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The built environment fundamentally shapes health opportunities, including those for active
living. While research from the Global North has identified the types of built environments that
support choice-based physical activity, less is known about their distribution and active-living
promoting potential in Global South cities, where activity is often necessity-driven and
socioeconomic inequalities and segregation are pronounced. This dissertation addressed this gap
by using a neighborhood typology approach to examine how socioeconomic residential
segregation and neighborhood built environments relate to shape active living patterns in Bogota,
Colombia. Findings showed that more segregated neighborhoods were less likely to be
characterized as active living-supporting built environments, but were not directly associated
with physical activity levels, likely due to misalignment between researcher-defined and
perceived access to neighborhood characteristics. Despite limitations, including cross-sectional
data, temporal mismatches, and reliance on proximity-based measures, this work highlights

important areas for future place-based epidemiologic research in Global South cities. When



leveraged intentionally, the built environment has the potential to foster cities that are

fundamentally just, promoting equitable opportunities, mobility, and health for all residents.
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Chapter 1. Introduction

The built environment, the human-made environment that shapes human mobility, fundamentally
structures our opportunities for health. For example, investments in quality pedestrian
infrastructure can facilitate safe, active transport, while mixed-use land development can bring
amenities closer to where people live. Together, these kinds of planning decisions connect
communities to employment, economic, and social opportunities, while also promoting physical
activity—all of which are foundational to health.!? As such, the role of the built environment in
shaping health is widely recognized, and health-centered approaches are now an established
focus of urban planning.>-

However, planning for health alone is not sufficient to equitably promote health. Urban planning
is not immune to the systems of oppression that have produced disparate health trajectories for
marginalized populations. For example, in Addis Ababa, Ethiopia, eminent domain was used in
2024 to construct a city corridor intended to improve connectivity.® While the project has been
celebrated for expanding walking and cycling infrastructure, it simultaneously displaced
predominantly low-income households, relocating them to the city’s periphery and away from
central economic and social opportunities.””'? As a result, the corridor, though health-promoting
in principle, primarily benefits more affluent residents who remained in place, while displaced
lower-income individuals now face new barriers to mobility and access. This example illustrates
how health-oriented planning, when divorced from explicit considerations of equity, can
reproduce or exacerbate social and spatial inequalities, undermining its potential to promote
equitable health outcomes.

Addis Ababa is not unique. Cities worldwide demonstrate that urban planning is rarely neutral:
even interventions framed as promoting health or public benefit can reinforce existing social
hierarchies and power imbalances. In the United States, for example, urban renewal projects
have frequently been used to justify racially motivated displacement under the guise of public
improvement.'!-!3 Take, for example, the clearance of Reno, a predominantly Black
neighborhood in Washington, D.C, to make way for Fort Reno Park in the 1920s. 415 Under the
pretense of creating public green space, residents were forcibly displaced, homes were
demolished, and a once thriving community was erased. This same story has played out across
U.S. cities through highway construction,!*!%17 housing development,'®!° and other planning
interventions that privileged the mobility, property values, and recreational spaces of more
affluent and often White populations while marginalizing communities of color.!!-1?

Therefore, urban planning that fails to acknowledge underlying social processes that are equally
important for shaping both the distribution of and access to quality built environments renders
even well-intentioned, health-oriented urban planning interventions insufficient for equitably
promoting population health. As Tan et al. argue, planning for health equity, rather than health
alone, must be the guiding principle in efforts to meaningfully and equitably advance population
health through urban planning.!!



This dissertation builds on this argument in two ways. First, it focuses on residential segregation,
as an important metric for assessing equity in urban planning. Segregation is not simply a
demographic pattern, but a structuring force that organizes the spatial distribution of resources,
risks, and opportunities.?’22 In this way, segregation provides the socio-spatial fabric against
which planning interventions play out: the same investment in parks, transit, or pedestrian
infrastructure can improve opportunity for one community while entrenching disadvantage in
another. Examining how the distribution of built environment resources aligns (or misaligns)
with the spatial patterning of populations by social identity can therefore provide information
into how health inequities emerge, persist, and may be disrupted.

Second, this dissertation focuses specifically on active living—a way of life that integrates
physical activity into daily routines (e.g., biking or walking to work) — as a particularly
powerful and underutilized emergent measure of health equity to guide urban planning
processes.?>~2° Cities that prioritize equitable active living design streets, public spaces, and
transportation systems to make physical activity safe, convenient, and accessible for all residents.
By shaping opportunities for movement in daily life, active living influences health through
multiple physiological and psychosocial pathways and is consistently associated with lower risk
of chronic diseases, including cardiovascular disease,?®?’ cognitive decline,?®? and some

30-32 along with improved mental health,**~3> and lower overall mortality.**=% As such,
equitable promotion of active living through urban planning represents not only a pathway to

cancers,

reducing disparities across multiple disease outcomes but also a tangible marker of whether
planning is truly advancing mobility, opportunity, and health equity across space.

Using physical activity as a metric for health equity, however, becomes more complex in the
Global South where activity is largely necessity-driven.**** Individuals often walk or bike for
transport and engage in physically demanding labor, not out of preference, but because of
economic, spatial, and infrastructural constraints. If measured only at face value, these
populations appear “active”, suggesting their urban environments support health equity. Yet this
form of activity is fragile: as individuals gain access to motorized transport, for example, they
are likely to lose these forms of movement—a process known as the physical activity transition.
At scale, this threatens entire populations with declining energy expenditure unless environments
simultaneously expand opportunities for choice-based activity (e.g., choice-based active
transport). Without such environments, activity will become concentrated among those with time
and resources, typically more affluent groups, reproducing inequities. Thus, the goal is to center
and promote choice-based physical activity as a more sustainable and equitable metric for health-
oriented urban planning.

While data limitations make it difficult to fully disentangle choice-based from necessity-driven
physical activity, we know from research in the Global North the types of built environments that
can support choice-based activity. What remains less clear is how these built environments are
distributed in Global South cities, which are characterized by wide socioeconomic inequalities



and segregation, and if these built environments have the potential to similarly foster physical
activity in settings where physical activity is primarily driven by necessity.

This dissertation aims to fill this gap by investigating how socioeconomic residential segregation
and the built environment relate and co-occur to shape active living patterns in Bogota,
Colombia. More specifically, the dissertation begins by examining whether active-living—
promoting environments are equitably distributed in Bogota, using socioeconomic residential
segregation as an indicator of the social processes that shape health opportunities, including,
potentially, access to environments that support active living (Chapter 2). Next, it investigates
how socioeconomic segregation and built environments influence active living, to provide
evidence on potential contextual determinants of physical activity in this underrepresented
physical activity setting (Chapter 3). Finally, the dissertation assesses whether specific built
environments can mitigate the potential negative implications of living in socioeconomically
segregated neighborhoods on physical activity, exploring how planning interventions can
function as potential levers for promoting physical activity equity (Chapter 3).

Global South cities, including Bogot4, provide an important context for understanding the
relationship between the built environment and health equity through active living for several
reasons. First, Global South cities are home to the majority of the global population and will
account for most urban growth in the coming decades.*! Second, these regions are
underrepresented in active living research, leaving the mechanisms, drivers, and distribution of
activity in these contexts poorly understood.>**? Third, despite relatively high baseline levels of
physical activity, these cities are experiencing a rising chronic disease burden,* making the
potential physical activity transition particularly consequential for health systems if prevention is
not prioritized. Finally, and perhaps most importantly, these cities are still being built, offering an
opportunity to “build in” health equity and promote well-being for generations to come.

By answering these questions, this dissertation seeks to advance a more equity-driven and
globally relevant understanding of the ways urban environments shape health equity, particularly
in Global South cities, like Bogota, where the ongoing process of urbanization offers important
opportunities to intervene and build healthier, more just cities



Chapter 2. Investigating equity in the distribution of active living-promoting environments
across socioeconomic residential segregation in Bogota

Abstract

Background: Understanding the equitable distribution of active-living -promoting built
environments in rapidly developing and economically divided cities like Bogota is important for
minimizing future health disparities. We investigate the distribution of active living
environments in Bogota by residential socioeconomic segregation.

Methods: Socioeconomic segregation was measured using the 2018 multidimensional poverty
index provided by the Colombian National Department of Statistics. We calculated local spatial
measures of dissimilarity and isolation, both deprived and non-deprived). Active-living-
promoting built environments were identified through latent class analysis, which estimated a
neighborhood built environment typology based on the distribution of fifteen built environment
features collected from various sources. We fit robust Poisson regression models, using pseudo-
class draws to account for class uncertainty, to estimate prevalence ratios corresponding to the
cross-sectional association between socioeconomic segregation and the characterization of a
neighborhood as active living-promoting.

Results: We included 2,740 Census sections in Bogoté (98%) with complete data in the analysis.
We found that socioeconomic segregation patterns in Bogota demonstrate a stark spatial pattern,
where the residential distribution by socioeconomic status is most divergent from the city
distribution in the Northeast and peripheries of the city, whereas households are most
socioeconomically isolated in the Western and Southern parts of the city. A 3-profile latent class
model was selected, resulting in the following class definitions based on the underlying
distribution of active-living related built environment features: “Class 1: Amenity- and Traffic
Signal-Limited Active Living Environment”, “Class 2: Multi-Domain Active Living
environment”, and “Class 3: Amenity-Rich but Traffic Signal-Limited Active Living
Environment” built environments. These classes characterized 20%, 50%, and 30% of
neighborhoods in Bogota, respectively. We found that segregated neighborhoods, as defined by
dissimilarity and isolation, were less likely to be characterized as active-living promoting
compared to those with lower levels of segregation (Dissimilarity Prevalence Ratio: 0.52, 95%
CI: 0.46, 0.56; Deprived Isolation Prevalence Ratio: 0.18, 95% CI: 0.15, 0.22; Non-Deprived
Isolation Prevalence Ratio: 0.83; 95% CI: 0.75, 0.93).

Conclusion: Active living-promoting environments are inequitably distributed across
neighborhoods in Bogota. If unaddressed, this inequity in opportunity may perpetuate activity-
related health disparities.



1. Introduction

Latin America is one of the most socioeconomically unequal regions in the world.** Colombia,
particularly its capital city, Bogota, has been the focus of considerable research on residential
segregation,??#-52 the spatial manifestation of inequality through the separation of populations
on the basis of social conditions (e.g., socioeconomic status, ethnicity, race).?! Segregation is not
just an incidental feature of cities but an inherent product of urban development processes, with
important implications for population health.?! Fundamental cause theory posits that social
conditions such as socioeconomic status are enduring drivers of health disparities because they
determine access to flexible resources like power, knowledge, money, and social capital that are
critical for health.?%>3 Residential socioeconomic segregation reflects the spatial manifestation of
these conditions. But it also tends to have an independent effect on individual outcomes. Poor
people living in homogeneously deprived areas tend to have lower life chances than similar poor
individuals living in more heterogeneous areas.>* In this sense, segregation operates as a durable
mechanism through which fundamental causes are spatially structured, shaping health
trajectories across both space and time.

Segregation in itself is not harmful; for example, under a “voluntary” model where populations
self-segregate, the preservation of shared identity and potential for collective efficacy are
positive outcomes that could result from the spatial clustering of social groups (e.g., ethnic
enclaves).?!>> However, residential segregation in Latin American cities, including Bogota, is
almost always as a result of involuntary processes that force displacement of lower-income
populations for the benefit of wealthier populations.?! Several studies have documented the
negative consequences of such imposed segregation, including restricted access to quality
education,’*>% employment opportunities,®*®! and healthcare.®>%3

Although residential segregation in Bogoté has been well-documented and its implications for
population health increasingly recognized, the mechanisms linking segregation to health remain
underexplored. One important question in this area is whether segregation—health associations
reflect compositional differences (i.e., health outcomes are a result of the social conditions or
preferences of individuals who are spatially clustered) or contextual mechanisms (i.e., residential
segregation itself exerts an influence on health through scale-concordant mechanisms).
Understanding these pathways is important for informing appropriate interventions and engaging
the relevant stakeholders to address the health effects of segregation. Although this study does
not directly test this distinction, it aims to contribute to the growing body of research supporting
contextual explanations by examining the built environment as a potential pathway linking
segregation and health.

