022). The term air pollution describes a 

complex mixture of small particles (particulate matter [PM]) and various gaseous 

pollutants such as ozone, nitrogen, and sulfur dioxide (Mannucci, 2023). Airborne PM 

consists of a diverse mix of aerosols that differ in size and composition and are generally 

classified by size—course, PM10 (2.5–10 μm), fine (PM2.5 < 2.5 μm), or ultrafine 

(PM0.1 < 0.1 μm) (Franklin et al., 2015). Air pollution includes the environmental air that 

individuals breathe outside their homes and the ambient air they are exposed to inside 

their homes. Vehicle emissions, construction activities, and industrial combustion are 

among the primary sources of PM outside the home, and residential wood burning is a 

major PM source inside the home (Fatmi & Coggon, 2016). In particular, PM10 and PM2.5 

are commonly associated with increased CVD-related hospitalization and mortality 

(Franklin et al., 2015) and current epidemiological evidence points to a 2 to 4-fold 

increased risk of coronary heart disease from indoor burning fuels for cooking and 

heating (Fatmi & Coggon, 2016), 
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Census Tract and Municipality-Level Risk Factors 

Socioeconomic Status/Social Deprivation Index. Neighborhood socioeconomic 

status has been identified as a significant risk factor for CVD. Individuals with low 

socioeconomic status (SES) and those residing in disadvantaged neighborhoods face an 

higher odds of CVD and poorer outcomes due to a combination of biological, behavioral, 

and psychosocial risk factors (Coughlin & Young, 2020; Perner et al., 2022; Roux et al., 

2001; Sundquist et al., 2004). The interplay of limited resources, inadequate health care 

infrastructure, and variations in lifestyle and living conditions contributes to the higher 

prevalence of cardiovascular risk factors in these populations (Schultz et al., 2018). 

Although the specific dynamics may differ between more and less developed countries, 

neighborhood socioeconomic status remains an important consideration in understanding 

cardiovascular health outcomes.  

Elevation. Epidemiological data related to living at high altitudes is conflicting 

and is highly dependent upon the population and the distribution and prevalence of other 

risk factors (Mallet et al., 2021). While short-term visits to high altitudes can stress the 

circulatory system of people from low altitudes, long-term exposure to high altitude has 

been found to be protective against cardiovascular mortality in some populations and not 

in others (Bhatnagar, 2017; Mallet et al., 2021). Despite not having specific information 

on how high altitude affects cardiovascular risk in the Mexican population, it is 

appropriate to include residential altitudes in the analysis to control for its potential 

unknown positive or negative effects.  

Road Density. Residential proximity to heavily trafficked roads has been linked 

to a myriad of diseases, including CVD, respiratory health, and cancer. Road traffic is a 



64  

 

major contributor to ambient air pollution in urban areas. Multiple studies have 

demonstrated that most of the risk comes from living within 50 m of highly trafficked 

roads, with exposure to air pollution being lower the further away from roads. Some of 

this information comes from an ecological study conducted in Malaysia (Kwan et al., 

2021) 20-year longitudinal study conducted in Canada (Cakmak et al., 2019), and a 2-

year longitudinal study conducted in the United States (Kan et al., 2008).  

Mexico’s Street Tree Data Set 

The current study was the first application of the INEGI 2014 Characteristics of 

the Urban Environment survey to a specific health outcome and the first to concentrate on 

the health effects of street trees (arboles lineales). Although previous studies in Mexico 

have assessed street tree distribution and developed methodologies for estimating water 

needs, none have directly examined health outcomes using this data set (Martínez Juárez 

et al., 2022; Mayen Huerta, 2021; Wessolek & Kluge, 2021). To date, the only published 

study using the INEGI street tree data was an exploratory analysis on urban environment 

quality during COVID-19 confinement in Tijuana (Ordóñez Barba, 2021). On the other 

hand, ENSANUT is a well-established national health survey that provides essential data 

on public health and policymaking in Mexico (Medina et al., 2020; Medina et al., 2013; 

Rojas-Martínez et al., 2021; Shamah-Levy et al., 2019). The present study leverages the 

distinct information of the INEGI 2014 Characteristics of the Urban Environment survey 

with the ENSANUT 2012 data set to address unique research questions about the 

relationship between street trees and CVD in Mexico.  
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Summary and Conclusions 

CVD is the leading cause of mortality in Mexico and is a substantial contributor 

to morbidity and health care costs. Continued public health efforts to address known 

modifiable metabolic and behavioral risk factors are appropriate, but environmental 

factors in urban settings should also be leveraged to reduce CVD and its risk factors. The 

interconnectedness among individuals, their environments, their health behaviors, and, 

ultimately, their state of health or disease, is a central concept in the conceptual 

framework for this study, the ISEM. In particular, features of the urban environment that 

are increasingly being studied and recognized as important for health are the amount and 

accessibility of proximate green spaces. Street trees represent a type of green space and 

existing evidence supports their contribution to health. Street trees are integral elements 

of urban design that could also influence individual behaviors, such as physical activity, 

and counteract some of the physical and psychological stresses of urban living. The 

present study examined the relationship between street trees in urban Mexico and self-

reported CVD among adults over 40, considering other known individual and 

environmental factors contributing to CVD.  
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Chapter 3: Research Method 

The purpose of this quantitative study of secondary data was to examine the 

relationship between street trees in urban neighborhoods of Mexico and CVD among 

adults living in those neighborhoods, while adjusting for individual and environmental 

factors that contribute to the development of CVD. This chapter provides the rationale for 

the study design and the statistical methodology. This chapter also provides the details of 

each survey from which the data were sourced, including the target population, sampling 

procedures, and variable operationalization. Data screening procedures to identify 

missing data and assess data suitability are described, as are potential threats to validity 

and ethical considerations. 

Research Design and Rationale 

This study was a secondary data analysis using information from several publicly 

available national data sets from the Mexican government. Individual-level data, 

including self-reported prior diagnosis of CVD and related risk factors, were sourced 

from ENSANUT 2012, a probabilistic and representative national health survey 

conducted in 2011 and 2012. Census tract- and municipality-level data providing 

information on elements of the local environment came from the INEGI Characteristics 

of the Urban Environment Survey (2010), the CONEVAL Social Lag Index (2010), a 

CEDRUS 2017 road density data set (2017), and the INEGI Catalog of General 

Integration of Localities (CIGEL, 2010). 

The study integrated individual-level data from various ENSANUT 2012 data sets 

using household and household member codes. Environmental data were linked to 

individuals through a shared geospatial linking variable across all data sets. The analysis 
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included only households with geographic information at the census tract (AGEB) level, 

allowing for matching with environmental data. Data collection occurred between 2010 

and 2014 with one exception: Municipality-level road density data used as a proxy for air 

quality came from 2017 due to lack of earlier information. Although more recent 

ENSANUT surveys were available from INEGI, the 2012 version was chosen for this 

study because it provided information on residential census tracts. In contrast, recent 

surveys share only participants’ municipalities, thereby limiting the granularity of 

geographic analysis.  

Logistic regression models were developed to estimate the odds of self-reporting 

a prior medical diagnosis of a cardiovascular-related health event as a function of the 

proportion of city block boundary streets within census tracts with a least one street trees. 

Based on published research, the original expectation was that multilevel logistic 

regression models would be required to align with established methodologies in the field 

of green space research and to address clustering effects. Therefore, both single-level and 

multilevel models were considered for the analysis, taking into account limitations of the 

statistical program and the need to address the variability inherent in the sampling 

method. As described later in this chapter and in Chapter 4, intercept-only models were 

used to determine whether clustering was present in the outcome variable and whether 

multilevel modeling techniques were required. The final analyses were conducted using 

single-level logistic regression models that accounted for the multistate sampling plan of 

the primary data set. 
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Research Questions and Hypotheses 

Three research questions and corresponding hypotheses were developed by 

reviewing the extant literature on elements of urban green space and the conceptual 

framework:  

RQ1: Is there a relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those neighborhoods 

after controlling for individual- and household-level factors? 

Ho1: There is no relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for individual- and household-level factors. 

Ha1: There is a relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for individual- and household-level factors. 

RQ2: Is there a relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those neighborhoods 

after controlling for neighborhood- and municipality-level factors? 

Ho2: There is no relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for neighborhood- and municipality-level factors. 

Ha2: There is a relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for neighborhood- and municipality-level factors. 
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RQ3: Is there a relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those neighborhoods 

after controlling for individual- and household-level factors and adjusting for 

neighborhood- and municipality-level factors?  

Ho3: There is no relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for individual- and household-level factors and 

adjusting for neighborhood- and municipality-level factors. 

Ha3: There is a relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for individual- and household-level factors and 

adjusting for neighborhood- and municipality-level factors. 

Study Population 

The population of interest for this study was adults 40 years and above who lived 

in census tracts categorized as metropolitan by INEGI at the time of the study. 

Metropolitan municipalities are defined by INEGI as those that are part of state capitals 

and areas with 100,000 or more inhabitants; urban municipalities are defined as having 

more than 2,500 inhabitants but fewer than 100,000 inhabitants and are not otherwise 

defined as metropolitan (INEGI, 2015a). My study sample originally included urban-

designated census tracts. As described in Chapter 4, I later determined that the 

metropolitan census tracts better represented the large urban centers that I am interested 

in and limited the study sample. The sample was further limited to those who could be 

linked with street tree data.  
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My study focused on the metropolitan population due to an interest in urban 

health improvement and because research indicated that green space health relationships 

differ between urban and rural areas (Hongsheng et al., 2017; Maas et al., 2006; 

Vienneau et al., 2017). Adults over 40 were selected as the target group because CVD 

risks and incidence begin to increase in the fifth decade of life, with a sharp rise between 

ages 55 and 65 (Hajar, 2017). Participants under 40 with a previous diagnosis of CVD 

were assumed to have different risk factor profiles and a higher likelihood of inherited 

predispositions unrelated to standard individual and environmental factors. 

Data Sources and Methodologies 

Data from five independent sources were merged for the analysis, with place-

based data assembled from four national surveys being linked to individual respondents 

in ENSANUT 2012 using codes established by INEGI’s National Geostatistical 

Framework.  

Introduction to Mexico’s Geostatistical Framework 

The United Mexican States are organized into three levels of disaggregation, 

called Geostatistical Areas (Áreas Geoestadísticas). These levels correspond to the 

state/federal entity, municipality, and census-tract/basic levels (i.e., Área Geoestadística 

Básica/AGEB in Spanish). AGEBs are referenced as census tracts for the purposes of this 

study. Census tracts are the smallest aggregation unit of federally available data and are 

classified as urban or rural by their locality. In urban localities, these census tracts 

comprise between 1 and 50 units called manzanas, referred to as city blocks for the 

purposes of this study. City blocks are delimited by streets, avenues, walkways, or other 



71  

 

features that are easy to identify and whose use is defined as residential, industrial, 

services, or commercial (INEGI, 2019).  

Mexico’s 32 states/federal entities are each represented by a two-digit code from 

01 to 32. Within each of these entities are municipalities represented by three-digit codes. 

Municipality limits are permanent and mostly coincide with the political-administrative 

limits of the municipality. Census tracts are the next smallest geostatistical unit and are 

assigned a key composed of three numbers, a hyphen, and another number or letter, 

totaling four digits. A four-digit key encodes city blocks.  

ENSANUT 2012 

Background 

ENSANUT 2012 was a national survey with a complex probabilistic design, a 

multistage survey process, and comprehensive coverage designed to support inferences 

about health and nutrition conditions, program coverage, and population access to health 

services in Mexico. The original sample included Mexicans of all ages from 55,008 

households. In each household, an adult age 20 years or more was selected to respond to 

the individual questionnaires that included sociodemographic and health information 

(Romero-Martínez et al., 2012). The response rate obtained in the households was 87%. 

Data collection for ENSANUT 2012 occurred between November 2011 and May 2012. 

Nine data collection instruments covering both health and nutrition endpoints were used 

for the adult sample and are publicly available from the INEGI website in 13 unique data 

sets. These files were: 1. Seguridad_alimentaria (food insecurity); 2. 

Nutricion_distr_alimentos (nutrition distribution); 3. Datos_sangre_capilar (blood draw 

details); 4. Datos_sangre_presion (blood pressure details); 5. paf_adultos_adole_2012 
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(physical activity); 6. psangre_adulto_mayor (hemoglobin measuresments-adults); 7. 

psangre_mujeres (hemoglobin measuresments-women); 8. Pantro_adultos 

(anthropometrics); 9. Hogar_integrantes; (household member IDs); 10. Adultos 

(Individual Health Questionnaire); 11. folio_vivienda (household codes); 12. 

Hogar_hogar (household details); 13. Base_med_gluc (glucose levels). The primary data 

set was the “Adultos” file with responses to individual health questions. 