Access to built environment features such as public plazas, sidewalks, public transportation, and
bicycle paths help increase opportunities for active living,**¢7 which can reduce the risk of
noncommunicable disease like cardiovascular disease, stroke, and cancer.®®’° However, not all
communities have equal access to these health-promoting resources.”!~7> Residential segregation



may serve as a structural mechanism that shapes the distribution of these features across
neighborhoods, offering a potential pathway through which activity-related health disparities
emerge.

Much of the literature investigating the just distribution of built environments, however, focuses
on individual elements, such as access to greenspaces or public transportation,’’>~"7 rather than
considering a broader, integrated view of health promoting-infrastructure that may be more
relevant for shaping subsequent active living behavior of residing populations. This narrow lens
can lead to equally narrow policy responses. For example, although many cities, including
Bogota, have prioritized the equitable distribution of greenspaces through territorial planning
policies,’®” other infrastructure that is simultaneously needed to shape and sustain health

80-82 remain

behavior, like equitable access to road safety neighborhood features,
underemphasized. Therefore, disrupting the pathways that link segregation, as a spatial
manifestation of inequality, to poor health outcomes necessitates integrated approaches that align

with the systematic ways through which these forces shape health-promoting environments.

Bogota has experienced substantial population growth over the past several decades, with its
population doubling within 30 years.®} The formation of modern Bogota began in 1954, when
surrounding municipalities, Usaquén, Suba, Engativa, Fontibon, Bosa, and Usme, were annexed
into what became the Special District of Bogota®® This annexation occurred in response to
massive rural-to-urban migration driven by La Violencia, a period of intense conflict in the early
1950s that displaced thousands of Colombian households.?*3* In search of safety and economic
opportunity, many migrants settled in Bogoté and its adjacent municipalities, tripling the city’s
population in a short period of time. This population surge placed pressure on urban
infrastructure and housing. In response, Bogota undertook rapid, often uncoordinated
development to connect and integrate the newly annexed areas.’':33 The late and often
insufficient state response drove informality to become the main mechanism through which
people built their houses and neighborhoods in Bogota.?>%¢ The later intensification of narcotics-
driven violence in 1988 and 1989, led to constitutional reform in 1991 that supported a more
decentralized and autonomous structure for territorial states, including the Capital District,
Bogota. This shifted decision-making power regarding territorial affairs, including land use
planning and development, to the city, significantly shaping its development.®”-*® However,
changing mayoral administrations, alongside increasing influence from construction and real
estate sectors, has undermined the urban development structure that was introduced through
constitutional reform, leading to the persistent inequities in access and distribution of urban
infrastructure and services seen in Bogota today.

Despite these challenges, Bogota has emerged as a globally recognized innovator in sustainable
and active transportation. Notable initiatives include TransMilenio,?*° a high-capacity bus rapid
transit (BRT) system; TransMiCable,”'? a cable car connecting hillside communities to transit
nodes; Ciclorutas de Bogota,” one of the most extensive bicycle path networks in Latin
America; and Ciclovia,®””>** a weekly open streets program that promotes pedestrian and cyclist



activity. The benefits of these urban innovations, however, are inequitably distributed on the
basis of socioeconomic conditions potentially giving rise to subsequent disparities in health
outcomes.

Recent calls to center health equity into urban planning decision-making offer a framework to
guide more equitable development efforts and ground the present study.!!> Specifically, we
investigate if active-living promoting environments, defined using a neighborhood typology
approach, are equitably distributed across Bogota. We approach this investigation with three
objectives: First, we use 2018 census data to characterize recent socioeconomic segregation
patterns in Bogota along two dimensions: isolation and dissimilarity. Second, we apply latent
class analysis to identify a typology of neighborhood built environments based on the co-
occurrence of multiple built environment features known to promote leisure and transport-based
physical activity. Finally, we investigate whether active-living-promoting environments are
equitably distributed across Bogotd by examining their association with our segregation
measures. Through these study objectives we aim to provide evidence in support of health
equity-centered urban planning to ensure urban planning benefits are realized equitably in
developing cities like Bogota.

2. Methods
2.1.8ocioeconomic segregation

We measure residential socioeconomic segregation in Bogota using two measures based on a
multidimensional household poverty measure (Spanish: indice de Pobreza Multidimensional)
from the most recent administration of the National Population and Housing Census (2018).%
The multidimensional poverty measure is an official household poverty measure provided by
Colombia’s national statistical agency (Spanish: Departamento Administrativo Nacional de
Estadistica). This measure characterizes household poverty status using 15 indicators across five
domains: education, children & youth, employment, health, and housing & public services.
Households are characterized as socioeconomically deprived if they are deprived in five or more
of the indicators.

The multidimensional poverty variable was used to calculate two segregation measures for all
administrative sections (Spanish: secciones censales) in Bogota: dissimilarity and isolation.
These two measures were chosen because they are the most widely used measures to evaluate the
evenness and exposure dimensions of segregation, respectively, and have been previously used to
measure segregation in Latin American cities, including Bogotd.?!-?248:31.97 We adopt local and
spatial versions of the measures, as outlined by Oka & Wong,”®% to facilitate within-city
comparison of the measures and incorporate neighboring units in the calculation of the measures.

Local spatial dissimilarity was calculated as follows:
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Where cg1; and cg2; represent the composite counts of socioeconomically deprived (i.e.,
households deprived in five or more of the indicators) and non-deprived households (i.e.,
households in deprived in four indicators or less) in Census section i, respectively. Similarly,
cG1; and cG2; denote the composite counts of deprived and non-deprived households in the city.
The measure quantifies the extent to which the composition of socioeconomically deprived and
non-deprived households in a given section (and its neighbors) deviates from the overall city
composition. Values range from 0-1, where a value of 0 indicates that the neighborhood’s
composition matches the city's overall distribution, while a value closer to 1 indicates greater
dissimilarity, meaning the Census section and its surroundings differ from the city's demographic
distribution.

We calculate two local spatial isolation measures, one to measure isolation of deprived
populations and one for non-deprived populations. Local spatial isolation was calculated as
follows:

cgl; cgl;
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Where ct; corresponds to the composite population count in Census section i, and G1 the total
count of deprived or non-deprived households in the city, and cg1; is the composite count of
deprived or non-deprived households in the Census section, as above. The isolation measure for
deprived populations quantifies the extent to which socioeconomically deprived individuals in a
given section (and its neighbors) are isolated from non-deprived individuals in the city, whereas
the isolation measure for non-deprived individuals quantifies the reciprocal relationship. This
measure also ranges from 0-1, where higher values indicate greater isolation, meaning
individuals are more surrounded by others from the same group rather than a mix of individuals
from both socioeconomic groups.

For both measures, we use composite counts, a concept first proposed by Wong to provide
flexibility in neighborhood definition and proxy the spatial dimension of segregation
quantitatively.'”® Composite counts are created by incorporating the population counts of
neighboring units into the calculation of segregation measures. Composite counts capture group
interactions across administrative boundaries, which would otherwise be treated as rigid if counts
were confined solely to the administrative unit.

There are multiple methods for defining neighboring units and subsequently weighting their
contributions to generate composite counts.!?!192 We adopted a K-nearest neighbors inverse
distance weighting approach for our calculations. Specifically, we define a fixed number of
neighbors for all Census sections, based on the median number of contiguous neighbors across
all sections in the city. The population counts of each neighboring section are then weighted
according to their inverse distance from the centroid of a given section such that closer neighbors
have a greater influence on the composite count, aligning with the probability of interaction. We
chose this approach because it balanced both spatial proximity and the need for a consistent



comparison across neighborhoods with varying land areas with theoretical assumptions about
how spatial interaction decays with distance. Sensitivity analyses were conducted using both
contiguity and inverse distance weighting approaches to calculate composite counts (Table S-2)
to ensure findings are robust across varying neighborhood definition and weighting approaches.

Local segregation measures such as the two calculated here can often result in very small values
when population counts are low, as is common when examining segregation patterns at small
spatial scales. This occurs because the variation between groups tends to be less pronounced at
smaller scales, and the resulting smaller segregation values may be difficult to interpret.”® To
address this, we normalized each value by scaling it relative to the maximum observed value,
then classified the normalized values into quartiles for analysis. For instance, the isolation value
for each Census section was divided by the maximum value across all Census sections, resulting
in a normalized range from 0 to 1, and then categorized into quartiles. We chose this approach to
facilitate a more intuitive interpretation and comparison of segregation measures across
neighborhoods. We recognize that the maximum value may vary across cities or time periods, so
comparisons across studies should account for this.

Census data was accessed using REDATAM,!® publicly available dynamic tabulation tool
developed by the Economic Commission of Latin America to facilitate dissemination of census
data at various geographic scales, including the multidimensional poverty variable used in the
construction of the socioeconomic segregation measures.

2.2.Built environment neighborhood typology

To develop a built environment typology that represents the types of active-living environments
found in Bogota, we combined 15 built environment variables sourced from publicly available
geospatial data from Bogotd’s District Department of Planning (Spanish: Secretaria Distrital de
Planeacion), Spatial Data Infrastructure for the Capital District Department (Spanish:
Infraestructura de Datos Espaciales para el Distrito Capital, IDECA), District Institute of
Recreation and Sport (Spanish: Instituto Distrital de Recreacion y Deporte), and from a database
of built environment features identified using machine learning algorithms applied to Google
Street View panoramic images of Bogota’s street network.!%*195 These variables were selected to
represent built environment domains previously established as relevant for active
living,6466.106.107 \ith adaptations to include domains and variables specifically relevant to
activity promotion in Latin American cities®*!%19°: functional factors, transport, safety,
aesthetics, destination, and civic culture. The specific variables, definitions, and sources are
detailed in Table S-1.

We used latent class analysis (LCA) to estimate a built environment typology from compiled
built environment variables and characterize all Census sections in Bogota with complete data.
We tested LCA models with class solutions ranging from 1 to 6 classes to identify the optimal
number of classes. Variables that were not already binary were dichotomized at the median
before fitting the models to ease interpretation of the resulting typology and meet model



assumptions.!! We selected a latent class analysis (LCA) approach instead of latent profile
analysis (LPA) or other mixture models that accommodate continuous variables to facilitate
interpretation of the results. Given that the neighborhood typology is derived from the joint
distribution of 15 variables, modeling all of them as continuous would make the resulting classes
more difficult to interpret

The final LCA model was selected based on a combination of model fit statistics (i.e., AIC, BIC,
entropy, and average maximum posterior), subjective interpretability of the resulting profiles
informed by content area knowledge, and the population sizes of the profiles. After selecting our
final model, classes were labeled based on the distribution of the individual built environment
features. We then extracted posterior probabilities for subsequent analysis and classified the
resulting classes as either promoting active living or not, based on the distribution of built
environment characteristics and input from subject matter experts.

2.3 Statistical Analysis

We computed summary statistics for both the segregation measures and built environment
variables. We used robust Poisson regression models to directly estimate prevalence ratios that
correspond to the cross-sectional association between socioeconomic segregation and the built
environment typology. Specifically, we fit models to estimate prevalence ratios with 95%
confidence intervals, constructed using robust standard errors, to assess the probability of a
neighborhood being characterized as active living-promoting relative to the referent (segregation
quartile 1, indicating the lowest segregation level).

Because class assignments from the latent class model are probabilistic, we used pseudo-class
draws to account for class assignment uncertainty in the estimation step testing for an association
between segregation and the built environment typology.!!!:!1? In this approach, we generate
multiple datasets (i.e., draws), where neighborhoods are assigned to a class based on their
estimated posterior probabilities from the selected LCA model. For example, if Neighborhood 1
has the following class membership probabilities in a four-class solution, 59% for Class 1, 1%
for Class 2, 15% for Class 3, and 25% for Class 4, then across 100 draws it would be assigned to
Class 1 in 59 draws, Class 2 in 1 draw, Class 3 in 15 draws, and Class 4 in 25 draws. We chose to
run 50 draws to balance statistical precision and computational efficiency (Figure S-5). It is
important to note that there are alternative approaches to handling latent class estimation
uncertainty that generally outperform the pseudo-class draw method.!!!:!!3114 However, many of
these alternatives require the use of multiple software packages, some of which are proprietary or
offer limited technical support.'!> In contrast, the pseudo-class draw approach is relatively
straightforward, as it follows a framework similar to multiple imputation for missing data.!!!-!1¢
We selected this method as a principled alternative that better accounts for classification
uncertainty than the naive approach, which assigns individuals to their most likely class (i.e.,
modal assignment) without incorporating the probabilistic nature of class membership.



Following class estimation, we fit robust Poisson models for each draw to generate effect
estimates, which were pooled across draws using Rubin’s rules to calculate corrected standard
errors and corresponding confidence intervals.!'® Distribution of covariates across the built
environment typology were generated by assigning Census sections their highest probability
class (i.e., modal assignment).

All analyses were conducted in R, using the poLCA package to fit the LCA model.!!* This study
used routinely collected public administrative and environmental data and was therefore exempt
from human subject review.

3. Results

Of the 2,796 Census sections in Bogota, 2,740 Census sections were included in the final
analytic sample. Two percent of sections (n = 56) were dropped because traffic safety features
were not counted for these Census sections.

3.1.Socioeconomic segregation

The maximum observed segregation value used for normalization for each measure was 0.24 for
dissimilarity, 0.12 for isolation of deprived populations, and 0.77 for isolation of non-deprived
populations. For isolation, this indicates that at the extreme, non-deprived populations are
segregated to a larger degree than deprived populations. These values set the upper bound for the
scaled range of both segregation measures (0-1). Using the normalized measures, the median
(IQR) for dissimilarity was 0.06 (0.03—0.10), and for isolation, it was 0.05 (0.01-0.16) for
deprived populations and 0.10 (0.07-0.13) for non-deprived populations. The spatial distribution
of the segregation measures grouped into quartiles is shown in Figure 1. The highest levels of
segregation, as measured by dissimilarity, appear in neighborhoods in the northeast and
peripheries of Bogota. For deprived isolation, the highest level of segregation is observed in the
southern peripheries of the city, whereas the highest segregation of non-deprived isolation is
concentrated in the western peripheries, with some overlap in neighborhoods also characterized
by high deprived isolation.

3.2.Built Environment Typology

The distribution of built environment variables for included Census sections is described detail in
Table 1 (further descriptive information available Figure S-1 & S-2) . A 3-class solution was
selected as the optimal LCA model to estimate a built environment typology for Census sections
in Bogota (Model fit statistics available in Figure S-3). Using the 3-class LCA model, Census
sections



Table 1. Distribution of Built Environment Variables in Bogota, overall and across estimated built environment typology

Domain Items City Distribution Class 1: Class 2: Class 3:
(n=2,740) n =539 (20%) n = 1,366 (50%) n = 835 (30%)
Median (IQR) or N (%)

Functional Intersections, intersections per km? 305.5 (185.1-464.1) 315.4 (86.0-496.87) 292.5(202.9-423.9)  334.1 (176.2-507.5)
Sidewalk coverage, sidewalk area 0.11 (0.07-0.13) 0.08 (0.05-0.11) 0.11 (0.09-0.13) 0.11 (0.08-0.13)
(m?) per Census section area (m?)
Bike lanes, bicycle lane length (m) 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.00 (0.00-0.00) 0.00 (0.00-0.00)
per road length (m)

Transport Transmilenio routes 1,491 (54) 41 (8) 991 (73) 459 (56)
SITP routes, number of routes 41 (31-55) 25 (18-33) 48 (37-61) 43(34-54)
Bus stops, bus stops per Census 0.0 (0.0-9.0) 0.0(0.0-18.0) 0.0 (0.0-7.2) 0.0 (0.0-8.8)
section area (m?)

Safety Pedestrian signals, % pedestrian 2.2 (0.0-11.6) 0.0 (0.0-0.0) 11.6 (6.5-20.7) 0.0 (0.0-0.0
signals detected *
Traffic signals, % traffic signals 6.8 (0.0-21.4) 0.0 (0.0-0.0) 21.4 (13.4-35.2) 0.0 (0.0-2.4)
detected®

Aesthetic Trees, number of trees 2,968 (1,076-6,205) 1,605 (383-4,678) 3,535 (1,535-6,596) 3,118 (967-6,441)

Destination Land use diversity (entropy index) 0.68 (0.40-0.88) 0.38 (0.20-0.57) 0.80 (0.57-0.93) 0.70 (0.46-0.83)

Parks, park area (m?) per Census
section area (m?)

0.04 (0.00-0.09)

0.04 (0.00-0.09)

0.04 (0.00-0.09)

0.05 (0.00-0.11)

Plazas 1,068 (39) 120 (22) 615 (45) 333 (40)
Malls 739 (27) 30 (6) 353 (26) 356 (43)
Civic culture  Ciclovia 1,295 (47) 28 (5) 841 (61) 426 (51)
Recrovia 626 (23) 134 (25) 273 (20) 219 (26)

* proportion from total GoogleStreetView images available in Census section
Neighborhood built environment classes are defined as follows: Class 1: Amenity- and Traffic Signal-Limited Active Living Environment, Class 2:
Multi-Domain Active Living environment, Class 3: Amenity-Rich but Traffic Signal-Limited Active Living Environment.



Figure 1. Spatial distribution of built environment neighborhood typology and segregation quartiles

a) Built Environment Neighborhood Typology b) Dissimilarity c) Isolation (no deprivation)
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Figure 1 Caption: Neighborhood built environment classes are defined as follows: Class 1: Amenity- and Traffic Signal-Limited

Active Living Environment, Class 2: Multi-Domain Active Living environment, Class 3: Amenity-Rich but Traffic Signal-Limited
Active Living Environment.



were characterized as the following #ypes of active-living built environments: Class 1: Amenity-
Limited and Traffic Signal-Limited Active Living Environment (n = 539, 20%), Class 2: Multi-
Domain Active Living Environment (n= 1,366, 50%), and Class 3: Amenity-Rich but Traffic
Signal-Limited Active Living Environment (n=835, 30%).

Table 1 presents the distribution of features across estimated neighborhood classes and relative
to the city average. Figure 2 depicts the distribution of built environment characteristics across
the estimated typology, indicating the proportion of Census sections within each built
environment class that exhibit above- or below city-median density for each feature, grouped by
built environment domain. For example, among neighborhoods classified as Class 1: Amenity-
Limited and Traffic Signal-Limited Active Living Environment, approximately 40% had an
above-median tree density. In contrast, about 60% of Class 2: Multi-Domain Active Living
Environment, and 50% of Class 3: Amenity-Rich but Traffic Signal-Limited Active Living
Environment.

Class 1 neighborhoods appear to consistently have below-median density for nearly all built
environment features relative to Class 2 and Class 3 neighborhoods. This seems to be most
pronounced for features across Civic Culture, Destination, Traffic Safety, and Transportation
built environment domains. Classes 2 and 3 neighborhoods were relatively similar across the
built environment domains; however, Class 3 diverged the most for traffic safety features, with
almost all neighborhoods characterized as Class 2 having above-median density of traffic safety
features, whereas Class 3 had nearly all neighborhoods fall below-median.

Class 2: Multi-Domain Active Living Environment was characterized as an active-living
promoting neighborhood class given the above-median density of nearly all built environment
features. For sensitivity analyses, both Class 2 and Class 3 neighborhoods were characterized as
active living.

The spatial distribution of the built environment neighborhood typology in Bogota is shown in
Figure 1. There is a distinct spatial patterning in the distribution of the classes. Class 2: Multi-
Domain Active Living Environment neighborhoods appear to cluster in the inner ring of the city,
whereas Class 3: Amenity-Rich but Traffic Signal-Limited Active Living Environment
neighborhoods are more prevalent in the outer ring and in pockets of predominantly Class 2
neighborhoods. Class 1: Amenity-Limited and Traffic Signal-Limited Active Living
Environment neighborhoods are almost exclusively found in the periphery of the city.

Table 2 presents the distribution of Census sections across quartiles of dissimilarity and isolation
based on the estimated built environment neighborhood typology. For dissimilarity, over half of
Class 1: Amenity-Limited and Traffic Signal-Limited Active Living Environment neighborhoods
(55%) fell into the highest quartile of segregation. In contrast, only 16% of Class 2: Multi-
Domain Active Living Environment neighborhoods support neighborhoods were in quartile 4,
with most classified in quartiles 1 (30%) and 2 (28%). Class 3: Amenity-Rich but Traffic Signal-



Figure 2. Distribution of features across estimated built environment neighborhood typology
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Table 2. Distribution of segregation values across built environment neighborhood typology

Built Environment Neighborhood Typology *

Class 1 Class 2 Class 3
(n=539) (n=1,366) (n=83)5)
Segregation quartile N (%)
Dissimilarity
Q1 (Lowest segregation) 47 (9) 411 (30) 227 (27)
Q2 76 (14) 387 (28) 218 (26)
Q3 118 (22) 353 (26) 215 (26)
Q4 (Highest segregation) 298 (55) 215 (16) 175 (21)
Isolation (Deprived)
Q1 (Lowest segregation) 3(1) 534 (39) 159 (19)
Q2 24 (4) 454 (33) 205 (24)
Q3 132 (24) 284 (21) 258 (31)
Q4 (Highest segregation) 380 (71) 94 (7) 213 (27)
Isolation (Non-Deprived)
Q1 (Lowest segregation) 204 (38) 353 (26) 102 (12)
Q2 164 (30) 369 (27) 158 (19)
Q3 112 (21) 340 (25) 243 (29)
Q4 (Highest segregation) 59 (11 304 (22) 332 (40)

2 Modal assignment used for descriptive comparison of segregation quartiles and class characterization; Neighborhood built
environment classes are defined as follows: Class 1: Amenity- and Traffic Signal-Limited Active Living Environment, Class 2: Multi-
Domain Active Living environment, Class 3: Amenity-Rich but Traffic Signal-Limited Active Living Environment.



Limited Active Living Environment neighborhoods were more evenly distributed across quartiles
of dissimilarity. A similar but more pronounced pattern was observed for deprived isolation.
Specifically, 71% of Class 1 neighborhoods were in the highest deprived isolation quartile,
whereas for Class 2 neighborhoods only 7% were. Class 3 neighborhoods were approximately
evenly distributed across all quartiles of isolation, though had a slightly higher concentration in
quartile 2 or above. In contrast, 11% of neighborhoods in Class 1 were in the highest segregation
quartile for non-deprived isolation, compared to 22% of neighborhoods in Class 2, and 40% of
Class 3.

3.3.Estimation

Effect estimates from robust Poisson models testing the cross-sectional association between
socioeconomic segregation and active-living-promoting neighborhood built environments are
presented in Table 3. A dose-response relationship is observed for dissimilarity and deprived
isolation, where higher segregation is associated with a lower probability of a neighborhood
being classified as an active-living-promoting type. Specifically, neighborhoods with a
socioeconomic composition most divergent from the city are 48% (PR: 0.52, 95% CI: 0.46, 0.56)
less likely to be characterized as active-living-promoting compared to the referent (lowest level
of segregation). This association is even more pronounced for deprived isolation. Neighborhoods
in the highest deprived isolation quartile, where deprived individuals are more likely to be
surrounded by others from the same group, are 82% (PR: 0.18, 95% CI: 0.15, 0.22) less likely to
be classified as active-living-promoting. Sensitivity analyses, using a broader characterization of
active-living promoting neighborhoods showed similar associations, with expected attenuation of
associational strength.

Non-deprived isolation followed a slightly different pattern. When using the more conservative
active-living neighborhood characterization, neighborhoods with moderate levels of segregation
(Quartile 2 and 3 for non-deprived isolation) were similarly likely to be characterized as active-
living promoting as the referent (PR Quartile 2 Non-Deprived Isolation: 1.00, 95% CI: 0.90,
1.10; PR Quartile 3 Non-Deprived Isolation: 0.92, 95% CI: 0.93, 1.02). However, those in the
highest quartile (i.e., non-deprived populations more likely to be surrounded by other non-
deprived populations) were 17% less likely to live in neighborhoods characterized as active-
living promoting compared to less segregated neighborhoods (PR: 0.83; 95% CI: 0.75, 0.93).
Using the broader definition, however, higher non-deprived isolation is associated with higher
probability of living in an active-living promoting neighborhood compared to the lowest
segregation quartile. Further, we did not observe a significant association between non-deprived
isolation and active-living neighborhood characterization in sensitivity analyses using different
neighbor definition and weighting approaches.