Sampling Frame 

The sampling frame for ENSANUT 2012 was constructed based on information 

from prior housing and census counts from 2005 to 2010 and included the Mexican 

population living in inhabited private homes. Census tracts were the primary sampling 

unit (Romero-Martínez et al., 2012). Dwellings were sampled proportional to the 

urban/rural distribution of dwellings in each state. Households with the greatest social 

deprivation (also referred to as marginalization) were oversampled (Instituto Nacional de 

Salud Pública, 2012; Romero-Martínez et al., 2012). The strengths of this nationally 

representative probabilistic sampling methodology were its potential for generalizability, 

reduced bias, enhanced precision, attention to social disparities, policy relevance, and 

comparability to ENSANUT surveys conducted across different years. 

Seven strata were formed in each state/federal entity to accomplish the desired 

population representation: 

• metropolitan/higher social deprivation 

• metropolitan/lower social deprivation 

• urban/higher social deprivation 

• urban/lower social deprivation 
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• rural/higher social deprivation 

• rural/lower social deprivation 

• newly created localities 

For the urban and metropolitan strata, households were identified in stages. In the 

first sampling stage, 1,440 dwellings were selected and distributed across the seven 

sampling strata in a number proportional to the size of the stratum. Primary sampling 

units were selected as the following groups: census tracts per stratum with a probability 

proportional to the total number of dwellings. In the second stage, six city blocks were 

chosen for each selected census tract with a probability proportional to their size. In the 

last stage, six dwellings were chosen in each of the selected city blocks by systematic 

sampling with random start-up; the selection of dwellings in the blocks was carried out in 

the field among those dwellings that appeared to be inhabited. Only the census tract 

information of a participant is available in the publicly available data. 

Units of Analysis 

A total of 1,728 households, defined as a “group of people, related by some 

kinship or not, who usually sleep in a dwelling under the same roof, and benefiting from 

a common income contributed by one or more members of the household” (Romero-

Martínez et al., 2012, p. S334) were sampled in each state/federal entity. Adults were 

defined as those 20 years and older. 

Recruitment, Participation, and Data Collection 

Within each household and whenever the household composition permitted, at 

least one adult and one or two health service users were selected using simple random 

sampling. The application of household and individual questionnaires was completed 
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first, and anthropometric measurements, blood pressure measurements, and blood 

sampling were completed later for a subset of the initial survey respondents.  

Data Access 

Data for ENSANUT 2012 were publicly available for download on the INEGI 

website along with study documentation including codebooks, questionnaires, informed 

consent forms, and descriptions of the sampling procedures (INEGI, 2015a).  

Ethical Procedures 

In accordance with the provisions of Articles 13 and 16 of Mexican General 

Health Law regulations on health research, the identity and privacy of individual 

participants in ENSANUT 2012 are protected, and continued management and 

publication of any data has been and will be accomplished under observance of the 

principles of confidentiality. The Research Ethics Committee of the National Institute of 

Public Health of Mexico was responsible for the review and approval of all informed 

consent forms used during the survey. The process for retrieving the de-identified study 

data adhered to the ethical and procedural guidelines stipulated by the Walden University 

IRB (Approval #: 02-05-24-1000349).  

2014 Characteristics of the Urban Environment Survey 

Background 

Starting with the 1950 decennial census, the Mexican government began 

collecting information related to the human habitat, or housing information, to provide 

inputs for the design, implementation, and evaluation of public policies to improve living 

conditions in Mexico (INEGI, 2015b). In 2010, the research scope was expanded to 

capture information on the neighborhood environment in which the homes and the 
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population are located, with separate survey instruments for urban and rural localities. 

The Characteristics of the Urban Environment Survey was updated in 2014 to capture 

information on road infrastructure, benches and public lighting, sidewalks and pedestrian 

pathways, types of areas available for public commerce, and the presence of trees and 

ornamental plants (árboles o plantas de ornato) along roadsides (INEGI, 2015b).  

Units of Analysis 

The observation units for the 2014 Characteristics of the Urban Environment 

Survey were manzanas (city blocks).  

Data Collection Procedures 

The survey objective was to collect data for all urban and metropolitan inhabited 

localities across Mexico. No sampling strategy was employed. The survey data were 

collected by direct observation of survey personnel who started in the northwest corner of 

each city block and walked the perimeter in a clockwise manner until returning to the 

starting point. A total of 16 features for each urban unit of analysis were assessed for 

almost 5 million roads demarcating the boundaries of approximately 1.2 million city 

blocks (INEGI, 2015b). 

Data Access 

Data and documentation for the 2014 Characteristics of the Urban Environment 

Survey were publicly available for download on the INEGI website (INEGI, 2015a). 

Ethical Procedures 

This data set did not include human subjects or other sensitive data that 

necessitated ethical review. However, the process for retrieving study data adhered to the 

ethical and procedural guidelines stipulated by the Walden University IRB.  
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CONEVAL Social Lag Index/Grado de Rezago Social 

Background on SLI/GRS 

Mexico’s Social Lag Index is based on the United Nations Human Development 

Index (Martínez-García et al., 2021). It is a measure that summarizes aggregate indicators 

of access to some of the social rights of people and their assets across four dimensions: 

education, health services access, the quality of the home, and basic services in the house 

(CONEVAL, 2023). The stated purpose of the SLI has been to identify priority areas in 

Mexico for social development and public policy efforts. However, researchers have also 

used the SLI to investigate the relationship between social and economic indicators and 

health endpoints (Martínez-García et al., 2021).  

CONEVAL creates estimates of social lag every 5 years at the state/federal entity 

and municipality levels. An expanded version of the SLI, the Degree of Social Resilience 

(GRS), at the urban census tract level was created in 2010 and 2020 using information 

from Mexico’s decennial census. The variables used to estimate social lag described in 

Table 2. For the purposes of this study, I refer to the social lag variable used in this study 

as SLI/GRS. 
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Table 2 

Variables Used to Estimate Social Lag 

Associated indicator Variables for the estimation of social 
lag (SLI) 

(municipality and town, 2010*) 

Variables for the estimation of social 
lag (GRS)  

(Census tract level, 2010*)  

Total variables: 11 Total variables: 14 

Educational lag 

Illiterate population aged 15 years and 
over 

Illiterate population aged 15 years 
and over 

Out-of-school population aged 6-14 Out-of-school population aged 6-14 

Population aged 15 and over with 
incomplete primary education 

Population aged 15 and over with 
incomplete primary education 

 Population aged 15 to 24 years who 
do not attend school 

Access to health 
services 

Population not entitled to health 
services 

Population not entitled to health 
services 

Quality and spaces of 
the house 

Homes with dirt floors Homes with dirt floors 

 People living in overcrowded 
conditions 

Basic services in the 
house 

Homes that do not have a toilet or 
toilet 

Homes that do not have a toilet or 
toilet 

Homes that do not have piped water 
from the public network 

Homes that do not have piped water 
from the public network 

Homes that do not have drainage Homes that do not have drainage 

Homes that do not have electricity Homes that do not have electricity 

Income (household 
assets) 

Homes that do not have a washing 
machine 

Homes that do not have a washing 
machine 

* Variables are represented by percentages 
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Units of Analysis 

The unit of analysis was the census tract.  

Variable 

In the 2010 classification of SLI/GRS, census tracts were classified as low, 

medium, and high social risk.  

Data Access 

Data and data documentation are publicly available for download on the 

CONEVAL website.  

Ethical Procedures 

This data set did not include human subjects or other sensitive data that 

necessitated ethical review beyond the Walden IRB requirements for a secondary data 

analysis.  

CEDRUS Road Density in Mexican Municipalities 

Background 

INEGI maintains a database of roads throughout Mexico, from major highways 

and roadways to pedestrian pathways and alleyways. The Center for the Study of 

Regional Development and Urban Sustainability (CEDRUS) applied INEGI data to 

calculate road density and road network density for each municipality across Mexico. 

Their purpose for creating these indicators was two-fold: (a) to rank municipalities on 

connectivity and infrastructure available for economic activity, and (b) for administrative 

awareness at all levels of government of the potential economic and human resource 

needs to manage and maintain road infrastructure (CEDRUS, 2019). The density of the 
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road network within a municipality was a proxy for the relative level of transportation-

related air pollution to which residents within the municipality may have been exposed.  

Unit of Analysis 

The unit of analysis in this data set was a municipality. Density values were 

calculated for road density (length of roads in km/area in square kilometers) and road 

network density (length of road network in km/area in square kilometers) from 2017 

INEGI data.  

Data Access 

Data were available in CSV format from the Center for the Study of Regional 

Development and Urban Sustainability (CEDRUS, 2019). 

Ethical Procedures 

This data set did not include human subjects or other sensitive data that 

necessitated ethical review. However, the process for retrieving study data adhered to the 

ethical and procedural guidelines stipulated by the Walden University IRB.  

INEGI Catalog of General Integration of Localities (CIGEL) 

Background 

The Catalog of General Integration of Localities (Catálogo de Integración General 

e Localidades) is a regularly updated publication from INEGI used to ensure 

homogeneity of the names, codes, and data of Mexico’s geostatistical divisions that are 

referenced by different institutions across the government (Instituto Nacional de 

Estadística y Geografía, 2015c). The 2010 Catalog of General Integration of Localities is 

linked to the 2010 General Census of Population and Housing. 
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Unit of Analysis 

CIGEL 2010 contains over 192,000 data points at the census tract level, including 

location name and code, rural or urban status, latitude, longitude, and altitude, among 

other information. 

Data Access 

Data for CIGEL 2010 were publicly available for download on the INEGI 

website. 

Ethical Procedures 

This data set did not include human subjects or other sensitive data that 

necessitated ethical review beyond the Walden IRB requirements for a secondary data 

analysis. 

Procedures for Matching Place-Based Data to Individual Data 

The geographic location of every subject in this study was identified by a 13-digit 

variable (“GEOCODE”) derived from state, municipality, locality, and census tract 

codes. The original state, municipality, and locality information were preserved in the 

final data set. 

GEOCODE = STATE (00) + MUNICIPALITY (000) + LOCALITY (0000) + 

CENSUS TRACT (0000).  

Table 3 presents examples of geographic coding from the INEGI 2014 Urban 

Characteristics Survey. The first row uniquely identifies city block #20 in census tract 

#0257 within Aguascalientes state (01), the Calvillo municipality (003), and the 

Ojocaliente (0055) locality. The second two rows represent city blocks #43 and #45 in 

census tract #0079 within the same state, municipality, and locality. The same 
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geostatistical framework was used for households and household members in ENSANUT 

2012. To match individuals with street tree data, the city block level 2014 Characteristics 

of the Urban Environment Survey was aggregated at the census tract level and matched to 

participant locations using the derived GEOCODE variable.  

Table 3 

Geographic Coding From the 2014 Characteristics of the Urban Environment Survey 

State/federal entity Municipality Locality Census 
tract 

(AGEB) 

City block 
(Manzana) 

Derived 
GEOCODE 

Code Name Code Name Code Name 

01 Aguascalientes 003 Calvillo  0055 Ojocaliente  0257 20 0100300550257 

0100300550257 01 Aguascalientes 003 Calvillo  0055 Ojocaliente  0079 43 

01 Aguascalientes 003 Calvillo  0055 Ojocaliente  0079 45 0100300550079 

Identification and Operationalization of Study Variables 

Based on the literature review presented in Chapter 2, factors significantly related 

to CVD development were identified alongside the primary exposure variable of street 

trees. These included individual, household, neighborhood, and municipal characteristics. 

The first two types of variables were sourced from ENSANUT 2012; the latter were from 

the other four data sets previously discussed. All data were merged into the final data set 

using the 13-digit GEOCODES.  

Dependent Variable 

The dependent variable underlying all research questions was an individual’s self-

reported prior medical diagnosis of CVD. In the 2012 ENSANUT data set, respondents 

were asked, “Has a medical professional told you that you have [angina, heart failure, 

heart disease, stroke, had a heart attack]?” and to which they responded either “Yes” or 

“No” for each of these conditions. The study CVD variable was derived from these data 
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into a binary categorical variable coded “1” if a respondent answered “yes” for any of 

these five conditions and “0” if all responses were negative. Table 4 provides an 

overview of all the variables described in this section.  

Independent Variables 

The primary independent variable underlying all research questions was the 

proportion of streets with street trees within individuals’ residential neighborhoods. This 

was a census tract-level variable sourced from the 2014 Characteristics of the Urban 

Environment Survey. City block-level data were available in the survey but was 

aggregated at the census tract level to match the geospatial resolution of participants’ 

addresses in ENSANUT 2012.  

The 2014 Characteristics of the Urban Environment Survey report used an 

aggregated variable at the census tract level to describe the extent that the boundary 

streets within a census tract contained street trees: all streets, some streets, no streets. 