Table 3. Pooled estimates corresponding to the association between segregation and active-living supporting neighborhood

classification

Class 2 Class 2+Class 3
Segregation quartile Prevalence Ratio (95% CI) *
Dissimilarity
Q1 (Lowest segregation) Ref Ref
Q2 0.92 (0.85-1.01) 0.96 (0.93-0.99)
Q3 0.84 (0.76-0.92) 0.90 (0.87-0.94)

Q4 (Highest segregation)
Isolation (Deprived)

Q1 (Lowest segregation)

Q2

Q3

Q4 (Highest segregation)
Isolation (Non-Deprived)

Q1 (Lowest segregation)

Q2

Q3

Q4 (Highest segregation)

0.52 (0.46-0.56)

Ref
0.87 (0.82-0.93)
0.57 (0.52-0.63)
0.18 (0.15-0.22)

Ref
1.00 (0.90-1.10)
0.92 (0.93-1.02)
0.83 (0.75-0.93)

0.63 (0.59-0.67)

Ref
0.98 (0.96-0.99)
0.81 (0.78-0.84)
0.48 (0.44-0.52)

Ref
1.10 (1.03-1.17)
1.20 (1.13-1.27)
1.28 (1.22-1.36)

2 Estimates pooled over 50 draws to account for class uncertainty

Neighborhood built environment classes are defined as follows: Class 1: Amenity- and Traffic Signal-Limited Active Living
Environment, Class 2: Multi-Domain Active Living environment, Class 3: Amenity-Rich but Traffic Signal-Limited Active
Living Environment.



4. Discussion

We characterized socioeconomic segregation in Bogota using the most recent administration of
the Colombian census (2018) and examined whether active-living promoting neighborhood
environments are equitably distributed across the city. We found that segregation patterns in
Bogota demonstrate non-random spatial patterning, where the distribution of households in terms
of socioeconomic status is most divergent from the city distribution in the Northeast and
peripheries of the city, whereas households are most socioeconomically isolated in the Western
and Southern parts of the city. We found that segregated neighborhoods, as defined by
dissimilarity and isolation, were less likely to be characterized as active-living promoting
compared to those with lower levels of segregation.

Socioeconomic segregation in Latin American cities has long been shaped by distinct patterns of
urban development and spatial inequality. A number of urban models have emerged to help
explain these dynamics and provide a useful lens through which to interpret contemporary
patterns of segregation in Latin American cities like Bogota.

The first is Griffin and Ford’s model of the Latin American city. This model presents a
generalized urban structure of Latin American cities characterized initially by a central business
district (CBD) inhabited by the wealthy elite. Subsequent suburbanization of affluent groups
resulted in the formation of a ‘commercial spine’ —a linear extension from the CBD along major
commercial corridors—where high-income residential areas became concentrated.!!’-!"® Bihr
and Mertins expanded this model by highlighting the parallel growth of informal settlements,
typically along the urban periphery,” where low-income populations reside with limited access
to services, infrastructure, or formal housing markets. These settlements often develop through
semi-legal or illegal means and undergo gradual processes of consolidation or displacement as

cities grow.!20-122

Sabatini and later Borsdorf and Hidalgo built on these models by documenting the rise of
socially heterogeneous areas within Latin American cities following the suburbanization of
affluent groups: zones where higher- and lower-income groups coexist in close proximity, yet
remain socially and infrastructurally disconnected.?!12>-125A key feature catalyzing this shift is
the proliferation of barrios cerrados (gated communities), which emerged as a response to the
physical proximity of different socioeconomic groups.?!-?%43125-129 These secure, enclosed areas
enabled the formation of islands of homogenous, predominantly affluent residents within
historically lower-income neighborhoods. While such areas may appear spatially integrated on
the surface, they are often marked by forms of micro-segregation that preserve sharp divides in
access to public space, services, and infrastructure. 26130

Although our analysis is cross-sectional, these theoretical models are useful for understanding

contemporary patterns of segregation in Bogota that we identified in the present study. We find
that the spatial patterning of segregation in Bogota largely mirrors the trajectories described in
these urban models. High-income households are concentrated in the northeastern part of the



city, particularly along commercial corridors like Carrera Séptima and Avenida Caracas, aligning
with the “elite spine” described by Griffin and Ford. This area became the concentration for
high-income development, especially following the deregulation of land markets in the
1990s,21-°1:124 which facilitated the expansion of affluent neighborhoods and reinforced exclusion
through high land values and zoning restrictions.!3!:!32 At the same time, the southern and
peripheral areas of Bogota exhibit concentrated deprivation, consistent with Bahr and Mertins’
description of informal or low-income settlements on the city’s margins. In Bogota, these
patterns have been reinforced by the location of public housing developments almost exclusively
in the South, driven largely by affordability and market-driven constraints on land prices.?!!3!
These areas are characterized by lower socioeconomic status and limited access to quality
infrastructure and services.!??

We also observe a pattern of fragmented segregation, particularly in western Bogota, where both
deprived and non-deprived groups are seen to be highly isolated. In Bogota, the 1980s and 1990s
saw an expansion of high-income residential developments beyond the traditional affluent
neighborhoods of the North and Northeast into historically low-income areas in the
West.2!1-3L132This shift was fueled by globalization and neoliberal reforms that incentivized
market-led development and a suburban lifestyle increasingly sought by wealthier
households.!?*!25 Consistent with the patterns described by Sabatini and Borsdorf and Hidalgo,
these changes catalyzed the proliferation of gated communities,3*12%:126:133 and shifted the
segregation patterns from a traditional core-periphery model, in which high-income groups were
concentrated in specific, central areas of the city, to a fragmented urban landscape where high-
and low-income groups live in close geographic proximity but remain socially and physically
isolated. While we do not explicitly test for the presence of gated communities, prior research
has documented the recent rise of walled communities in areas that align with the higher
isolation values observed in our analysis.!* This ‘patchwork’ pattern seen in the West contrasts
with the long-standing segregation of affluent groups in the Northeast, where the historical
concentration of wealth, power, and resources has likely imposed stronger barriers to housing
access for poorer households—barriers that even the emergence of gated communities could not
mitigate >-13!

Importantly, our findings show that these patterns of segregation are associated with disparities
in active-living-promoting environments. Unsurprisingly, this relationship is most pronounced in
neighborhoods with the highest levels of deprived isolation, where segregated populations are
less likely to live in active-living-promoting neighborhoods. This aligns with existing research
that links the isolation and concentration of socially marginalized communities to disparities in

access to public services and amenities in Bogotd, and other cities in Latin American and
globally.22’58’75’l3l

Interestingly, we find that neighborhoods with high non-deprived isolation are also associated
with lower probability of being characterized as active-living-promoting. This suggests that the
spatial concentration of affluence can also generate negative health consequences through urban



design. One likely explanation is the dominance of car-oriented infrastructure in affluent
neighborhoods in Bogota.!3*13% Rising private vehicle use, especially among higher-income
households, has shaped neighborhood form: wider roads, parking infrastructure, and reduced
investment in transit infrastructure have created environments less conducive to active
mobility.!3>13¢ Similar patterns have been documented globally; for example, Oyeyemi et al.
found that higher socioeconomic status neighborhoods in Maiduguri, Nigeria were less
walkable.!3” Similarly, a study in the US found that, across 500 cities, neighborhoods with higher
median household incomes were associated with lower walkability scores.!?®

Another possible explanation is the decline in public investment in affluent segregated areas.
Katzman describes this as the “desertion of public space” by the globalized middle and upper
classes;*”-13° when inequality reaches intolerable levels, wealthier groups may withdraw from
collective investment, relying instead on private infrastructure and gated amenities that their
power, privilege, and resources can provide. In such contexts, empathy and civic responsibility
for shared public goods may erode, particularly when affluent residents have few interactions
with more disadvantaged groups.®’ The result is a neglect of public spaces, which may help

explain the patterns we observe in our study.

Overall, these findings suggest that segregation, whether driven by poverty or privilege, may
shape the urban environment in ways that have direct implications for mobility and health equity.
Urban policy should consider accounting for both the exclusion of marginalized groups and for
the ways in which affluence, when spatially and socially isolated, contributes to patterns of
infrastructural neglect for health promotion.

Our study has limitations. First, as a cross-sectional study, we cannot fully tease apart the
relationship between residential segregation and built environments, which are reinforcing
contextual mechanisms that can shape one another.!4%!4! While we aimed to align built
environment data collection with the 2018 census used to measure segregation, some built
environment features were captured prior to 2018. Although these features are generally stable
over time, this mismatch limits our ability to establish clear temporality between the exposure
and outcome. Relatedly, the cross-sectional nature of the study also limits our ability to capture
segregation as a dynamic process. Findings reported may not be representative of long-term
segregation patterns that characterize the city and may be stronger predictors of how health-
promoting opportunities are distributed.!#?

Further, the estimation of built environment typologies relied on data from multiple sources, each
with varying levels of measurement accuracy. While this afforded a more holistic measurement
of neighborhood built environments, this may have introduced measurement error that was not
accounted for in this analysis. This is of particular concern for informal areas, where data
coverage may be incomplete, potentially introducing bias in neighborhood classifications for
these areas.!*31%° This bias seems to be observed in the present analysis, with lower class
separation seen for peripheral neighborhoods (Figure S-4), warranting caution when interpreting



these results. Future work looking to compile data across sources may consider validating
geospatial data with virtual audits to quantify and correct potential measurement error, 44146
Relatedly, latent class models were fit using city median-dichotomized built environment feature
density. This makes the resulting estimated classes generalizable only within the context of
Bogota, although we do not expect the co-occurrence of built environment features to differ
substantially in other urban settings. Additionally, we identify an active-living promoting
neighborhood type based on the class with an underlying distribution of built environment
features that aligns with current understanding of features that support active-living in Bogota.
We, however, did not validate if these class types correspond to actual population active living
behavior. This will be explored further in future work.

Finally, our segregation measures are based on the multidimensional poverty index provided by
the 2018 Colombian Census, which defines households as deprived if they lack at least one-third
of 15 socioeconomic indicators. While this multidimensional approach improves upon single-
variable measures (e.g., highest education level), the dichotomization of socioeconomic status
used in our dissimilarity and isolation measures may not align with the actual social stratification
of individuals in Bogota. This could limit the generalizability of the segregation patterns
observed in the study to actual health and health-related opportunities that this work is
attempting to approximate. Future research should explore alternative operationalizations of
socioeconomic segregation to assess whether patterns remain consistent across different
variables and classifications.

This study also has strengths. First, this study uses a comprehensive set of built environment
features to understand equitable access to healthy environments. The construction of a
neighborhood built environment typology from these features offers important methodological

147-149 Tndividual features from a

innovation in the measurement of neighborhood environments.
latent modeling-derived typology can be disentangled to better understand what features co-
occur to distinguish neighborhood types; this is not possible with indices, what is typically used
to approximate multiple dimensions of neighborhood environments. The ability to preserve the
underlying pattern of features that comprise each neighborhood subtype allows us to better
understand the distribution of multiple features simultaneously and capture more nuanced

patterns of inequities that might be overlooked in conventional approaches.

Second, this study employed measures capturing two dimensions of segregation to provide a
more complete picture of how segregation can shape population health opportunities. As
demonstrated in this work, there are important subtleties in how populations are distributed in
space that can result in different patterns of segregation with varying public health impact.
Continued exploration of how different dimensions of segregation are related to access to health-
promoting opportunities will be important for development more informed urban and social
policy to combat potential negative implications of segregation.