However, city block-level data were available in the underlying data sets and used to 

create a derived variable that represented the proportion of boundary streets within a 

census tract with street trees (Equation 1). The total number of streets with street trees 

was divided by the sum of the total number of streets evaluated per census tract. Streets 

with missing data were ignored when calculating the denominator. It is important to note 

that this data did not include information on the quantity of trees per street, only their 

presence or absence. Additionally, the survey was limited to the streets defining the block 

boundaries, not interior streets. 
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Equation 1 

The following equation was used to derive the independent variable representing 

street trees: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑜𝑜 𝑆𝑆𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆𝑃𝑃 𝑇𝑇𝑃𝑃𝑆𝑆𝑆𝑆𝑇𝑇 𝑃𝑃𝑆𝑆𝑃𝑃 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =  
∑ 𝑆𝑆𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆𝑃𝑃𝑇𝑇 𝑤𝑤𝑃𝑃𝑃𝑃ℎ 𝑆𝑆𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆𝑃𝑃 𝑇𝑇𝑃𝑃𝑆𝑆𝑆𝑆𝑇𝑇⬚
𝐴𝐴𝐴𝐴𝐴𝐴 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

∑ 𝑇𝑇𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇 𝑆𝑆𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆𝑃𝑃𝑇𝑇 ⬚
𝐴𝐴𝐴𝐴𝐴𝐴 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

 

During the survey, city blocks were categorized as either typical, a housing 

complex, or unspecified. Only manzanas classified as typical were used in the final 

analysis because the environmental characteristics were not assessed for housing 

complexes or the unspecified block types. 

Individual- and Household-Level Covariates 

Individual-level contributors to the development of CVD include physiological 

and behavioral factors (Table 4). Following the theoretical framework of the ISEM, these 

variables reflect individual resources and susceptibilities that result in adverse or 

protective behavioral and biological responses. Whereas some of these variables were 

used in their original form, others were recoded for the final analyses. For example, most 

comorbidities and behavioral risk factors were represented as binary variables in which 

zero represented the absence of the risk factor and one represented its presence. 

Age and Hours of Sleep Per Night. Interval level scale variables, represented in 

years and hours, respectively.  

Sex. Response categories for gender were “male” and “female” and were coded as 

“0” and “1,” respectively. 
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Diagnosis of Diabetes, Hypertension, or Depression. These three variables were 

initially presented as binary categorical variables in ENSANUT coded as 1 for “yes” and 

2 for “no.” Each wase recoded as 0 for “no” and 1 for “yes”. 

Years Since Diagnosis of Diabetes or Hypertension. Published evidence 

indicates that the risk of developing CVD increases with the duration of having diabetes 

or hypertension (de Jong et al., 2022; Zheng et al., 2022). Participants who responded 

“yes” to a prior diagnosis of hypertension or diabetes were asked the follow-up question, 

“How many years since their diagnosis?” A new variable was constructed from the 

original scale data, with 0 indicating “no diagnosis” and all other numbers representing 

years and fractions of years since diagnosis. 

Family History of Infarction. ENSANUT 2012 included two questions 

regarding family history of infarction, “Did your mother have an infarction?” and “Did 

your father have an infarction?” The presence of family history was derived from these 

two variables into a single binary categorical variable coded “1” if a respondent answered 

“yes” to either question or “0” if both responses were negative. 

Excessive Alcohol Use. All participants in ENSANUT 2012 were asked their 

frequency of drinking any alcohol and their frequency of heavy drinking (defined as five 

or more drinks in a single sitting for men and four or more for women). The twelve 

response options ranged from 1 (“daily”) to 12 (“never”). For this analysis, I identified 

heavy drinkers as those who consume more than 5 (males) or 4 (females) drinks during a 

single occasion once a week or more frequently. The original ENSANUT responses of 

“1,” “2,” “3,” and “4” were recoded into a single category represented by “1,” and the 

rest were coded as “0”.  



85  

 

High Triglycerides or High Cholesterol. Adults in ENSANUT 2012 were next 

asked whether they had ever had their blood cholesterol or triglyceride levels tested. 

Those who responded positively were then asked whether the test was positive or 

negative. The responses for both questions were combined into a single variable in which 

0 represented “normal triglycerides (cholesterol) level,” 1 represented “high triglycerides 

(cholesterol) level”, and 2 represented “not tested”. 

Obesity. Information on BMI was collected on two separate occasions. In one 

data set (Physical Activity), BMI was coded into one of four categories, “underweight,” 

“normal,” overweight,” or obese.” In the other data set (Obesity), two additional obese 

categories were available and were recoded have four categories. The data sets were 

merged to minimize missing data. 

WHO Physical Activity Level. Level of physical activity information was 

collected for only a subset of ENSANUT 2012 participants. Activity levels were coded as 

“0” for “inactive,” “1” for “moderately active,” and “2” for “active.” 

Smoking. The smoking variable originally had six categories that included 

whether the individual had consumed more than 100 cigarettes in their lifetime. Due to 

cell size consideration, the final variable had four categories that only described current 

smoking frequency. Those who indicated they had never smoked were coded as “0,” 

those who had previously smoked but were currently not smoking coded as “1,” those 

with a current smoking frequency of monthly or less were coded as “2,” and those 

reporting their smoking frequency of as “daily” or “weekly” were coded as “3.” 

Stove Type. Information about the participant’s home was collected, including 

what type of cookstove was used. There were five response options, including “gas 
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stove,” closed oven with chimney,” and “open flame or stove without chimney or exhaust 

hood.” As the latter is linked to indoor air pollution, a dichotomous variable to indicate 

cooking with an unvented open flame or not was created with gas stove as “0” and all 

other responses as “1”. 

Census Tract- and Municipality-Level Covariates 

SLI/GRS. As described previously, census tracts were classified as low (“1”), 

medium (“2”), and high (“3”) social risk. 

Altitude. A scale variable calculated as the height above mean sea level at the 

centroid of the census tract. 

Road Density. The density of roads within a municipality could provide 

information on the potential level of transportation-related air pollution to which 

residents may be exposed. Road network density was calculated as the length of road 

network in km/area of the municipality in km2 and included in a CEDRUS data set as 

“DENSRED.”  
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Table 4 

Overview of Variables 

Purpose Level Information Variable type Coding 

Outcome Individual Prior CVD diagnosis Binary 
categorical 

0 = No; 1 = Yes 

Exposure Census tract Proportion of streets 
with trees 

Scale From 0 to 1 

Covariate Individual Age Scale 40+ 

Covariate Individual Sex Binary 
categorical 

0 = Male; 1=Female 

Covariate Individual Prior hypertension 
diagnosis 

Binary 
categorical 

0 = No; 1 = Yes 

Covariate Individual Prior diabetes 
diagnosis 

Binary 
categorical 

0 = No; 1 = Yes 

Covariate Individual Prior depression 
diagnosis 

Binary 
categorical 

0 = No; 1 = Yes 

Covariate Individual Family history of 
infarction 

Binary 
categorical 

0 = No; 1 = Yes 

Covariate Individual Excessive alcohol use Binary 
categorical 

0 = No; 1 = Yes 

Covariate Individual High triglycerides Nominal 0 = No; 1 = Yes; 3 = 
Never tested 

Covariate Individual High cholesterol Nominal 0 = No; 1 = Yes; 3 = 
Never tested 

Covariate Individual Obesity Ordinal 0 = Underweight, 1 = 
Normal; 2 = Overweight; 
4=Obese 

Covariate Individual Hypertension-years 
since diagnosis 

Scale (0 = No diagnosis) 

Covariate Individual Diabetes-years since 
diagnosis 

Scale (0 = No diagnosis) 

Covariate Individual Smoking status Ordinal 0 = Never smoked; 1 = 
Not currently smoking; 2 
= Currently smoking 
monthly to yearly; 3 = 
Currently smoking 
weekly or daily 

Covariate Individual Physical activity level Ordinal 0 = inactive; 1 =moderate 
activity; 2 = active 

Covariate Individual Hours of sleep/night Scale 5 to 9 
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Purpose Level Information Variable type Coding 

Covariate Household Cookstove-gas stove Binary 
categorical 

0 = Yes; 1 = All others 

Covariate Census tract Social lag index/GRS Nominal 1 = Low; 2 = Medium; 3 
= High 

Covariate Census tract Altitude (m) Scale 0 to 3560 

Covariate Municipality Road network density 
(km2) 

Scale 0.0 to 2.02 

 

Data Analysis Plan 

Statistical Model 

Logistic regression models were developed to estimate the odds of self-reporting 

a prior medical diagnosis of a cardiovascular-related health event as a function of the 

proportion of boundary streets within census tracts with at least one street tree. Logistic 

regression models allow one to predict membership in one of the two outcome categories 

using a generalized linear model (GLM) and a link function that relates the expected 

value of the dependent variable to the linear predictor variables in the model (Warner, 

2012). The link function transforms the probabilities of each categorical outcome from a 

bounded scale (0 to 1) to an unbounded continuous scale (−∞ to +∞) (Heck et al., 2012). 

Once transformed, the relationship between the predictors and the dependent variables 

can be modeled linearly. The GLM for a logistic regression equation can be written to 

reflect probabilities of Y (dependent variable) being 1 given X (independent variable) 

under the null hypothesis (H0) and the alternative hypothesis (H1) where β represents the 

regression coefficient for each independent variable (Equation 2).  
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Equation 2 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇𝑃𝑃𝑃𝑃𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃 (𝑌𝑌 = 1) =
1

1 +  𝑆𝑆−(𝛽𝛽0+𝛽𝛽1𝑋𝑋1+𝛽𝛽2𝑋𝑋2+ 𝛽𝛽𝑃𝑃𝑋𝑋𝑃𝑃)
 

The primary outcome of a logistic regression equation is the odds ratio, which is 

calculated from the probabilities of Y = 1 and Y = 0 based on changes in predictor 

variables.  

The probability of the dependent variable Y being “1” given X under the null 

hypothesis (Ho) and the alternative hypothesis (Ha) will be calculated using the logistic 

function for each research question. The simplified equation logistic function is 

demonstrated in Equation 3 where β0 is the constant term, βx is the coefficient for the xth 

independent variable, and e is the base of the natural logarithm. 

Equation 3 

Predicted Probability of CVD as 1 = 𝑌𝑌𝚤𝚤� =  
𝑆𝑆(𝛽𝛽0+β1∗X1 +β2∗X2 +β3∗X3 … )

1 +  𝑆𝑆−(𝛽𝛽0+β1∗X1 +β2∗X2 +β3∗X3 … ) 

The predicted probability of an event can then be converted into an odds ratio that 

represents the change in the odds of the dependent variable being 1 (having CVD) for a 

one-unit change in the independent variable (Equation 4).  

Equation 4 

𝑂𝑂𝑂𝑂𝑂𝑂𝑇𝑇(𝑌𝑌 = 1) | 𝑋𝑋1,𝑋𝑋2,𝑋𝑋3, … =  
𝑃𝑃(𝑌𝑌 = 1 | 𝑋𝑋1,𝑋𝑋2,𝑋𝑋3, … )

1 − 𝑃𝑃(𝑌𝑌 =  1| 𝑋𝑋1,𝑋𝑋2,𝑋𝑋3, … )
 

Basic assumptions of a logistic regression are that the dependent variable is a 

dichotomous nominal variable, the sample size is adequate, there is a linear relationship 

between the continuous independent variables and the log transformation of the 

dependent variable, there is no multicollinearity, no significant outliers or leverage 
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points, and there is independence of observations for the dependent variable. Laerd 

Statistics recommends bare minimum of 15 cases per independent variable, although 

some sources recommend as high as 50 cases per independent variable (Laerd Statistics, 

2017b).  

The complex sampling procedures of ENSANUT 2012 result in census tract- and 

municipality-level variables being shared among respondents, thereby violating the 

assumption of independence. Groups of people living in the same area may be subject to 

external influences that could impact the relationship between individual predictors and 

the outcome. Therefore, multilevel logistic regression models were considered for all 

research questions. Multilevel models, also known as hierarchical logistic regression 

models or mixed-effects logistic regression models, account for the clustering of subjects 

within higher‐level units when estimating the effect of subject and cluster characteristics 

on subject outcomes (Austin & Merlo, 2017; Diez-Roux, 2000). Using a traditional 

single-level regression model on data subject to cluster effects increases the risk of Type I 

errors because the statistical model incorrectly assumes that any variability is solely due 

to individual differences and not influenced by the within-cluster correlations (Guo & 

Zhao, 2000; Sommet & Morselli, 2017). When standard errors (𝜎𝜎 √𝑃𝑃⁄ ) are calculated 

assuming independence, when in fact there is correlation within clusters, the standard 

errors are underestimated (Sommet & Morselli, 2017). Multilevel modeling of cross-

sectional data is a common statistical technique used by researchers to probe 

cardiometabolic health benefits of green spaces (Astell-Burt & Feng, 2020; R. Wang et 

al., 2022). Other techniques used in the published literature to account for clustering have 

included the evaluation of spatial autocorrelation using Moran’s I statistic or marginal 



91  

 

models using generalized estimating equations (Diez-Roux, 2000; B. Wang et al., 2022). 

Multilevel modeling techniques often provide more precise estimates for hierarchical data 

than traditional logistic regression models (Austin & Merlo, 2017; Goldstein et al., 2002). 

Multilevel logistic regression analysis incorporates the assumptions of single-

level regression while introducing additional requirements. A key requirement is the 

presence of sufficient clusters to accurately calculate intergroup variability, which 

typically results in a larger sample size to detect relationships of interest. Most texts 

suggest that 50 is the minimum number of clusters required (Heck et al., 2012; Maas & 

Hox, 2005). Another crucial assumption in multilevel modeling is the correct 

specification of the model to appropriately distribute variances across and between levels 

(Leyland & Groenewegen, 2020). Based on the hypotheses and research questions for 

this study, a random intercepts model was used to test for clustering effects. For a Level-

2 explanatory variable (street trees), a random intercepts model assumes a consistent 

effect of street trees on the response variable (presence of CVD) across all clusters, while 

allowing for variation in the baseline levels of the response variable between clusters 

(Leyland & Groenewegen, 2020). Conversely, a random slopes model does not assume a 

consistent relationship between variables across groups and allows the explanatory 

variable to have a different effect for each group (Pillinger, n.d.). Given that the research 

questions in this study hypothesize a stable relationship between variables while 

controlling for Level 2 clustering, a random effects model focusing on the interpretation 

of the fixed effects was tested following the steps recommended by Heck et al. (2012) 

and Sommet and Morselli (2017). 
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No correction for multiple statistical tests was planned for this analysis. Methods 

such as the Bonferroni correction are used to address the potential for Type I errors 

(concluding that a significant difference is present when it is not) as the number of 

statistical tests increases (Hollestein et al., 2021). According to a 2014 review by 

Armstrong, no correction for multiple statistical testing is recommended “if the study is 

restricted to a small number of planned comparisons” or if “it is the results of the 

individual tests that are important” (Armstrong, 2014, p. 505).  

Data Screening and Cleaning 

Data were screened, cleaned, and transformed prior to merging data sets and then 

reviewed for accuracy of data entry, variable specification, the extent of missing values, 

and the presence of outliers or potential high-leverage observations. Data distributions 

were examined to determine whether they are appropriate for the intended analysis and 

derived variables were created following the merging of all data into the final data set.  

Handling of Data Inconsistencies/Missing Data 

Inconsistent or missing data are an expected complication of a secondary data 

analysis and must be handled carefully and intentionally. Missing data can reduce 

statistical power to detect a departure of the data from the null hypothesis (Kang, 2013). 

Depending on which data are missing and whether data are missing at random versus 

missing due to systemic differences in individuals, missing data can also cause bias in 

parameter estimation and reduce representativeness (Kang, 2013). It was known prior to 

analysis that the sampling methodology and questionnaire administration of ENSANUT 

2012 would result in some key covariates with a substantial amount of missing data.  



93  

 

Generally accepted options for addressing missing data are to 1) remove cases 

with missing data from the analysis (listwise deletion); 2) remove the variable with a high 

proportion of missing data from the model; 3) impute missing data using an appropriate 

imputation method. Imputation methods mentioned in recent literature include mean 

substitution, regression imputation, multiple imputation, maximum likelihood, hot deck, 

cold deck, and nearest neighbor methods, among others (Kang, 2013; Pandey et al., 

2021). Chapter 4 describes the results and outcomes of the missing data analysis.  

Power Calculation 

G*Power is a computational tool developed by German statisticians to compute 

statistical power for many test families (Faul et al., 2009). Statistical power calculations 

for multilevel models can be more complex than single-level models, but the limiting 

factor is typically the Level 2 group sizes (Maas & Hox, 2005). Based on the published 

sampling strategy and number of participants surveyed in ENSANUT 2012, there were 

expected to be a sufficient number of clusters (> 1,000 Level 2 clusters with 20 

respondents per cluster) such that a power analysis for a single-level logistic regression 

would be appropriate (Romero-Martínez, 2012; Romero-Martínez et al., 2012).  

The selected test family was “z tests,” the selected test was “logistic regression,” 

and the type of power analysis was “A priori: Compute required sample size – given 

alpha, power, and effect size.” CVD prevalence was expected to be between five and 15 

percent (Sánchez Velasco et al., 2014). The other assumptions that were used in the a 

priori power calculations are in Table 5. The results of the sample size calculation 

indicated that 12,542 participants would be sufficient to achieve 80% power with a two-

tailed hypothesis test at an alpha value of 0.05.  
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Table 5 

Input Parameters for the a Priori Power Calculation 

Input parameter Purpose Entry Rationale 

Tails Establish a threshold 
for significance 

Two-
tailed 

A two-tailed test is suitable for a 
general alternative hypothesis, like “X 
is related to Y,” without a directional 
distinction. 

Pr(Y = 1 | X = 1) Ho Probability of Y = 1, 
when the main IV is at 
its mean 

0.15 Based on extant literature 

Effect size (OR) Difference to be 
detected 

0.75 Based on extant literature, a small 
effect size was selected. 

Alpha error prob specific α 0.05 Standard 

Power (1- β error 
prob) 

specific β 0.80 Standard 

R2 other X  Accounting for 
variability in the main 
predictor due to other 
covariates 

0 “R2 other X” is the expected R2 value 
between main predictor and other 
covariates. Individual-level covariates 
do not influence the value of the main 
predictor variable, so this was entered 
as 0.  

X distribution The distribution of the 
X variable 

Normal  

X parameter μ The population mean 
of variable X 

0.6  

X parameter σ The population 
standard deviation of 
variable X 

0.3  

Output parameter Purpose Entry Rationale 

Critical Z Determining statistical 
significance in 
hypothesis testing 

-1.96  

Actual power Calculated power 0.80 Statistical power of 0.8 indicates an 
80% chance of finding a statistically 
significant difference if one exists (i.e., 
not making a Type II error).  

Total sample size  12,542 Number of participants required to 
detect a statistically significant 
difference based on selected 
parameters. 
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Data Weighting 

The complex multistage sampling design necessitated consideration of, and 

correction for, the types of individuals being sampled with unequal probabilities. In the 

case of ENSANUT 2012, primary sampling units designated as low SLI/GRS were 

oversampled to ensure sufficient information was gathered for this vulnerable population. 

The resulting systematic differences between the composition of the sample and the 

composition of the underlying population would result in different estimates with 

weighted and unweighted data. This issue was corrected using case-weighting procedures 

as provided by the ENSANUT 2012 research team:  

*CSPLAN ANALYSIS* 

/PLAN FILE= ‘varianzas.csaplan’ 

/PLANVARS ANALYSISWEIGHT= pondeh 

/PRINT PLAN 

/DESIGN STRATA= est_var CLUSTER= code_upm 

/ESTIMATOR TYPE=WR. 

 (Romero-Martínez, 2012, p. 13)  

Each ENSANUT 2012 data set had its own case weighting calculations so that 

they could be analyzed independently. When merging files with different weighting 

variables, it was recommended to merge into the data set with the fewest missing values, 

which was “Adultos” in this analysis (see Romero-Martínez, 2012).  
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Software 

Microsoft Excel for Microsoft 365 MSO (Version 2310) was used for elements of 

data screening and data cleaning and the remainder of the analysis employed IBM SPSS 

Statistics (Version 29.0.1.0). 

Statistical Plan to Address Research Questions 

Descriptive Statistics 

Summary statistics for categorical and scale data were prepared for the overall 

sample and for those with and without CVD, independently. Summaries of continuous 

data were created for the sample to reflect the number of nonmissing values, median, 

mean, standard deviation (SD), minimum, and maximum as well as lower and upper 

quartiles. Sample summaries for categories were done using frequencies, percentages, 

and extent of nonmissing values. These results reflect unweighted data and provide 

information as to the completeness of the final data set. Due to the probabilistic nature of 

the study design, national population estimates were calculated using weighting 

techniques and the SPSS Complex Samples Analysis tools.  

Inferential Statistics 

Inferential statistics were used to address each of the three research questions. 

Adjusted odds ratios with 95% confidence intervals were calculated that described the 

relationship between street trees and CVD while accounting for the covariates. All 

inferential statistics were conducted using the SPSS Complex Samples Analysis tool to 

account for the sampling strategy. 
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Threats to Validity 

Several potential threats to external validity were considered, including those 

caused by sampling bias, temporal validity, and latent interaction effects. The 

probabilistic nature of the ENSANUT sampling procedures mitigated the sampling bias 

threat. The risk of temporal validity was partially mitigated by using the most recently 

available data to address the research questions and by diligently looking for relevant 

data collected within the same approximate time.  

Internal validity refers to the degree to which the observed effects in a study can 

be attributed to the independent variable of interest rather than to other factors of the 

individual or the environment. This was partially mitigated by controlling for factors that 

may also have a significant relationship with CVD prevalence. Minimizing missing data 

also helped improve internal validity. Additional threats and study limitations are 

discussed in Chapter 5. 

Ethical Procedures 

This study used publicly available, deidentified individual-level secondary data 

collected with ethical oversight and informed consent. Additionally, INEGI suppressed 

potentially sensitive data when there were fewer than three units of analysis in a given 

territorial demarcation, such as a municipality or census tract. Walden University IRB 

approval was requested and granted (approval number: 02-05-24-1000349) prior to 

accessing the data. 

Summary 

This chapter presents details of the research design and rationale for this research 

study, which evaluated the relationship between neighborhood street trees and a prior 
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diagnosis of CVD. The target population, the sample and sampling strategy for 

ENSANUT 2012 and other source data sets, procedures for recruitment and procedures 

for data collection, and operationalization of variables were described. The data analysis, 

data cleaning, and data management plans were summarized, as were potential threats to 

validity and ethical procedures. The results are presented in Chapter 4 and a discussion of 

these results in the context of external research and the study’s limitations is presented in 

Chapter 5. 
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Chapter 4: Presentation of Results 

This study focused on examining the association between street trees in 

metropolitan areas of Mexico and the prevalence of CVD among adults over 40 living in 

those areas. Chapter 4 is organized into sections that describe the creation of the final 

data set, the assessment of missing values, the testing of statistical assumptions, and the 

results of the analyses Descriptive statistics are presented as n, the number of respondents 

from the data set contributing to the population-level results, national population 

estimates (NPE), and population proportions with standard error (SE). Descriptive 

statistics for continuous variables included estimated means (SE) and 95% confidence 

intervals of the mean. The results of three complex samples logistic regression analyses 

used to probe the relationships between the independent variable and CVD are displayed 

as crude and adjusted odds ratios with 95% confidence intervals. The three research 

questions focused on the relationship between the number of streets with street trees and 

CVD in the context of individual- and household-level factors (Research Question 1); 

census tract- and municipality-level environmental factors (Research Question 2); and 

individual-, household-, census tract-, and municipality-level factors (Research Question 

3). The results are presented relative to the null and alternative hypotheses for each 

research question. 

Data Access and Final Data Set Construction 

This study was a secondary data analysis of ENSANUT 2012 adult self-reported 

health data combined with secondary data of participants’ residential census tracts and 

municipalities. ENSANUT 2012 was a cross-sectional representative survey of the 

Mexican population using a probabilistic population-based survey with a multistage and 
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stratified sampling design. A complex samples analysis plan was created and applied to 

the entire data set, with the descriptive statistics and regression models including only 

adults 40 and older living in census tracts designated as metropolitan. The process of 

assembling the final data set was captured in a contemporaneous data analysis activities 

log and an output file that included the syntax used to create, rename, recode, and relabel 

data along with the merge file commands. The systematic series of steps in the process is 

outlined in the following subsections. 

Neighborhood- and Municipality-Level Data 

Data set creation commenced with the assembly of a single file for the 

Characteristics of the Urban Environment survey data from 32 state-specific files. Unique 

13-digit census tract identification numbers were created by combining Mexico’s 

standardized state, municipality, locality, and census tract codes provided in the data 

files. Unnecessary variables were removed from the data set prior to being exported to 

Microsoft Excel in order to use pivot tables and formulas to derive the variable 

representing street trees. The goal was to calculate the primary exposure variable for each 

census tract based on data originally collected at the city block level.The primary 

independent variable, Propor_Trees_NM, represented the proportions of city block-

delimiting streets within a census tract with at least one street tree. The denominator 

included only the number of assessed streets that had available data. The resulting place-

based data set contained 53,594 census tracts. The street tree variable was uniformly 

distributed between 0 and 1 with a large mode at 0.  

After data cleaning activities and the creation of the common GEOCODE 

identifier, municipality-level road network density data and census tract-level altitude and 
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SLI/GRS scores were merged with the street tree data. The final place-based data set 

included 46,404 census tracts with complete information and 53,583 census tracts 

missing only the SLI/GRS data.  