Further, this is one of few segregation studies in the Latin American context that incorporate
spatial weighting approaches into the development of segregation measures to better capture the
spatial dimension of the construct. This is an important methodological improvement to aspatial
measures that treat administrative boundaries as impenetrable barriers, which is unrealistic to
how populations interact.!’! Given the absence of a universally accepted method for identifying
and weighting spatial neighbors, we present our primary findings using segregation measures
constructed with K-nearest neighbors-inverse distance weighting approaches, alongside
contiguity-based and inverse distance weighting methods (Table S-2). Overall, findings are
consistent across these approaches, with only modest variations in the magnitude of association
depending on the method used. However, we observed differences in the direction of association
when examining the association between non-deprived isolation and active-living neighborhood
characterization, suggesting that associations between segregation and external variables may be
sensitive to implied spatial scale of segregation induced by spatial weighting techniques. While
the sensitivity of segregation measures to the scale of measurement (e.g., census tract versus
metropolitan) has been extensively discussed,?>!3%-152 Jess attention has been given to how the
spatial extent of interaction defined by weighting approaches may influence the results.!> Future
research should further explore this dimension to advance our understanding of segregation as a
spatial phenomenon.

5. Conclusion

Our study suggests that socioeconomic segregation is associated with less opportunity to live in
active-living promoting neighborhoods for both poor and affluent groups. This is particularly
significant in the context of rising inactivity-related chronic diseases in Bogota and globally.
While the city government has implemented anti-segregation policies, primarily through housing
initiatives, our findings suggest that equity must be integrated across all domains of urban policy
including social, land planning, and transportation policy to engage the full spectrum of actors
responsible for equitably shaping healthy environments for all communities. In doing so, Bogota,
and other cities experiencing similar socio-spatial and urban development trajectories, can more
equitably foster environments that promote population health and well-being.



Chapter 2 Supplemental Material

Table S-1. Built Environment Variables: Definitions, operationalization, and source

Domain Items Description Variable Unit Original | Year Source
type Scale
Functional | Intersections | Density of intersections in | Continuous | # Point 2018 Secretaria
the network within the intersections/area Distrital de
Census section (km2) Planeacién®
Sidewalk Total sidewalks area Continuous | Sidewalk area Polygon 2019 IDECAP
coverage within the Census section (m2)/area (m2)
Bike lanes Bicycle lane length per Continuous | Bicycle lane Tract 2020 IDECAP
road length length (m) /road
length (m)
Transport | Transit Presence of TransMilenio | Binary 1,0 Line 2019 Transmilenio
routes - (BRT) routes within the SA°
Transmilenio | 1km of tract centroid
Transit Number of unique SITP Continuous | # SITP routes Line 2020 Transmilenio
routes - (pub transit) routes within SA°
SITP lkm Census section
centroid
Bus stops Bus stop density within Continuous | #bus stops/area Tract 2022 IDECAP
Census section (m2)
Safety Pedestrian Density of pedestrian Continuous | # images with ped | Point Closest | ML
signals traffic lights within signals image to | Predictions®
Census section detected/total 2018
images
Traffic Density of total traffic Continuous | # images with Point Closest | ML
signals lights within Census traffic signals image to | Predictions®
section detected/total 2018

images




Aesthetic Trees Density of trees within Continuous | # trees/area (km2) | Tract 2022 Secretaria
Census section Distrital de
Planeacion®
Destination | Land use Land use diversity index | Continuous | 0-1 Landuse | 2020 IDECA®
diversity (Shannon’s index) data at
parcel-
level,
aggregated
to tract to
calculate
entropy
Parks Park area within the Continuous | Park area (m2) Tract 2022 Instituto
Census section boundary /total area (m2) Distrital de
(%) Recreacion y
Deporte!
Public Presence plazas within Binary 1,0 Polygon 2022 Secretaria
spaces - lkm Census section Distrital de
plazas centroid Planeacién®
Public Presence malls within Binary 1,0 Polygon 2022 Secretaria
spaces - lkm Census section Distrital de
malls centroid Planeacion®
Civic Ciclovia Presence of Ciclovia route | Binary 1,0 Line 2020 Instituto
culture (weekly open streets) Distrital de
within 1km Census Recreacion y
section centroid Deporte!
Recrovia Presence of Recrovia Binary 1,0 Point 2020 Instituto
(weekly recreational Distrital de
programs) within 1km Recreacion y
Census section centroid Deporte!

aSecretaria Distrital de Planeacion (District Planning Secretariat)

*IDECA: Infraestructura de Datos Espaciales para el Distrito Capital (Spatial Data Infrastructure for the Capital District)

“Transmilenio SA: TransMilenio Sociedad Anonima (TransMilenio Inc)

dInstituto Distrital de Recreacion y Deporte (District Institute of Recreation and Sports)




°Features were identified using machine learning algorithms applied to GoogleStreetView panoramic images. Image availability is
variable (range: 2015-2019)




Figure S-1. Histograms of built environment variables
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Figure S-2. Spatial distribution of built environment variables *
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Figure S-2 Caption: Distribution of built environment variables dichotomized at city median (continuous variables) or indicating
presence of feature (binary variables)



Figure S-3. LCA model fit statistics: Relative Entropy, Average Maximum Posterior, BIC, AIC

Comparison metrics: Relative Entropy Comparison metrics: Average Maximum Posterior

1
| \/\
2 4 6

Number of Classes

o
8
Avg Max Posterior

Relative Entropy

°
®
&

Number of Classes

Comparison metrics: BIC Comparison metrics: AIC

54000

54000
<

52000
52000

50000
50000

2 4 6

Number of Classes

BIC
IC

4 6
Number of Classes

Figure S-3 Caption: Four LCA model fit statistics used to guide model selection for 1:6 class solutions. Optimal model should
optimize relative entropy and average maximum posterior metrics and minimize BIC and AIC criterion



Figure S-4. Spatial Distribution of class probabilities *
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Figure S-4 Caption: Spatial distribution of posterior probabilities estimated from LCA model as
an indicator for class separation. The distribution of probabilities is as follows: Min: 0.50, 1%
Quartile: 0.96, Median: 0.99, Mean: 0.95, 3™ Quartile: 0.99, Max: 1.00. Class separation is high
for most of the city, poorer separation is observed in the peripheries



Figure S-5. Stability of effect estimates across pseudo-class draws ?
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Figure S-5 Caption: Stability of effect estimates across pseduo-class draws for model estimating the association between isolation
(deprived quartiles) and active-living promoting neighborhood classification (Class 2 only), with isolation quartile 1 as referent



Table S-2: Comparison of pooled estimated effects across varying spatial weighting approaches for segregation composite count

Spatial neighbor weighting approach

KNN-IDW IDW Contiguity
Segregation quartile Prevalence Ratio (95% CI)?
Dissimilarity
Q1 (Lowest segregation) Ref Ref Ref
Q2 0.92 (0.85-1.01) 0.94 (0.86-1.03) 0.946 (0.87-1.04)
Q3 0.84 (0.76-0.92) 0.76 (0.68-0.84) 0.77 (0.70-0.86)

Q4 (Highest segregation)
Isolation (Deprived)

Q1 (Lowest segregation)

Q2

Q3

Q4 (Highest segregation)
Isolation (Non-Deprived)

Q1 (Lowest segregation)

Q2

Q3

Q4 (Highest segregation)

0.52 (0.46-0.56)

Ref
0.87 (0.82-0.93)
0.57 (0.52-0.63)
0.18 (0.15-0.22)

Ref
1.00 (0.90-1.10)
0.92 (0.93-1.02)
0.83 (0.75-0.93)

0.62 (0.55-0.69)

Ref
0.89 (0.83-0.95)
0.56 (0.50-0.61)
0.23 (0.20-0.27)

Ref
0.99 (0.89-1.10)
1.00 (0.90-1.12)
1.02 (0.92-1.13)

0.63 (0.57-0.71)

Ref
0.90 (0.84-0.97)
0.61 (0.55-0.67)
0.23 (0.19-0.27)

Ref
1.19 (1.06-1.33)
1.20 (1.07-1.34)
1.27 (1.13-1.41)

2 Estimated PR corresponds to probability of a segregated neighborhood being characterized as active living promoting
(Class 2: Multi-Domain Active Living Environment only) compared to referent. Estimates pooled over 50 draws.



Chapter 3. Neighborhood built environments, socioeconomic segregation, and active-transport
and leisure-based physical activity in Bogota, CO: A lesson on neighborhood measurement in
place-based epidemiologic research in the Global South

Abstract

Introduction: Physical inactivity is a growing concern in cities across the Global South,
including Bogoté, Colombia. Neighborhood factors such as the built environment and
socioeconomic segregation may shape physical activity, but evidence from Latin America
remains limited. This study examines how these neighborhood exposures relate to adult physical
activity in Bogotd and whether built environments modify the segregation—activity relationship,
with the goal of identifying contexts that reduce socioeconomic disparities in active living in
necessity-based physical activity settings.

Methods: We conducted a cross-sectional analysis using data from the 2015 National Nutritional
Survey (ENSIN), including International Physical Activity Questionnaire (IPAQ) measures of
leisure-time and active transport activity. Built environment typologies were derived from latent
class analysis of 15 indicators, classifying census sections into three active living neighborhood
types. We measured socioeconomic segregation using spatial dissimilarity and isolation indices
based on 2018 census multidimensional poverty data. Associations were estimated using
generalized linear models (Gamma for continuous, quasi-Poisson for dichotomous outcomes),
adjusting for individual covariates. We tested interactions to assess whether built environments
modified the effect of segregation on physical activity.

Results: Residents of socioeconomically isolated, high-deprivation neighborhoods were less
likely to meet physical activity recommendations through leisure (PR: 0.78, 95% CI: 0.62—0.99)
and more likely to meet them through active transport (PR: 1.08, 95% CI: 0.99-1.16), though the
latter association includes the null. Built environment typology was not associated with physical
activity across domains, nor did it modify the segregation—activity relationship. Post hoc
analyses suggest differential exposure misclassification may contribute these null findings.

Conclusion: We found modest evidence linking socioeconomic segregation with physical
activity, but no association with active-living-supportive built environments. Findings may
reflect measurement limitations, cross-sectional design, and temporal mismatch. Future research
using longitudinal data and spatial methods that capture mobility and lived experience is needed
to clarify how neighborhood environments shape necessity-driven physical activity in
socioeconomically unequal Global South cities.



1. Introduction

Insufficient physical activity is now among the leading modifiable risk factors for premature
morbidity and mortality worldwide.®>!>* The burden of physical inactivity, and by extension,
inactivity-related non-communicable diseases (NCDs), is increasingly concentrated in the Global
South, where an estimated 74% of all new NCD cases linked to physical inactivity are expected
to occur between 2020 and 2030.!5 This epidemiological shift is occurring alongside structural
changes to urban environments in the Global South, including rapid urbanization and
development, and shifts in transportation and labor practices, that are reducing utilitarian forms
of physical activity, which have historically dominated physical activity patterns in these
settings. 941,156,157

Given these trends, identifying scalable and sustainable strategies to promote and sustain
physical activity in Global South cities is a public health priority. A particular challenge is
ensuring that populations continue to choose physically active options, such as walking, cycling,
and recreational movement, even as motorized transport and sedentary occupations become more
accessible. Research that demonstrates how urban environments can be shaped to support
voluntary, rather than necessity-driven, physical activity is especially timely.>*-!4

Neighborhood environments are a promising intervention point. A significant body of research,
primarily from Global North countries, has documented the influence of the built environment,
such as street connectivity, access to parks, and public transit, on physical activity

behaviors. 26413815 However, relatively little attention has been paid to how these associations
may differ in Global South contexts, particularly in Latin America, where environmental and
social conditions are distinct. These cities are often characterized by wide economic
inequalities,?>* social fragmentation,'?*!%? and uneven infrastructure development,'3! all of
which may influence both the availability and the accessibility of health-promoting
environmental features.

In particular, socioeconomic segregation, the non-random spatial patterning of populations on the
basis socioeconomic status, is a defining feature of urban development in many Global South
cities, particularly in Latin America,?!?>!2*> and may play a critical but understudied role in
shaping physical activity patterns. Residential segregation can limit access to safe, high-quality
infrastructure for physical activity, either by constraining where such features are located or by
shaping the perceived or actual ability of residents to use them. While some studies suggest that
segregation is linked to disparities in access to neighborhood services,?>7%7® the potential
consequences for physical activity have not been adequately tested.