Individual-Level Data 

Most of the ENSANUT 2012 data were from the Adultos data set and were 

originally coded according to the analysis plan presented in Chapter 3. Information for 

BMI, activity level, and average hours of sleep per night variables came from the 

Anthropometrics file. Furthermore, small amounts of missing data for cholesterol, 

triglycerides, diabetes, and hypertension in the Adultos data set were supplemented with 

data from the Anthropometrics file. Cookstove information was sourced from the 

Household data set. The Household Members file was the source of additional 

demographic information including marital and employment status. 

Residential Location Data 

A file containing census-tract level residential information for each household 

was created by creating a file with the GEOCODE variable from five combined 

ENSANUT data sets (Nutrition, Food Security, Blood Pressure, Blood Analysis, and 

Physical Activity). The GEOCODE was matched to the primary data set using unique 

six-digit subject identifiers comprising a four-digit household code and a two-digit 

respondent code. Adding the GEOCODE variable allowed for matching individual- and 

place-based data. 

Final Data Set 

The place-based data were merged with the individual-level data using the 

common GEOCODE variable. Of the 46,277 individuals in the final data set, 29,232 
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were matched with the street trees and other place-based information. Most unmatched 

individuals were from rural areas, which were not covered in the 2014 Characteristics of 

the Urban Environment survey. Furthermore, it became apparent that the census tracts 

designated as urban were not appropriate for inclusion in the current study. A visual 

review of these census tracts and further research on how tracts were classified revealed 

that the urban designation by INEGI was more administrative than descriptive. These 

tracts were often found in small to medium-size cities near farmland, did not represent 

the study population of interest, and were excluded from the analysis. 

A recoded version of the final data set was created for use with the complex 

samples analysis tool in SPSS. The default CSLOGISTIC procedure does not have the 

option to change the reference category for an independent factor from the default 

(highest) when calculating parameter estimates (IBM, 2021). The recoded data set 

established the desired reference category as the highest rather than lowest value. A 

complex samples analysis plan was created using the information for each weighting 

variable (strata, cluster, and weight) as provided by INEGI.  

Statistical Assumptions 

Statistical modeling of binary outcome data is subject to several assumptions 

regarding the underlying data. As described by Warner (2012) and Laerd Statistics 

(2017a), requirements for a binary logistic regression include (a) a dichotomous outcome 

variable with mutually exclusive and exhaustive categories; (b) one or more independent 

variables, which can be continuous or categorical; (c) independence of observations; (d) a 

linear relationship between any continuous independent variables and the logit 

transformation of the dependent variable; (e) a correctly specified model with all relevant 
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predictors and no irrelevant predictors; and (f) no extreme outliers or multicollinearity for 

scale data and an expected number of cases of five for each pair of categorical predictor 

variables. 

Dichotomous Outcome Variable 

This assumption was met. 

One or More Independent Continuous or Categorical Variables 

This assumption was met. 

Statistically Independent Outcomes 

The sampling strategy raised the possibility that the outcome (CVD prevalence) 

could have statistically linked outcomes dependent on their location and independent of 

the primary predictor variables. The initial plan to use multilevel logistic regression was 

predicated on the idea that there would be heterogeneity between predictors and the 

outcome across different clusters (higher-level units) due to differences in the properties 

of clusters and that using a traditional single-level regression model would increase the 

risk of Type I errors.  

An unconditional (no predictors) generalized linear mixed model was used to 

examine the extent of variability of CVD prevalence across Level 2 clusters (Heck et al., 

2012). Random effects were specified as random intercepts. The random intercept model 

allowed each cluster to have a different prevalence but assumed that the relationships 

between independent variable and dependent variables would be consistent across 

clusters (Theobald, 2018).  

Three different models were run, each using a different clustering unit (i.e., 

census tract, municipality, and federal entity). The multiple models addressed some of the 
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uncertainty and model convergence errors of the first model using census tract-based 

clusters. The intercept coefficient, or the predicted odds of having CVD versus not 

having CVD, was consistent regardless of the clustering unit. The value used to 

determine whether a multilevel model was necessary was the estimate for intercept 

variances across sampling clusters (Heck et al., 2012). The variance in the intercept 

across the census tract clusters was extremely small at 2.222×10−10 and had insufficient 

variation to calculate standard error and significance (see Table 6). The models with other 

clustering units also demonstrated negligible random effect covariance, and the interclass 

correlation coefficients were all 0.004 or smaller. The results from these analyses 

indicated that greater than 99.5% of the variability in CVD outcomes occurred within, 

rather than between, each cluster. 

Table 6 

Random Effect Covariance of Different Level 2 Clusters 

Clustering unit Random effect covariance p value Intraclass correlation coefficient 

Census tracta, 1.23×10−10 . 0.000 

Municipality 0.035 .061 0.003 

State 0.043 .024 0.004 

a The model included the following warning in SPSS: This parameter is redundant. 

Currently, multilevel effects cannot be modeled when conducting a complex 

samples analysis in SPSS (Heck et al., 2012). Therefore, the results indicating that 

multilevel models were not necessary for accurate estimations of variation across clusters 

alleviated concerns about using the complex samples analysis tool in SPSS.  
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Linear Relationship Between the Continuous Predictor Variables and the Log Odds 

of the Dependent Variable 

The linearity of continuous variables with respect to the logit of the dependent 

variable was assessed via the Box-Tidwell (1962) procedure in both the full data set and 

the subsample of interest. An interaction term was created between the original and the 

natural log of each continuous variable (i.e., age, altitude, the proportion of nonmissing 

streets with street trees, and road density). These were included in a simple binary logistic 

regression model alongside the original variables to predict CVD prevalence.  

All variables except one demonstrated linearity with the dependent variable’s 

logit according to the parameters of the Box-Tidwell test. The p value for the age 

interaction term was .02, indicating a violation of the null hypothesis that the relationship 

between the logit of the dependent variable and the continuous predictor variables is 

linear (i.e., the interaction term is not significantly different from zero). However, after a 

Bonferroni correction was applied to address the increased possibility of Type I errors 

with multiple comparisons, all continuous independent variables were found to be 

linearly related to the logit of the dependent variable. The Box-Tidwell procedure was 

repeated to check the linearity assumption for the continuous predictor variables in each 

of the logistic regression models addressing research questions. There were no violations 

of the assumption with or without Bonferroni corrections. 

Correct Model Specification 

A correctly specified model is one that contains all relevant predictors and 

necessary transformations, no irrelevant or redundant predictors, and accounts for data 

structure (Leyland & Groenewegen, 2020). As described in Chapter 3, scientific evidence 
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and the theoretical framework of the ISEM model were utilized to identify important 

predictors of CVD and to support their inclusion in the final statistical models. Chapter 5 

discusses the limitations of these final models, including the potential for omitted 

variable bias. Correct model specification also requires that the data be transformed to 

match the requirements of the model and that there is no multicollinearity between 

continuous variables. The former was unnecessary for this analysis, and the latter was 

confirmed during exploratory analysis. 

Absence of Outliers and Multicollinearity of Independent Continuous Variables and 

Sufficient Expected Cases in Each Cell of Categorical Variables 

Continuous Variables 

Multicollinearity and the presence of outliers were tested for the four continuous 

predictor variables in the subpopulation of interest. A correlation revealed weak but 

statistically significant correlations between several continuous variables. No outliers 

were detected for the street tree and altitude variables. Univariate outliers were detected 

for the age and road network density variables. A simple binary logistic regression 

regressing CVD on these variables revealed no outlying residuals or unusual leverage 

points. Therefore, no action was taken to remove any age or road network density outliers 

or transform the variables.  

Categorical Variables 

I tested for expected cell sizes and statistical significance between all 

combinations of categorical predictor variables. A series of bivariate chi-squared tests 

demonstrated that many of the covariates were statistically significantly correlated, and 

that there were several instances of small sample sizes. To solve these problems, 
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categories of BMI and smoking status were reduced and “NS/NR” (“no sabe/no 

responde”) for the cholesterol and triglyceride variables were reset to “missing” and 

excluded from the analysis.  

Missing Values 

A missing values analysis was conducted to determine the extent and potential 

impact of missing data. The maximum sample size for the study was limited by the 

availability of self-reported CVD status and the availability of street tree data. A total of 

590 respondents (5.2%) had no street tree data, making the maximum sample size 10,798 

assuming these respondents were not missing other data. The variables with significant 

levels of missing data were BMI (26% missing), hours of sleep per night (81% missing), 

and physical activity level (81% missing). Further information on these variables and the 

rationale for how these variables were handled for the final analyses is described in the 

following sections.  

Sleep 

Sleep information was available for only 2,158 adults 40 and older living in 

metropolitan census tracts. To inform the decision of how to best address the missing 

data, several analyses using unweighted data were conducted to examine the relationship 

between hours of sleep and self-reported CVD. Among all adults regardless of age or 

urbanicity status, there was a statistically significant relationship between sleep/activity 

level and self-reported CVD (χ2 [4, 10,062] = 17.84, p < .001). The proportion with CVD 

among those getting fewer than 5 hours of sleep was statistically significantly higher than 

those getting 8 hours or more (p = .03). This relationship did not hold when limiting the 

data to only those 40 or older (χ2 [4, 5,110] = 2.53, p = .64) or those over 40 living in 
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metropolitan areas (χ2 [4, 2,157] = 3.26, p = .52). Because of the dramatic reduction in 

sample size if this variable was to be included in the final analysis and the apparent lack 

of relationship with CVD in the subsample, this variable was removed from the final 

analyses.  

Activity Level 

Physical activity information was available for only 2,155 adults 40 and older 

living in metropolitan census tracts. The relation between self-reported activity levels 

(inactive, moderately active, active) and CVD was significant for adults 20 and older in 

the entire unweighted data set (χ2 [2, 10,058] = 8.04, p < .02) and for all adults over 40 

(χ2 [2, 5,108] = 7.93, p = .02). The statistical difference was between the “inactive” and 

“active” categories (p = .02) and did not include “moderately active.” 

On the other hand, there was no significant relationship between activity level and 

CVD for adults in the study subpopulation (χ2 [2, 2,154] = 3.02, p = .22), even though 

CVD is more prevalent in metro areas (9.1%) than in other areas (between 6.9% and 

8.4%) and despite a higher proportion of metropolitan residents reporting inactivity 

(21.1%) than residents of other areas (14.3% to 19.5%). These results suggest 

heterogeneity in the relationship between activity level and CVD activity, with additional 

factors in play in metropolitan areas. Because of this inconsistency and the lack of 

relationship in my subpopulation, this covariate was excluded from the final analyses to 

maintain a larger sample size. 
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Obesity 

BMI information was available for only 81% (8,430) of adults. Although there 

was a statistically significant relationship between BMI category and CVD in the total 

sample (χ2 [3, 35,154] = 22.14, p < .001) and all adults over 40 (χ2 [3, 19,551] = 9.17, 

p = .03), in adults over 40 living in metropolitan areas, there was no statistically 

significant relationship between BMI and CVD outcome (χ2 [3, 8,418] = 5.79, p = .12). 

The lack of association between BMI and CVD led to the decision to remove BMI from 

primary analysis and to conduct sensitivity analyses for RQ1 and RQ3 including only the 

8,430 survey respondents with valid BMI values.  

Sampling Strata 

The entire data set contained data for 46,277 adults twenty and over. These 

individuals were distributed across 155 sampling strata and 1,620 sampling units. A total 

of 11,388 individuals met the study inclusion criteria of living in a metropolitan-coded 

census tract and being 40 years or older. The study sample was distributed over 50 

sampling strata and 800 sampling units. Valid tree data at the census tract level were 

available for 44 strata (756 sampling units) within which the 10,798 respondents that met 

the inclusion criteria for this study resided. 

Descriptive Statistics 

The total number of people in the study sample represented an estimated 20.8 

million adults. Women slightly outnumbered the men (53.9% vs. 46.1%), and the mean 

age was 55.0 (95% CI: 54.6, 55.4). A majority resided in the states of Mexico, Jalisco, 

Nuevo Leon, Veracruz, and the Distrito Federal, where some of Mexico’s largest urban 

centers are located (data not shown). National population estimates for demographic 
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characteristics of the study sample are included in Table 7. Population summary statistics 

of the variables included in the analysis are displayed in Table 8. 