This knowledge gap is especially relevant in fast-growing cities such as Bogot4, Colombia,
where urban growth, income inequality, and policy windows for health-centered urban



development are converging. Bogota has been internationally recognized for pioneering active
transportation and inclusive mobility initiatives that have since been replicated globally. These
include Ciclorutas de Bogota, the most extensive bicycle path network in Latin America;”
Ciclovias, the world’s largest open-streets program;®** the TransMilenio, a high-capacity bus
rapid transit (BRT) system;®-*° and TransMiCable, a cable car linking peripheral, mountainside
neighborhoods to mass transit services.”?> Despite these advances and the city’s clear potential to
support active living, achieving recommended physical activity levels remains a persistent
challenge. Recent national health surveys indicate that more than half of Colombian adults and
approximately 75% of youth do not meet physical activity guidelines.!®!-162

These challenges are paralleled by the city’s rapid and uneven urban development. Residential
patterns marked by spatial concentration of low-income populations, driven in part by informal
settlements, housing policies, and land market dynamics, have resulted in unequal distribution of
urban resources and health-promoting infrastructure.?>#>163:164 Bogota’s experiences exemplify
broader concerns facing many Global South cities undergoing similar processes of urbanization
and social fragmentation. As these cities continue to grow, ensuring equitable access to
environments that support physical activity will be critical. Investigating Bogota, therefore,
offers a timely and informative lens through which to understand how neighborhood
environments, comprised of both built and social domains, can be leveraged to promote active
living and health equity in Global South urban contexts.

Given the urgent need for context-specific evidence to inform equitable urban planning in Global
South cities, this study explores the relationship between two neighborhood exposures,
socioeconomic segregation and active-living-promoting built environments, and physical activity
among adults in Bogotd. We further examine whether active-living-promoting built
environments modify the association between socioeconomic segregation and physical activity
outcomes, with the aim of identifying neighborhood contexts that may reduce socioeconomic
disparities in physical activity in Global South urban settings.

2. Methods
2.1.Neighborhood exposures:

2.1.1 Built Environment Typology:

The development of the built environment typology is explained in detailed elsewhere. In brief,
we used latent class analysis to categorize built environment types in Bogota. Using model fit
criteria (AIC, BIC, entropy, average maximum posterior), in combination with subjective
interpretability and class size, we selected a 3-class model, applied to 15 built environment
variables measured at or near 2018 (Table S-1) to identify three neighborhood built environment
classes that characterized all census sections in Bogota. These 15 variables were sourced from
publicly available geospatial data from Bogotéd’s District Department of Planning (Spanish:



Secretaria Distrital de Planeacion), Spatial Data Infrastructure for the Capital District
Department (Spanish: Infraestructura de Datos Espaciales para el Distrito Capital, IDECA),
District Institute of Recreation and Sport (Spanish: Instituto Distrital de Recreacion y Deporte),
and from a database of built environment features identified using machine learning algorithms
applied to Google Street View panoramic images of Bogota’s street network.!%4105

The built environment classes were as follows: Class 1: Amenity- and Traffic Signal-Limited
Active Living Environment, Class 2: Multi-Domain Active Living environment, Class 3: Amenity-
Rich but Traffic Signal-Limited Active Living Environment. These names were chosen to describe
the distribution of built environment characteristics within each class. Specifically, Class 1
neighborhoods (Amenity- and Traffic Signal-Limited Active Living Environment), comprised of
neighborhoods with basic built environment features, like parks and bus stops, but lacked other
active-living supporting features like public squares and plazas, recreational programs, and
traffic signals. Class 2 neighborhoods (Multi-Domain Active Living Environment) comprised of
higher density of nearly all active living promoting built environment features. Class 3
neighborhoods (Amenity-Rich but Traffic Signal-Limited Active Living Environment), like Class
2, comprised of higher density of nearly all active-living promoting built environment features,
however lacked traffic signaling features.

Survey respondents were assigned the built environment type that characterized the census
section of their residence using modal assignment.

2.1.2 Residential socioeconomic segregation:

We use the local spatial dissimilarity and isolation indices, calculated using the multidimensional
poverty measure from the 2018 Colombian census. In brief, this is a poverty measure provided
by Colombia’s national statistical agency (Spanish: Departamento Administrativo Nacional de
Estadistica) that characterizes household poverty status using 15 indicators across five domains:
education, children & youth, employment, health, and housing & public services. Households are
characterized as socioeconomically deprived if they are deprived in five or more of the
indicators. We used this measure to develop three segregation measures for all census sections in
Bogota: Socioeconomically deprived-non-deprived dissimilarity, deprived isolation, non-
deprived isolation. These segregation indices were chosen based on prior application of these
measures to evaluate the exposure and evenness dimensions of residential segregation,
respectively, in Latin American cities, including Bogota.?!?24-51 We employ local and spatial
versions of the measures to measure within-city segregation variation and better approximate
social interaction by using composite counts (i.e., includes spatial neighbors).?8-100

Local spatial dissimilarity was calculated as follows:
cgl; cg2;
CGl (G2 |
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Where cg1; and cg?2; represent the composite counts of socioeconomically deprived and non-
deprived households in tract i, respectively, and CG1 and CG2 denote the composite counts of
these groups in the city. The measure quantifies the extent to which the composition of
socioeconomically deprived and non-deprived households in a given section (and its spatial
neighbors) deviates from the overall city composition. Values range from 0-1, where values
closer to 0 indicate alignment between a neighborhood’s socioeconomic composition and the
city’s and values closer to 1 indicate dissimilarity of the neighborhood’s socioeconomic
composition and the city’s.

Local spatial isolation was calculated as follows:
_cgl; cgl;

*

SI;
LGl ct

Where ct; corresponds to the composite population count in tract i, and G1 the total count of
deprived or non-deprived households in the city. The isolation measure for deprived populations
quantifies the extent to which socioeconomically deprived individuals in a given section (and its
neighbors) are isolated from non-deprived individuals in the city, whereas the isolation measure
for non-deprived individuals quantifies the reciprocal relationship. This measure also ranges
from 0-1, where higher values indicate greater isolation, meaning individuals are more
surrounded by others from the same group rather than a mix of individuals from both
socioeconomic groups.

Survey respondents were assigned the segregation values of their residential census section.
2.2 Active living outcomes

Leisure-based physical activity and transport-based physical activity were primary outcomes of
this study. These data were collected using the 2015 National Survey of Nutritional Situation
(Encuesta Nacional de Situacion Nutricional; ENSIN). ENSIN is administered every 5 years to
track changes and trends in nutritional health and related outcomes over time across non-
institutionalized adults and children in Colombia. The survey leverages a multistage sampling
approach to obtain a representative sample of households for the six regions in Colombia,
including Bogota D.C. The survey contains a battery of questions regarding housing conditions,
socioeconomic conditions, family composition and characteristics, education, economic activity,
and health. To minimize survey burden and maximize information from sampled households,
nested probabilistic subsamples were used to determine individuals to survey for specific
modules, including the physical activity module. Subsample selection probabilities are based on
region and age group to ensure that each module remains representative of the broader
population.



Leisure-based and active transport—based physical activity were measured in ENSIN using the
International Physical Activity Questionnaire (IPAQ), a questionnaire to assess physical activity
across countries, including Colombia.!®>-1% For this study, we defined six physical activity
outcomes that are commonly reported in physical activity studies. The first set includes
continuous measures: (1) total minutes per week of active transport physical activity (i.e.,
walking and/or bicycling), (2) total minutes per week of leisure-time physical activity (i.e.,
walking for leisure and/or moderate to vigorous physical activity), and (3) total minutes per week
combining both domains (i.e., active transport plus leisure-time physical activity). The second set
of outcomes includes dichotomous indicators of whether participants met the global
recommendation of at least 150 minutes of physical activity per week, both by domain and in
total. We used one overall indicator for meeting this threshold through any combination of
leisure and transport-based activity, and two additional indicators to distinguish how participants
met the recommendation—specifically, whether they did so primarily (= 75% of weekly
minutes) through leisure-time or through active transport physical activity.

2.3 Statistical analysis

To examine the main effects of neighborhood socioeconomic segregation and built environment
typology on continuous physical activity outcomes, we fit generalized linear models (GLMs)
with a log link and Gamma distribution. For segregation main effects models, Gamma GLMs
were used to estimate relative differences (percent change) and corresponding 95% confidence
intervals in continuous physical activity outcomes per one standard deviation difference in the
segregation measure. Percent changes were derived by exponentiating parameter estimates. For
built environment models, we estimated percent change in physical activity outcomes, and
corresponding 95% confidence intervals, for individuals living in active-living-promoting
neighborhoods. We defined these neighborhoods in two ways: first, as living in Class 2 versus
not (i.e., Class 1 and 3), and second, more conservatively, as living in either Class 2 or Class 3
versus not (i.e., Class 1). Gamma models were selected due to the positively skewed distribution
of the continuous physical activity outcomes. Compared to linear models with log-transformed
outcomes, the Gamma GLM with a log link provides estimates on the original outcome scale and
avoids bias introduced by re-transforming log-transformed outcomes.!67-168

For dichotomized physical activity outcomes, we used quasi-Poisson models with robust
standard errors to directly estimate prevalence ratios and 95% confidence intervals. Exposures
were operationalized in the same manner as in the continuous models.

To investigate whether active-living-promoting built environments modify the association
between neighborhood socioeconomic segregation and physical activity, we tested multiplicative
interaction terms between each segregation measure and built environment typology in models of
continuous physical activity. Given that our prior work found neighborhood socioeconomic



segregation to be strongly associated with classification as an active-living-promoting
environment, we used the more inclusive definition (i.e., Class 2 and 3) of such environments to
ensure sufficient sample size within the joint exposure categories. Interaction terms were
included based on a priori hypotheses that the relationship between neighborhood
socioeconomic segregation and physical activity may vary depending on the built environment
context. This approach allowed us to assess potential effect modification by economic conditions
that may be masked in the estimation of overall associations between built environments and
physical activity. Model-predicted values were generated to visualize any observed interaction
effects.

All regression models were adjusted for respondent age and sex. We considered including
random effects for census sections to account for the multilevel nature of covariates; however,
intraclass correlation coefficients showed little variation between census units, so we did not use
multilevel models. Survey weights were applied to generate representative descriptive statistics
but were not incorporated into regression models. Because current R packages do not support
Gamma GLM models with survey weights, and given the similarity in parameter estimates
between weighted and unweighted models (Figure S-1), suggesting the models were reasonably
specified and that weighted estimation may be unnecessary,'®® we elected to use unweighted
models for the primary analysis.

2.4 Post hoc analyses

Post hoc analyses were conducted to further interpret findings from the primary analyses.
Specifically, we examined responses to individual-level survey items in ENSIN to contextualize
observed neighborhood—physical activity associations and understand potential discrepancies
between objectively-measured and subjectively-measured neighborhood environments.

We assessed the association between three additional self-reported items, capturing perceptions
and use of neighborhood built environment features, and continuous physical activity outcomes.
The items were: “In the last month, have you participated in recreation classes?”’; “In the last
month, have you participated in Ciclovia or Active Routes?”’; “Are there parks, green areas,
recreational centers, or sports centers in your neighborhood?” We used Gamma GLM:s to test for
relative differences in physical activity based on self-reported access to or use of these amenities.

Initial results from these analyses suggested potential measurement differences between
investigator-assigned exposure classifications and self-reported exposure, which may vary by
external factors. To explore this further, we tested whether the probability of disagreement
between perceived and measured access to amenities differed by neighborhood socioeconomic
segregation using robust quasi-Poisson models.

All analyses were conducted in R. IRB approval was received by Universidad de los Andes in
Bogota (ACTA DE EVALUACION N 2023103127).



3 Results

Of the 1322 survey respondents, 1278 (97%) were included in the analytic sample, and lived
across 295 unique Census sections (Min = 1, Median = 6, Max = 17; captures 11% of Census
sections in Bogotd). Twenty-nine participants were missing the number of days of activity and
therefore weekly minutes could not be calculated for these participants, and 15 lived in sections
that were not included in the built environment typology.

Of the 1,278 respondents, 57% were female, and about evenly distributed across age groups,
with a slightly lower proportion aged 50—-64 years (24.5%; Table 1). After applying survey
weights, 57.5% of the population met weekly physical activity recommendations based on total
active time (i.e., active transport and leisure-time physical activity). Among those, more
respondents met weekly physical activity recommendations primarily (= 75%) through active
transport (25.9%) than through leisure-based activity (13.4%). Nearly half of the population
(49.6%) resided in Class 2: Multi-Domain Active-Living Environment neighborhoods, and most
lived in areas falling within the higher quartiles of Dissimilarity and Isolation (non-deprived)
segregation measures.

3.1 Neighborhood exposures and total weekly minutes of physical activity

In models treating physical activity as a continuous outcome, living in active-living promoting
built environments (defined as either Class 2 only or Class 2 and 3) was not associated with
weekly minutes of physical activity across all physical activity domains when compared to not
(Figure 1).

For neighborhood socioeconomic segregation measures, we found a negative association
between isolation (no deprivation) and all domains of physical activity, however these
associations were not statistically significant: Percent Change Active Transport: 0.93 (95% CI:
0.85-1.02); Percent Change Leisure: 0.91 (95% CI: 0.79-1.06); Total Percent Change: 0.92 (95%
CI: 0.85-1.00). Similar to dichotomous models, a negative association between isolation
(deprivation) and leisure-based physical activity, and a positive association between isolation
(deprivation) and transport-based physical activity was seen, but confidence intervals included
the null. We did not find evidence showing an association between dissimilarity and weekly
physical activity across any of the physical activity domains.

2.1 Neighborhood exposures and meeting physical activity recommendations

Main effects models did not show evidence of a cross-sectional association between the built
environment typology and physical activity domains (Figure 2). Living in Class 2: Multi-
Domain Active-Living Environment (versus not) was not associated with meeting weekly
physical activity recommendations (Total: 0.95, 95% CI: 0.85-1.05; Primarily met through
leisure: 1.19, 95% CI: 0.81-1.75; Primarily met through active transport: 0.88, 95% CI: 0.73-



Table 1. Descriptive characteristics of study sample

Sample
N=1,278
Characteristics N, Population-weighted %
(unweighted
%)
Female 739 (57.8) 54.5
Age group
18-29 449 (35.1) 28.9
30-49 515 (30.3) 39.2
50-64 314 (24.5) 31.9
Meet weekly recommendations (150 min/week)
Total 743 (58.1) 57.5
Primarily: Active Transport * 378 (29.6) 259
Primarily: Leisure ? 105 (8.2) 13.4
Built Environment Typology °
Class 1 289 (22.3) 11.5
Class 2 412 (32.2) 49.6
Class 3 577 (45.1) 38.8
Segregation Quartile
Dissimilarity
Quartile 1 307 (24.0) 17.2
Quartile 2 283 (22.1) 22.1
Quartile 3 260 (20.3) 34.5
Quartile 4 428 (33.5) 26.2
Isolation (Deprivation)
Quartile 1 71 (5.6) 233
Quartile 2 268 (21.0) 23.4
Quartile 3 411 (32.2) 25.6
Quartile 4 527 (41.2) 27.2
Isolation (No Deprivation)
Quartile 1 137 (10.7) 11.1
Quartile 2 213 (16.7) 17.2
Quartile 3 371 (29.0) 35.3
Quartile 4 557 (43.6) 36.2

2 Indicators to distinguish how respondents met the weekly recommendation, i.e., whether they
did so primarily (= 75% of weekly minutes) through leisure-time or through active transport
physical activity.

® Neighborhood built environment classes are defined as follows: Class 1: Amenity- and
Traffic Signal-Limited Active Living Environment, Class 2: Multi-Domain Active Living
environment, Class 3: Amenity-Rich but Traffic Signal-Limited Active Living Environment



Figure 1.Associations between neighborhood exposures and continuous physical activity
outcomes expressed as percent change, 2015 National Survey of Nutritional Situation (Encuesta
Nacional de Situacion Nutricional; ENSIN)
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Figure 1 caption: Neighborhood built environment classes are defined as follows: Class 1:
Amenity- and Traffic Signal-Limited Active Living Environment, Class 2: Multi-Domain Active
Living environment, Class 3: Amenity-Rich but Traffic Signal-Limited Active Living
Environment.



1.06;). Similarly, we did not find a significant association between living in an active-living
supporting built environment and physical activity recommendations when using a more
conservative definition (active-living supporting defined as both Class 2 and Class 3: Amenity-
Rich but Traffic Signal-Limited Active Living Environment characterized neighborhoods).

We did not find evidence of an association between neighborhood socioeconomic segregation
measures and meeting physical activity recommendations overall, but some evidence of an
association when sub-setting by dominating physical activity mode (Figure 2). Residents of
more isolated neighborhoods, in terms of deprivation, were less likely to meet weekly physical
activity recommendations primarily through leisure-based physical activity (PR: 0.78, 95% CI:
0.62-0.99), and more likely to meet recommendations primarily through active-transport (PR:
1.08, 95% CI: 0.99-1.16), though the latter estimate includes the null. We did not see significant
associations with dissimilarity of non-deprived isolation.

2.2 Effect measure modification by the built environment

Predicted values from models testing for effect measure modification of the association between
neighborhood socioeconomic segregation and physical activity by active-living-promoting built
environments are presented in Figure 3. Intersecting slopes suggest potential interaction between
the two neighborhood exposures and physical activity for all segregation measures in relation to
leisure-based physical activity, as well as for spatial dissimilarity and spatial isolation (no
deprivation) in relation to active transport.

For leisure-based physical activity, the models suggest that individuals living in more segregated
neighborhoods that are also active-living-promoting engaged in more leisure-based physical
activity compared to those in similarly segregated neighborhoods that are not active-living-
promoting. For active transport, however, greater segregation (as measured by dissimilarity) and
living in active-living-promoting environments was associated with fewer minutes of active-
transport physical activity. In contrast, when segregation is more clearly defined in terms of
which group is divergent (i.e., isolation-no deprivation), living in more segregated and active-
living-promoting neighborhoods was associated with more minutes of active-transport-related
physical activity. Despite the visual suggestion of interaction based on intersecting slopes, none
of the interaction coefficients were statistically significantly non-zero at alpha = 0.05.



Figure 2. Associations between neighborhood exposures and meeting physical activity
recommendations expressed as prevalence ratios, 2015 National Survey of Nutritional Situation
(Encuesta Nacional de Situacion Nutricional; ENSIN)
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Living environment, Class 3: Amenity-Rich but Traffic Signal-Limited Active Living
Environment.



Figure 3. Predicted values to depict potential effect measure modification by active-living
promoting built environment for the association between segregation and physical activity
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Figure 3 caption: Plots display predicted values for Gamma GLMs testing for the multiplicative
interaction between socioeconomic segregation and active-living promoting built environments
(defined as Class 2 and 3 neighborhood built environment types).



Figure 4. Post hoc analysis examining socioeconomic segregation as a predictor of discrepancies between investigator-assigned and

perceived access to built environment amenities
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2.3 Post hoc analysis

Subsequent models comparing investigator-assigned with perceived access to individual built
environment features and its association with physical activity outcomes are shown in Figure S-
2. Congruent with main findings, investigator-assigned access of individual built environment
features was not significantly associated with physical activity outcomes. Perceived access to
these features, however, was associated with physical activity domains. Respondents
participating in recreation classes in the last month completed on average 57% higher weekly
minutes of leisure-based physical activity compared to respondents who did not participate
(Percent Change: 1.57, 95% CI: 1.05-2.37). Perceived access to parks and green areas was also
associated with higher weekly minutes of leisure-based physical activity (Percent Change: 1.67,
95% CI: 1.08-2.58). Respondents who reported participating in Ciclovia reported on average
higher weekly minutes of physical activity across all domains compared to those who did not:
Percent Change Active Transport: 1.51, 95% CI: 1.12-2.05; Percent Change Leisure: 2.06, 95%
CI: 1.25-3.39; Percent Change Total: 1.69, 95% CI: 1.29-2.23).

The discrepancy in the perception of built environment amenities and investigator-defined access
to these features was explored further. Among residents of neighborhoods with investigator-
identified parks, we found differences in perceptions of access based on the magnitude of
socioeconomic segregation (Figure 4). Specifically, individuals in more socioeconomically
isolated (deprived) neighborhoods were more likely to not perceive a park or green area in their
neighborhood despite one being objectively present in their census section (PR: 1.40, 95% CI:
1.23-1.59). In contrast, those in more socioeconomically isolated but non-deprived
neighborhoods were less likely to lack awareness of a nearby park (PR: 0.74, 95% CI: 0.59-
0.92).

3  Discussion

Our study investigated the link between socioeconomic segregation and active-living promoting
built environments, and both active-transport and leisure-based physical activity among adults in
Bogota. We also tested whether active-living-promoting environments modify the association
between segregation and physical activity, aiming to build evidence on contextual factors that
may reduce socioeconomic disparities in physical activity. In this cross-sectional analysis, we
found modest evidence linking socioeconomic segregation with physical activity, but no
association with active-living-supportive built environments. Tests for multiplicative interaction
did not support the hypothesis that active-living-promoting built environments mitigate
neighborhood-level socioeconomic disparities in physical activity.

Our findings align with a growing body of research suggesting that the influence of
neighborhood environments on physical activity in necessity-based contexts differs from what is



observed in choice-based settings.®>!”" Elshahat et al.’s review of built environment correlates of
physical activity in low- and middle-income countries (LMICs) found that features commonly
associated with higher physical activity in high-income contexts, such as mixed land use, park
density, and street connectivity, were either not associated or inconsistently associated with
activity levels across LMICs.% Similarly, Adkins et al. found that among individuals with low
socioeconomic status (SES), built environment features had weaker or inverse associations with
physical activity compared to higher-SES groups.!’® Adkins et al. propose that these differences
may arise from disadvantaged groups being less able to take advantage of the activity-related
benefits of their built environments—a framing that may also help interpret built environment—
physical activity relationships in Global South cities, where similar necessity-driven models
shape physical activity behavior.

Our post-hoc analysis provides empirical support for this hypothesis by highlighting the role of
the social environment in shaping the “uptake” of built environment resources. Specifically, our
findings suggest a potential mismatch between investigator-defined measure of neighborhood
exposures and resident’s perceptions of these characteristics, moderated by socioeconomic
segregation. We found that residents in socioeconomically isolated neighborhoods, as defined by
deprivation, were less likely to report having a park nearby even when objective measurement of
park using geospatial data indicated otherwise. Conversely, in wealthier socioeconomically
isolated neighborhoods the opposite pattern emerged. This suggests structural factors, like
segregation, may shape the ways through which individuals move about their environment,
resulting in differential effects of the built environment in necessity-based contexts. In other
words, access and exposure to neighborhood environments is socially constructed, and shaped by
a range of factors that may be spatialized differently across unequal and segregated contexts like
Bogota.

These findings reinforce a longstanding critique of place and health research: that administrative
units are often poor proxies of the lived experiences of neighborhoods.!”"!7> While this concern
is not new, our study provides renewed attention to the limitations of the reliance on
administrative units for place-based research in the unequal cities of the Global South in
particular, where little attention to these measurement differences has been given. In settings
characterized by high levels of inequality and social fragmentation, reliance on proximity-based
definitions of environmental exposure may result in inaccurate or incomplete conclusions. The
presence of a neighborhood feature within a defined spatial unit does not necessarily indicate that
it is socially or functionally accessible to all residents, particularly in areas with socio-spatial
disparities. Future research incorporating mixed-methods approaches, such as participatory
mapping and citizen science,!’®!7” and activity space frameworks that account for individual
mobility and patterns of daily movement may better reflect residents’ lived experiences.!”817

This consideration is particularly relevant given the growing availability of objective built
environment data, especially in the Global South, made possible through advances in geospatial



technologies, such as the use of Google Street View imagery and machine learning techniques to
identify environmental features at scale and with high spatial resolution.!%>!3 While these tools
offer important opportunities to characterize urban form and infrastructure, particularly in Global
South settings, their application requires careful consideration of whether the features identified
objectively correspond to how residents perceive and interact with their surroundings. Objective
measures typically assess proximity, for example, the physical distance to a park or transit stop,
whereas subjective measures capture perceived access, including whether individuals feel they
can safely or meaningfully use a facility. Both proximity and perception are necessary
components of actual use, and discrepancies between them may reflect deeper structural issues
such as social exclusion. Future research aiming to leverage these technologies to investigate
contextual drivers of physical activity disparities and other health outcomes should consider and
attempt to account for potential discrepancies between objectively and subjectively measured
environments, to avoid potentially masking important social patterning in health behaviors and
outcomes.