Table 7 

National Population Estimates for Demographic Characteristics 

Characteristic/variable n NPE % [SE] 

Gender    

Male 4,780 9,572,042 46.1 [0.8] 

Female 6,608 11,196,902 53.9 [0.8] 

Self-identifies as Indigenous     

No 1,961 3,276,897 15.8 [0.8] 

Yes 9,427 17,492,047 84.2 [0.8] 

Education    

None or preschool 1,018 1,618,121 7.8 [0.5] 

Elementary 4,346 7,456,140 35.9 [0.9] 

Secondary 2,252 4,556,884 21.9 [0.7] 

High school or baccalaureate 1,113 2,275,968 11.0 [0.5] 

Technical or commercial studies 972 1,829,442 8.8 [0.4] 

Bachelor’s degree 1,504 2,704,046 13.0 [0.7] 

Postgraduate 183 328,343 1.6 [0.3] 

Marital status    

Single 1,029 1,697,127 8.2 [0.4] 

Unmarried partner 1,317 2,554,650 12.3 [0.6] 

Married 6,122 12,215,015 58.8 [0.7] 

Separated 978 1,430,298 6.9 [0.4] 

Divorced 398 562,955 2.7 [0.2] 

Widowed 1,544 2,308,899 11.1 [0.5] 

Employment status    

Working 5,681 10,739,968 51.7 [0.8] 

Not currently working 77 163,161 0.8 [0.1] 

Looking for work 217 413,299 2.0 [0.2] 

Retired 1,113 1,878,556 9.0 [0.5] 

Student 14 18,355 0.1 [0.0] 
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Characteristic/variable n NPE % [SE] 

Maintains household 3,617 6,286,949 30.3 [0.7] 

Unable to work/disability 353 692,787 3.3 [0.3] 

Other 316 575,869 2.8 [0.2] 

Street tree data available    

No 590 3.1 3.1 [0.7] 

Yes 10,798 96.9 96.9 [0.7] 

Note. n = sample size; NPE = national population estimate; SE = standard error. 
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Table 8 

National Population Estimates for CVD-Related Risk Factors 

Variable n NPE % [SE] 

Prior CVD diagnosis    

No 10,347 18,747,624 90.3 [0.4] 

Yes 1,032 2,008,804 9.7 [0.4] 

Family history of infarction    

No 8,014 14,265,792 71.8 [0.8] 

Yes 2,008 3,927,549 19.8 [0.7] 

NS/NR for at least one 
parent 958 1,671,048 8.4 [0.5] 

Prior hypertension diagnosisa    

Negative 8,212 14,870,951 71.6 [0.7] 

Positive 3,176 5,897,993 28.4 [0.7] 

Cholesterol status    

Normal 5,422 9,478,010 46.0 [0.8] 

High 2,713 5,437,570 26.4 [0.8] 

Not tested 3,176 5,689,509 27.6 [0.8] 

Prior diabetes diagnosis b    

No 9,313 16,870,380 81.2 [0.5] 

Yes 2,075 3,898,564 18.8 [0.5] 

Prior depression diagnosis    

No 9,845 17,696,654 85.2 [0.6] 

Yes 1,543 3,072,289 14.8 [0.6] 

Excessive alcohol use    

No 10,647 19,258,761 92.7 [0.5] 

Yes 741 1,510,183 7.3 [0.5] 

Triglycerides status    

Normal 5,434 9,544,573 46.8 [0.9] 

High 1,976 4,068,534 20.0 [0.7] 

Not tested 3,799 6,776,263 33.2 [0.9] 
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Variable n NPE % [SE] 

BMI    

Underweight/normal 1,996 3,622,324 23.7 [0.8] 

Overweight 3,265 6,028,872 39.4 [0.9] 

Obese 3,164 5,660,695 37.0 [0.9] 

Smoking status    

Never  5,483 9,035,678 43.5 [0.8] 

Smoking daily to weekly 1,679 3,606,961 17.4 [0.6] 

Smoking monthly to yearly 527 1,085,629 5.2 [0.4] 

Not currently smoking 3,696 7,034,788 33.9 [0.8] 

Physical activity level    

Inactive 454 707,956 19.1 [1.3] 

Moderate active 284 554,541 14.9 [1.2] 

Active 1,417 2,447,245 66.0 [1.6] 

Hours of sleep/night    

<= 5 192 331,486 8.9 [1.0] 

6 416 739,879 19.9 [1.4] 

7 507 850,498 22.9 [1.4] 

8 750 1,350,413 36.3 [1.6] 

>= 9 293 444,162 12.0 [0.9] 

Cookstove    

Gas stove 10,928 20,227,823 97.4 [0.3] 

All others 460 541,121 2.6 [0.3] 

Note. BMI = body mass index; n = sample size; NPE = national population estimate; NS/NR = no 

sabe/no responde (Spanish: do not know/does not answer); SE = standard error. 
a The duration of diabetes diagnosis was available for 2,060 individuals. M = 10.4 years (95% CI: 9.7, 

11.2); range: 0.8–71. 
b The duration of hypertension diagnosis was available for 2,060 individuals. M = 9.1 years (95% CI: 

8.8, 9.5); range:0.8–84. 
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Research Questions 

Baseline (Unadjusted Model) 

A single-level complex samples logistic regression analysis was conducted to 

examine the relationship between street trees and self-reported history of CVD in the 

subpopulation of adults over 40 living in metropolitan areas of Mexico. This model 

serves as a reference for subsequent analyses and does not include any adjustments for 

individual or environmental risk factors. The weighted count for the analysis was 

20,115,385 individuals, with 9.8% having self-reported a prior diagnosis of CVD. 

The overall model was not statistically significant, Wald χ²(1, n = 924) = 0.184, 

p = .67, signifying that the model did not significantly improve the prediction of CVD 

beyond the intercept-only model. In this unadjusted model, the proportion of manzana-

delimiting streets with trees had no statistically significant relationship with CVD 

(unadjusted OR = 1.09, 95% CI: 0.74, 1.60).  

In the models addressing RQ1, RQ2, and RQ3, covariates were incorporated into 

the statistical analyses. These three research questions aimed to investigate the 

relationship between street trees and CVD while controlling for different sets of 

established CVD risk factors. The alpha level for all analyses was set at 0.05. 

Research Question 1: Adjustment for Individual- and Household-Level Factors 

RQ1 queried whether there was a relationship between the presence of street trees 

in urban neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for individual- and household-level factors. The 

hypothesis statements were as follows: 
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Ho1: There is no relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for individual- and household-level factors. 

Ha1: There is a relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for individual- and household-level factors. 

This logistic regression model was statistically significant (Wald 𝜒𝜒2(17, 907) = 

13.64, p = < .001) and explained between 5.3% (Cox & Snell 𝑅𝑅2) and 11.7% 

(Nagelkerke 𝑅𝑅2) of the variance in reporting a prior diagnosis of CVD. The adjusted odds 

ratio (AOR) for CVD related to the primary street trees independent variable was 0.84 

(95% CI: 0.56, 1.28; p = .43) with the inclusion of individual- and household-level 

covariates. The results hint at a potential protective influence of street trees against CVD, 

despite the association not achieving statistical significance in the analysis.  

Several factors exhibited statistically significant associations with CVD and 

contributed to its predictive model. These key variables included: age (AOR = 1.031; 

p = < 0.001), known parental history of CVD (AOR =1.412 ; p = .016), ever diagnosis of 

depression (AOR = 1.953; p < 0.001), use of a cook stove other than gas (AOR = 0.367; 

p = .009), and duration of hypertension diagnosis (AOR = 1.043; p = < 0.001) and 

triglycerides levels (AOR = 1.501; p = .027) (Table 9). To examine potential indirect 

effects, a second model was constructed (results not presented) that incorporated only the 

six variables that achieved statistical significance in the primary analysis. This focused 

model looked at whether the nonsignificant variables from the initial model indirectly 

influenced the outcome through their relationships with the statistically significant 
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predictors. Other than a slight decrease in the pseudo-R2 values, there were no differences 

in the overall results of the model (Wald 𝜒𝜒2(7, 917) = 27.315, p < 0.001) or in the 

statistical relationship between street trees and CVD. A decision was made to keep all 

variables in the final models for each research question due to their theoretical 

importance and relationships with other covariates.  

A sensitivity analysis was conducted that included BMI as a marker for obesity. 

This model was statistically significant (Wald 𝜒𝜒2(19, 905) = 12.42, p < 0.001) but with a 

reduced sample size and a slight increase in the proportion of variance in explained by 

the model (to 5.8% and 12.4% according to Cox & Snell 𝑅𝑅2 and Nagelkerke 𝑅𝑅2, 

respectively). There was no change in the relationship between the street tree variable and 

CVD (AOR [95% CI] = 0.83 [0.53, 1.30], p = .41). 

Without considering any covariates, an increase in street trees in the baseline 

model was associated with a nonsignificant 9% increase in the odds of CVD. After 

controlling for individual- and household-level covariates, the AOR suggested a 16% 

lower likelihood of CVD in areas as the proportion of streets with street trees increase. 

Nonetheless, there was insufficient evidence for RQ1 to reject the null hypothesis of no 

relationship between the presence of street trees and CVD while adjusting for individual- 

and household-level contributors to CVD.  
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Table 9 

RQ1: Parameter Estimates With Individual- and Household-Level Factors 

Variable 
Category 
(where 

applicable) 

Crude Adjusted 

OR (95% CI) p value OR (95% CI) p value 

Proportions of streets with street 
tree(s)  1.09 (0.74, 1.60) .67 0.84 (0.56, 1.28) .43 

Age (year) 1.04 (1.03, 1.05) < .001 1.03 (1.02, 1.04) < .001 

Hypertension duration (years; 0 = 
no diagnosis) 1.06 (1.05, 1.07) < .001 1.04 (1.03, 1.06) < .001 

Diabetes duration (years; 0 = no 
diagnosis) 1.04 (1.03, 1.05) < .001 1.01 (0.99, 1.03) .37 

Family history of 
infarction 

No  REF - REF - 

Yes 1.62 (1.27, 2.07) < .001 1.41 (1.07, 1.87) .02 

NS/NR for 
at least 1 
parent 

1.22 (0.90, 1.67) .21 0.93 (0.66, 1.23) .67 

Sex Male REF - REF - 

Female 1.22 (1.0, 1.48) .052 1.0 (0.76, 1.31) .98 

Cholesterol Normal  REF - REF - 

 High 1.34 (1.07, 1.67) < .001 1.01 (0.69, 1.46) .97 

 Not tested 0.50 (0.37, 0.68) < .001 0.92 (0.51, 1.68) .79 

Triglycerides Normal  REF - REF - 

 High 1.67 (1.29, 2.16) < .001 1.5 (0.99, 2.27) .06 

 Not tested 0.52 (0.40, 0.67) < .001 0.67 (0.39, 1.14) .14 

Prior depression 
diagnosis 

No  REF - REF - 

Yes 2.14 (1.74, 2.76) < .001 1.95 (1.43, 2.66) < .001 

Excessive alcohol 
use 

No REF - REF - 

Yes 0.62 (0.42, 0.92) .02 0.66 (0.41, 1.07) .09 
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Variable 
Category 
(where 

applicable) 

Crude Adjusted 

OR (95% CI) p value OR (95% CI) p value 

Smoking status Never 
smoked  REF - REF - 

 Not 
currently 
smoking 

1.26 (1.00, 1.57) .05 1.16 (0.88, 1.52) .30 

 Smoking 
monthly to 
yearly 

0.72 (0.40, 1.31) .28 1.08 (0.59, 2.00) .80 

 Smoking 
daily to 
weekly 

0.77 (0.54, 1.08) .13 0.98, (0.66, 1.45) .93 

Cooking stove Gas stove  REF - REF - 

 All others 0.32 (0.17, 0.61) < .001 0.37 (0.17, 0.78) .01 

Note. All factors used in the computation were fixed at the reference category (i.e., never, normal, 

negative). The reference for cookstove was gas stove and the reference gender was male. The covariates 

were set at the sample mean values. 

Research Question 2: Adjustment for Neighborhood- and Municipality-Level 

Factors 

In RQ2, I asked whether there was a relationship between the presence of street 

trees in urban neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for neighborhood- and municipality-level factors. The 

hypothesis statements were as follows: 

Ho2: There is no relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for neighborhood- and municipality-level factors. 

Ha2: There is a relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for neighborhood- and municipality-level factors. 
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The logistic regression model was not statistically significant (Wald 𝜒𝜒2(5, 916) = 

1.11, p = .36 (Table 10). Inclusion of environmental factors that could impact CVD did 

not appreciably change the relationship between street trees and CVD, although the point 

estimate for the OR changed from slightly positive to a slightly negative (AOR [95% CI] 

= 0.95 [0.59, 1.54], p = .83). 

Table 10 

RQ2: Parameter Estimates With Neighborhood- and Municipality-Level Factors 

Variable 
Category 
(where 

applicable) 

Crude Adjusted 

OR (95% CI) p value OR (95% CI) p value 

Proportions of streets with street 
tree(s) 1.09 (0.74, 1.60) .67 0.95 (0.59, 1.54) .83 

Road network density 1.06 (0.97, 1.17) .21 1.10 (0.97, 1.24) .13 

Altitude 1.0 (1.0, 1.0) .60 1.0 (1.0, 1.0) .20 

SLI/GRS Low REF - REF - 

Medium 0.81 (0.61, 1.08) .15 0.81 (0.58, 1.13) .21 

High 0.92 (0.36, 2.38) .86 0.68 (0.25, 1.87) .45 

 

These results for RQ2 provided insufficient evidence to reject the null hypothesis 

of no relationship between the presence of street trees in urban neighborhoods of Mexico 

and CVD after controlling for neighborhood- and municipal-level potential factors. 