Our findings also offer a cautionary tale on the importance residential selection processes,
specifically residential self-selection bias—when individuals choose their residential
environments based on characteristics related to the outcome of interest, in this case physical
activity.!8-18 Due to the cross-sectional nature of this study and the absence of data on
residential histories or motivations for neighborhood choice, we were unable to assess these
processes directly, however these processes at a contextual level may have also contributed to
null interaction findings.

More specifically, in affluent, socioeconomically segregated neighborhoods, built environments
often reflect the preferences and demands of higher-income residents, resulting in a selective
concentration of amenities like parks, recreational facilities, and aesthetic enhancements. These
environments emerge through cumulative investment and political influence, making them
attractive to health-conscious individuals and reinforcing patterns of self-selection. At the same
time, such neighborhoods may exclude or underprovide other active living supports—such as
public transit or mixed-use infrastructure—due to resident opposition or restrictive zoning,
shaping the built environment in ways that reflect dominant preferences rather than
comprehensive health promotion. In this context, the co-occurrence of features captured by built
environment typologies may reflect unequal development priorities, and associations with
physical activity may be attenuated or confounded by selective exposure. Uncertainty inherent in
latent class analysis, particularly in contexts where neighborhoods that fall near class boundaries,
which may be the case here for some segregated neighborhoods, may make it difficult to tease
this out. In other words, the classification of a neighborhood as “supportive” may not align with
how residents actually engage with or benefit from its features, particularly when neighborhood
environments reflect contextual privilege and exclusion rather than holistic design for active
living.



In contrast, residential selection may operate differently in socioeconomically segregated
neighborhoods, where structural constraints, such as limited housing availability, affordability
pressures, and exclusionary housing policies, narrow the range of residential options available. In
these contexts, neighborhood conditions are less likely to reflect individual health-related
preferences and more likely to result from broader processes of inequality. As a result, self-
selection bias may be attenuated, and observed associations between built environment
typologies and physical activity may more plausibly reflect contextual effects. However, high
residential turnover and tenure insecurity in these neighborhoods can complicate interpretation.
Frequent displacement or recent relocation may limit residents’ exposure to their current
neighborhood environment, weakening potential effects on physical activity and contributing to
null associations.

In either case, without prospective data on duration of residence, reasons for moving, or prior
exposure to neighborhood environments, we remain limited in our ability to separate
compositional from causal process, and to understand the independent and joint roles of the
social and physical environments in health behavior and outcome patterning.

4.1 Limitations and Strengths

Some limitations have been discussed above, including reliance on administrative units for
neighborhood classification and the limitations associated with the cross-sectional study design.
Additional limitations include a temporal mismatch between neighborhood exposure data (i.e.,
2015-2022) and physical activity outcomes (i.e., 2015). While delays in updated physical
activity data limited temporal alignment of the analysis, socioeconomic segregation patterns and
built environment characteristics likely remained stable over this period. We also relied on self-
reported physical activity, which is subject to recall bias.!®*

Strengths of this work include the application of an exposomic framework to examine urban
environmental determinants of health in the Global South. By identifying co-occurring
neighborhood features through latent class analysis and integrating these with spatial measures of
socioeconomic segregation, our approach offers a more comprehensive understanding of how
structural and environmental factors interact to shape physical activity. This study also advances
place-based physical activity research in the Global South by examining novel exposures—
specifically, the intersection of socioeconomic segregation and the built environment—and their
influence on health behavior, providing evidence useful for resource allocation and urban
planning aimed at reducing spatial health inequities. Finally, to our knowledge, this is the first
study linking ENSIN microdata with geospatial data to investigate neighborhood effects on
health outcomes in Colombia. By leveraging georeferenced, individual-level data from a
nationally representative survey, we demonstrate the potential of integrating population health
surveillance with geospatial analysis to explore place-based determinants of health. This
approach opens new opportunities for contextual health research across Latin America and other



Global South settings, where such work is gaining momentum and holds promise for informing
equitable, contextually relevant urban health practice.

4 Conclusion

We found modest evidence linking socioeconomic segregation with physical activity, but no
evidence that active-living-supportive built environments were associated with physical activity
or modified the segregation-activity relationship. While this may reflect a true lack of
association, post hoc analyses suggest that differential exposure misclassification, particularly
related to socioeconomic segregation, as well as other limitations such as the cross-sectional
study design and temporal mismatch between exposure and outcome measures, may have
contributed to the null findings.

Nonetheless, this study identifies several areas for future research to improve understanding of
how built and social environments jointly shape physical activity in urban contexts of the Global
South. These include the need for longitudinal data and the use of spatial approaches that better
reflect individuals’ mobility patterns and lived experiences of their neighborhood environments,
particularly in necessity-based physical activity contexts. Continued investigation that addresses
the limitations of this study will be important for advancing evidence on how neighborhood
environments shape health behaviors in socially and spatially unequal cities.



Chapter 3 Supplemental Material

Table S-1. Built environment features included in latent class analysis-derived built environment typology

Domain Items Description Variable Unit Original Year Source
type Scale
Functional | Intersections | Density of intersections in Continuous | # intersections/area | Point 2018 Secretaria
the network within the (km2) Distrital de
Census section Planeacion®
Sidewalk Total sidewalks area within Continuous | Sidewalk area Polygon 2019 IDECA®
coverage the Census section (m2)/area (m2)
Bike lanes Bicycle lane length per road | Continuous | Bicycle lane length | Tract 2020 IDECA®
length (m) /road length (m)
Transport Transit routes | Presence of TransMilenio Binary 1,0 Line 2019 Transmilenio
- (BRT) routes within the 1km SA°
TransMilenio | of tract centroid
Transit routes | Number of unique SITP (pub | Continuous | # SITP routes Line 2020 Transmilenio
— SITP transit) routes within 1km SA°
Census section centroid
Bus stops Bus stop density within Continuous | #bus stops/area Tract 2022 IDECA®
Census section (m2)
Safety Pedestrian Density of pedestrian traffic | Continuous | # images with ped Point Closest ML Predictions®
signals lights within Census section signals image to
detected/total 2018
images
Traffic Density of total traffic lights | Continuous | # images with Point Closest ML Predictions®
signals within Census section traffic signals image to
detected/total 2018
images
Aesthetic Trees Density of trees within Continuous | # trees/area (km2) Tract 2022 Secretaria
Census section Distrital de
Planeacion®
Destination | Land use Land use diversity index Continuous | 0-1 Land use 2020 IDECA®
diversity (Shannon’s index) data at
parcel-

level,




aggregated

to tract to
calculate
entropy
Parks Park area within the Census | Continuous | Park area (m2) /total | Tract 2022 Instituto
section boundary (%) area (m2) Distrital de
Recreacion y
Deporte*
Public spaces | Presence plazas within lkm | Binary 1,0 Polygon 2022 Secretaria
- plazas Census section centroid Distrital de
Planeacion®
Public spaces | Presence malls within 1km Binary 1,0 Polygon 2022 Secretaria
—malls Census section centroid Distrital de
Planeacion®
Civic Ciclovia Presence of Ciclovia route Binary 1,0 Line 2020 Instituto
culture (weekly open streets) within Distrital de
1km Census section centroid Recreacion y
Deporte*
Recrovia Presence of Recrovia Binary 1,0 Point 2020 Instituto

(weekly recreational
programs) within 1km
Census section centroid

Distrital de
Recreacion y
Deporte*

*Secretaria Distrital de Planeacion (District Planning Secretariat)
"IDECA: Infraestructura de Datos Espaciales para el Distrito Capital (Spatial Data Infrastructure for the Capital District)
“Transmilenio SA: TransMilenio Sociedad Anénima (TransMilenio Inc)

dInstituto Distrital de Recreacion y Deporte (District Institute of Recreation and Sports)

°Features were identified using machine learning algorithms applied to GoogleStreetView panoramic images. Image availability is variable (range: 2015-2019)




Figure S-1: Survey-weighted model results from fitting quasi-Poisson models using the svyglm
function in the srvyr R package

a) Built Environment Typology

Class 2 only vs Class 1
and 3

Physical Activity Domain
Primarily: Active Transport
Primarily: Leisure

Total

Built Environment Typology

Class 2 and 3 vs Class 1

0 1 2 3
Prevalence Ratio

b) Socioeconomic segregation

Isolation (No Deprivation)

Physical Activity Domain
Primarily: Active Transport
Isolation (Deprivation) P Iv: L
rimarily: Leisure

Total

Segregation Measure

Dissimilarity

0.0 05 1.0 15 20
Prevalence Ratio



Figure S-2: Post hoc analysis comparing associations between investigator-assigned and

perceived exposure to built environment features and continuous weekly physical activity
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Chapter 4. Conclusion

Centering health equity in planning efforts offers an important framework to guide population
health promotion through urban planning, especially in contexts that are still urbanizing. This
dissertation sought to build evidence that supports the implementation of this framework in
Global South cities, like Bogota, by focusing specifically on active living as a barometer for
health equity, socioeconomic residential segregation as the social fabric that underlies access to
health promoting resources, and the built environment as a potential lever to minimize health
disparities.

In short, we found that active-living promoting built environments are not equitably distributed
in Bogota, as measured by socioeconomic segregation, but that these neighborhood factors have
limited influence on population physical activity in this necessity-based physical activity context.
Although contrary to our hypothesis, further exploration revealed a mismatch between perceived
and researcher-defined access to neighborhood characteristics, suggesting that GIS-based
measures of proximity do not always align with residents’ perceived access, an equally important
factor in shaping how residents engage with their built environment.

These findings share several limitations that warrant consideration. These include temporal
mismatches between exposure and outcome data due to source availability; the use of cross-
sectional study designs, which constrain our ability to establish temporality—particularly
relevant for exposures like segregation and the built environment, whose relationships with each
other are often reciprocal and dynamic; and a reliance on objective measures of neighborhood
environments, which may not reflect the spatial scale or lived experience through which
environmental contexts shape health behaviors.

Nonetheless, this work points to critical opportunities for future research. The emergence of
high-resolution environmental data (e.g., Google Street View, remote sensing) combined with
theoretical and methodological innovations, such as the exposome and activity-space
frameworks, can advance more precise and contextually relevant assessments of environmental
exposures. Coupled with careful consideration of measurement biases, particularly when
attempting to measure neighborhood exposures among marginalized groups, these innovations
can support more rigorous investigation of the structural and spatial determinants of active living
in necessity-based contexts. Together, these research advancements can help generate evidence to
shape health equity-centered urban planning, especially in cities where the need and
opportunities are highest.

Finally, this work highlights two areas for potential policy reform. First, it demonstrates that
residential segregation is a critical metric shaping the distribution of health-promoting resources
and should therefore be incorporated when evaluating the distributional equity of health
opportunities. As a socio-spatial and relational measure, segregation provides more nuanced
insight into the spatial patterning of populations than aggregate indicators such as neighborhood
socioeconomic status alone. Importantly, these measures can leverage existing census data on



household socioeconomic status and can be readily integrated into evaluators’ workflows.
Second, this work highlights the importance of integrated, multisectoral commitment to health
equity. We used a typology approach to better represent analytically how populations experience
the built environment, however practice must also reflect this complexity through deliberate
coordination across sectors. Ensuring that built environment interventions promote equitable
health outcomes requires coordinated action among all stakeholders, clear alignment toward
shared health equity goals, and continuous monitoring to prevent disparities in access from
undermining their benefits.

If leveraged intentionally, the built environment can serve as a powerful tool to promote
equitable health outcomes by shaping how people move, interact, and access resources within
cities. In rapidly urbanizing Global South cities like Bogotd, advancing place-based
epidemiologic research along this line of inquiry can equip researchers and practitioners to shape
cities that are not only efficient or green, but fundamentally just in how they enable opportunity,
mobility, and, ultimately, health equity.
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