Research Question 3: Adjustment for all Individual-, Household-, Neighborhood- 

and Municipality-Level Factors 

RQ3 asked whether there was a relationship between the presence of street trees 

in urban neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for individual- and household-level factors and adjusting 
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for neighborhood- and municipality-level factors. The related hypothesis statements were 

as follows:  

Ho3: There is no relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for individual- and household-level factors and 

adjusting for neighborhood- and municipality-level factors. 

Ha3: There is a relationship between the presence of street trees in urban 

neighborhoods of Mexico and CVD among adults over 40 living in those 

neighborhoods after controlling for individual- and household-level factors and 

adjusting for neighborhood- and municipality-level factors. 

The logistic regression model for RQ3 was statistically significant (Wald 𝝌𝝌𝟐𝟐(21, 

900) = 11.38, p < 0.001). The model was similar to that of RQ1. It explained between 

5.4% (Cox and Snell 𝑹𝑹𝟐𝟐) and 11.8% (Nagelkerke 𝑹𝑹𝟐𝟐) of the variance in reporting a prior 

diagnosis of CVD. As found previously, there was nonsignificant inverse relationship 

between street trees and self-reported prior diagnosis of CVD (AOR [95% CI] = 0.87 

[0.55, 1.17], p = .56; Table 11). The same individual-level variables (parental history of 

infarction, prior diagnosis of depression, use of a cook stove other than gas, age, prior 

diagnosis of hypertension, and triglycerides levels) contributed significantly to the model. 

The addition of BMI in a separate sensitivity analysis did not impact the relationships 

between variables, including that of street trees and CVD (AOR [95% CI] = 0.88 [0.54, 

1.44], p = .62). There was insufficient evidence in this study to reject the null hypothesis 

of no relationship between the presence of street trees and CVD after controlling for 
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individual- and household-level factors and adjusting for neighborhood- and 

municipality-level factors.  

Table 11 

RQ3: Parameter Estimates With Individual-, Household-, Neighborhood-, and 

Municipality-Level Factors 

Variable 
Category 
(where 

applicable) 

Crude Adjusted 

OR (95% CI) p value OR (95% CI) p value 

Proportions of streets with street 
tree(s)  1.09 (0.74, 1.60) .67 0.87 (0.55, 1.38) .56 

Age (year) 1.04 (1.03, 1.05) < .001 1.03 (1.02, 1.04) <0.001 

Hypertension duration (years; 0 = 
no diagnosis) 1.06 (1.05, 1.07) < .001 1.04 (1.03, 1.06) < .001 

Diabetes duration (years; 0 = no 
diagnosis) 1.04 (1.03, 1.05) < .001 1.01 (0.99, 1.03) .37 

Road network density 1.06 (0.97, 1.17) .21 1.03 (0.90, 1.17) .68 

Altitude 1.0 (1.0, 1.0) .60 1.0 (1.0, 1.0) .15 

Family history of 
infarction 

No  REF - REF - 

Yes 1.62 (1.27, 2.07) < .001 1.41 (1.07, 1.87) .02 

NS/NR for 
at least 1 
parent 

1.22 (0.90, 1.67) .21 0.93 (0.66, 1.23) .67 

Sex Male REF - REF - 

Female 1.22 (1.0, 1.48) .05 1.0 (0.76, 1.31) .98 

Cholesterol Normal  REF - REF - 

 High 1.34 (1.07, 1.67) < .001 1.0 (0.69, 1.45) 1.0 

 Not tested 0.50 (0.37, 0.68) < .001 0.93 (0.51, 1.69) .81 

Triglycerides Normal  REF - REF - 

 High 1.67 (1.29, 2.16) < .001 1.53 (1.01, 2.32) .05 

 Not tested 0.52 (0.40, 0.67) < .001 0.67 (0.40, 1.14) .14 

Depression No  REF - REF - 

 Yes 2.14 (1.74, 2.76) < .001 1.97 (1.45, 2.69) <0.001 

Excessive alcohol  No REF - REF - 

 Yes 0.62 (0.42, 0.92) .02 0.65 (0.40, 1.05) .08 
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Variable 
Category 
(where 

applicable) 

Crude Adjusted 

OR (95% CI) p value OR (95% CI) p value 

Smoking status Never 
smoked  REF - REF - 

 Not 
currently 
smoking 

1.26 (1.00, 1.57) .05 
1.16 (0.88, 1.53) .28 

 Smoking 
monthly to 
yearly 

0.72 (0.40, 1.31) .28 
1.10 (0.60, 2.04) .75 

 Smoking 
daily to 
weekly 

0.77 (0.54, 1.08) .13 
1.00 (0.67, 1.49) 1.0 

Cooking stove Gas stove  REF - REF - 

 All others 0.32 (0.17, 0.61) < .001 0.36 (0.17, 0.77) .01 

SLI/GRS Low REF - REF - 

 Medium 0.81 (0.61, 1.08) .15 1.02 (0.73, 1.42) .93 

 High 0.92 (0.36, 2.38) .86 1.07 (0.34, 3.39) .91 

Note. All factors used in the computation were fixed at the reference category (i.e., never, normal, negative) 

or the lowest value (i.e., social risk = low). The reference for cookstove was gas stove and the reference 

gender was male. The covariates were set at the sample mean values. 

Summary 

In this quantitative study, the relationship between a derived variable representing 

the level of street trees within a census tract and CVD was examined while adjusting for 

CVD-related covariates at multiple levels of influence. These levels included individual 

health and risk factor data from ENSANUT 2012 and census tract and municipality 

information from other sources. Because of the multistage probabilistic sampling plan 

employed by ENSANUT 2012, a complex samples adjustment to the variance structure 

was used to generate population estimates of adjusted odds ratios and 95% confidence 

intervals for the study subpopulation: adults over 40 living in metropolitan areas of 

Mexico. For all three research questions, there was insufficient evidence to reject the null 
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hypothesis of no relationship between the primary independent variable of street tree 

proportions. Chapter 5 provides an interpretation of these findings, a discussion of study 

limitations, and recommendations for future research. 
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Chapter 5: Discussion, Conclusions, and Recommendations 

The intent of this quantitative epidemiological study with secondary cross-

sectional data was to determine whether there was a relationship between street trees and 

self-reported CVD diagnoses in metropolitan areas of Mexico. Such a relationship could 

be exploited to make environmental changes in metropolitan areas to reduce the 

increasing prevalence of CVD and its consequences. Three iterative research questions 

were constructed, each adjusting for different combinations of individual and 

environmental risk factors using logistic regression analyses. The data were analyzed first 

to determine whether multilevel modeling techniques were needed to account for cluster 

effects on the dependent variable. No cluster effects were identified. Subsequently, the 

analyses were conducted using single-level models and appropriate weighting techniques 

to account for the ENSANUT 2012 complex sampling plan. 

No statistically significant relationship between street trees and CVD prevalence 

was identified in either a univariate analysis or in the three multivariate regression 

analyses addressing the research questions. However, the results showed a marked trend 

of reduced likelihood of CVD prevalence among adults who lived in urban 

neighborhoods of Mexico as the number of streets with street trees increased, after 

controlling for individual- and household-level factors (AOR [95% CI]) = 0.84 [0.56, 

1.28], p = .43), after controlling for neighborhood- and municipality-level factors (0.95 

[0.59, 1.54], p = .83), and after controlling for individual- and household-level factors 

and adjusting for neighborhood- and municipality-level factors (0.87 [0.55, 1.38], p = 

0.56). The unadjusted model implied that street trees were associated with a higher risk of 

CVD (1.09 [0.74, 1.60]), but in the statistically significant adjusted models for RQ1 and 
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RQ3, the relationship changed and suggested possible protective effect of street trees on 

CVD risk.  

The covariates of age, depression, triglycerides, hypertension, parental history of 

myocardial infarction, and household cookstove explained approximately 12% of the 

variation in reporting a prior CVD diagnosis. The remaining factors did not demonstrate a 

statistically significant relationship. The inclusion of covariates highlights the importance 

of considering confounding variables in epidemiological studies, but also provides an 

opportunity for future work to further isolate the impact, if any, of street trees on human 

health.  

Interpretation of the Findings 

Street trees have been recognized as a form of urban green space that could 

positively impact the physical and mental health of people living in cities. Street trees are 

being considered as a cost-efficient intervention for CVD-related mortality in urban 

environments (Giacinto et al., 2021). The present study employed a unique data set from 

Mexico in which characteristics of the streets delimiting city blocks were assessed and 

classified as having or not having street trees. With my interest in public health risks in 

Mexico, I was able to combine the street tree data from the 2014 Characteristics of the 

Urban Environment study with individual-level health outcome information from the 

ENSANUT 2012. I was unable to reject the null hypothesis that there is no relationship 

between the proportion of street trees along the block-delimiting roads in individuals’ 

census tract and a prior medical diagnosis of CVD when controlling for covariates at 

multiple levels of influence. However, these findings should be regarded in the context of 

recent research on street trees and the study’s limitations. 
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The published literature on street trees is varied. A large number of studies 

described associations between street trees and improved health outcomes, although the 

outcomes could vary within the same study depending on how exposures were defined 

and calculated. Marselle et al. (2020) reported a lower rate of antidepressant prescriptions 

among adults living close to a higher density of street trees in Leipzig, with a statistically 

significant association for individuals of low socioeconomic status. Moreira et al. (2020) 

used a local inventory of street trees in São Paulo, Brazil, and described a negative 

association between the number of street trees per regional government boundaries and 

hypertension (OR = 0.94; 95% CI: 0.88, 0.99). However, in the same study, no such 

association was seen when smaller geographic units were used. The OR for hypertension 

using 300-meter buffers around residential addresses was 1.06 (95% CI: 0.9, 1.13) and 

0.99 (0.94, 1.04) when district boundaries were used. The Moriera et al. study also 

provided an example of statistical associations changing with different combinations of 

covariates. In the logistic regression models using the 300-meter exposure buffer, there 

was a positive association when age, sex, race, and education level were included as 

covariates, but no statistical association was found when adjusting for age, sex, race, 

education, smoking, BMI, excessive alcohol use, salt consumption, physical activity, 

dyslipidemia, and diabetes. The São Paulo study provided a good example of how 

sensitive statistical associations between street trees and health endpoints can be to the 

methods of calculating exposures and the effects of other influences on the health 

endpoint of interest.  

In a study using individual health data, land use information, and political 

boundaries in occupied Palestinian territory, (Alkhatib et al., 2021) constructed a series of 
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multilevel regression analysis using the diagnosis of a chronic illness as the dependent 

variable. The proportion of mixed trees, but not crop trees or open space, was associated 

with a reduced odds of a chronic disease diagnoses (OR = 0.96; 95% CI: 0.95, 0.97) when 

controlling for age, sex, education, employment, marital status, refugee status, health 

insurance, years of residence, household car ownership, and household assets index. 

Furthermore, the negative effects of living in a refugee camp were also attenuated when 

the green space variables were added to the model.  

In an innovative application of artificial intelligence and deep learning models, 

Z. Chen et al. (2024) recently published their work in which features of the built 

environment were extracted from Google Street View images and assessed in relation to 

prevalence of coronary heart disease in seven U.S. cities. Chen et al. were able to isolate 

trees visible from the road as a built environment feature and calculate a measure of level 

of exposure. The number of trees visible from the roadside was negatively associated 

with coronary heart disease at the census tract level. The trees detected using Google 

Street View were not necessarily street trees because many trees that were counted were 

on private property. However, the Chen et al. study added to evidence correlating the 

presence of trees along roadsides, whether on public or private property, to improved 

cardiovascular health outcomes. The results from my analyses imply the same trend may 

be true in Mexico, but my data were insufficient to make strong conclusions. 

During my process of data exploration, I detected a relationship between the 

neighborhood SLI/GRS score and the proportion of streets with trees at the census block 

level (data not shown). This aligns with literature on the inequitable distribution of green 

space (Fernández-Álvarez, 2017; Mitchell & Popham, 2008). Beyond distributional 
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equity and spatial justice, this finding suggests the potential of street trees for 

equigenesis—health equality through targeted interventions addressing social 

determinants of health. Green space interventions have been shown to improve health 

outcomes for disadvantaged individuals (Markevych et al., 2017; Marselle et al., 2020; 

Moran et al., 2021; Sarkar, 2017). For instance, Moran et al. (2021) found that area-level 

greenness moderated the relationship between education and mortality in Latin American 

cities. In China, the extent of trees visible from roadways was inversely associated with 

kidney failure, with greater benefits for lower income individuals (R. Wang et al., 2023). 

The potential of green space, including street trees, to narrow health inequities in Mexico 

is a topic worthy of further exploration.  

An unexpected relationship that was unrelated to the primary independent 

variable of street trees was the strength of the negative relationship between the use of 

cookstoves other than natural gas and CVD. This variable was included to indicate indoor 

air pollution because of combustion from wood-fired stoves. The present results indicated 

that using cookstoves other than gas served as a protective factor for CVD. This 

contradicts the current evidence that using propane or natural gas for cooking rather than 

solid biomass fuels substantially lowers the risk of multiple health outcomes, including 

various cardiovascular events (Mitter et al., 2016; Puzzolo et al., 2024). It is unclear 

whether this was a spurious result from the small proportion of respondents using home 

cooking methods other than gas stoves (< 3%) or whether it was evidence of a link 

between propane cookstoves and CVD. In sensitivity analyses in which cookstove was 

removed from the regression models, the Nagelkerke R2 was reduced slightly, but there 

was minimal impact on the results related to street trees and CVD. The lack of 
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statistically significant results regarding the effect of street trees on CVD outcomes from 

the present study should be interpreted in the context of the study’s numerous limitations, 

both those that were known prior to study initiation and those that were revealed during 

the analysis. Statistical power and issues with the measure of street tree exposure 

preclude this study from providing solid evidence to the body of work on the public 

health implications of street trees.  

Limitations of the Study 

This research was subject to internal and external threats to validity. This section 

extends the discussion from Chapter 1 on potential limitations and incorporates additional 

comments based on the observed results. 

Statistical Power 

A post hoc investigation of statistical power was conducted using G*Power 3.1 to 

determine whether my sample size was sufficient to detect a meaningful relationship 

between street trees and CVD. The assumptions used in the power calculation were that 

15% of the population would have CVD and that approximately 12,500 individuals 

would be needed to achieve 80% power to detect a 25% change in odds of being 

diagnosed with a CVD. The mean proportion of street trees was set at 0.6, and the 

standard deviation was set at 0.3. These calculations were repeated using the actual 

sample size and other values taken from the results. With a sample size of 10,228, a CVD 

prevalence of 8.6%, an odds ratio indicating only a 13% change, and actual values for the 

street tree data, the statistical power achieved for Research Question 3 was only 17.1%. 

The results for the other models were +/- 5% for statistical power achieved. In short, one 
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of primary limitations of the study was that it was not sufficiently powered to detect the 

effect of interest.  

Several problems with the initial assumptions were revealed following initial data 

exploration. First, CVD was much less prevalent than initially assumed. Prior estimates 

placed the prevalence of CVD as high as 26% in the general Mexican adult population 

and 39% among people with diabetes receiving medical care from private health 

providers (Arenas-León et al., 2023; Mendoza-Herrera et al., 2019). The actual 

prevalence was 9.1% in metropolitan areas. Such a low disease prevalence has an impact 

on the number of subjects that are needed to detect a statistical association. After I 

retained all other inputs for the a priori sample size calculation except disease prevalence, 

the sample size jumped from 12,542 to 19,181 to achieve 80% power.  

Second, the impact of street trees on CVD was overestimated in the initial power 

calculations. Rather than a 25% difference in CVD resulting from street tree exposure, 

the results suggested the maximum difference would be 14%. At the conclusion of the 

study when actual statistical power of 22% was calculated, it was apparent that the a 

priori assumptions regarding CVD prevalence and the expected contribution of street 

trees to that prevalence were inaccurate. 

Predicted Versus Actual Sample Size 

During initial data exploration and visualization of urban and metropolitan 

census, it became evident that the administrative designation of urban by INEGI did not 

align with the type of densely populated urban environment in which I was interested. 

Many INEGI-designated urban census tracts bordered farmland or undeveloped 

countryside, and the proportion of missing street data in these tracts was higher than in 
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the metropolitan tracts (18% vs. 6% missing data, respectively). For these reasons, the 

study population was restricted to those living in metropolitan areas. The anticipated 

sample size of approximately 15,000 respondents was reduced to 11,388, and then further 

reduced due to missing data.  

Measurement Error Related to Street Trees 

A key concern in this study was potential measurement error in street tree data. In 

environmental epidemiology studies, it is difficult to quantify an individual’s level of 

exposure to the health-related environmental factor of interest. There are challenges in 

estimating the exposure variable and the uncertainty around the extent of exposure to the 

estimated variable based on individuals’ daily movements and residential history. This 

study’s unique data set presented additional challenges in measuring street trees. The 

final variable used was a derived variable representing the proportion of block-delimiting 

streets with at least one street tree.  

The likelihood of measurement error in the street tree data was not fully 

appreciated without examining maps of census tracts, their constituent city blocks, and 

the method of data collection and aggregation. INEGI representatives collected data at 

the city block level, with official reports designating each census tract into one of three 

categories: All streets that delimit the city blocks within have street trees, some streets 

that delimit the city blocks within have trees, and no streets that delimit the city blocks 

within have street trees (INEGI, 2014). Rather than using these data, I accessed the 

underlying block-level data to create a derived variable based on the proportions of 

streets within a census tract with street trees. The purpose was to create a higher 

resolution measure of street trees than INEGI provided, but it also had complications. 
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This aggregation method did not account for shared borders between block-delimiting 

streets within a census tract, potentially leading to double-counting. Although there is no 

reason to believe that this process would cause systemic over- or undercounting of street 

trees, the probability is increased that the value representing the extent of street tree 

coverage in an area does not accurately reflect actual numbers. I have not yet identified a 

method for checking the extent of over- or undercounting, but this challenge is discussed 

in the recommendations section. 

Model Specification 

A common limitation in nonexperimental secondary data research is the potential 

omission of essential variables affecting the outcome. Using the ISEM conceptual 

framework and recent research literature on contributors to CVD, I identified and 

incorporated as many known CVD contributors as possible from ENSANUT 2012 and 

the other data sets. However, not all variables had easily accessible, publicly available 

data, and all the known risk factors for CVD did not contribute meaningfully to the 

statistical models when included. These factors included smoking, a prior diagnosis of 

diabetes, road network density, and altitude. The statistically significant models in this 

study showed very low pseudo-R2 values (< 0.15), indicating that over 85% of the 

variability in CVD diagnosis was attributable to unidentified variables. Any potential 

relationship between street trees and CVD could have been masked by the effects of these 

unidentified covariates. Sleep, physical activity, hours of sleep per night, and BMI are 

positive contributors to CVD in the literature, but in univariate analyses with CVD, they 

were not statistically significant. Other factors with a known influence on CVD were not 
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included in my statistical models because of the lack of accessible information. These 

include more detailed information on diet, air pollution levels, and salt intake. 

Other Limitations 

Recall bias is a significant challenge in survey data, potentially leading to 

underreporting of medical history and risk factors. I encountered discrepancies between 

self-reported data and published estimates, exemplified by the difference in excessive 

alcohol consumption rates (7% in this study versus > 40% in a national survey on 

addictive behaviors; (Instituto Nacional de Salud Pública, 2008). The alcohol 

consumption variable did not achieve statistical significance in my models (p = .08), 

possibly due to underreporting. Although it is important to acknowledge the limitations 

of the covariates included in the analysis, a different, larger, and more representative set 

of covariates would not necessarily overcome the limitations inherent in the calculation 

of the street tree variable. On the other hand, additional covariates might be able to 

reduce the sample size needed to detect an effect. 

Recommendations 

The most significant limitation of this study involved the external validity of the 

street tree data, making this an essential target for future studies involving these data. 

Geographic Information Systems (GIS) could be employed in future studies to estimate 

census tract-level street tree data. These systems include ArcGIS, Maptitude, Latapult 

and Govpilot and are regularly by state and local governments for city planning, utility 

and asset management, and emergency preparedness. In environmental epidemiology, 

ArcGIS has been employed for proximity analysis of contaminant sources, documenting 

unequal distribution of environmental burdens, and modeling future environmental risks 
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(Nuckols et al., 2004; Sayyed et al., 2024). Thousands of high-resolution geographic files 

are available on ArcGIS online, wherein locations and their geographic boundaries are 

linked with data tables. Furthermore, multiple data sets can be linked via either their map 

coordinates or via identifiers in the underlying data tables and used for geoprocessing and 

spatial analysis. 

ArcGIS Online provides public access to detailed maps of Mexico, including 

federal, municipal, census tract, and city block levels. I downloaded several data sets to 

test whether tested whether ArcGIS could be used to account for shared boundaries 

within census tracts or to provide previously unavailable covariate data. Figure 4a and 

Figure 4b are examples of maps generated in ArcGIS Pro with data from Mexico. Figure 

4a demonstrates the boundaries of metropolitan municipalities (blue) included in my final 

statistical models. The underlying color layer shows climates zones (Beck et al., 2018). 

The light-blue outlined area in Figure 4b depicts the boundaries of census tract 

0901000010010 in Mexico City, and the pink lines demarcate the 30 city blocks within. 

Advanced geoprocessing tools in ArcGIS could potentially improve the accuracy of street 

tree proportion estimates by accounting for contiguous city blocks within census tracts. 

Future analyses could also incorporate remote-sensed data on weather, tree cover, 

greenness (NDVI), and air pollution.  
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Figure 4 

Boundary Maps Demonstrating Municipalities, Census Tracts, and City Blocks 

a 

 

b 

 

Note. The climate zones overlapping with the municipalities where the study sample 

resided included Desert, Cold Semi-Arid, Cold Subtropical Highland / Subpolar 

Oceanic, Hot Desert, Hot Semi-Arid, Hot-Summer Mediterranean, Humid 

Subtropical, Subtropical Highland or Temperate Oceanic with Dry Winters, 

Temperate Oceanic, Tropical Monsoon, Tropical Rainforest, Tropical Savanna, 

Tundra, Warm Oceanic / Humid Subtropical, and Warm-Summer Mediterranean. 

 

Part of the research gap identified at the initiation of the study was to examine the 

influence of street trees on health in a country with arid climate zones, as most research 

focuses on temperate zones in the Global North. However, climate zones were not 

included as a factor in this study because of the absence of an accessible data set. After 

locating data from Beck et al. (2018) available on ArcGIS online, I was able to identify 

the 15 climate zones represented in my study. Future analyses could incorporate this 

information and improved measurements of green space exposures. Future studies could 

also use verified health data such as laboratory results or medical records and consider 

the timing of diagnoses relative to characteristics or changes of the external environment. 
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Implications 

The potential link between street trees and other forms of urban green space and 

CVD prevalence has implications for positive social change at various levels. At the 

individual and familial level, tree-lined streets can promote physical activity, reduce 

stress, and enhance overall well-being. At the local community and policy level, 

incorporating different types of green space in urban planning could achieve benefits for 

general public health and community well-being.  

Although this study did not find a statistically significant association between 

street trees and reduced CVD, the results were intriguing and emphasize the need for 

further research into environmental health interventions. Promoting the multifaceted 

benefits of green spaces can lead to positive social change by enhancing individual 

health, supporting family well-being, fostering healthier organizational cultures, and 

informing policies that prioritize public health through environmental sustainability. 

Conclusion 

In summary, this quantitative epidemiological study examined the potential link 

between street trees and self-reported CVD in Mexican adults living in metropolitan 

census tract using secondary, cross-sectional data. Complex samples logistic regression 

analysis were conducted that accounted for different combinations of individual and 

environmental risk factors. The analyses did not yield sufficient evidence to reject the 

null hypothesis of no significant relationship between street trees and CVD, and a 

significant relationship between street trees and CVD could not be established. However, 

the results showed a marked trend of reduced likelihood of CVD prevalence among 

adults who lived in urban neighborhoods of Mexico as the number of streets with street 
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trees increased, although this finding was not statistically significant after controlling for 

individual- and household-level factors. The study’s post hoc analyses revealed that the 

sample size was underpowered (<30%), and it is possible that with a larger sample size, 

statistically significant results might be observed. Similarly, adding other covariates 

could help isolate the effect of street trees on the outcome. The results warrant further 

investigation into street trees’ potential protective effect on CVD. Future studies 

addressing the main limitations of this research may yield more definitive conclusions 

about the relationship between street trees and cardiovascular health in urban 

environments. 

The investigation into the health benefits of green spaces in urban areas remains a 

vital area of research. As urban areas continue to grow and CVD rates rise, environmental 

interventions like street tree planting can be a valuable component of public health 

strategies. The results of this study implying a protective effect of street trees on CVD 

make the addition of street trees to urban landscapes a potentially powerful strategy to 

affect social change via improved health outcomes. The on-going urbanization of 

Mexico’s population and expected aging of the population underscore the need for 

continued research on the multifaceted approaches to mitigate the increasing burden of 

CVD. By integrating street tree planting into urban planning and public health initiatives, 

cities may be able to create more resilient, healthier communities. 
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